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ABSTRACT

The S100 calcium-binding protein A8 (S100A8) has been identified as a potential

genetic modifier of the lung disease of cystic fibrosis (CF) patients as well as mice.

S100A8 and its heterodimeric partner, S100A9, are expressed by neutrophils and

monocytes and secreted to the extracellular milieu during inflammation where they act as

potent chemokines for neutrophil recruitment. The aim of this study was to assess the

efficacy of short-hairpin RNAs (shRNAs) in suppressing murine S100A8 expression in

vitro as a preliminary model to the study of S100A8 knockdown in CF mice. Stimulation

of murine macrophage-like P388D1 and granulocytic 32D cells failed to induce S100A8

‘expressio_n. COS-7 (African green monkey kidney) cells, stably transfected with murine
S100A8, showed S100A8 mRNA but no protein. Introduction of murine S100A9 into

wild-type and COS-7 cells stable for S100A8 expression revealed S100A9, but no

S100A8, protein. The fact that SI00A8 protein was not detected contradicts, at least, the

idea that S100A9 protein requires S100A8 for stability, although the opposite may also

be true. Three different miR-30-based shRNAs targeting S100A8 and a non-specific

shRNA (control) were evaluated for their knockdown efficacy. Two of the three hairpins

‘ tested (shRNA_mA8 65 and shRNA mAS8 250) were able to significantly reduce
S100A8 mRNA levels compared the untreated and control-treated cells (p=0.001 and

p=0.033, respectively), achieving 62% and 25% suppression, respectively. This study has
identified shRNAs that can specifically silence the expression (and achieve stable

knockdown) of S100A8 in COS-7 cells over-expressing the S1I00A8 gene. This will be

valuable for both in vitro and in vivo functional studies of S100AS8; particularly, to study

the effects of S100A8 suppression on the inflammatory lung phenotype in CF mice.
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INTRODUCTION

The aim of the current research in our lab is to identify and characterize genetic
modifiers of lung disease in cystic fibrosis mouse models. S1I00A8 is a member of a large
family of calcium-binding proteins implicated in a number of cellular processes, the most
notable of which is its role in the inflammatory response in acute and chronic
inflammatory conditions, including cystic fibrosis. The objective of this study was to
assess the knockdown of S100A8 expression using short-hairpin RNA. This introduction
will review the involvement of S100A8 and its interacting partner, S100A9, in cystic
fibrosis and discuss their protein and gene structure, heterodimer formation, expression
patterns and functions. In addition, this introduction also provides insights on RNA
interference, including history, mechanisms and potential applications for silencing gene
expression. Background information and rationale behind each section of the thesis is

also discussed.




1.1 S100 PROTEINS

The EF-hand family of calcium-modulated signaling proteins is one of four
classes of intracellular calcium-binding proteins (Kerkhoff et al., 1998). Members of this
- family share the structurally-related Ca**-binding motif (Donato, 2001; Heizmann et al.,
2002a; Ravasi et al, 2004) and include proteins such as calmodulin, troponin C,
parvalbumin and S100 proteins, which comprise the largest subset within the EF-hand
superfamily with more than 20 known members (Heizmann, 1992; Kawasaki ez al., 1998;

Marenholz et al., 2004).

1.1.1 Discovery of S100 Proteins

Moore (1965) described the first members of the S100 protein family, a mixture
of S100A1 and S100B that was purified from bovine brain tissue. They were named
“S100” because of their solubility in 100% ammonium sulfate at neutral pH (Moore,
"1965). The S100 family members are found exclusively in vertebrates and are
evolutionarily related (Ravasi et al., 2004). Figure 1-1 shows the 20 members of the
human S100 protein family which are encoded in a cluster on chromosome 1q21.3
(Donato, 2001; Heizmann et al., 2002a; Roth et al.,, 2003). To date, 19 murine S100
genes have been identified, and of those, 16 are located as a cluster on chromosome 3

(Kawasaki et al., 1998; Ravasi et al., 2004; Ridinger et al., 1998).
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1.1.2 Structure of S100 Proteins
S100 proteins are characterized by a low molecular weight (10-14 kDa) and two
calcium-binding motifs of the EF-hand type conformation linked by a central hinge
‘region (Donato, 2001) (Fig. 1-2). The EF hand is a helix-loop-helix structural domain,
consisting of two a-helices (E and F) positioned roughly perpendicular to one another and
| connected by a short loop that binds Ca? (Donato, 2001, 2003; Mareholz ef al., 2004).
The C-terminal EF-hand (12 amino acids) contains the classical calcium-binding motif,
whereas the N-terminal EF-hand (14 amino acids) is unconventional and characteristic
for S100 proteins (Donato, 2001). Each EF-hand can bind one Ca®* ion with the affinity
kof the C-terminal EF-hand for calcium being 100-fold stronger than that of the N-
terminal EF-hand (Heizmann and Cox, 1998; Zimmer et al., 2003). Some members of the
S100 family of proteins also bind Zn>* and Cu?* at sites distinct from those that bind Ca®*
(Baudier et al., 1986; Donato, 1991; Schafer et al., 2000). The C-terminal domains and
the hinge region exhibit the highest sequence (and structural) variation between the
proteins (Kligman and Hilt, 1988; Kretsinger, 1987; Lackmann et al., 1993), and are
“ thought to be responsible for the target specificity of each member (Heizmann and Cox,

1998; Kligman and Hilt, 1988).

| S100 proteins are likely to exist in cells as dimers, with most forming anti-parallel
homodimers, consisting of two identical polypeptides held together by non-covalent
bonds (Brodersen ef al., 98; Ishikawa et al., 2000; Zimmer et al., 2003). Some S100
proteins may also form heterodimers or higher;order complexes, and this appears to be
important for their function (Heizmann, 2002b). The S100A8/S100A9 heterodimer is the

most abundant example (Edgeworth et al., 1991; Passey et al., 1999b).
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Fig. 1-2. Structure of S100 proteins. (A) Schematic representation of the secondary
(helix-loop-helix) structure of SI 00 proteins; each monomer is composed of two EF-hand
Ca2+binding motifs, connected by a central hinge region (Adaptedfrom Donato, 2001).
(B) Crystal structure of Ca2+loaded S100A8 homodimer, showing helices (H) I through
IV and the hinge region for one monomer. Calcium ions are represented as green dots
within the Ca2+binding loops, LI and L2. (Adapted from RCSB Protein Data Bank,
http://w u'Mrash, org/pdb/explore, do ?structureld= 1MRX)
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1.1.3 Functions of S100 Proteins

S100 proteins have been shown to have a variety of intracellular and extracellular
roles, including regulation of protein phosphorylation, transcription factors, cytoskeleton
dynamics, enzyme activity, cell growth and differentiation and thé inflammatory response
(Donato, 1999, 2001, 2003; Passey et al., 1999b; Schafer and Heizmann, 1996; Zimmer

‘et al, 1995). They regulate biological activity by binding Ca®*, which leads to
conformational changes in the protein structure to facilitate interactions with target
proteins important in regulating intracellular signaling cascades and activation of
transcription factors (Donato, 2001, 2003). Several S100 proteins, including S100B,
S100A4, S100A8/S100A9 and S100A12 aie also secreted from cells, reflecting possible
extracellular functions for these proteins (Donato, 2001, 2003). The mechanism of their
secretion, however, remains unclear.

In contrast to calmodulin, the earliest member of the EF-hand superfamily which
is ubiquitously expressed (Ravasi ef al., 2004), many S100 proteins show cell- and tissue-
specific expression patterns, indicative of the specificity of their function (Roth ef al.,
2003). Some cell-types can also be stimulated to express specific S100 proteins. For
example, pro-inflammatory mediators such as LPS, IL-1B and TNF-a have been shown to

‘ indube S100A8/S100A9 expression in cultured human keratinocytes (Mork et al., 2003).

S100 proteins are suggested to have a role in numerous diseases including cancer,
Down’s syndrome, Alzheimer’s disease, cystic fibrosis (CF), cardiomyopathy and
psoriasis (Heizmann et al., 2002b). A number of S100 proteins have been implicated in
cancer progression through specific roles in cell survival and apoptosis pathways

(Donato, 2001; Heizmann et al, 2002b; Most et al., 2003). Mutations have been




identified in the S100 gene cluster on chromosome 1g21 in cancer cells, which exhibit
altered levels of S100 gene expression compared to normal cells in several cancer types,
including breast, colorectal, gastric, prostate, lung and hepatocellular carcinoma
- (Emberley et al., 2004). SI00A8, S100A9 and S100A12 have also been suggested to play

important roles in inflammatory conditions, including lung disease in CF.

1.2 S100A8 AND S100A9
1.2.1 Discovery and Characterization
The complex of S100A8 and S100A9 (designated S100A8/S100A9 herein) was
originally discovered in 1980 by Fagerhol et al. and provisionally named L1 protein. The
complex was purified from the cytoplasm of human neutrophils by Dale ef al. (1983), and
later described by Odink ef al. (1987) as macrophage migration inhibitory factor-related
protein (MRP), consisting of MRP-8 and MRP-14, named based on their relative masses
of 8 kDa and 14 kDa. The name ‘calprotectin’ was proposed for the complex to highlight
its vanti-microbial properties (Steinbakk et al., 1990). It was then discovered that the
sequence of MRP-8 was identical to the sequence of the “cystic fibrosis antigen”
(Anderson et al., 1988; Wilkinson et al., 1988), a serum protein found to be abnormally
elevated in CF patients (Dorin et al., 1987; Fanjul et al., 1995; Renaud ef al., 1994). The
‘ maividual proteins were referred to as ‘calgranulin’ to indicate the presence of the Ca®*-
binding protein in the cytosol of granulocytes (Wilkinson et al., 1988). The more widely
used names, S100A8 and S100A9, were adopted in 1995 (Schafer et al., 1995). Murine
S100A8 was purified in 1999 as chemotactic protein, CP-10, according to its molecular
mass of 10.3 kDa (Lackmann e# al., 1993). Table 1-1 summarizes the different names and

acronyms that have been assigned to the two proteins over the years.




Table 1-1. Acronyms of S100A8, S100A9 and S100A8/S100A9.

Myeloid-related protein 8 (MRP-8), calgranulin A (CAGA), p8, CGLA, cystic
S100A8 fibrosis antigen (CFAg), leukocyte L1 light chain (L1L), 60B8Ag, calprotectin L1L
subunit, CP-10 (murine)

Myeloid-related protein 14 (MRP-14), calgranulin B (CAGB), p14, CGLB, leukocyte

- S100A9 L1 heavy chain (L1H), 60B8AG, calprotectin L1H subunit

S100A8/S100A9 Calprotectin, MRP-8/14, calgranulin A/B, p8/14, L1 protein, p34, 27E10 antigen,
complex cystic fibrosis protein

1.2.2 Gene Structure of S100A8 and S100A9
The S100A8 and S100A9 gene sequences consist of three exons and two introns
(Legasse and Clerc, 1988) as shown in Fig. 1-3. The human S100A8 gene contains an
oben reading frame (ORF) of 279 nucleotides (nt), encoding a protein of 93 amino acids
with a predicted molecular mass of 10.8 kDa, whereas human S100A9 contains an ORF
of 352 nt, encoding a 114 amino acid peptide with a molecular mass of 13.2 kDa
(Edgeworth et al., 1991; Odink et al., 1987). Murine S100A8 (89 amino acids; 10.3 kDa)
and S100A9 (113 amino acids; 13.0 kDa) were cloned by Lagasse and Weissman in
-1992. A comparison of the mouse and human S100A8 and S100A9 cDNAs reveals
nucleotide identities of 64% and 59%, respectively (Lagasse and Weissman, 1992). At
‘ the protein level, both mouse S100A8 and S100A9 share 59% identities with their human
counterparts (Lagasse and Weissman, 1992), reflecting possible functional differences

between the mouse and human proteins (Foell ef al., 2007).
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Fig. 1-3. Gene structure of human S100A8 and S100A9. (4dapted from Kerkhoff et al.,
1998)
L[ '1.2.3 S100A8/S100A9 Complex Formation

Human S100A8 and S100A9 tend to form non-covalent heterodimers that appear
to be the biologically active form within cells (Edgeworth et al,, 1991; Hunter and

Chazin, 1998; Newton and Hogg, 1998; Propper et al., 1999; Teigelkamp ef al., 1991).

The human S100A8/S100A9 heterodimer has been shown to exhibit an enhanced
complementarity of the interface compared to the homodimer forms of S100A8 and
~ S100A9 (Hunter and Chazin, 1998). The two proteins can also form various hetero-
oligomeric complexes, including functionally relevant heterotrimers (Andersson et al.,
1988; Siegenthaler et al., 1997; Teigelkamp et al, 1991) and Ca®*-induced
\ heterotetramers (Edgeworth et al., 1991; Leukert et al., 2006, Propper et al., 1999;
Strupat et al., 2000; Teigelkamp ef al., 1991). The C-terminal EF-hand of S100A9 is
suggested to facilitate the interactions between S100A8 and S100A9 and determine the
specificity of dimerization (Propper et al., 1999). High-resolution three-dimensional

structures of human S100A8 and S100A9 proteins, as well as the heterodimer, have been

published (Ishikawa et al., 2000; Itou et al., 2002; Korndorfer e? al., 2007).
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It has also been suggested that mouse S100A8 exists primarily as a heterodimer
with S100A9 (Sorg, 1992). However, in a study by Propper et al. (1999) of the
interaction between S100A8 and S100A9 using a yeast two-hybrid system, it was
- demonstrated that the mouse S100A8 and S100A9 proteins readily form homodimers

(although there was a stronger preference to form the heterodimeric complex), whereas
- homodimerization of the human proteins was not detected. This came as a surprise since
the primary structure of the two proteins in both species is highly homologous (Propper et
al., 1999). Furthermore, in contrast to the coordinated expression of S100A8 and S100A9
in human myeloid cells (Roth et al., 1993b), several authors have reported expression of
the two mouse proteins independent of each other (Hsu et al., 2005; Hu et al., 1996;
Passey et al., 1999a; Rahimi ef al., 2005; Xu et al., 2001; Xu and Geczy, 2000; Yen et

al., 1997), pointing towards structural and functional differences in the two species.

1.2.4 Distribution of S100A8 and S100A9
Expression of S100A8 and S100A9 is restricted to neutrophils and
monocytes/macrophages (Edgeworth et al., 1991; Hessian et al., 1993; Roth et al., 1992),
as well as different types of epithelium during inflammatory states (Brandtzaeg et al.,
1987; Dale et al., 1989; Kunz et al., 1992; Wilkinson ef al., 1988). The S100A8/S100A9
‘ he;,terodimer makes up a significant proportion (~45%) of the cytosolic proteins of
circulating and interstitial neutrophils (Edgeworth et al., 1991; Fagerhol and Anderson,
1980). The complex is also expressed to a lesser degree in monocytes (~1% of monocyte
cytosolic proteins) in the early stages of differentiation and in infiltrating monocytes
(Hessian et al., 1993; Lagasse and Clerc, 1988), but not in resident (mature) tissue

macrophages (Zwadlo et al., 1988).
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The tissue distribution of both proteins is similar in the murine and human
systems (Zwaldo et al.,, 1988). Murine S100A8 and S100A9 are also constitutively
expressed in neutrophils and monocytes (Lagasse and Weissman, 1992), and like their
‘human counterparts, their expression is associated with an intermediate level of
macrophage differentiation (Goebeler et al., 1993). This differential expression pattern is
also observed for (and seems to depend on) different inflammatory conditions (Brun et

al., 1994; Hogg et al., 1985, 1989; Odink et al., 1987; Sorg, 1992; Zwaldo e? al., 1988).

1.2.5 Secretion of S100A8 and S100A9

S100A8 and S100A9 are secreted to the extracellular milieu by neutrophils and
activated monocytes/macrophages (Dean et al., 1997; Frosch et al., 2000; Hetland et al.,
1998; Teigélkamp et al., 1991), and their presence, therefore, is a marker for
inflammatory cell accumulation (Foell ef al., 2004; Nacken ef al., 2003). Numerous
studies have confirmed the release of the two proteins as a heterodimer from stimulated
granulocytes and monocytes (Hetland ef al., 1998; Rammes et al., 1997; Voganatsi et al.,
2001), as well as activated human keratinocytes (Thorey et al., 2001) and phorbol 12-
‘myristate 13-acetate (PMA)-treated monocytic THP-1 leukemia cells (Murao ef al.,
1990). Murine S100AS8 is released following neutrophil activation and phagocytosis in
\ vi&o and in vivo (Kumar et al., 2001). Constitutive secretion of S100A8/S100A9 is also
reportedly seen in the murine granulocytic 32D cell line (Nacken ez al., 2000).

Activated phagocytes secrete large amounts of S100A8/S100A9 upon contact
with the endothelium at inflammatory sites (Eue et al., 2000; Frosch et al., 2000; Hogg et
al., 1989), which may explain the correlation of their concentration in serum and body

fluids with disease activity in different acute and chronic inflammatory conditions,
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including rheumatoid arthritis, and inflammatory bowel and lung disease (Brun et al,
1994; Foell et al., 2004; Foell and Roth, 2004; Kumar et al., 2001; Odink et al., 1987,
Roth et al., 1992, 2003; Zwaldo e? al., 1988).

The mechanism of S100A8/S100A9 release is not well understood since S100

proteins lack a conventional signal peptide sequence to mediate their release from cells

(Donato, 2001, 2003). Studies have shown that the complex is secreted via a novel

pathway that depends on an intact microtubule network and involves the activation of
protein kinase C, bypassing the classical endoplasmic reticulum-Golgi route (Rammes ef

al., 1997; Voganatsi et al., 2001).

1.2.6 Functions of S100A8 and S100A9

Numerous functions for SI00A8 and S100A9 have been proposed, although they
have not been fully elucidated in vivo. The two proteins are emerging as important
mediators in inflammation and cancer (Bhardwaj et al., 1992; Foell et al., 2007, Gebhardt

et al., 2006). Expression of S1I00A8 and S100A9 is up-regulated in mouse and human

skin cancer cells (Gebhardt ef al., 2002) as well as human prostate cancer cells (Hermani

et al., 2006). This section will briefly outline intra- and extracellular functions of S100A8

and S100A9, with an emphasis on their role in modulating inflammatory processes.

1.2.6.1 Intracellular functions of S1I00A8 and S100A9

The S100A8/S100A9 complex, being the most abundant calcium-binding protein
in neutrophils, is suggested to function in calcium homeostasis by regulating intracellular
Ca®* levels (Hessian ef al., 1993). S100A8 and S100A9 are found predominantly in the

cytoplasm, but upon increases in intracellular Ca** levels, they are translocated to the
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plasma membrane in activated human neutrophils and monocytes, where they interact
with cytoskeletal filament proteins and, thus, may have roles in cell migration,
phagocytosis and signal transduction (Bhardwaj et al., 1992; Lemarchand et al., 1992;
-Rammes ef al., 1997; Roth et al., 1993a).
The complex may also play an important role in fatty acid metabolism,
 particularly of arachadonic acid (AA) in activated neutrophils by specifically binding AA
in a Ca®*-dependent manner, thereby regulating its mobilization, metabolization and
release (Kerkhoff et al., 1999; Klempt et al., 1997). Since AA is a key inflammatory
intermediate, the interactions between S100A8/S100A9 and AA may point towards a role
fqr the complex in perpetuating the inflammatory response (Nacken et al., 2003). The
AA-binding capacity of SI00A8/S100A9 is reversed by Zn’* and Cu?*, but unaffected by
hypochlorite oxidation (Kerkhoff et al., 1999).
Furthermore, S100A8/S100A9 has been shown to regulate the activity of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a membrane-bound
enzyme in phagocytes activated during respiratory burst (Doussiere et al., 2002). By
 transferring electrons from NADPH to molecular oxygen, NADPH oxidase generates
superoxide (Oy), which acts as a defense mechanism against invading pathogens or in
‘ cellﬁlar signaling (Doussiere et al., 2002). This is possibly mediated by S100A8/S100A9
binding AA, an activator of NADPH oxidase (Doussiere et al., 2002; Kerkhoff et al.,
2005). S1I00A8/S100A9 has also been shown to interact directly with cytochrome b (the
redox centre of NADPH oxidase), altering its conformation to enhance the enzyme’s

activity (Berthier et al., 2003).
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S100A8 and S100A9 are also suggested to play a role in myeloid cell
differentiation, as seen in their expression pattern, which is restricted to specific
functional stages of these cells (Lagasse and Clerk, 1988; Roth et al., 1993b; Teigelkamp
et al., 1991). The expression of S100A8 and S100A9 is inducible in human

promyelocytic leukemia (HL-60) cells by differentiation along the monocytic lineage

with la, 25-dihydroxy vitamin D3 and the granulocytic lineage with dimethyl sulfoxide

(DMSO) (Collins et al., 1979; Kuwayama et al., 1993; Murao ef al., 1983; Warner-
Bartnicki ef al., 1993). Moreover, induction of a mature macrophage phenotype with
PMA causes S100A8 and S100A9 mRNA levels to disappear (Lagasse and Clerk 1988,
Murao et al., 1983; Roth et al., 1993b), as seen in monocyte maturation in vitro (Zwadlo
etal., 1988).

S100A8/S100A9 may also regulate phosphorylation and enzyme activity through
the inhibition of the multi-functional protein kinases, casein kinases I and II (Hessian et
al., 1993; Murao et al., 1989). Casein kinase II is required for the phosphorylation of
Myc transcription factors, RNA polymerase I and II, tumour-suppressor protein p53, as
well as a range of other target proteins important for cell cycle control and cellular

transcription and translation (Wamer-Bartnicki et al., 1993).

‘ 1.2.6.2 Extracellular functions of S100A8 and S100A9

In the extracellular environment, the S100A8/S100A9 complex has been
suggested to exhibit various functions, including AA transport to target cells (Kerkhoff et
al., 2001), apoptosis (Viemann et al., 2007), cytostatic and anti-microbial effects
(Steinbakk et al., 1990; Yui et al., 1995), anti-oxidant effects (Harrison et al., 1999;

McCormick et al., 2005), activation of the Toll-like receptor 4 (TLR4) (Vogl et al.,
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2007), activation of endothelial cells (Viemann et al., 2005) and chemotactic activities
for neutrophils and monocytes (Devery et al., 194; Hobbs ef al., 2003; Lackmann et al.,
1992, 1993; Ryckman et al.,, 2003b; Vogl ef al, 2004). S100A8 and S100A9 were
recently described as damage-associated molecular patterns (DAMPs), which, upon
release into the extracellular environment, signal tissue damage to the innate immune
system (Foell et al., 2007). The following sections will review the chemotactic and pro-

inflammatory properties of the two proteins.

Chemotactic activities of murine S10048
Chemotactic activity for neutrophils and monocytes was first attributed to murine
S100A8, which induced sustained leukocyte recruitment in vivo as a homodimer or as a
complex with S100A9 (Cornish et al, 1996; Devery et al, 1994; Geczy, 1996;
Lackmann ef al., 1992, 1993; Passey et al., 1999b; Ryckman ef al., 2003b). It is proposed
that murine S100AS8 alters the shape and size of neutrophils and monocytes, promoting
their retention in microcapillaries and the onset of inflammation (Cornish et al., 1996).
The chemotactic function of murine S100A8 is ascribed to the hinge domain
(residues 42-55) of the protein (Lackmann ef al., 1993). Recently, it was demonstrated
that S100A8 mediates pro-inflammatory functions via TLR4 (Vogl et al., 2007), which
\has. also been shown to regulate induction of S100A8 by LPS in human and murine
macrophages (Hsu ef al., 2005; Xu et al., 2001; Xu and Geczy, 2000). Vandal et al.
(2003) showed that passive immunization of mice with specific anti-A8 and anti-A9
antibodies diminished LPS-induced neutrophil migration in air pouch studies. The
authors also demonstrated that S100A8/S100A9 induced mobilization of neutrophils

from the bone marrow into circulation (Vandal ef al., 2003). These findings indicate that
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the two proteins are involved in neutrophil migration and sequestration to inflammatory

sites, with an important role in mediating inflammatory responses (Kerkhoff ef al., 2005).

Chemotactic activities of human S10048 and S10049

Studies regarding the chemotactic properties of human S100A8 and S100A9 are
controversial. The study by Ryckman et al. (2003b) demonstrated that human S100A8,
' S100A9 and S100A8/S100A9 induce neutrophil chemotaxis and adhesion to fibrinogen.
Puriﬁed recombinant human S100A8, S100A9, or S100A8/S100A9 injected into a
murine air pouch caused accumulation of neutrophils, verifying the chemotactic activity
of the human proteins in vivo (Ryckman et al., 2003a/b). Other reports, however, have
provided conflicting results regarding the role of human S100A8 and S100A9 in
monocyte aﬂd neutrophil adhesion and chemotaxis. In contrast to its murine counterpart,
human S100A8 was suggested to lack chemotactic ability for neutrophils (Newton and
Hogg, 1998). Human S100A9 was shown to stimulate neutrophil adhesion to fibrinogen
without causing changes in cell shape, actin polymerization, or neutrophil migration
(Newton and Hogg, 1998). This adhesion was reversed upon heterodimer formation with
S100A8, indicating that S100A8 and the heterodimer do not induce neutrophil adhesion
(Newton and Hogg, 1998). Eue et al. (2000), however, demonstrated that S1I00A9 and
\ SI.OOA8/SIOOA9, but not S100A8, induced monocyte adhesion to the endothelium.
Further studies are required to substantiate the roles of human S100A8 and S100A9 in the

recruitment of neutrophils and their transmigration into tissues at inflammatory sites.
The differences in the chemotactic ability of S100A8 in humans and mice may
reflect distinct functions in the two species. Interestingly, human S100A12, a functional

ortholog of murine S100A8 that is not expressed in mice, exhibits strong chemotactic
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activity for neutrophils and monocytes and may have evolved to augment the relatively

weak chemotactic activity of human S100A8 (Rouleau et al., 2003; Yang et al., 2001).

810048 as an oxidant scavenger
S100A8 exhibits a strong oxidant-scavenging capacity, particularly for
hypochlorite and H,O, (Harrison ef al., 1999; McCormick ef al., 2005). Oxidation of the
- single Cys-41 residue of S100A8 by hypochlorite, a major oxidant generated by activated
phagocytes, has been shown to negatively regulate the chemotactic ability of murine
S100A8 (Harrison et al.,, 1999). In this study, hypochlorite converted 70-80% of the
monomeric and chemotactic S100A8 to the disulfide-linked homodimer form, which was
chemotactically inactive (Harrison ef al., 1999). Human S100A8 also fails to maintain its
chemotactic capacity for neutrophils upon strong hypochlorite oxidation (Ryckman et al.,
2003b). This lost ability of S100A8 to recruit neutrophils and monocytes in vivo upon
oxidation may be important for limiting excess accumulation of inflammatory cells and
shielding other tissue proteins from oxidative damage (Harrison et al., 1999).
Interestingly, S100A9 does not form non-covalent homodimers under oxidizing
Vconditions (Harrison et al., 1999), emphasizing differences in the properties and/or

functions of individual S100A8 and S100A9 dimers (Donato, 2003).
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1.3 CYSTIC FIBROSIS

Cystic fibrosis (CF) is an autosomal recessive genetic disorder, the most common
fatal inherited disease among Caucasian populations, with a frequency of approximately
one in 2,500 live births (Riordan, 1993; Welsh and Smith, 1995). It is a disease of the
exocrine glands affecting many tissues and organ systems, leading to a wide range of

pathological and clinical problems (Pilewski and Frizzell, 1999; Welsh and Smith, 1995).

1.3.1 Clinical Manifestations of CF
In CF, nearly all exocrine tissues show some abnormality in ion and fluid
transport, including the respiratory tract, pancreas, liver, gastrointestinal tract, vas
deferens and sweat glands (Collins, 1992; Pilewski and Frizzell, 1999; Welsh and Smith,
1993). Patients with CF are unable to transport chloride properly through their epithelial
cell membranes; consequently, fluid secretioﬂ into the luminal compartment is reduced,
leading to a thick, stagnate mucus layer (Quinton, 1983; Riordan, 1993). Clinical
manifestations of CF include obstruction of the airways and chronic respiratory
infections, bile duct obstruction, intestinal obstruction, pancreatic insufficiency, infertility
in males, chronic sinusitis and elevated electrolytes in thg sweat (Collins, 1992; Welsh
and Smith, 1993, 1995).
| In the lung, the highly viscous mucus confers much more severe consequences,
with recurrent bacterial infections and severe inflammation characterized by recruitment
and infiltration of neutrophils, leading to progressive tissue deterioration (Riordan, 1993).
The leading cause of death for more than 90% of CF patients who survive the neonatal
period is respiratory failure due to pulmonary disease (Pilewski and Frizzell, 1999;

Riordan, 1993). Although the basic biochemical defect in CF, a dysfunctional chloride
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channel, was discovered in 1989 (Riordan et al, 1989), many questions remain

unanswered about how this defect leads to progressive inflammatory lung disease.

1.3.2 The CFTR Gene

CF results from mutations in the gene encoding the cystic fibrosis transmembrane

conductance regulator (CFTR) protein channel (Riordan et al., 1989; Rommens ef al.,

1989). The CFTR gene, located at region q31.2 on human chromosome 7, consists of 27

exons spread over 250,000 bp (Riordan et al., 1989; Rommens et al., 1989).

1.3.3 CFTR Protein Structure

The CFTR gene encodes a 1480 amino acid protein, a member of the ATP
binding cassette (ABC) transport protein superfamily (Riordan et al., 1989). The protein
is composed of five domains: two transmembrane regions (TMD1 and TMD2), each
consisting of six o-helices that form the pore of the ion channel; two nucleotide binding
domains (NBD1 and NBD2) that bind and hydrolyze ATP; and a cytoplasmic regulatory

(R) domain between the NBDs required for channel activation upon cyclic AMP

(cAMP)-dependent protein kinase A (PKA) phosphorylation (Sheppard and Welsh, 1999)

(Fig. 14). The two glycosylated side chains on the extracellular loop between

_transmembrane domains seven and eight are added to the mature protein during

processing (Sheppard and Welsh, 1999).
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TMD1 TMD?2

PKA

Fig. 1-4. The proposed structure of CFTR. A schematic representation of the CFTR
protein and its five domains: two transmembrane regions (TMDs) each consisting of six
transmembranc alpha helices; two ATP-hydrolyzing nucleotide binding domains (NBDs);
and a regulatory (R) domain between the NBDs. Phosphorylation of the R domain by
cAMP-dependent PKA activates the channel. (Adapted from Sheppard and Welsh, 1999)
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1.3.4 Functions of CFTR

CFTR is a cAMP-dependent chloride channel in the apical membrane of epithelial
cells that transports CI” out of cells and into the luminal compartment (Pilewski and
Frizzell, 1999; Riordan, 1993; Row ef al., 2005). Other ion channels may also contribute

to CI” secretion, including the Ca®*-activated chloride channels (CaCCs), the outwardly

rectifying chloride channels (ORCCs), and the voltage-sensitive chloride channels (CICs)

(Pilewski and Frizzell, 1999; Quinton, 1983). This CI" secretion generates a negative
potential that draws Na* and fluid into the lumen (Fig. 1-5A). CFTR also transports other
anions, including bicarbonate (HCO5) in pancreatic duct epithelial cells (Ishiguro et al.,
2009), with a selective pattern of CI' > I' > Br'> NO; > HCOj; (Linsdell ef al., 1997).
CFTR is also reported to regulate the function of other ion channels in epithelial
cells, including CaCCs, ORCCs and the epithelial sodium channels (ENaCs) (Greger et
a[., 1996; Kunzelmann, 2001; Schwiebert et al., 1999). In the absence of CFTR, ENaC
activity was shown to be increased under basal conditions and enhanced further by
cAMP, whereas in the presence of functional CFTR, ENaC activity was reduced and the
effect of cCAMP became inhibitory (Stutts et al, 1995). The mechanisms of this

interaction, however, remain elusive. Moreover, since the CFTR protein is anchored in

close proximity to a number of receptors and the cytoskeleton, it may also interfere with

the expression of other proteins, including those involved in signaling pathways of the

inflammatory response (Sheppard and Welsh, 1999).
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Fig. 1-5. Comparison of models of basic ion transport in normal and CF airway epithelia. (A) Cl is transported across the apical
membrane into the luminal compartment by CFTR, Ca“ -activated chloride channels (CaCCs), outwardly rectifying chloride channels
(ORCCs), and voltage-sensitive chloride channels (CICs), and across the basolateral membrane by the Na+#/K+2C1 co-transporter
(NKCC). Na+ follows into the lumen through the paracellular pathway. This generates a driving force for fluid secretion into the
luminal compartment of the airways. (B) When CFTR is mutated, Cl secretion is diminished, and this, combined with the
hyperactivity of epithelial sodium channels (ENaCs) which facilitate Na” absorption into the cells, creates an abnormally high osmotic
drive for fluid re-absorption.
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1.3.5 Defective Ion Transport in CF Airways

In the lung, CFTR is expressed in surface epithelial cells and submucosal glands
(Chu et al., 1991; Engelhardt et al., 1994). The lack of CFTR function leads to complete
- or partial absence of CI” secretion and this, combined with the excessive absorption of
Na* via ENaCs, produces an abnormally high osmotic driving force for the re-absorption
- of water (Knowles er al., 1983; Welsh, 1987; Welsh and Smith, 1993) (Fig 1-5B). As a
result, the mucus lining the epithelial surfaces becomes viscous, which obstructs the
airways and impairs mucocillary action (Collins et al., 1992; Welsh and Smith, 1993).

This provides an ideal environment for bacterial invasion and growth.

1.3.6 Mutations of CFTR

The most common mutation in the CFTR gene is AF508,‘ a deletion of a
phenylalanine residue at the 508th amino acid position, which produces a misfolded
‘protein that is retained in the ER, rendering it non-functional (Kerem et al., 1989;
Riordan et al., 1989). The AF508 mutation is present in approximately 70% percent of
mutant CFTR alleles (Rowe et al., 2005). There are more than 1500 other known
mutations that result in CF (Cystic Fibrosis Genetic Analysis Consortium,

www.genet.sickkids.on.ca/cftr/)

1.3.7 Lung Disease and Inflammation

Lung disease in CF is characterized by a heightened inflammatory response to
persistent bacterial infection (Welsh and Smith, 1995). Staphylococcus aureus and
Pseudomonas aeruginosa are common sources of infection in the lungs of CF patients,

which become trapped in the thick mucus build-up in the bronchioles (Pilewski and



http://www.genet.sickkids.on.ca/cftr/

24

Frizzell, 1999). Obstruction of the airways is attributed to a number of factors, including
mucus accumulation, goblet cell hyperplasia, submucosal gland hypertrophy, tissue
inflammation and structural damage of the lung parenchyma and subsequent loss of
- elastic recoil (Lundgren and Vestbo, 1995).

The hallmark of CF lung disease, an early and inappropriate influx of neutrophils
| and dysregulation in the levels of inflammatory cytokines, is suggested to contribute to
the vicious cycle of inflammation and infection, leading to tissue destruction and
respiratory failure (Bonfield et al., 1995; Kammouni ef al., 1997; Konstan and Berger,
1997). Interestingly, young CF patients present with a heightened inflammatory response
in the absence of infection (Armstrong et al., 1997; Balough ef al., 1995; Muhlebach et
al., 1999; Rosenfeld et al., 2001), so it is not clear whether the inflammation precedes the
infection or vice versa. The failure to control the inflammatory response, therefore,
appears to be an inherent feature of CF. This section will highlight some aspects CF lung

disease, with an emphasis on the role of neutrophils in the persistent inflammation.

1.3.7.1 Mucus Abnormalities

The airway surface liquid (ASL) covering the apical surface of the airway
epithelium acts as the first line of defense against pathogens and is required for proper
\ rﬂucociliary clearance (Sade et al., 1970). The mucus layer of the ASL contains anti-
microbials, such as lactoferrin, lysozyme and defensins, which can inhibit bacterial
growth (Terheggen-Lagro et al., 2005). The amount and composition of the ASL are
controlled by ion transport across the epithelial cells of the airway (Terheggen-Lagro et
al., 2005). Loss of CFTR function causes increased salt and water absorption, which

leads to the depletion of the ASL layer and consecutive breakdown of mucociliary
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transport (Sade et al,, 1970). Increased mucus production by submucosal glands and
goblet cells and decreased mucociliary clearance contribute to the increased mucus

volume in the lumen of the airways (Lundgren and Vestbo, 1995). Mucus production

‘may also be stimulated by inflammatory mediators generated by neutrophils and

monocytes/macrophages (Lundgren and Vestbo, 1995). The antimicrobials within these

tethered mucus plaques eventually become ineffective, promoting the growth of microbes

(Terheggen-Lagro et al., 2005).

1.3.7.2 Cytokine Dysregulation

Alterations in the levels of inflammatory mediators in CF airway epithelial cells
may contribute to the hyper-inflammatory response observed in CF lungs. Pro-
inﬂammator& cytokines such as the interleukins IL-1B, IL-6 and IL-8, and tumor necrosis
factor-alpha (TNF-a), have been shown to be elevated in CF epithelial cells (Bonfield et
al., 1995, 1999; Kammouni ef al., 1997, Pfeffer et al., 1993) as well as airway and blood

neutrophils (Corvol et al., 2003), whereas levels of the anti-inflammatory cytokine IL-10

are decreased (Bonfield er al., 1995). IL-10 has been shown to down-regulate the

secretion of S100A8/S100A9 by stimulated monocytes in vifro in a dose-dependent

manner (Lugering et al., 1997). Increased production of TNF-e could directly induce

inflammation in CF lungs by activating a cascade of other inflammatory mediators that

enhance neutrophil recruitment and activation (She et al., 1989). The production of these
cytokines is regulated by nuclear factor-kB (NF-xB) (Barnes ef al., 1997; Blackwell et
al., 2001), a transcription factor shown to be highly active in CF epithelial cells (Weber et
al., 2001). These findings are consistent with dysregulated cytokine production and

enhanced pro-inflammatory signaling in CF cells.
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1.3.7.3 Neutrophil Recruitment

Neutrophils play an important role in innate defense against infections by
containing pathogenic populations through phagocytosis as well as the release of toxic
substances such as pro-inflammatory cytokines, proteases and reactive oxygen species
(Hammerle ef al., 1997). This manifests as an inflammatory phenotype, which, in healthy
| lungs, subsides naturally and the epithelial tissue returns to normal (Henson, 2003). In
CF, however, the inflammatory response is severe, sustained by a cycle of neutrophil
recruitment and infiltration into the tissues of the airways (Konstan and Berger, 1997;
Pilewski and Frizzell, 1999). Transendothelial migration occurs along a chemotactic
gradient, whereby neutrophils penetrate the endothelial layer and migrate towards the site
of inflammation (Ley, 1996).

Neutrophils of CF patients are less sensitive to apoptosis (McKeon et al., 2003)
gmd display a heightened (pre-activation) ‘primed’ state (Terheggen-Lagro et al., 2003).
The build-up of proteases and activated oxygen radicals (particularly H,O, and O5)
released from accumulated neutrophils leads to severe pulmonary damage (Konstan and
‘Berger, 1997; McElvaney and Crystal, 1999). CF neutrophils are also triggered by TNF-a
and IL-8 to release large amounts of elastase (Tagart et al, 2000), which directly
\ daméges lung tissue by degrading structural proteins such as elastin, collagen and
glycoproteins (McElvaney and Crystal, 1999).

These findings are suggestive of a defect in the processes responsible for the
resolution of inflaimmation and restoration of tissue homeostasis, normally achieved
through apoptosis of neutrophils followed by their clearance and release of anti-

inflammatory mediators (Haslett, 1999).
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1.4 GENETIC MODIFIERS OF CF
There is evidence to suggest that CFTR may have functions that extend well
beyond simple chloride conductance in epithelial cells. In humans with CF as well as
CFTR-knockout mice, the phenotypic consequences of the absence of the CFTR gene
product appear to be influenced by the expression of other ‘modifier’ genes, including
~ genes important in ion transport, cell signaling and inflammation (Rowe et al., 2005).
To identify relevant factors that may underlie these genetic modifiers, we have
previously undertaken a comprehensive study of differential gene expression among 3-
week old congenic C57BL/6 CF (B6-CF) and BALB/c CF (B¢c-CF) and wild-type mouse
h;ngs using Affymetrix GeneChip® technology. The GeneChip® experiments were
performed using stringent criteria for identifying genes that could contribute, through
differential expression, to the distinct CF-associated lung phenotypes among the different
mice. Briefly, total RNA from congenic B6-CF lung samples (2 male and 2 female) were
hybridized to GeneChips® (spotted with sequences of over 18,000 known or potential
genes) along with RNA from their wild-type (sex-matched) siblings. Likewise, identical
~ hybridization experiments were carried out with congenic Bc lung samples. The signals

of all eight independent hybridization experiments were quantified and spots showing a
~ di"fférence in expression in excess of 2-fold that were consistent among the four
hybridization experiments for each strain were considered significant. The significant
signals between the B6 and Bc strains were then compared and only those that were
different between the two strains were considered for further investigation as potential
contributors to distinct lung disease phenotypes. Of the 31 (from >18,000) most

promising genes meeting the stringent criteria, and confirmed to be differentially
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expressed by Northern blot or quantitative RT-PCR analysis, a large proportion
corresponded to inflammatory mediators and structural proteins.

The studies conducted by our lab, as well as others, have identified S1I00A8 and
- S100A9 as potential modifiers of the inflammatory lung phenotype in CF (Andersson et
al., 1988; Haston et al., 2002; Tirkos et al., 2001, 2006). Another modifier gene, the
_ calcium-activated chloride channel 3 (CLCA3), has been shown to influence intestinal
disease in CF mice, with functions related to mucus production and composition (Young
et al., manuscript in preparation). The identification and characterization of modifier
genes for CF will help to explain the substantial variability in clinical severity among
patienté with the same mutations in the CFTR gene, and may offer ways to find novel

therapies for CF (Rowe et al., 2005).

1.5 ROLE OF S100A8 AND S100A9 IN CF LUNG DISEASE
Neutrophils and monocytes are the main producers of S1I00A8/S100A9 (Hessian
et al., 1999). Since the concentration of S100A8/S100A9 is abnormally elevated in the
lungs and serum of CF patients, it has been postulated that this factor has important
functions influencing the inflammatory processes in CF (Andersson et al., 1988; Barthe
etal., 1991; Sorg, 1992; Wilkinson ef al., 1988).
| In acute inflammatory states, as circulating monocytes are recruited into tissues,
they differentiate, and in the process show different levels of expression of S100A8 and
S100A9 (Zwaldo et al., 1988). As neutrophils and monocytes migrate deeper into the site
of inflammation, the expression of the two proteins is normally turned off (Roth et al.,
1992). Lungs of mice infected with the influenza virus showed S100A8 expression,

which declined at the beginning of the recovery phase, indicating that, under normal
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circumstances, S100A8 gene expression is down-regulated by mediators acting at the
resolution phase of inflammation (Endoh et al., 2009). In contrast, in some chronic
inflammatory conditions, expression of S100A8 and S100A9 is sustained in neutrohils
and tissue macrophages, suggesting that there is a regulatory defect in these cells in
chronic inflammatory states (Hessian et al., 1993; Tirkos et al., 2006). Interestingly, the
~ S100A8/S100A9 protein complex was shown to be highly resistant to proteolysis in the
presence of calcium (Nacken ef al., 2007), which may account for the protein’s stability
and function at inflammatory sites in the presence of high concentrations of proteases.
Thus, the failure to down-regulate S100A8 and S100A9 expression by neutrophils
and tisSue macrophages upon entering the lung interstitium, as well as the increased
levels of neutrophil activators, such as IL-6, IL-8 and TNF-a, may explain the massive

neutrophil recruitment and inflammatory phenotype observed in CF lungs.

1.6 MOUSE MODELS OF CF
Mouse models have been an important tool for the study of CF. The murine
CFTR gene contains 27 exons spanning approximately 152,000 bp on chromosome 6
(Tata et al., 1991). The generation of the first CF mouse model (CY™ "Ny was reported
in 1992, in which the CFTR gene was disrupted by exon 10 replacement using gene
\ taxéeting resulting in defective CFTR production (Snouwaert et al., 1992). Since then, a
number of other mouse models of CF have been created (Delaney et al., 1996; Ratcliff ez
al., 1993; Rozmahel et al., 1996; Thomas et al., 2000) using a variety of methods
(Davidson and Rolfe, 2001). Of particular interest to us are mouse models that develop an
inflammatory lung phenotype as observed clinically in patients with CF. The original

CFTR-knockout mouse did not develop lung disease, despite the presence of severe
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intestinal disease (Snouwaert et al., 1992). In 1997, Kent et al. produced a congenic
CFTR-knockout mouse that acquired spontaneous and progressive lung disease,
characterized by failure of effective mucociliary clearance, acinar and alveoli
‘hyperinflation, interstitial thickening, fibrosis and inflammatory cell recruitment, features
consistent with obstructive small airway disease in CF patients (Oppenheimer et al.,
~ 1975). The inflammatory phenotype was ‘spontaneous’ in that the mice were maintained
in specific pathogen-free conditions. The authors suggested that the variability in the
development of lung disease between the original mixed genetic background and
congenic CFTR-knockout strains may be due, in part, to the presence of alternative CI’
channels in the original model that could compensate for defective CFTR function (Kent

et al., 1997):

1.6.1 Targeted Knockdown of S100A8 and S100A9

Mouse models in which S100A8 and S100A9 expression has been altered are
important in elucidating the role of these two proteins in the pathological features of CF
lung disease. Hobbs e al. (2003) and Manitz et al. (2003) independently produced
S100A9 null mice, which displayed a normal phenotype but their neutrophils and
macrophages were less sensitive to chemo-attractants compared to their wild-type
‘ coﬁhterpart. In contrast, S100A8 null mouse embryos do not survive and are resorbed by
the mother early in development (Passey ef al., 1999a). These S100A8 null embryos were
infiltrated with maternal cells prior to resorption, suggesting a role for S100A8 in

preventing maternal rejection of the implanting embryo (Passey ef al., 1999a).
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1.6.2 Differential Expression of S100A8 and S100A8 in CF Mouse Models
Previously, our lab showed that congenic B6-CF mice exhibited a lung-specific
inflammatory phenotype, characterized by an early (3-weeks of age) and spontaneous 3-
fold elevation of S100A8 and S100A9 levels, compared to wild-type mice (Tirkos et al.,
2001, 2006). In addition, a significant increase in neutrophils was observed in B6-CF
lungs at 4-weeks of age, corresponding to the elevated expression of S100A8 and
S100A9. Importantly, congenic Bc-CF mice, which do not develop a lung inflammatory
phenotype, showed elevated levels of S100A9 but not S100A8, suggesting that SI00A8
exclusively (or in combination with S100A9) plays a prominent role in the early and

spontaneous lung inflammation seen in B6-CF mice (Tirkos et al., 2006).

1.6.3 S100A8 Transgenic Mouse Models

Using an S100A8 transgenic mouse model (Tg-S100A8), our lab showed that
over-expression of SI00A8 on a B6 background results in a lung-specific inflammatory
phenotype that is indistinguishable from that of B6-CF mice at 3-weeks of age, with
multifocal areas of interstitial and alveolar septa thickening, fibrous tissue deposition and
inflammatory cell infiltration (Newbigging et al., manuscript submitted) (Fig. 1-6A).
Both B6-CF and Tg-S100A8 lungs showed a further and more profound interstitial
\ thi.ckening with a marked increase in collagen/fibrous tissue deposition at 6-months of
age compared to wild-type lungs (Fig. 1-6B). It is important to note that the upsurge of
S100A8 and S100A9 expression in CF lungs occurs just before the onset of inflammation
(Tirkos et al., 2006). This suggests that, rather than being a mere consequence of lung
disease, the increase in S100A8 (or S100A8/S100A9) may underlie or exacerbate the

inflammatory lung phenotype in CF mice (Newbigging ef al., manuscript submitted).
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Fig. 1-6. Histopathological analysis of 3-week and 6-month old B6-CF and Tg-
S100A8 lungs. (A) H&E stained 3-week old B6-CF and Tg-S100A8 (Tg+) lungs appear
morphologically indistinguishable, with interstitial and alveolar septa thickening and
inflammatory cell infiltration. (B) Both B6-CF and Tg-S100A8 lungs show a more
profound phenotype at 6-months of age compared to the wild-type (WT) lungs.
(Magnification: x40) (Obtainedfrom Newbigging et al, manuscript submitted)
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1.7 RNA INTERFERENCE
1.7.1 History of RNA Interference

RNA interference (RNAi) is a naturally occurring process in which short

interfering RNA suppress gene expression via enzymatic cleavage and destruction of
target mRNA (Rana, 2007). RNAi was first recognized in 1990 as a natural anti-viral
 biological response in plants (Napoli e al., 1990). Long double-stranded RNA (dsRNA)

produced during viral infections induces this natural mechanism, in which the dsSRNA
molecules are cleaved into smaller, 21-25 nt RNA duplexes called small interfering
RNAs (siRNAs), which then direct sequence-specific gene silencing in the host cell
(W aterhouse et al., 2001).

Fire et al. (1998) first described the phenomenon by injecting dsRNA into the
worm Caenorhabditis elegans which led to efficient suppression of target gene
¢xpression. Unlike the natural and target-specific RNAi response demonstrated in plants
(Smith et al., 2000), worms (Tavernarakis et al., 2000) and fruit flies (Kennerdell and
Carthew, 2000), introduction of exogenous long dsRNA (>30 bp) induces an anti-viral

“interferon response in mammalian cells (Sledz er al, 2003). This response is
characterized by non-specific inhibition of protein synthesis via a dsRNA-activated
\ protéin kinase R (PKR), which results in global suppression of translation, RNA
degradation and apoptosis (Gil and Esteban, 2000; Williams, 1997). It was then revealed
that this anti-viral response can be avoided by the introduction of short (21-25 nt)
synthetic siRNA molecules that can be processed within cells by the natural RNAi
machinery (Elbashir ez al., 2001a), making RNAi-mediated gene silencing a very useful

and promising tool for studying gene function.
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1.7.2 Triggers of RNAi
1.7.2.1 MicroRNAs

MicroRNAs (miRNAs) are genomically-encoded, untranslated 21-23 nt RNA
molecules, which regulate diverse cellular processes, including cell proliferation,
development, differentiation, apoptosis and metabolism by triggering the RNAi pathway
_(Bartel, 2004; Chen et al., 2004; Cheng et al., 2005; Xu et al., 2004). The first miRNA
identified in C. elegans, lin-4, showed incomplete base-pairing to complementary
sequences on target mRNAs and blocked gene expression (Lee ef al., 1993). It was then
discovered that mammalian genomes encoded hundreds of these miRNA genes which

play an important role in regulating health and disease states (Bartel, 2004).

1.7.2.2 Smaﬂ interfering RNAs

Small interfering RNAs (siRNAs) represent another class of regulatory 21-25 nt
dsRNA molecules that can silence gene expression via the RNAi pathway. The discovery
of siRNAs was made by Hamilton and Baulcombe (1999) as part of post-transcriptional
genelsilencing in plants. These siRNA duplexes are produced naturally when an RNAse-
m type enzyme, Dicer, cleaves long dsRNA molecules (Rana, 2007). Alternatively,
chemically synthesized siRNAs may be introduced into cells to inducé RNA.. Elbashir et
al. (2001a) first made the phenomenal discovery that synthetic 21 nt siRNAs transfected
into mammalian cells can effectively inhibit gene expression. in a sequence specific
manner (Elbashir er al., 2001a; Harborth et al., 2001). However, there are some
challenges as this technology transitions towards in vivo applications; namely, tissue
specific delivery, low transfection efficiency and the transient nature of this method,

which makes siRNAs unsuitable for long-term studies (Downward, 2004).
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1.7.2.3 Short-hairpin RNAs
Some of the difficulties encountered with synthetic siRNAs have been addressed
with alternative vector-based short-hairpin RNA (shRNA) expression systems, whereby
-siRNAs are generated continuously through their expression from plasmid or viral
vectors (Brummelkamp et al., 2002a/b; Paddison et al., 2002; Sui et al., 2002). In this
~ case, the SIRNA molecule consists of complementary strands of 21-29 nt spaced by a
non-complementary short ‘loop’ region (that causes the transcript to fold back on itself
when transcribed in vivo) and a short terminator sequence (Manjunath ef al., 2009) (Fig.
1-7). Recognition and processing of the shRNA transcripts by the RNAi machinery in the
cytoplasm generates the active siRNAs that confer silencing (Wadhwa et al., 2004).
For the expression of the shRNA, RNA polymerase III promoters, such as the
human H1 or U6 snRNA promoters, are generally used to produce a large amount of
transcﬁpts that are processed by Dicer directly (Manjunath et al., 2009). Short-hairpin
RNAs have been shown to achieve effective (and stable) gene silencing in plants (Smith
et al., 2000), C. elegans (Tavernarakis et al., 2000) and Drosophila (Kennerdell and
“Carthew, 2000). The application of shRNAs to induce sequence-specific silencing has

also been demonstrated in mammalian cells (Paddison et al., 2002; Paul et al., 2002; Sui
‘ et~ai., 2002), as well as in vivo (Liu et al., 1999). Viral-based shRNA expression vectors,
such as lentiviruses and retroviruses, have also been developed and shown to be effective
in achieving knockdown in vivo (Carmell et al., 2003; Gurzov ef al., 2006; Jiang et al.,

2006; Kunath et al., 2003; Tiscornia et al., 2003).
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Fig. 1-7. Loop structure of shRNAs. After being transcribed from an expression vector,
shRNA transcripts fold back onto themselves forming a ‘hairpin’ structure, consisting of
two target-complementary 21-29 bp RNA sequences linked by a short loop of 4-10 nt.
Dicer processing generates the active siRNAs that confer gene silencing.
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1.7.3 Mechanism of RNAi
The function of siRNAs and shRNAs is mediated by the natural miRNA

biogenesis pathway (Fig. 1-8). In this pathway, miRNAs are first transcribed by RNA

polymerase II as long self-complementary dsRNA with a poly(A) tail and 5’ cap, known

as primary microRNA (pri-miRNA) (Lee et al., 2002; Winter et al., 2009). This transcript

folds onto itself to form a stem-loop structure, with internal bulges resulting from

imperfect homology between the two strands (Bartel, 2004; Winter et al., 2009). Drosha,
a special nuclear RNase III, processes this molecule into a 60-70 nt precursor miRNA
(pre-miRNA), which is exported to the cytoplasm by the nucleocytoplasmic transporter
exportih-s (Yi et al., 2003). In the cytoplasm, the ribonuclease Dicer, cleaves the pre-
miRNA into 21-23 nt mature miRNA that assemble into the RNA-induced silencing
complex (RISC) (Bartel, 2004; Winter et al., 2009).

Usually only one strand (known as the guide strand) of the miRNA duplex is
loaded into RISC, while the other strand (the passenger strand) is destroyed (Matranga et

al., 2005). The selection of the strand is governed by the relative thermodynamic stability

‘of the 5’ terminus of the miRNA molecule (Khvorova et al., 2003). Studies have shown

that the RISC complex is asymmetric and favors the strand of the RNA duplex with the

‘ least} thermodynamically stable 5' end (Khvorova ef al., 2003; Schwarz et al., 2003). The

miRNA-RISC complex recognizes and binds target mRNA leading to translational
repression or mRNA degradation depending on the degree of complementarity between
the two RNA molecules (Bernstein et al., 2001; Lee et al., 2004).

Endogenously encoded shRNAs are processed in a similar way as miRNAs (Fig.

1-9); however, ShARNA transcripts are not cleaved by the nuclear Drosha (Rana, 2607).
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Following their transcription and transport to the cytoplasm by exportin-5, the hairpins
are processed into 21-23 nt double-stranded siRNAs by Dicer (Hammond e? al., 2000,
2001). The siRNAs are then incorporated into RISC, unwinding in the process (Rana,
2007). Synthetic siRNAs bypass this requirement for Dicer and enter the silencing
pathway by directly incorporating into RISC following delivery into the cells (Rana,
- 2007) (Fig. 1-8).

The catalytic component of RISC, Argonaute-2 (Ago-2), cleaves the sense
(passenger) strand of the siRNA, releasing it from the complex for subsequent
degradation (Matranga ef al., 2005). The anti-sense (guide) strand of the siRNA guides
the RISC complex to complementary mRNA sequences within the cell, and base-pairs
with the target mRNA with perfect complementarity (Winter et al., 2009). Argo-2
cleaves the corresponding target mRNA 10-11 nt upstream of the 5’ end of the guide
’strand (Bernstein ef al., 2001; Hammond et al., 2001). It is not clear how the activated
RISC complex actually locates target mRNA. The cleaved mRNA is destroyed and
cannot be used as a translation template, which leads to gene silencing (Rana, 2007).
- Expression of the gene of interest can be either almost completely or partially suppressed,

depending on the amount of ShRNA expressed and its potency (Bemnstein ef al., 2001).
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Fig. 1-8. RNAi-mediated silencing of gene expression. RNAI can be initiated in cells
by the introduction of synthetic double stranded siRNA (left) or plasmid or viral vectors
encoding shRNA (right) or by endogenously transcribed pri-miRNAs (middle). In the
nucleus, Drosha processes the pri-miRNA into pre-miRNA which is exported into the
cytoplasm by exportin-5. The common pathway for dsSRNA, miRNA, and shRNA begins
with Dicer cleavage of the intermediate transcripts to generate the 21-23 nt dsRNA. The
duplexes unwind and the guide strand (red) is incorporated into RISC, where it guides
RISC to silence target MRNA by either cleavage of the mRNA or translational repression
depending on the degree of complementarity between the guide strand and the target
MRNA. The passenger strand (black) is degraded. (Adapted from Winter et al., 2009)
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1.7.4 Conventional versus miRNA-based shRNAs

The conventional stem-loop shRNAs described earlier are not processed by
Drosha, but exported directly into the cytoplasm by exportin-5 and processed by Dicer
into sSiRNA duplexes (Brummelkamp et al., 2002a; Paddison et al., 2002a). These are
typically driven by RNA polymerase 11l promoters and contain stems of 19-29 nt with
minimal flanking RNA sequence (Dickins et al., 2005) (Fig. 1-9). Conventional sShRNA
vectors have been widely utilized by researchers due to their ease of construction
(Manjunath et al, 2009). However, over-expression of a U6-driven shRNA cassette was
shown to interfere with natural cellular miRNA expression, which proved to be fatal for
the mice used in the study (Grimm et al., 2006). Additionally, siRNAs generated from
these vectors have triphosphate at their 5' ends and a variable number of overhangs at the
3' end, making them sub-optimal substrates for exportin-5 and Dicer (Manjunath et al.,

2009).

Fig. 1-9. Predicted RNA folding for conventional and miR-30-based shRNAsSs.
Horizontal dashes indicate the approximate Drosha and Dicer cleavage sites. {Adapted
from Dickins et al., 2005)
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Investigators have recently turned to an alternative strategy, one based on the
natural mMiRNA pathway (Fig. 1-10). In this pathway, Drosha cleaves the pri-miRNA to
produce pre-miRNA with 2 nt overhangs at the 3’ end (Manjunath et al., 2009). Dicer
recognizes this overhang and cuts the hairpin 22 nt away to produce the miRNA duplex
which confers the silencing (Zhang et al.,, 2002). In the natural miRNA pathway,
therefore, processing by Drosha in the nucleus largely dictates the site of Dicer cleavage
and which strand is incorporated into RISC (Matranga et al., 2005). The idea behind the
new strategy is to mimic the pri-miRNA processing to generate sShRNAs. This was first
attempted successfully by Zeng et al. (2002) who showed that replacement of the mature
miR-30 stem region (~20 bp duplex) in the human miR-30 primary transcript with an
artificial ShRNA sequence led to specific and efficient gene silencing.

The addition of the miR-30 loop and 125 bases of the human miR-30 flanking
sequence on either side of the hairpin has been shown to increase Drosha and Dicer
processing of the expressed hairpins by 10-fold compared to the conventional designs,
leading to higher siRNA production and a greater efficacy for expressed hairpins
(Dickins et al., 2005; Silva et al., 2005). Artificial miRNA-based designs also offer more
flexibility with respect to applications of gene silencing, being more amendable to RNA
polymerase Il transcription (allowing tissue-specific expression) and polycistronic
strategies (permitting the delivery of multiple siRNA sequences) (Cai et al., 2004; Chung
et al., 2006; Dickins et al., 2005). Consequently, the use of artificial miRNAs as RNAI

vectors has become an attractive alternative to traditional stem-loop shRNAs.
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Conventional shRNA miRNA biogenesis miRNA-based shRNA

RISC with miRNA

Fig. 1-10. Biogenesis of conventional and miRNA-based shRNAs. Conventional shRNAs (left) contain only the hairpin RNA
sequence, which is directly exported to the cytoplasm. In the natural miRNA pathway (middle) the pri-miRNA transcript contains the
hairpin in addition to a long flanking sequence, which is cleaved by Drosha to generate the pre-miRNA that is processed by Dicer into
short RNA duplexes. In the miRNA-based shRNA strategy, the shRNA mimics the pri-miRNA by adding the miRNA flanking
sequences to the shRNA stem, which allows it to be processed by the natural miRNA pathway. {Adapted from Manjunath et al., 2009)
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1.7.5 Applications of RNAI for Silencing |
Although genetically engineered animal models, such as knockout and transgenic

mice, have many advantages, their development requires considerable time and

resources. RNAI is changing the field of functional genomics by providing a more rapid

and inexpensive means of suppressing target gene expression with high specificity (Rana,

- 2007). RNAIi has been used to generate model systems, to identify novel molecular
targets and to study gene function (Pushparaj ef al., 2008; Rao et al., 2009).

RNAi-mediated gene silencing has been demonstrated successfully in mammalian

cells (Brummerlkamp ef al., 2002a/b; Elbashir et al., 2001a; Miyagishi et al., 2002;

Paddisén et al., 2002a/b; Sui et al., 2002; Yu ef al., 2002) as well as in mice (Bitko et al.,

2005; Lewis ef al., 2008; Sioud and Sorensen, 2003; Song ef al., 2003; Sorensen et al.,

2003; Soutschek et al., 2004; Zhang et al., 1999) and non-human primates (Li et al.,

2005; Zimmermann et al., 2006). Thus, RNAi technology holds a great potential in

creating knockouts as well as selective gene silencing (Huppi et al., 2005; Matzke and

Birchler, 2005), and is emerging as a potential therapeutic strategy for various diseases in

~ humans, including viral infections, cancer and degenerative diseases (Aigner, 2006;

Bumcrot et al., 2006; de Fougerolles, 2005; Kim et al., 2007).




1.8 INTRODUCTION TO THESIS

1.8.1 Study Rationale

The results of our lab outlined in the previous sections can be summarized as
 follows: 1) S100A8 and S100A8 levels are coordinately elevated in CF mouse lungs; 2)
up-regulation of S100A8 or S100A8/S100A9, but not S100A9 alone, correlates with the
- development and progression of a lung-specific inflammatory phenotype in B6-CF mice;
3) there is an inherent defect in the ability of CF lung epithelia and/or neutrophils and
maérophages to down-regulate S100A8/S100A9 expression following tissue-infiltration
at sites of inflammation; and 4) suppression of SI00A8 expression in vivo may provide a
potential therapeutic strategy for ameliorating the lung-specific disease in CF. These
findings juétify additional studies to determine the precise role of S100A8 in the severe
inflammatory phenotype observed in CF lungs, particularly, the consequences of S100A8
-inhibition. The aim of this study was to establish an in vitro model for shRNA-mediated

suppression of S100A8 which can be exploited in future mouse studies.

- 1.8.2 Hypothesis and Objectives

It was hypothesized that murine S100A8 expression could be suppressed in
‘ mammalian cells using SARNA. The main objectives were to (i) establish a mammalian
cell line expressing constant levels of murine S100A8; and (ii) demonstrate the

knockdown of S100A8 expression in vitro using SARNA.
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1.8.3 Prelude to Experiments
1.8.3.1 Assessing S100A8 Expression in P388D Cells
The literature was reviewed to identify a murine cell line expressing endogenous

- S100A8 for the in vitro knockdown experiments. Primary murine neutrophils would have
been ideal candidates for this study; however, due to the transient life span of freshly
 isolated neutrophils, it would not be possible to maintain these cells in culture long
enough to conduct the RNAi experiments. The macrophage-like mouse (tumor) cell line,
P388DI1, has been shown to express detectable levels of S100A8 using cytospin
preparations stained by the immunoperoxidase method (Goebeler ef al., 1993). This cell
lipe, isolated by Dawe and Potter (1957) from a methylcholanthrene-induced lymphoid
neoplasm (P388) of a DBA/2 mouse, possesses the characteristics of normal
macrophages, and has been used in research to study macrophage functions where pure
populations are required (Koren et al., 1975). This cell line was assessed for the
expression of S100AS.

Treatment with pro-inflammatory mediators such as bacterial lipopolysaccharide
~(LPS) has been shown to up-regulate SI00A8 expression in various murine macrophage
cell lines (Hsu et al., 2005; Hu et al., 1996). For example, murine macrophage-like RAW
: 264;7 and WEHI 265 cells treated with an initial dose of LPS for 20 hrs and challenged
with a second treatment of LPS for the same duration showed maximal induction of
S100A8, while the untreated control cells expressed undetectable levels of S100A8 (Hu
et al., 1996). In vivo, SI00A8 mRNA and protein levels are highly induced in mouse
lungs in response to intravenous injections of LPS (Passey et al., 1999a). The effect of

LPS on S100A8 expression in P388D1 cells was also examined in this study.
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1.8.3.2 Investigation of S100A8 Induction in 32D Cells

Since knockdown of protein levels is the relevant concern in vivo, identifying a
cell system which would permit the investigation of S100A8 knockdown at the protein
level was important. With the exception of neutrophils and trophoblasts in vivo (Passey et

al., 1999a), there were no other murine cells shown to constitutively express S100A8

protein. Stimulation seemed to be necessary to induce S100A8 protein production. This

has been demonstrated in the murine myeloid 32D cell line by omitting interleukin-3 (IL-
3) from and adding granulocyte colony stimulating factor (GCSF) to the growth medium
(Nacken et al., 2000). The 32D cell line represents a bone marrow line of mixed colonies,
ipcluding erythroid cells, neutrophilic granulocytes, monocytes and macrophages. IL-3
supports the proliferation and promyeloic status of 32D cells, whereas the addition of

GCSF (without IL-3) induces these cells to differentiate into the granulocytic lineage

(Valtieri et al., 1987), at which point the cells were shown to express both S100A8 and

S100A9 (Nacken et al., 2000). Therefore, the 32D cell line was used in this study to

assess the possible induction of S100A8 expression.

1.8.3.3 Generating Stable S100A8 Cell Lines

Due to the unsuccessful attempts in finding a cell type expressing murine

\ S100AS8, it was proposed that stable cell lines expressing constant levels of S100A8 be

generated. In vitro knockdown studies generally involve the suppression of
constitutively-expressed genes to avoid erroneous results due to cell stress that may arise
from the induction process or differences in the response of cells to stimulants. S100A8
expression has been shown to be up-regulated in response to cell stress (Endoh et al.,

2009; Grimbaldeston et al., 2003). This is another reason why stable cell lines were
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created. COS-7 cells, established in the 1960s from the kidney of an African green
monkey (Jensen et al., 1964), were readily available. Thus, this model system was chosen

to test the knockdown efficacy of the shRNAs.

1.8.3.4 Generating Stable S100A8/S100A9 Cell Lines

Murine S100A8 and S100A9 have been shown to form non-covalent homodimers
and/or heterodimer complexes (Nacken ef al., 2000; Raftery and Geczy, 1998).
Mqreover, exclusive expression of S100A8 or S100A9 has been documented in several
studies in murine systems (Rahimi et al., 2005; Xu et al., 2001). To analyze the
importance of dimerization for the stability of the two S100 proteins in vitro, COS-7 cells
that were initially stably transfected with murine S100A8 were re-transfected (stably)

with a plasmid encoding the murine S100A9 gene.

- 1.8.3.5 Knockdown of S100A8 with shRNA

This study exploits RNAi technology to suppress the expression of S100A8 in a
COS-7 cell line stable for S1I00A8 expression. The project was undertaken to establish a
- working in vitro model for S100A8 down-regulation by miR-30-based shRNAs in
mammalian cells and to illustrate the potential of this knockdown system for studying
SlOOA8 gene function in vivo; in particular, the consequences of S100A8 suppression on

the inflammatory lung phenotype in CF mouse models.
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2, MATERIALS & METHODS

2.1 GENERAL CELL CULTURE
2.1.1 Cells and Culture Media
Cells were grown in the appropriate culture medium (as described below) and
maintained at 37°C in 5% CO,. The murine myelomonocytic cell line, P388D1, was
* obtained from the American Tissue Culture Collection (ATCC) (Cat. No. CCL~46).
P388D1 cells were cultured in DMEM (ATCC, Cat. No. 30-2002) with 4 mM L-
glutamine, 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 1 mM sodium pyruvate, and
supplemented with 10% horse serum (ATCC, Cat. No. 30-2040). The murine bone
marrow 32D cell line was obtained from ATCC (Cat. No. CRL-11346) and cultured in
RPMI-1640 medium (ATCC, Cat. No. 30-2001) with 2 mM L-glutamine adjusted to
contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, and 1.0 mM
sodium pyruvate, and supplemented with 1X antibiotic/antimycotic solution [10 000 L.U.
Penicillin (per ml), 10 000 pg/ml Streptomycin, 25 pg/ml Amphotericin B, and 8.5 g/L
, NaCl] (Wisent, Cat. No. 450-115-EL), 10% heat-inactivated fetal bovine serum (FBS)
(Wisent, Cat. No. 080150), and 10% mouse Interleukin-3 (IL-3) (Sigma, Cat. No. I-4144)
(ﬂﬁs cell line is IL-3 dependent). FBS was heat-inactivated by heating to 56°C for 30 min
| to inactivate complement. The COS-7 (African green monkey kidney) fibroblast-like cell
line was kindly provided by Dr. Joe Mymryk (London Regional Cancer Program,
London, Ontario, Canada). Cells were cultured in DMEM (Wisent, Cat. No. 319-020-CL)
with 45 g/ L-glutamine, 4.5 g/L glucose, 1.5 g/l sodium bicarbonate, and
supplemented with 1 mM sodium pyruvate, 1X antibiotic/antimycotic solution (Wisent,

Cat. No. 450-115-EL), and 10% FBS (Wisent, Cat. No. 080150).
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2.1.2 Sub-culturing Cells

Adherent COS-7 cells grown to confluence were rinsed twice in Dulbecco’s
phosphate-buffered saline (DPBS) (Wisent, Cat. No. 311-425-CL), and detached by
incubating with an appropriate amount of trypsin-ethylene-diamine-tetraacetate (EDTA)
solution (0.05% trypsin and 0.02% EDTA w/v in DPBS) (Wisent, Cat. No. 325-043-EL)
for 4-5 min at 37°C. Complete culture medium (with serum) was added to arrest further
tryptic digestion, and cells were centrifuged and seeded into 10 cm Petrie dishes for
maintenance, or onto wells of six-well plates for experimentation. Suspension cell lines,
P388D1 and 32D, were cultured in 25 cm? flasks in the appropriate growth media. For the
32D cell line, cell scrapers were used to detach adherent cells in this mixed cell

population: Cells were sub-cultured every 2-3 days.

2.1.3 Cell Cryopreservation and Revival
For storage, all cell lines were suspended in 5% dimethylsulphoxide (DMSO)

(Sigma, Cat. No. D2650) in the appropriate culture medium. Aliquots of 1 ml were

diépensed into 2 ml sterile Cryo tubes which were kept at -80°C overnight and then

transferred to -150°C for long-term storage. To thaw out cells, tubes containing frozen
cells were taken from -150°C and rapidly (<2 min) thawed at 37°C, and transferred into
falcon tubes containing 10 ml of the appropriate culture medium warmed to 37°C and
centrifuged at 125 x g for 5 min at room temperature. Cells were re-suspended in fresh
culture medium containing 20% serum (to help cell recovery) and seeded into the
appropriate vessel. After 4-6 hrs, the culture medium was replaced with fresh growth

medium containing 10% serum.
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2.2 GENERATING STABLE CELL LINES
2.2.1 Transformations and Plasmid Purification

All DNA vectors used in this study (pDream2.1/S100A8, pcDNA3.1/S100A9,
and MSCV-LTRmiR30-PIG/shRNA vectors) were transformed into DHS5a competent
cells. Briefly, 1.5 pl of plasmid DNA was mixed with 50 pl of DH5a cells (Invitrogen,
Cat. No. 18258-012) in a pre-chilled 1.7 ml Eppendorf tube, and incubated on ice for 30
min. The cells were subjected to heat-shock at 42°C for 45 sec and returned to ice for an
additional 5 min. SOC medium (450 pl) was added to the tube followed by incubation at
37°C with shaking (225 rpm) for 1 hr. The cell suspension was then diluted to different
goncentrations (1:10, 1:50, 1:100, 1:250, 1:500, and 1:1000) and 100 pl of cells were
spread onto pre-warmed LB plates with 100 pg/ml ampicillin and incubated at 37°C for
16 hrs. Then, 150 ml LB+ampicillin (100 pg/ml) liquid media was inoculated with
( individual bacterial colonies and incubated at 37°C with shaking (250 rpm) for 16 hrs.
Plasmid DNA was purified using a QIAGEN Plasmid Maxi Prep Kit (Cat. No. 12162),

according to the manufacturer’s protocol. DNA was re-dissolved in TE buffer, pH 8.0.

2.2.2 Determination of Plasmid Yield

To determine the yield, plasmid concentration was determined by both UV
épectrophotometry (Fisher Scientific, Beckman Model No. DU-530) at 260 nm as well as
quantitative and qualitative analysis on an ethidium bromide-stained agarose gel. Az
readings between 0.1 and 1.0 were considered reliable. For restriction enzyme digestion,
1 pl of the appropriate enzyme was mixed into 1 pg of plasmid DNA, 2 pl of appropriate
10X reaction buffer, and 16 ul of H;O at the enzyme’s optimal temperature and duration,

and run on a 1% agarose gel to confirm the purity of the isolated plasmid.
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2.2.3 Transfecting COS-7 Cells with Murine S100A8

COS-7 cells were seeded into six-well plates 24 hrs before transfection, giving
90-95% confluence on the day of transfection. Cells were transfected with the pDream?2.1
expression vector (GenScript, Cat. No. SD0221) (Fig. 2-1) containing the murine
S100A8 gene (GenBank Accession No. NM_013650) using Lipofectamine™ 2000
(Invitrogen, Cat. No. 11668-019) according to the manufacturer’s recommendations. The
S100A8 sequence cloned into pDream2.1 (7156 bp) is 270 bp in length, and represents
the coding region of the mouse gene. Cloning and sequence verification were carried out
by GenScript, and confirmed again by our lab. Stable clones were obtained after six
weeks of growth with 600 pg/ml geneticin-G418 (Wisent, Cat. No. 450-130-QL).
Reverse-transcriptase PCR (RT-PCR) (Section 2.5) and Western blotting (Section 2.7)

were used to detect SI00A8 mRNA and protein levels, respectively.

* 2.2.4 Re-transfecting Stable COS-7 Cells with Murine S100A9

To generate stable cell lines expressing both S100A8 and S100A9,

pcDNA3.1/Hygro(+) expression vector (Sigma, Cat. No. V870-20) (Fig. 2-2) containing

the murine S100A9 gene (GenBank Accession No. NM_009114) was introduced into the
stable S100A8 COS-7 cells by transfection with Lipofectamine™ 2000 (Invitrogen, Cat.
ﬁo. 11668-019). The S100A9 sequence cloned into pcDNA3.1/Hygro(+) (5597 bp) is
342 bp, and represents the coding region of the mouse gene. Cloning and sequence
verification were carried out by GenScript. Both transient and stable transfection
experiments were performed. Stable cell lines were obtained after six weeks of selection
with 100 ug/ml hygromycin (Wisent, Cat. No. 450-140-XL). Once independent colonies

became visible, they were sub-cultured separately until ready to assay.
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Fig. 2-1. Vector map of pDream2.1 expression vector (7156 bp). Arrow indicates the
cloning region of murine S100A8. (Adapted from GenScript)

Fig. 2-2. Vector map of pcDNA3.1/Hygro(+) expression vector (5597 bp). Arrow
indicates the cloning region of murine S100A9. {Adaptedfrom Sigma-Aldrich)
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2.3 CELL TREATMENTS
2.3.1 Treating P388D1 Cells with LPS

LPS from Escherichia coli, 055:B5, was obtained from Sigma (Cat. No. L-6529).

- P388D1 cells were initially treated with one dose of LPS at 100, 500, or 1000 ng/ml in 10

ml of growth medium. Cells were incubated for 20 hrs with LPS and collected thereafter

- for RT-PCR analysis. In the second experiment, cells were first primed with an initial

dose of LPS (10 ng/ml) for 20 hrs. The medium was then changed with fresh growth
medium and the cells challenged with a second dose of LPS (100, 500, or 1000 ng/ml) for
an additional 20 hrs. Cells were harvested by centrifugation at 1000 x g for 5 min. RNA

collecﬁon and RT-PCR was performed as described in Section 2.5.

2.3.2 Treating 32D Cells with GCSF

Mouse granulocyte colony-stimulating factor (GCSF) was obtained from Sigma

(Cat, No. G8160) as a powder and reconstituted with sterile (0.2 pm-filtered) water to a

stock concentration of 100 pg/ml. According to the study by Nacken ef al. (2000),

differentiation of 32D cells was induced by omitting IL-3 and the addition of 60 pg/ml of

GCSF to the culture medium. Expression of S100A8 and S100A9 was monitored by

Western blotting of cell lysates. To analyze the possible secretion of S100A8 into the

‘ medium, the supematant of GCSF-treated 32D cells was collected and proteins

precipitated with ethanol. Briefly, 1 volume of protein solution was added to 9 volumes
of cold 100% ethanol, mixed and kept at -20°C for 1 hr. The supernatant was subjected to
centrifugation for 15 min at 13000 x g, and the pellet was air-dried, washed with 90%
cold ethanol, centrifuged again for 5 min, and re-suspended in a minimal volume of SDS-

PAGE loading buffer. Western blotting was then performed on the precipitate.
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2.3.3 Treatment of Stable COS-7 Cells with MG-132
To examine the possible degradation of the SI00A8 protein, COS-7 cells stable
for SI00A8 or S100A8/S100A9 expression were treated with MG-132 (Calbiochem, Cat.

No. 474791) at 10 uM for 4 hrs or 50 pM for 2 hrs prior to collection for protein analysis.

2.4 KNOCKDOWN OF S100A8 WITH SHORT-HAIRPIN RNA
2.4.1 Design Criteria for sShRNAs

There are several parameters which must be considered for the efficient design of
shRNA knockdown systems. The selection of target sequences for knockdown studies
represents the first critical step that governs the success of the experiment (Elbashir et al.,
2001a). Several algorithms and criteria have been published in this regard (Amarzguioui
and Prydz, 2004; Elbashir et al., 2001a/b; Hsieh et al., 2004; Reynolds ef al., 2004;
Saetrom et al., 2004; Takasaki ef al., 2004, Ui-Tei et al., 2004, 2007). Generally, several
~ different shRNA molecules must be designed and tested to identify effective silencers.
There are a number of web-based programs that assist in selecting siRNA/shRNA
seﬁuences on the basis of the highest predicted knockdown efficiency, including “The
siRNA Target Finder anc_l. Design Tool” by Ambion,
(www.ambion.com/techlib/misc/siRNA_finder.html), “;viDESIGN Center” by Dharmacon
twww.dharmacon.com/DesignCenter/DesignCenterPage.aspx), and “BLOCK-iT™ RNAI
Designer” by Invitrogen (https://rnaidesigner.invitrogen.com/maiexpress/). Introns and 5’
and 3’ untranslated regions (UTRs) are usually avoided, as well as repeats of 4 or 5 A’s
or T’s for siRNA sequences to be expressed from an RNA polymerase hiii promoter
(repeats can act as termination sites), with the target being 50 to 100 nt downstream of

the start codon (Elbashir et al., 2001b; Reynolds ef al., 2004; Ui-Tei et al., 2004, 2007).
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The GC content of the molecule is also critical in determining its efficacy (Reynolds e?
al., 2004). Once the candidate sequences are chosen, a search of the genome database
BLAST (www.ncbi.nlm.nih.gov/BLAST) is performed to make sure that the shRNA
targets a single gene.

General guidelines for siRNA désign are provided below (obtained from
www.protocol-online.org/prot/Detailed/3210.html):

1 - Targeted sequence is usually 21 nt in length.

2 - Avoid regions within 50-100 bp of the start codon and the termination codon

3 - Avoid intron regions

4 - Avoid stretches of 4 or more bases such as AAAA, CCCC

5 -'Avoid regions with GC content <30% or > 60%.

6 - Avoid repeats and low complex sequence

7 - Avoid single nucleotide polymorphism (SNP) sites
Reynolds et al. (2004) published eight criteria for effective siRNA design, including a
number of position-specific nucleotide preferences and other siRNA features, as follows:

1 - Moderate to low (30%-52%) GC content

2 - At least 3 ‘A/U’ bases at positions 15-19 (sense strand)

3 - Absence of internal repeats (temperature of potential internal hairpin < 20°C)

4 - ‘A’ at position 19 (sense strand)

5 - ‘A’ at position 3 (sense strand)

6 - ‘U’ at position 10 (sense strand)

7 -No ‘G’ or ‘C’ at position 19 (sense strand)

8 - No ‘G’ at position 13 (sense strand)



http://www.ncbi.nlm.nih.gov/BLAST
http://www.protocol-online.org/prot/Detailed/3210.html
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The optimal length of the shRNA stem and loop varies among researchers. Stem
lengths of 19-29 bp and loop sizes ranging between 3-23 bp have been reported to
function well in gene silencing studies (Brummerlkamp et al., 2002; Lee et al., 2002;
Miyagishi et al., 2002; Sui et al., 2002; Paddison et al., 2002; Paul et al., 2002; Yu et al.,
2002). Furthermore, the thermodynamic stability at the 5’ end of the antisense strand
seems to play a vital role in the silencing efficacy of the molecule. To ensure that the
antisense (guide) strand is preferentially used by RISC, shRNAs are designed to have
lower thermodynamic stability at the 5° terminus of the antisense strand by introducing
mismatches of nucleotides (asymmetry) at this end of the molecule (Khvorova et al.,
2003; Schwarz et al., 2003). This allows for the proper directional loading of siRNA to
ensure stable incorporation of the antisense instead of the sense strand into RISC and
reduces the likelihood of off-targeting by the sense strand (Khvorova et al., 2003;

Schwarz et al., 2003).

2.4.2 shRNA Constructs

Three different shRNA molecules with the appropriate nucleotide modifications
targeted to murine S100A8 as well as a non-relevant shRNA control (targeting the
murine CLCA3 gene) were generated in consultation with scientists at, and synthesized
b&, Sigma-Genosys, according to established protocols (Dickins et al., 2005; Silva ef al.,
2005). These were named shRNA mA8 65, stRNA mAS8 250, shRNA_mA8 340 and
shRNA mCLCA3 665 based on their starting nucleotide positions within the coding
region of the target mRNA, corresponding to the 3’ shRNA antisense end (Table 2-1).
The shRNA sequences were cloned into the MSCV-LTRmiR30-PIG expression cassette,

driven by the murine stem cell virus (MSCV) 5’ long terminal repeat (LTR), a strong
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RNA polymerase II promoter (Dickins et al., 2005) (Fig. 2-3). The shRNA cassette also
expresses a green fluorescent protein (GFP) gene driven predominantly by the 5’LTR
promoter (and to a smaller degree by a PGK promoter driving the expression of the

puromycin resistance gene).

Table 2-1. Short-hairpin RNA target sequences

Accession Gene shRNA Target Sequence

[GenBank: NM_013650]  Murine S100A8 shRNA_mA8 65 CCTTGAGCAACCTCATTGA
Murine S100A8 shRNA _mA8 250 GAGTTCCTTGCGATGGTGA
Murine S100A8 shRNA mAS8_340 CTGGATATGTCTACAGAAT

[GenBank: NM_017474]  Murine CLCA3 shRNA mCLCA3 665 GGGACTGTATAAAGACAAT

The design of the hairpins was based on the human miR-30 microRNA. In
miRNA-based shRNA expression vectors, the sShRNA construct is designed to mimic a

natural pri-miRNA by including the miRNA flanking sequence (125 bp) into the shRNA

~ stem on either side of the hairpin. The resulting transcript is processed like miRNA by

Drosha, followed by Dicer into siRNA (Manjunath et al., 2009). The haifpin sequence is
97 bp in length, which, after processing by Dicer, generates a mature 19-mer product.
Figure 2-4 shows the target region of each shRNA in murine S100A8 cDNA. These

shRNAs were pre-designed but their suppressive activity was not validated.
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Fig. 2-3. MSCV-LTRmiR30-PIG shRNA vector construct (7894 bp). The 5’LTR
promoter drives the expression of the sShRNA and GFP. The PGK promoter drives the
expression of the puromycin resistance gene. (Adaptedfrom Dr. Michael Golding)
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ATCCTTTGTC AGCTCCGTCT TCAAGACATC GTTTGAAAGG AAATCTTTCG TGACAATGCC

GTCTGA ACTG GAGAAGGCCT TGAGCAACCT CATTGATGTC TACCACAATT ATTCC AATAT
shRNA_mA8_65
AC AAGGAAAT CACCATGCCC TCTACAAGAA TG ACTTCAAG AAAATGGTCA CTACTGAGTG

TCCTCAGTTT GTGCAGAATA TAAATATCGA AAACTTGTTC AGAGAATTGG ACATCAATAG

TGACAATGCA ATTAACTTCG AGGAGTTCCT TGCGATGGTG ATAAAAGTGG GTGTGGCATC
shRNA_mA8 250
TC ACAAAGAC AGCCACAAGG AGTAGC AGAG CTTCTGGCC T AGGGCTGGGT CCCTGG ATAT

shRNA mA8 340
GTCTACAGAA TAAAGTCATC ATATCTCAGG TC

Fig. 2-4. Target regions of ShRNAs in murine SI00A8 cDNA. sShRNA mA8 65 (red
underline); shRNA_mA8_ 250 (blue underline); shRNA mA8_ 340 (green underline).
The 270 bp coding region of murine S100A8 (bases 56 to 325) is highlighted in yellow.
Note that ShRNA_mA8_340 target sequence lies in the 3> UTR of the S100A8 gene.
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2.4.3 Sequence Alignment of Mouse S100 genes

To confirm that the shRNAs used in this study are specific for murine S100A8
and would not target other members of the S100 gene family, a sequence alignment
analysis of all known mouse S100 genes was performed using the ClustalW2 (EMBL-

EBI) web-based alignment program (www.ebi.ac.uk/Tools/clustalw2/index.html).

~ 2.4.4 Generating Stable shRNA Cell Lines

The MSCV-LTRmiR30-PIG shRNA vectors designed against murine S100A8
and the non-specific (control) sShRNA were used to measure and compare the level of
S100A8 knockdown. All four shRNAs were separately transfected into the stable
S100A8-expressing COS-7 cell line using Lipofectaminc.eTM 2000 (Invitrogen, Cat. No.
11668-027) according to the manufacturer’s instructions. Briefly, one day before
transfection, cells were plated with 2 ml culture medium into six-well plates, such that
they were 90-95% confluent at the time of transfection. For each well, 2 pg of plasmid
DNA and 4 pl of Lipofe’ctamineTM 2000 were diluted separately in 100 pl serum-free
DMEM, and incubated for 10 min at room temperature. The two solutions were
combined and incubated for an additional 20 min to allow the lipid-DNA complexes to
form. The lipid-DNA mixture (200 pl) was added to each experimentzﬂ well (containing
| 660 ul of serum- and antibiotics-free growth media), and plates incubated for 24 hrs at
37°C. Control wells received Lipofectamine™ 2000 reagent only. Transient transfections
had very poor efficiency; therefore, it was necessary to create stable ShRNA cell lines.
Stable clones were obtained seven weeks post-transfection with puromycin (Wisent, Cat.
No. 400-160-EM) at 10 pug/ml. G418 selection was continued to maintain S100A8

expression in these cells. When independent colonies became visible, they were cultured



http://www.ebi.ac.uk/Tools/clustalw2/index.html

61

separately until ready to assay for gene knockdown. Six different stable clones for each
shRNA were analyzed for SI00A8 mRNA levels by real-time RT-PCR (Section 2.6), and

four of these clones (per shRNA treatment) were also evaluated for GFP expression.

2.4.5 Fluorescence Microscopy
Bright field and fluorescence images of stable ShRNA cells were taken with the
- Olympus IX-70 inverted fluorescent microscope (Magnification: x100), captured with an

Olympus DP71 digital camera using Image-Pro Plus 6.2 software (Media Cybernetics).

2.5 RNA PURIFICATION
2f5.1 RNA Extraction

Total RNA was isolated using TRI-Reagent (Sigma, Cat. No. T9424) according to
the manufacturer’s instructions. In brief, adherent cells grown as monolayers were lysed
directly in six-well plates with 1 ml TRI-Reagent and homogenized samples were
incubated for 5 min at room temperature. Suspension cells were pelleted by
centrifugation and lysed in 1 ml TRI-Reagent. Cell lysates were transferred to Eppendorf
~ tubes and 0.2 ml of chloroform (EMD, Cat. No. CX1054-6) was added to each sample
and tubes were vigorously shaken by hand for 15 sec and incubated at room temperature
_ for 2-3 min. Samples were then centrifuged at 12000 x g for 16 min at 4°C. The colorless
upper aqueous layer containing RNA was transferred to a fresh tube. Total RNA was
precipitated by mixing with 0.5 ml isopropyl alcohol, and éamples were incubated at
room temperature for 10 min, and then centrifuged at 12000 x g for 10 min at 4°C. RNA
pellets were washed once with 1 ml 75% ethanol and centrifuged at 7500 x g for 5 min at

-4°C. RNA pellets were air-dried for 10 min, and re-dissolved in RNase-free water at
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50°C for 10 min. Quantification was determined by spectrophotometry (Fisher Scientific,

Beckman Model No. DU-530) at Az¢0/Azs0- A ratio of 1.6 to 1.9 was considered reliable.

2.5.2 Reverse-Transcription (RT) Reaction
RNA samples were treated with amplification grade DNase I (GenScript, Cat. No.
S2222) according to the manufacturer’s protocol. DNAse I-treated total RNA (1 pg) was
" reverse-transcribed using the SuperScript™ II RNase H-Reverse Transcriptase kit
(Invitrogen, Cat. No. 18064-022). Total RNA, 10 mM dNTP mix, and random primers
(250 pg/ml) were heated at 65°C for 5 min, and then chilled on ice. This was followed by
the addition of 5X First-Strand buffer (250 mM Tris-HCI pH 8.3, 375 mM KCl, and 15
mM MgClz), 0.1 M DTT, and 40 units of RNaseOUT (Invitrogen, Cat. No. 10777-019)
and incubation at 25°C for 2 min. Then, 1 pl (200 units) of SuperScript™ II RT was
added and samples were incubated for an additional 10 min at 25°C, followed by 50 min
at 42°C. Negative controls (no first strand synthesis) were prepared by performing
reverse transcription reactions in the absence of the reverse transcriptase enzyme.
| Reabtions were heat-inactivated at 70°C for 15 min. To remove RNA templates, 1 ul (2
units) RNase H (Invitrogen, Cat. No. 18021-071) was added to each tube and incubated

at 37°C for 20 min. The cDNA was stored at -20°C.

2.5.3 Polymerase Chain Reaction (PCR)

PCR was performed for 30 cycles (30 sec at 94°C, 30 sec at 59°C, and 30 sec at
72°C, followed by a 10 min elongation period at 72°C) using the Gene Amp PCR System
9700 (Perkin Elmer Applied Biosystems, Model No. N8050200), and standard reaction

conditions: 2 ul cDNA, 2 mM dNTPs, 10X reaction buffer (pH 9.0) (GenScript, Cat. No.
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B0005), 2 units of Taq DNA polymerase (GenScript, Cat. No. E00007), and 50 ng/pl of
each S100A8 primer (Table 2-2). PCR products were analyzed on an ethidium bromide-
stained 1.5% agarose gel and visualized by Fugifilm Thermal Imaging System FTI-500
(Pharmacia Biotech, Model No. 80-6246-82). The expected S100A8 amplification
product was 264 bp. PCR for B-actin verified the loading of equal template amounts
(primer sequences in Table 2-2). cDNA from mouse bone marrow (BM) and mock RT
reactions served as positive and negative controls, respectively. A 1 Kb Plus DNA

Ladder™ (Invitrogen, Cat. No. 10787-018) was used for sizing the DNA products.

Table 2-2. List of gene-specific primers*.

Gene : Forward Primer Reverse Primer
Mouse S100A8  5’-GCCGTCTGAACTGGAGAA -3’ 5'-TCCTTGTGGCTGTCTTTG-3’
GFP 5’-GTGACCACCCTGACCTACGG-3’ 5’-GATGTTGTGGCGGATCTTGA-3’
Mouse GAPDH  5'-AACGACCCCTTCATTGAC-3’ . 5’-TCCACGACATACTCAGCA-3’

Mouse §-Actin  5’-TCGTGGGCCGCTCTAGGCACCA-3’ 5’-GTTGGCCTTAGGGTTCAGGGGGG-3’

*All primer sets were supplied by Sigma-Aldrich

2.6 REAL-TIME RT-PCR

Real-time quantitative RT-PCR (qRT-PCR) analysis was used to compare
‘S100A8 and GFP mRNA expression levels between the stable sShRNA cell lines. SI00A8
forward and reverse primers were used at 100 ng/pl and 200 ng/ul, respectively (Table 2-
2). Thermal cycling was carried out for 35 cycles (94°C for 30 sec, 60°C for 60 sec and
77°C for 30 sec) using the MX300P QPCR System (Stratagene, Cat. No. 401400). GFP
expreésion was analyzed using forward and reverse primers at 100 ng/ul and 300 ng/ul,

respectively (Table 2-2). Thermal cycling for GFP analysis was carried out for 35 cycles
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(94°C for 30 sec, 67°C for 60 sec, and 72°C for 30 sec). Standard curves for each sample
were determined using serially diluted ¢cDNA (1:5, 1:25, 1:125) to ensure primers and
conditions are optimal. The melting temperature profile of the reaction products from the
standard curve was determined to ensure the desired product is being measured and that
non-specific products were absent. All PCR reactions were performed in duplicate, using
Brilliant SYBR Green Reagent (Stratagene, Cat. No. 600548-51) and analyzed in 96-well
optical reaction plates. Comparative quantitation was performed on cDNA from wild-
type COS-7 cells, S100A8-transfected (stable) cells, and S100A8+shRNA-transfected
(stable) cells. A 1:25 dilution of cDNA was used for each sample. Relative quantities of
mRNA expression levels were computed using the comparative Ct (threshold cycle)
method and normalized against B-actin. Negative control samples (no first strand
synthesis) were prepared by performing reactions without reverse transcriptase. Values

 are represented as means + SEM (N=6 per group for S1I00A8; N=4 per group for GFP).

2.7 WESTERN BLOT ANALYSIS

| Cell lysates were analyzed for the presence of the two S100 proteins by Western
blotting. Cells were lysed with a standard lysis buffer (containing 150 mM NaCl, 50 mM
Tris-HCI, pH 8.0, 2 mM EDTA, 1% TritonX-100, and 1% NP-40 dissolved in water)
with Complete Protease Inhibitor Cocktail (Sigma, Cat. No. P8340). Cell lysates were
centrifuged at 13,000 rpm for 10 min at 4°C. Protein concentrations were measured
comparatively with BSA standards. BSA standards were determined using the Bio-Rad
DC Protein Assay Kit (Bio-Rad Laboratories, Cat. No. 500-0112) according to the
manufacturer’s instructions. Plates were read at 655 nm using Model 680 Microplate

Reader and the Microplate Manager 5.2.1 Software (Bio-Rad Laboratories, Hercules,
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CA). Total protein samples (50-100 pg) were mixed with SDS loading dye, heated to
95°C for 5 min, and subjected to 15% SDS-PAGE for 2 hrs at 100 V according to
standard protocols. Blots were then transferred onto polyvinylidene difuoride (PVDF)
membranes (GE Healthcare, Cat. No. RPN303F) for 1 hr at 90 V. Membranes were
blocked overnight with 5% (w/v) non-fat skim milk in phosphate-buffered saline
containing 0.05% (v/v) Tween-20 (PBST) at 4°C. Membranes were incubated with a
1:1000 (v/v) dilution of anti-mouse S100A8 (Santa Cruz Biotechnology, Cat. No. sc-
8113) or anti-mouse S100A9 (Santa Cruz Biotechnology, Cat. No. sc-8115) 1° antibody
in 5% (w/v) skim milk in PBST for 2 hrs at room temperature. Blots were washed with
I_’BST' and incubated with a 1:400,000 (v/v) dilution of horseradish peroxidase-
conjugated 2° rabbit anti-goat antibody (Pierce, Cat. No. 31402) in 5% (w/v) skim milk in
PBST at room temperature for 1 hr with gentle agitation. Primary anti-rabbit p-actin
~(Santa Cruz, Cat. No. sc-1616-R) and 2° goat anti-rabbit (Pierce, Cat. No. 1858415)
antibodies were used at dilutions of 1:2000 and 1:100,000, respectively, to detect B-actin
to confirm equal loading of protein. Target proteins were visualized with the Pierce
* SuperSignal System (Thermo Scientific, Cat. No. 34095). Western blots were developed

using the Kodak M35A X-OMAT Processor (Kodak Diagnostic Imaging).

2.8 STATISTICAL ANALYSIS

Values in figures are expressed as means + SEM. Student’s T-tests (two-tailed,
unpaired) were performed to compare relative SI00A8 expression levels between shRNA
treated and untreated cells. A one-way analysis of variance (ANOVA) was performed to
compare relative GFP expression levels between the different sShRNA treatments. A value

of P<0.05 was considered significant.
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3. RESULTS

3.1 ANALYSING P388D CELLS FOR S100A8 EXPRESSION

P388D1 cells were previously reported to express S100A8 (Goebeler et al., 1993).
However, RT-PCR analysis did not reveal S100A8 expression in unstimulated P388D1
cells (Fig. 3-1). Cells were then challenged with 100, 500, or 1000 ng/ml of LPS for 20
s, following a primary exposure to 10 ng/ml of LPS. Again, no S100A8 mRNA
transcripts were detected with RT-PCR (Fig. 3-1). Because the degree of confluency may
affect induction of S100A8 by LPS, S100A8 expression was analyzed in cells grown at
low (40-50%) and high (95-100%) densities and stimulated with priming (10 ng/ml LPS
for 20 hrs). and challenge (500 ng/ml LPS for 20 hrs) doses of LPS. However, both
treatment regimes did not induce S100A8 expression (Fig. 3-2).

This cell line was also tested to see if priming alone (at 5 or 10 ng/ml LPS) or
‘challenge alone (at 100, 500, or 1000 ng/ml LPS) could induce expression of S100A8.
However, the expected 264 bp S100A8 product was not observed in any treatment (Fig.
| 3-3). The positive (mouse bone marrow) control confirmed the competence of the
S100A8 primers used in the RT-PCR reactions. Thus, LPS-stimulation fa_liled to induce

the expression of S1I00AS8 in the P388D1 cell line.
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Fig. 3-1. RT-PCR analysis of S100A8 expression in untreated and LPS-stimulated
P388D1 cells. Upper panel: P388D cells showed no expression of SI100A8 mRNA
without stimulation (UN), or when primed (10 ng/ml for 20 hrs) and challenged for an
additional 20 hrs with 100 ng/ml (LPS-100), 500 ng/ml (LPS-500), or 1000 ng/ml (LPS-
1000) of LPS. Bone marrow (BM) cDNA from C57BL/6 mice was used as a positive
control and revealed the expected 264 bp product. Lower panel: corresponding GAPDH
controls. The + RT lanes are shown adjacent to their corresponding - RT controls. M =
DNA ladder; NTC = no template control.

Fig. 3-2. RT-PCR analysis of S100A8 expression in P388D1 cells at different
densities treated with LPS. Upper panel. P388D cells plated at low (LD; 40-50%
confluence) and high (HD; 95-100% confluence) densities showed no expression of
S100A8 mRNA following stimulation with 10 ng/ml of LPS for 20 hrs followed by a
challenge dose for an additional 20 hrs with 500 ng/ml. Bone marrow (BM) cDNA from
C57BL/6 mice was used as a positive control and revealed the expected 264 bp product.
Lower panel corresponding GAPDH controls. The + RT lanes are shown adjacent to
their corresponding - RT controls. M = DNA ladder; NTC = no template control.
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S100A8

GAPDH

Fig. 3-3. RT-PCR analysis of S100A8 expression in LPS-primed or challenged
P388D1 cells. Upper panel: P388D cells showed no expression of SLO0OA8 mRNA with
priming only at 5 ng/ml (PRI-5) or 10 ng/ml (PRI-10) of LPS for 20 hrs, or when
challenged only at 100 ng/ml (CH-100), 500 ng/ml (CH-500), or 1000 ng/ml (CH-1000)
of LPS for 20 hrs. Bone marrow (BM) cDNA from C57BL/6 mice was used as a positive
control and revealed the expected 264 bp product. Lower panel: corresponding GAPDH
controls. The + RT lanes are shown adjacent to their corresponding - RT controls. M =
DNA ladder; NTC = no template control.
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3.2 ATTEMPTS TO INDUCE S100A8 PROTEIN IN 32D CELLS

To be able to utilize the 32D cell line for the knockdown experiments, it was first
necessary to show that induction of S100A8 with GCSF was possible in these cells.
Expression of S100A8 and S100A9 was analyzed in 32D cells treated with 60 pg/ml of
GCSF for 12, 24 and 48 hrs (Fig. 3-4), as well as cells subjected to different doses of
GCSF (20, 60, 100, 250, 500 or 1000 pg/ml) for a period of 48 hrs (Fig. 3-5). After a
number of trials, however, Western blotting failed to reveal S100A8 or S100A9 protein
in GCSF-stimulated 32D cells. A major difficulty encountered in these experiments was
culturing these cells in the absence of IL-3, which caused the majority of the cells to die
aﬁer only 1-2 days of growth. Nacken et al. (2000) indicated that they were able to grow
these cells for up to two weeks in the absence of IL-3, although cell death was evident
after 2-3 days upon GCSF treatment (personal correspondence). Their study spanned a
, period of eight days, during which the expression of S100A9 (and S100A8) increased
proportionally. In contrast, it was not possible to analyze induction of the two proteins
beyond two days in this study.

32D cells were treated with a combination of GCSF and IL-3 to see if the
expression of the two S100 proteins can be induced by permitting the cells to survive
lohger in culture. Again, no S100A8 protein was detected (Fig. 3-6). Surprisingly, in one
treatment, in which the cells were sustained in culture for six days on a combination of 60
pg/ml GCSF and 100 pg/ml IL-3, a band was seen at approximately 13 kDa,
representative of S1I00A9 (Fig. 3-7). These results could not be reproduced since it was

not possible to culture another batch of cells (with GCSF) for the same period of time.
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Since release of S100A8 and S100A9 has been reported in neutrophils, the
secretion of S100A8 by 32D cells was examined by Western blotting. However, analysis
of the supernatant (media) of GCSF-treated cells did not reveal expression of S100A8
(data not shown). Difficulties were encountered in precipitating total protein from the
culture media and re-dissolving the protein pellet in SDS buffer. A more effective method
is required to precipitate the total protein in the future in order to reveal the levels of

S100A8 protein, if any, in the supernatant of GCSF-stimulated 32D cells.
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GCSF  GCSF GCSF
BM UN 12h 24h 48h

Fig. 3-4. Western blot analysis of SLO0OA8 and S100A9 expression in 32D cells. Cells
were treated with 60 pg/ml GCSF for 12, 24 and 48 hrs (lanes 3, 4, and 5, respectively).
Untreated (UN) cells (maintained on 100 pg/ml IL-3 only) served as a negative control,
and bone marrow (BM) total protein from C57BL/6 mice was used as a positive control,
p-actin served as the loading control. Molecular masses (kDa) are indicated on the left.

GCSF GCSF GCSF GCSF GCSF GCSF
BM UN 20 60 100 250 500 1000

P-Actin

S100A9

S100A8

Fig. 3-5. Western blot analysis of SI00A8 and S100A9 expression in GCSF-treated
32D cells. Cells were treated with various concentrations of GCSF (20, 60, 100, 250, 500,
or 1000 pg/ml) for a period of 48 hrs. Untreated cells (maintained on 100 pg/ml IL-3
only) served as a negative control (lane 2), and bone marrow (BM) total protein from
C57BL/6 mice was used as a positive control, p-actin served as the loading control.
Molecular masses (kDa) are indicated on the left.
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G-60 G-60 G-100
BM UN 1-100 1-10 110

Fig. 3-6. Western blot analysis of S1I00A8 and S100A9 expression in 32D cells. Cells
were treated with various combinations of GCSF and IL-3 for a period of 48 hrs. Lane 3,
treatment with 60 pg/ml GCSF + 100 pg/ml IL-3; lane 4, treatment with 60 pg/ml GCSF
+ 10 pg/ml IL-3; lane 5, treatment with 100 pg/ml GCSF + 10 pg/ml IL-3. Untreated cells
(maintained on 100 pg/ml IL-3 only) served as a negative control (lane 2), and bone
marrow (BM) total protein from C57BL/6 mice was used as a positive control. P-actin
was used a loading control. Molecular masses (kDa) are indicated on the left.

BM UN 6 days 24 h
43 kDa P-Actin
13 kDa S100A9
10 kDa S100A8

Fig. 3-7. Western blot analysis of SI00A8 and S100A9 expression in 32D cells. Cells
were treated with 60 pg/ml GCSF + 100 pg/ml IL-3 for 24 hrs (lane 4) or six days (lane
3). Untreated cells (maintained on 100 pg/ml IL-3 only) served as a negative control (lane
2), and bone marrow (BM) total protein from C57BL/6 mice was used as a positive
control, p-actin was used a loading control. Molecular masses (kDa) are indicated on the
left.



73

3.3 GENERATING STABLE S100A8 CELL LINES
3.3.1 Analysis of S1008 Expression in Stable Clones

COS-7 cells were transfected with the pDream2.1 S100A8-expressing plasmid,
and grown for six weeks under G418 selection until stable clones were obtained. Three
independent clones (CI, C2 and C3) showed positive expression of S100A8 by RT-PCR

(Fig. 3-8).

3.3.2 S100A8 Protein Analysis in Stable Clones

Total protein from COS-7 cells transfected transiently and stably with S100A8
(Cl, C2 and C3) was collected and analyzed for the presence of S100A8 protein by
Western blotting. No S100A8 protein was detected in any of the three stable clones,
although numerous attempts were made (Fig. 3-9). Manipulating the amount of total
protein loaded onto the gel (50-100 pg) as well as other experimental conditions did not

reveal S1I00A8 protein expression in the stable COS-7 cell lines.
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M NTC BM Cl c2 C3

264 bp S100A8

P-Actin

Fig. 3-8. RT-PCR analysis of S100A8 expression in stably transfected COS-7 cells.
Upper panel: three independent clones of COS-7 cells (Cl, C2 and C3) stably transfected
with S100A8 plasmid show expression of SI00A8 (264 bp product). Bone marrow (BM)
cDNA from C57BL/6 mice was used as a positive control. Lower panel: corresponding
P-actin controls. The + RT lanes are shown adjacent to their corresponding - RT controls.
M = DNA ladder; NTC = no template control (lane 1).

Fig. 3-9. Western blot analysis of SI00A8 expression in stable COS-7 cells. Lane 2
represents non-transfected wild-type (WT) control cells. Lanes 3, 4, and 5 represent
lysates (50 pg) from cells stably transfected with murine S100A8 (clones, Cl, C2 and
C3). The expected 10 kDa S100A8 protein band is absent. Bone marrow (BM) total
protein from C57BL/6 mice was used as a positive control, p-actin served as the loading
control. Molecular masses (kDa) are indicated on the left.
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3.4 GENERATING STABLE S100A8/S100A9 CELL LINES

Since S100A8 protein could not be detected by Western blotting, and to test the
theory that S100A8 protein requires S100A9 for stability, murine S100A9 was introduced
into the stable cells to determine the effect on S100A8 protein levels. COS-7 cells stable
for SI00A8 expression transfected transiently with S100A9 showed S100A9 protein at
- 24 and 72 hrs post-transfection but no S100A8 protein was detected in either sample (Fig.
3-10). Furthermore, wild-type COS-7 cells transfected transiently with S100A8, S100A9,
or both S100A8 and S100A9 showed S100A9 protein exclusively (Fig. 3-11). Stable
S100A8/S100A9 clones were generated with hygromycin selection at 100 pg/ml. Again,
these clones showed S100A9 protein only (Fig. 3-12, 3-13).

To test the possibility that the S100A8 protein might be degraded by proteosomes,
another transient transfection experiment was performed in which cells were treated with
either 10 uM MG-132 for 4 hrs or 50 uM MG-132 for 2 hrs (cell lysates were collected
48 hrs post-transfection). MG-132 is an inhibitor of proteasomes and reduces degradation
of ubiquitin-conjugated proteins in mammalian cells. This experiment revealed
- expression of S100A9 protein for wild-type COS-7 cells transfected transiently with
S100A9 only or both S100A8 and S100A9 (Fig. 3-14). COS-7 cells stable for S100A8
- expression transfected transiently with S100A9 also revealed S100A9 protein but no
S100A8. Thus, treatment with MG-132 failed to reveal S100A8 protein.

The two S100 proteins are known to be secreted by certain cell types, including
human monocytes and stimulated granulocytes. Thus, media collected from cells stably
transfected with S100A8 or both S100A8 and S100A9 was analyzed. However, S1I00A8

or S100A9 protein was not detected the media of these cells (data not shown).
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BM A8 Clone 24 h 72 h

3-Actin

S100A9

S100A8

Fig. 3-10. Western blot analysis of SI00A8 and S100A9 expression in COS-7 cells.
Cells stable for S100A8 were re-transfected (transiently) with S100A9. Cell lysates
collected 24 and 72 hrs post-transfection (lanes 3 and 4, respectively) show anti-S100A9
immunoreactivity at 13 kDa but no S100A8 protein is detected. Cells stable for S100A8
expression (A8 Clone, untransfected with S100A9) served as a negative control, and bone
marrow (BM) total protein from C57BL/6 mice was used as a positive control, p-actin
served as the loading control. Molecular masses (kDa) are indicated on the left.

BM WT TTAS8 TTA9 TTA8/A9

Fig. 3-11. Western blot analysis of S1I00A8 and S100A9 expression in transiently
transfected COS-7 cells. Wild-type COS-7 cells were transfected transiently (TT) with
S100A8 (lane 3), S100A9 (lane 4), or both S100A8 and S100A9 (lane 5). Both
transfections involving S100A9 revealed the expected S100A9 product (13 kDa) but no
S100A8 protein is present. Wild-type (WT) COS-7 cells (untransfected) served as a
negative control, and bone marrow (BM) total protein from C57BL/6 mice was used as a

positive control. P-actin served as the loading control. Molecular masses (kDa) are
indicated on the left.
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BM WT TTA8 STA8 STAS8/A9

43 kDa P-Actin
13 kDa S100A9
oka |, S100A8

Fig. 3-12. Western blot analysis of S100A8 and S100A9 expression in COS-7 cells.
Cells transiently transfected (TT) (lane 3) and stably transfected (ST) (lane 4) for SI00A8
expression did not show S100A8 protein. Cells stable for both S100A8 and S100A9 (lane
5) reveal the expected S100A9 protein product (13 kDa) but no S100A8 protein. Wild-
type (WT) COS-7 cells (untransfected) served as a negative control, and bone marrow
(BM) total protein from C57BL/6 mice was used as a positive control, p-actin served as
the loading control. Molecular masses (kDa) are indicated on the left.

BM WT (o1} Cc2 C3

3-Actin

S100A9

S100A8

Fig. 3-13. Western blot analysis of S100A8 and S100A9 expression in stable
S100A8/S100A9 clones. Lane 2 represents non-transfected wild-type (WT) control cells.
Lanes 3, 4, and 5 represent lysates from cells stably transfected with S100A8 re-
tranfected (stably) with S100A9 (clones, C1-3). The expected 13 kDa S100A9 protein
band is evident in the stable clones. Bone marrow (BM) total protein from C57BL/6 mice
was used as a positive control. P-actin served as the loading control. Molecular masses
(kDa) are indicated on the left.
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MG-132 MG-132
10 pM 50 pM
T STA8 STA8

BM WT TTA8 TTA9 A8/A9 STA8 TTA9 TTA9

Fig. 3-14. Western blot analysis of S100A8 and S100A9 expression in MG-132-
treated COS-7 cells. Wild-type and cells stable for S100A8 were transfected
(transiently) with S100A9. Cell lysates were collected 48 hrs post-transfection, following
treatment with two different regimes of MG-132 (either 10 pM for 4 hrs or 50 pM for 2
hrs). Wild-type cells transfected either exclusively with S100A9 or both S100A8 and
S100A9 revealed the expected 13 kDa S100A9 product. Cells stable for S100A8
expression re-transfected with S100A9 also show the expected S100A9 band. No
S100A8 protein was detected in any treatment. Wild-type (WT) COS-7 cells
(untransfected) served as a negative control, and bone marrow (BM) total protein from
C57BL/6 mice was used as a positive control, p-actin served as the loading control.
Molecular masses (kDa) are indicated on the left.
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3.5 KNOCKDOWN OF S100A8 WITH SHORT-HAIRPIN RNA
3.5.1 Sequence Alignment of Mouse SI100 Genes

To verify that the shRNAs against S1I00A8 obtained for this study will not target
other murine S100 genes, a sequence alignment of all known mouse S100 genes was
performed. It was evident from the results of the sequence alignment that the target

sequences of the shRNAs are specific for SI00A8 (Fig. 3-15).
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Fig. 3-15. Sequence alignment of mouse S100 genes, showing target sequences of SIRNA_mA8_65 (red), sSARNA_mA8_250 (blue),
and shRNA_mAS8_340 (green) on murine S100A8 cDNA.
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3.5.2 Establishing Stable shRNA Cell Lines

Transient transfections of sShRNAs into the COS-7 cells stably expressing S100A8
exhibited very poor efficiency as shown by the scarcity of fluorescent cells (Fig. 3-16A-
B). Experimental conditions were manipulated in various ways by using different
transfection reagents (including Superfectamine™), varying the density of transfected
cells, altering the lipid-to-DNA ratio and by employing different transfection protocols.
The shRNA plasmids were also re-purified and transient transfections were attempted
again, but the efficiency of transfection could not be improved. Toxicity and cell death
presented an additional problem during these transient transfection experiments.

Therefore, cell lines expressing sShRNAs stably in COS-7 cells already transfected
with S100A8 were generated. This system would provide stable, long-term expression of
the shRNA of interest. Cell lines for each of the vectors expressing ShRNA_mA8_65,
shRNA_mA8_250, shRNA_mAS8_340 and the non-relevant shRNA_CLCA3_665
(control) were produced. Fluorescence microscopy confirmed delivery of the shRNAs
because untransfected cells were not fluorescent (Fig. 3-16A) compared to transfected
cells (Fig. 3-16C-F). Visual observation of fluorescence intensities of cells transfected
stably with shRNA suggests that the cell lines were similar in terms of GFP expression.
The intensity of fluorescence in individual cells varied, however, with intense

fluorescence in the cytoplasm of some cells compared to other cells.
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Fig. 3-16. GFP expression in COS-7 cells. Cells were (A) untransfected or (B)
transfected transiently with shRNA_mA8_65 (image taken 48 hrs post-transfection), or
transfected stably with (C) shRNA_mA8 65 (D) shRNA_mA8 250, (E)
SshRNA mA8 340 and (F) non-relevant (control) shRNA. Transient transfections
revealed that very few cells exhibited fluorescence (B) when compared to the
corresponding field of view in (A). Fluorescence images of stably transfected cell lines
confirmed that all cells were expressing GFP (Magnification: xIOO).
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3.5.3 S100A8 Expression in shRNA-transfected Cells Lines

Single colonies of stably-transfected COS-7 cells were selected by serial dilution
to generate homogenous cell lines and to compare levels of S100A8 expression in
response to ShRNA treatment. The average knockdown for each shRNA was determined

by real-time RT-PCR. Expression of S100A8 (relative to B-actin) in COS-7 cells treated

with shRNA mA8 65 and shRNA _mA8 250 was significantly less (0.46 + 0.05,

P=0.001 and 0.90 + 0.12, P=0.033, respectively) than that of the untreated control cells
(1.21 + 0.05), achieving 62% and 25% suppression of S100A8, respectively (Fig. 3-17).
The third hairpin, sERNA_mA8 340, did not significantly reduce the levels of S100A8
(1.15 £+ 0.10, P=0.600) compared to the untreated controls. Moreover, as expected,
S100A8 expression in cells treated with the control ShRNA vector was comparable to that
of the untreated control cells (1.27 + 0.14, P=0.686).

After checking the target sequence of SARNA mAS8 340, which failed to down-
regulate S100A8 expression, it was discovered that the target sequence lies in the 3° UTR

of the S1I00A8 gene (Fig. 2-4 in Materials & Methods), and therefore, is not expected to

- have any effect on S100A8 levels since only the 270 bp coding sequence of the murine

S100A8 gene (bases 56 to 325) was transfected stably into the COS-7 cells. Nonetheless,

shRNA_mA8_340 served as a negative control.
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Wild-type Untreated  Non-relevant mA8 65 mA8_250 mA8_340
COs-7 Controls shRNA

Treatment

Fig. 3-17. S100A8 expression in stable shRNA cell lines. Real-time RT-PCR analysis
of S100A8 expression (normalized to (3-actin) in shRNA-treated and untreated (wild-
type) COS-7 cells stable for S100A8 expression (performed in duplicates with N=6 per
treatment group). The expression levels of S100A8 in cells treated with sShRNA_mA8 65
and shRNA_mA8 250 (black bars) were significantly less (/>=().001 and P=0.033,
respectively) than that for the untreated (white bar) and non-relevant controls (grey bar).
ShRNA_mAS8 340 did not result in a significant decrease of S100A8 (P=0.600)
compared to the untreated controls. Treatment with a control vector had no effect on the
levels of SI00A8 compared to the untreated controls. The wild-type cells show no basal
levels of S100A8. Values represent means + SEM. Asterisks represent significance
(*P<0.05, **/><0.01).
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3.5.4 GFP Expression in Stable shRNA Cell Lines

To confirm that the variation in the suppressive activity of the shRNAs was not
due to differences in the rate of their transcription, it was important to assess their level of
expression. However, due to the highly structured template of the hairpin and the
complex secondary structures that are unique to each sequence, it would have been
difficult, if not impossible, to derive primers to efficiently amplify the RNA transcripts of
the hairpins for qRT-PCR analysis. Investigators often analyze the expression of a marker
gene expressed from the same construct as the shRNA (GFP in this case), and correlate
this to shRNA production levels (Dickins et al., 2005; Taxman et al., 2006). In the
MSCV-LTRmiR30-PIG shRNA expression vectors, GFP is driven primarily by the 5’
LTR, and, to a lesser degree, by a PGK promoter, which drives the expression of the
puromycin resistance gene. However, the PGK promoter is not strong enough to drive
GFP expression at high enough levels for detection. In the vector, GFP lies downstream
of an IRES sequence, such that when LTR drives expression of the shRNAs it runs
through the PGK promoter and puromycin resistance gene and includes GFP on the same
transcript. Thus, the predominant transcript from this vector is driven by LTR.

Accordingly, GFP expression was analyzed by real-time RT-PCR. GFP
expression (relative to p-actin) was found to be comparable for all four treatment groups
with no significant differences between the control shRNA (1.04 + 0.08),
shRNA_mA8_65 (1.12 £ 0.09), shRNA_mAS8_250 (1.08 + 0.13), or shRNA_mAS8_340
(1.06 + 0.16) with P>0.05 (Fig. 3-18). The untreated (control) cells showed no expression
of GFP, as expected. This confirms that the level of SI00A8 knockdown achieved by

each shRNA is representative of the sShRNA'’s efficacy and potency.
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Fig. 3-18. GFP expression in stable shRNA cell lines. Real-time RT-PCR analysis of
GFP mRNA expression (normalized to p-actin) in untreated COS-7 cells or cell
transfected stably with non-relevant control shRNA (grey bar), shRNA_mAS8_65,
SshRNA_mA8_ 250, shRNA_mAS8 340 (black bars) (performed in duplicate with N=4 per
treatment group). There are no significant differences (.P>0.05) in GFP expression
between the four shRNA treatments. Untreated (control) cells showed no expression of
GFP, as expected. Values represent means + SEM.
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4, DISCUSSION

41 ANALYSIS OF S100A8 EXPRESSION IN P388D CELLS
4.1.1 Expression of SI00A8 in Unstimulated P388D1 Cells

The expression of SI00A8 and S100A9 is constitutive in neutrophils; however,
their expression in other myeloid cells is dependent on the differentiation state of the cell
(Roth et al., 1993b; Teigelkamp et al., 1991; Zwaldo et al., 1986). In the study by
Goebeler et al., (1993), the authors investigated S100A8/S100A9 expression in various
murine myelomonocytic cell lines, including MI, RMB.TG, WEHI.TG, J774A and
P388D1. Protein expression in these cells was assessed by qualitative examination of
immunoperoxidase-stained cytospin preparations. Each of these cell lines represented a
distinct stage of monocyte differentiation, with P388D1 cells being the furthest down the
path of maturation (Goebeler et al.,, 1993). The more immature cell lines, MI and
RMB.TG, did not stain for S100A8/S100A9, while WEHIL. TG cells stained weakly, and
J774A and P388D1 cells revealed weak to moderate levels of SI00A8/S100A9 (staining
in comparison to granulocytes from peripheral blood smears) (Goebeler et al., 1993). The
authors concluded that S100A8/S100A9 expression is associated with an intermediate
stage of macrophage differentiation (Goebeler et al., 1993).

In this study, however, it was not possible to detect the expression of S100A8 in
P388D1 cells using RT-PCR. Assessment of S100A8 expression has proven to be a
difficult task as reported by several authors working extensively with this protein (Geczy,
personal correspondence; Kerkhoff, personal correspondence). In general, previously
published results are not always reproducible owing to differences in protocols, media

components and culturing conditions which can alter the physiological state of the cells



e s s

88

in the study. For instance, S1I00A8 expression reported in murine T79 skin cancer cells
(Gebhardt er al., 2006) could not be verified by Geczy ef al. when they investigated this

cell line for constitutive S100A8 mRNA expression (personal correspondence).

4.1.2 Attempts to Induce S100A8 Expression with LPS

Monocytes have been shown to express S100A8 and S100A9 at low levels,

 whereas macrophages normally do not express these proteins (Goebeler ef al., 1993; Hsu

et aI., 2005). It is possible, however, to induce SI00A8 expression by certain pro-
inflammatory mediators. For example, LPS, IFN-y, IL-1B and TNF-a have been shown to
up-regulate S100A8 expression in human monocytes (Hsu ef al., 2005; Kido et al., 2005;
Suryono et al., 2003; Zwaldo et al., 1986). In murine systems, S1I00A8 expression is up-
regulated in-macrophages/monocytes with LPS, TNF-o and IFN-y (Hsu ef al., 2005; Hu
et al., 1996; Xu ef al., 2001; Xu and Geczy, 2000), as well as in murine NIH3T3
fibroblast cells treated with LPS, IL-1B or FGF-2 (Rahimi and Geczy, 2005).

In this study, however, S100A8 expression in P388D1 cells was not induced

following stimulation with different priming and challenge doses of LPS. This may

suggest that the state of differentiation of P388D1 macrophages may be a factor in

determining their response to LPS, as reported by Hu et al. (1996). In the study by Hu ez

al. (1996), bone marrow-derived macrophages did not reveal expression of S100A8

following priming and secondary challenge with LPS, and it was suggested that the
immature stage of the cells was responsible for the lack of S100A8 expression..P388D1
cells are mature macrophages, as indicated by their high expression of mature
macrophage markers such as Mac-1 and F4/80 (Goebeler ef al., 1993; Leenan et al.,

1986). Thus, the mature differentiation state of the P388D1 cells used in this study could
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be responsible for the lost ability of these cells to express S100A8, under both normal and
stimulated conditions, as part of their differentiation to maturity. Indeed, the maturation
of monocyte precursors has been shown to coincide with the down-regulation of S100A8
and S100A9 (Goebeler et al., 1993; Lagasse and Clerc, 1988; Zwaldo et al., 1988),
reflecting different functional properties of these cells (Roth ez al., 1993b).

It is also worth noting that P388D1 cells represent a tumor cell line to which
macrophage properties have been attributed (Koren et al., 1975). So in essence, these
cells may not possess the capacity to respond to LPS as do other true macrophage cells. It
may also be that the LPS concentrations used and/or duration of treatments were not
optimal to induce the expression of S100A8 in this cell line; though the conditions used
wefe based on studies involving other murine macrophage cells. Furthermore, the degree
of confluency may be an important factor in the induction of SI00A8 (Rahimi ef al.,
2005; Yen et al., 1997). In one study, it was found that at higher densities of RAW 264.7
cells, there was an enhanced LPS-activated IFN-B signaling pathway, which was shown
to augment S100A8 induction in macrophages (Jacobs and Ignarro, 2003). In another
study, cell density affected the induction intensity of SI00A8 mRNA in NIH3T3 cells

(Rahimi et al., 2005). In the present study, however, varying the concentration of P388D1

cells treated with LPS failed to reveal S100A8 mRNA transcripts.

Although LPS has been shown to be a strong inducer of S100A8 in macrophages,
the precise mechanisms are still not fully understood due to the complex nature of the
signaling cascade and the multiple effects of LPS on these cells. The attempt to induce
S100A8 expression in P388D1 cells with LPS has not been reported previously, and it

was presumed that S100A8 levels could be up-regulated upon treatment with LPS. Thus,
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it was decided that P388D1 cells may not be suitable for assessing S100A8 knockdown.
Induction of S100A8 expression in other murine cell lines, such as RAW 264.7, may
have provided better results, since these cells have been used extensively to investigate
S100A8 gene regulation. Moreover, S100A8 is induced in the absence of S100A9 in
RAW 264.7 cells (Hsu et al., 2005; Xu et al., 2001), which potentially makes this a

valuable system for assessing the role of S100A8 in future studies.

4.2 INVESTIGATION OF S100A8 EXPRESSION IN 32D CELLS

GCSEF is a growth factor produced by a number of different tissues to stimulate
the bone marrow to produce granulocytes and stem cells (Souza et al., 1986). In this
study, GCSF was used in an effort to stimulate S100A8 expression in murine 32D cells.
The idea wés to generate stable shRNA-transfected 32D cells in the undifferentiated
state, followed by treatment with GCSF to induce differentiation into the granulocytic
lineage and induction of S100A8. However, it was not possible to reproduce the work of
Nacken et al. (2000). In their study, it was demonstrated that GCSF-mediated
differentiation in 32D cells up-regulated S100A9 (as well as SI00A8) protein levels,
-which was also detected in the supernatant (Nacken ef al., 2000). Other studies have also
demonstrated induction of SI00A8 expression upon differentiation along the granulocytic
‘ liﬁeage (Collins et al., 1979; Lagasse and Clerk, 1988; Roth et al., 1993b; Warner-
Bartnicki et al., 1993). The present study, however, failed to detect SI00A8 protein in
32D cells following treatment with different concentrations of GCSF.

One problem encountered in this study was maintaining 32D cells in culture in the
absence of IL-3, which is required for their proper proliferation. This is in accordance

with the fact that GCSF results in differentiation of granulocyte precursors to neutrophil-
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like cells, which are short-lived. Only one treatment was sustained for six days and
revealed S100A9, but no S100A8, protein. This, however, was not validated further
because cells could not be cultured for long in media deficient in IL-3, or, protein
concentration and quality was very poor when cells were maintained in culture longer
than two days. If confirmed, this finding may reflect the fact that murine S100A8 and
- S100A9 are not dependent on each other for stability, since SI00A9 appeared to be
expressed exclusively in the absence of detectable levels of S100A8 protein.

It is not exactly clear why the cells could not be cultured in the absence of IL-3
for longer periods or why the cells did not respond to stimulation by GCSF to produce
S100A8 protein during the initial 1-2 days of treatment. Differences in the potency of the
GCSF used in this study compared to that used by Nacken ef al. (2000) may have played
a role in the results observed here; though this possibility was assessed by testing
different concentrations of GCSF. Induction of apoptosis has been shown to cause rapid
and substantial inhibition of protein synthesis (Marissen and Lloyd, 1998), which
accounts for the low levels and poor quality of protein collected from GCSF-treated cells.

It is important to note that a cell system in which S100A8 expression is induced
and suppressed simultaneously may not be suitable for RNAi experiments as this may
; interfere with gene silencing. Endoh er al. (2009) outlined the difficulties they
experienced in suppressing S100A8 in cells in which S100A8 expression needed to be
induced concurrently. They were unsuccessful in down-regulating LPS-mediated S100A8
induction in RAW 264.7 cells with siRNAs, which actually enhanced S100A8 levels
(Endoh et al, 2009). This may have been due to an imbalance between mRNA

degradation by the siRNA and induction by stimulants (Endoh et al., 2009). Moreover,
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the suppression pathway may become saturated, such that at low expression levels, the
RNAi machinery may be able to degrade most target mRNAs, whereas a strongly-
induced gene will produce excessive mRNA transcripts that may not be processed
adequately by RISC (Bitko and Barik, 2001; Hutvagner et al., 2004), leading to an
apparent insufficiency of the shRNA. It was concluded, therefore, that an alternative

~ approach is required to show S100A8 expression and subsequent inhibition with siRNA.

4.3 S100A8 EXPRESSION IN STABLE CELL LINES

At the time of this study, there were no reports of the successful generation of a
cell line over-expressing the murine S100A8 gene; thus, stable COS-7 cell lines
expressing S100A8 were generated. SI00A8 mRNA expression was verified in the stable
clones but no S100A8 protein was detected. In mouse trophoblasts, SI00A8 mRNA
accumulates to high levels without a corresponding increase in S100A8 protein, which
‘the authors suggested was actively secreted (Passey et al., 1999a). However, Western blot
experiments also failed to detect S100A8 protein the supernatant of the stable cells,
indicating that the protein is either absent or at least not detectable with the antibody used
here, although the bone marrow positive control revealed S100A8 protein.

The problem of S100A8 protein (ietection has been reported by sevéral authors,
‘ iﬂcluding Geczy et al. who indicated that they also experienced problems in showing
S100A8 protein in transfected cell lines (personal correspondence). For some genes
expressed in certain systems, the mRNA can go through a silencing process and large
amounts of mRNA produced do not necessarily translate into large amounts of protein.
There may be biological causes for this lack of correlation between mRNA and protein

levels, including varying protein stability and post-translational modifications. For
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example, in S100A9 gene silencing experiments, Kerkhoff er al. (2005) failed to detect
S100AS8 protein although S100A8-specific mRNA was present, suggesting that S1I00A8
protein is unstable in the absence of its interacting partner, SI00A9. This was also
consistent with two other reports of S100A9 deficient mice (Hobbs ef al., 2003; Mantiz et
al., 2003). Thus, since the stable COS-7 cells in this study were designed to express
S100A8 exclusively, and due to the conflicting reports about the dimerization of SI00A8
and S100A9 in the murine and human systems, the reasoning that the S100AS8
homodimer is degraded in the cell in the absence of S1I00A9 seemed plausible.

Alternatively, inherent (technological) flaws within the gene and/or expression

cassette may account for the differences in mRNA and protein levels. For instance, an
inappropriate translational start site may reduce the efficiency of translation, or inhibit it
altogether in some instances. Moreover, the presence of a stop codon within the gene
‘sequence or a frame-shift will result in a truncated peptide that would eventually be
degraded in the cell. The S100A8 gene cloned into pDream?2.1 was sequenced to confirm
the presence of a proper translational start and that no errors existed within the sequence.
- However, the remote possibility that a mutation may have arisen within the expression
cassette in the stable cells following transfection and integration into the genome still
exiéts, which may account for the lack of detectable levels of SI00A8 protein.

Inefficient translation of S100A8 mRNA is a likely possibility that may explain
the lack of protein in stable cells. The initiation of protein synthesis involves complex
interactions between ribosomes, RNA molecules and a large number of initiation factors
(Pain ef al., 1996). Efficient translation depends not only on the huge number of cellular

components that provide regulatory control over the process, but also on structural
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features and regulatory sequences within the mRNA template, including secondary or
tertiary RNA structures, such as hairpins, which can block translation (Pain ef al., 1996).
Moreover, S100A8 may not fold properly or its homodimer form may not be assembled
correctly by the COS-7 machinery. Consequently, antibodies against S100A8 may not
recognize the improperly folded protein. Thus, translational and/or post-translational
limitations may have been the major bottlenecks for successful SI00A8 expression.

Other possibilities exist for the presence of detectable levels of S100A8 mRNA
without corresponding levels of S1I00A8 protein. There is a chance that the stable cells
integrated only a few copies of the plasmid into their genome, such that there is sufficient
expression of the antibiotic resistance gene to permit survival in selection media but not
enough to produce S100A8 protein quantities detectable by Western blotting. Although
as much as 100 pg of total protein from lysates of stably-transfected COS-7 cells was
' loaded, S100A8 protein was not seen. A more sensitive technique, such as an enzyme-
linked immunosorbent assay (ELISA), may have provided better results.

Protein expression levels are generally hard to predict and are influenced to a
great extent by the nature of the gene and its product (Carpentier et al., 2007). For
instance, the murine S100A8 gene product may be toxic to COS-7 cells. Consequently,
the cell will attempt to shut down the production of the protein to salvage its integrity. As
such, only the cells that are able to sequester and degrade the S100A8 protein proliferate
(provided that they continue to express the neomycin resistance gene under selection
conditions). Other researchers who attempted to create stable cell lines over-expressing
murine S100A8 were unsuccessful, and they also suggest that this is possibly due to the

potential cytotoxicity of the over-expressed protein (Geczy, personal correspondence).
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The many complicated post-transcriptional processes involved in. translating
mRNA into protein are not yet fully understood to be able to compute protein levels from
mRNA (Cho ef al., 1998). Whatever the case may be, it is clear that there are cellular
limitations to protein over-expression and further work is necessary to identify and better
understand these barriers. For this study, analysis of mRNA levels using real-time RT-
- PCR was deemed adequate to show S100A8 down-regulation following treatment with
shRNAs. For future in vivo studies, however, determination of protein levels will be
necessary to show the consequences of the reduction of S100A8 protein on the lung
phenotype of CF mice, since, in vivo, it is the protein product of the SI00A8 gene that is

implicated in the inflammatory pathology of CF lungs.

44 INTERDEPENDENCE OF S100A8 AND S100A9
There has been much debate about the stability and function of S100A8 and
'S100A9 in the homodimer form. Some studies conducted on the two human proteins
showed that S100A8 protein but not mRNA was absent after antisense S100A9 treatment
(Kérkhoff et al., 2005). In addition, S100A8 protein was absent in neutrophils of S100A9
| null mice, although S100A8 mRNA was present (Hobbs et al., 2003; Manitz ef al., 2003).
The authors argued that the absence of S100A8 protein may be due to inefficient
‘ tr#nslation of the mRNA transcripts, or due to the instability of S100A8 protein in an
environment that is deficient in S100A9 (Hobbs et al., 2003). In a study by Rosenberger
et al. (2007), human keratinocyte cells stably transfected with an expression construct for
S100A8 showed up-regulation of S1I00A8 as well as endogenous S100A9 in these cells.

Furthermore, down-regulation of S100A8 protein by siRNA correlated with a decrease in

S100A9 protein levels and vice versa (Rosenberger et al., 2007). The authors concluded
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that their data “clearly demonstrate a coordinately regulated expression of the two
calcium-binding proteins” (Rosenberger ef al, 2007). Supporting this idea are
biophysical data which showed that human S100A8 and S100A9 preferentially form the
heterodimeric complex, and unlike S100A9, S100A8 was unable to form stable, well-
packed homodimers, which lead the authors to conclude that biological activity is
restricted to S100A9 homodimers or the S100A8/S100A9 complex but not S100A8
homodimers (Hunter and Chazin, 1998).

The findings of the present study, however, suggest that the two murine proteins
may not depend on each other for stability, since S100A9 but not S100A8 protein was
ppesent after establishing the expression of both genes into the COS-7 cells. The
possibility of ubiquitin-dependent proteolysis of the S100A8 protein was also examined,;
however, it is unlikely that SI00A8 is degraded by proteosomes in the stable cells since
treatment with MG-132 did not reveal S100A8 protein. A better understanding of the
dynamic processes involved in protein synthesis and degradation is necessary in order to
explain the variation between S100A8 mRNA and protein levels observed in this study.

The results here are in agreement with the findings of Mou ez al. (2006), who
showed that S100A9 gene expression can be down-regulated in HL-60 cells by shRNA
; withbut demonstrating effects on S100A8. Others were unable to detect S100A9 protein
following activation of murine RAW 264.7 and WEHI 265 macrophage cells with LPS,
which induced S100A8 expression (Hu ef al., 1996; Xu et al., 2001; Xu and Geczy,
2000). Stimulated murine primary fibroblasts have also been shown to express S100A8 in

the absence of S100A9 (Rahimi ef al., 2005). Moreover, the homodimerization of murine
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S100A8 and S100A9 has been confirmed by Propper et al. (1999), although the stability
of the homodimers was reduced compared with the heterodimer.

In the original demonstration of the lethal gene deletion of murine S100AS, the
expression of SI00A8 was evident in trophobasts at 6.5 days post coitum (dpc), while
S100A9 is not expressed until day 14 (Passey ef al., 1999a). In addition, only S100A9 is
expressed in fetal liver beginning 10.5 dpc (Lagasse and Weisman, 1992; Lichanska et
al., 1999). Also, in contrast to S100AS8, there was no up-regulation of S100A9 in UVA-
irradiated murine fibroblasts in skin or in keratinocytes in culture (Grimbaldeston et al.,
2003). This mounting evidence suggests that co-expression of S100A8 and S100A9 is not
a requirement for their stability in murine systems, reflecting possible functional
differences between the human and mouse proteins. Recently, it was demonstrated that
S100AS8 is induced exclusively in murine macrophages with poly(I:C), a synthetic analog

' of dsRNA used to simulate viral infections (Endoh ét al., 2009). In contrast, SI00A8 and
S100A9 were co-induced by poly(I:C) in human monocytes (Endoh ef al., 2009), which
confirms the differences in gene regulation of the two S100 proteins in mice and humans.

Several other studies have demonstrated that S100A8 and S100A9 are expressed
independently in inflammatory conditions (Brun et al., 1994; Hogg et al., 1985, 1989;
Odink et al., 1987, Sorg et al., 1992). The fact that trophoblasts in murine embryos
express S100A8 in the absence of S100A9 and S100A8 null embryos do not survive
(Passey et al., 1999a), while S100A9 null mice appear normal (Hobbs et al., 2003), is
evidence for a non-redundant function for SI00A8 protein in development. All of these
ﬁndings suggest that murine S100A8 and S100A9 can be stable and have functions

independent of the heterodimer complex.
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4.5 KNOCKDOWN OF S100A8 WITH SHORT-HAIRPIN RNA

RNAI technology has become an effective tool -for the knockdown of gene
expression by mediating the degradation of the corresponding mRNA in a wide variety of
target cells. The best approach to test shRNA efficiency in vitro is to measure
constitutively-expressed genes in unstimulated cell systems following shRNA
transfection (Endoh et al., 2009). Primary neutrophils are known to constitutively express
S100AS8, but due to their short half-life in culture and low transfection ability (Yi et al.,
2004), alternative means for the validation of S100A8 suppression in vitro were sought.
The proposed approach was to over-express S100A8 in COS-7 cells and subsequently
suppress its expression using ShRNAs based on the primary miR-30 miRNA, which have
been shown to be more potent in silencing gene expression than traditional stem-loop
shRNAs (Boden et al., 2004; Silva et al., 2005). Three different miR-30-based shRNAs
targeting murine S100A8 were designed for this study and their efficacy tested. Sequence

alignment confirmed that the hairpins are specific for murine S100AS.

4.5.1 Transient SARNA Transfections

For most applications of RNAI, it is sufficient if the silencing effect is only
transient, long enough to be able to demonstrate the hockdo@. However, this is largely
dépendent on both the efficiency of sShARNA transfection and its expression in the nucleus
(Luo and Saltzman, 2000). In this study, transient transfections of shRNAs presented
with a very low efficiency, as revealed by fluorescence microscopy. Several factors are
generally implicated in poor transfection efficiency, including the presence of media
components such as serum and antibiotics (the transfection reagent may bring the

antibiotics into the cells or the lipid-DNA complex may interact with the antibiotics
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impacting its entrance into the cells). These factors could not have played a role in the
low transfection efficiencies observed in this study since cells were transfected in fresh
media deficient in antibiotics and serum. Geneticin (G418) selection, which was used to
maintain S100A8 expression in the stable COS-7 cells, was also discontinued during the
initial ShARNA transfection period. Optimal transfection efficiency and subsequent cell
viability also depend on a number of other experimental variables, including cell density,
poor quality. DNA and insufficient or excess amounts of DNA and/or transfection
reagent. Experimental conditions were manipulated to account for these factors; however,
attempts to improve the efficiency of the transient transfections were unsuccessful.

There are cellular and molecular barriers to transfection by cationic lipids. Studies
have shown that cationic lipid-mediated gene transfer is an inefficient process (Zabner ef
al., 1995). Interestingly, this is not due to the inability of the lipid-DNA complex to enter

' the cell, but rather the movement of DNA from the cytoplasm into the nucleus seems to
be the major limitation to successful transfection (Escriou et al., 2001; Zabner et al.,
1995). In a study by Carpentier et al. (2007), it was found that up to 48% of plasmid
DNA delivered using polyethylenimine (PEI) was associated with the total cell extracts
one day post-transfection, while only 1-2% was found in the nuclear fraction two days
poét-transfection. The authors suggested that the physiological state of the cell may limit
nuclear translocation of plasmid DNA and/or its transcription (Carpentier et al., 2007).

Upon entrance into the cells, the lipid-DNA complex may associate with
endosomes, which represent yet another barrier to the efficiency of transfection (Zabner
et al., 1995). Following the entry of the complexes into the nucleus, the lipid and DNA

must dissociate before the plasmid genes can be expressed. Godbey et al. (1999) reported
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that the majority of plasmid DNA in the nucleus was still complexed with the transfection
reagent. Accordingly, the transcriptional competency of plasmid DNA governs the
expression of plasmid genes (Carpentier et al., 2007). Thus, nuclear translocation and
transcriptional barriers may have been major limitations to shRNA expression in the
transient assays. It is worth noting that the use of viruses as vehicles for siRNA/shRNA
» expression has solved many of the barriers associated with lipid-mediated transfections

(Horwitz, 1990), and should be considered for future studies.

4.5.2 S100A8 Expression Levels in Stable shRNA Cell Lines

One issue to consider with regards to the knockdown experiments is the shRNA
transfection process itself, which may alter SI00AS8 expression because this gene appears
to be induced in response to cell stress (Endoh ef al., 2009; Grimbaldeston et al., 2003).
Thus, cell lines stably-silencing the SI00A8 gene are preferred. Because of this, as well
‘as the difficulties encountered in transfecting the sShRNAs transiently, cell lines stably-
expressing the hairpins were generated for this study. The results show that one of the
shRNA molecules, shRNA mAS8 65, was able to achieve a moderate level of
suppression (62%) of SI00A8 mRNA levels, confirming that sShARNAs could effectively
down-regulate S100A8 expression in an in fitro mammalian system. The other relevant
\ héirpin, shRNA mA8 250, did not reduce S100A8 mRNA levels sufficiently (25%
knockdown), although the results were significant (P<0.05) compared to the control.

Visual analysis of GFP expression in stable ShRNA cell lines revealed differences
in the intensity of fluorescence in the cell population, which reflects differences in the
numbers of plasmid copies that had been integrated and/or the efficiency of gene

transcription, which may depend on the genomic site of integration of the shRNAs. To
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confirm that the knockdown efficacy of each hairpin does not reflect differences in
shRNA expression levels among treatment groups, GFP expression in each sample was
measured quantitatively by real-time RT-PCR and correlated with shRNA expression
levels. This approach is adopted by researchers since amplification of the shRNA

sequence can be problematic due to the intrinsic secondary structure of the hairpin

(Taxman et al., 2006). In fact, a common difficulty encountered with shRNAs is that of

confirming the sequence of the hairpin region (Taxman et al., 2006), which has been
shown to cause the elongation reactions to terminate prematurely due to the inability of
the polymerase to read through the template (Guo ef al., 2005; Yu et al., 2003). Dickins
et al. (2005), who designed the original MSCV-LTRmiR30-PIG shRNA vector used
hefe, assume the GFP-shRNA correlation in their study of synthetic microRNA
precursors, in which they specify that: “GFP expression serves as a surrogate marker of
shRNA production.” The comparable expression levels of GFP between treatments
confirmed that the level of knockdown achieved is representative of the efficacy and
potency of each sShRNA molecule used in this study.

Effective RNA silencing is capable of reducing target gene expression by 70% or

greater, and can achieve close to complete suppression of the target gene (Ui-Tei et al.,

‘ 2004). However, RNAi in mammalian cells varies greatly between experiments, and

depends to a large extent on the RNA duplexes used and their level of expression. As
such, not all 19-23 bp duplexes will be able to cleave their target mRNA with the same
efficacy, and consequently, bring about the same silencing effect. Broad differences in
the efficacy of shRNA knockdown have been reported. For example, out of the 27

shRNA vectors that Taxman et al. (2006) evaluated, more than one-third achieved less
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than 10% suppression, despite comparable high expression levels of GFP in these cells.
The fact that they observed great variation in the efficacy of shRNAs designed against the
same target genes lead to the conclusion that there is no simple biological answer for the
differences in knockdown efficiency observed in their study (Taxman et al., 2006).

There are a number of variables which may account for the low levels of
suppression achieved by some shRNAs, including shRNA design, delivery system,
stressed state of the cell and possibly cell type (Ui-Tei et al., 2007). This is precisely why
several candidate sShRNAs must be screened to identify effective silencers. The variability
in the efficacy of different sSARNAs to knockdown the same target gene may be explained
by the fact that different ShRNAs exhibit different thermodynamic properties, such that
the mature product of one hairpin may be better than another in interacting with its target
mRNA. The formation of internal hairpins by the RNA molecules within RISC may also

' reduce the silencing ability of the shRNA (Khvorova et al., 2003). S100A8 suppression
in COS-7 cells over-expressing the gene may have also affected the levels of knockdown
observed in this study. An imbalance between the up-regulation and suppression of

- S100A8 expression may have occured, much in the same way suggested earlier for

simultaneous inductionAof S100AS8 and inhibition by RNAi (Eﬁdoh et al., 2009).

Poor shRNA design can be detrimental to the efficiency of the hairpin. For
instance, a hairpin may target a region of the mRNA that is highly structured or bound by
regulatory proteins, making the target sequence inaccessible, thereby reducing the
effectiveness of the shARNA (Brown et al., 2005; Overhoff et al., 2005). Other factors
may also dictate the efficacy of the shRNAs, including the plasmid copy number present,

the genomic site of insertion (which can enhance or hinder expression of the hairpin, or
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otherwise interfere with expression of nearby genes), and the possibility of degradation of
the RNA duplexes. Furthermore, it is important to verify the shRNA sequences, since a
mismatch of a single base pair within the target mRNA sequence can abolish the
knockdown (Brummelkamp et al., 2002; Miller et al., 2003), though this has proven to be

a difficult task due to the complex secondary structure of the hairpin (Taxman et al.,

2006). It would be advantageous to verify the sequences of the shRNAs used in this study

to determine if the relatively low levels of suppression achieved reflect an inherent defect
in the design of the shRNAs or due to other mechanisms.

The ability of shRNAs to target and degrade mRNA may also be limited by
saturation of the nuclear export factor, exportin-5, which transports pre-miRNA and
shRNA transcripts from the nucleus to the cytoplasm (Yi e? al., 2003). Over-expression

of recombinant exportin-5 has been shown to restore sShRNA function (Grimm et al.,

2006; Yi et al., 2005). It is important to discuss further the study of Grimm et al. (2006).

A large number of the shRNAs used in their study caused liver injury, and many of the
mice died as a result (Grimm ef al., 2006). The authors suggested that the oversaturation
of exportin-5 resulted in a global repression of miRNAs, including the miRNAs normally

present in cells (Grimm ef al., 2006). Natural miRNAs regulate many important genes

\ invdlved in cell differentiation, development and apoptosis (Winter ef al., 2009). It was

concluded that shRNAs must be used in moderation to avoid the adverse (and sometimes
lethal) consequences (Grimm et al., 2006). Potential off-target effects and activation of
the immune response are yet other reasons for avoiding a massive RNAi response

(Manjunath ef al., 2009).
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These conclusions may provide an explanation for the relatively low levels of
silencing obtained with the miR-30-based shRNAs used in this study, in particular,
shRNA-A8 250. In COS-7 cells in which a massive RNAi response was elicited,
exportin-5 may have been saturated to the point that the naturally occurring miRNAs
could no longer be exported out of the nucleus to carry out their normal functions.
Consequently, this would result in cell death. Thus, the remaining cell population
represents cells which produced only modest amounts of shRNA transcripts. This idea is
in agreement with the report of Yi et al. (2005), who found that clones producing
moderate levels of sShRNA did not show oversaturation of exportin-5 or cell death. Other
factors, such as components of the RISC complex itself, may also have an impact on the
efficiency of RNAi. Two studies have reported saturation of RISC, in which RISC
assembly was found to be inefficient and saturable by siRNAs in vitro (Bitko and Barik,
, 2001; Hutvagner ef al., 2004).

In conclusion, further optimization of ShRNA design and a better understanding
of RNAI strategies and the natural miRNA pathway are necessary to unravel the full

potential of this technology.
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S. CONCLUSIONS

S100A8 has been identified as a potential genetic modifier of the inflammatory
processes in CF lung disease. Although the effects of SI00A8 over-expression have been
addressed previously (Newbigging et al., manuscript submitted), the consequences of the
suppression of S100A8 on the lung-specific inflammatory phenotype in CF have not been
explored. The aim of this study was to establish an in vitro RNAi-mediated gene-
knockdown model that could be utilized in future studies in mice.

Due to the difficulties encountered in showing S100A8 expression in P388D1 and
32D cells, and because concurrent induction and suppression was deemed unsuitable for
RNAi experiments, these earlier cell systems were abandoned. It was decided that
suppression of S100A8 would be best achieved in COS-7 cells stably transfected with the
murine S100A8 gene. The study presented here showed the potential for using miRNA-
“based shRNAs to knockdown S100A8 expression in vitro. Maximal suppression of
S100A8 was 62% with shRNA mA8 65, whereas shRNA_mAS8_ 250 achieved 25%
suppression and the two control shRNAs had no effect, compared to the untransfected
cells. Although S100A8 expression was successfully reduced, the levels of knockdown
achieved were not impressive when considering the potential of this technology for
silencing gene expression. Much effort has gone towards identifying criteria for effective
shRNA design, and these require further consideration in future studies.

Studies regarding the coordinate expression of the two proteins as a requirement
for their stability have been controversial. The findings in this report suggest that this
interdependence may not be relevant to the mouse proteins, since S100A9 protein was

detected in cells transfected exclusively with the murine S100A9 gene. The presence of
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S100A8 mRNA transcripts in cells stable for both S100A8 and S100A9 expression
without a corresponding increase in S100AS8 protein levels suggests that the strong down-
regulation of S100A8 protein may be due to post-transcriptional mechanisms that
prevented the proper translation and/or folding of the SI00A8 gene product. Difficulties
in purifying the two proteins have no doubt contributed to the elusiveness of their

functional properties since their original discovery nearly three decades ago.

Strategies for Future Consfderation

Although statistically significant reduction in SI00A8 mRNA levels was achieved
with the two relevant shRNAs used in this study, these levels may not be obtainable (or
be biologically or therapeutically significant) in vivo, owing to the complex physiology of
living orgaﬂisms and the difficulties in targeting and transfecting primary cells (Yi ef al.,

2004). The use of retroviral and lentiviral delivery systems, which have been shown to be

‘more efficient and effective at silencing gene expression than DNA-based shRNA vectors

(Manjunath et al., 2009), may provide better results for future in vivo studies. Lentiviral
vectors offer higher transfection efficiencies (especially in difficult to transfect primary
cells) and stable knockdown by integration into the host genome (Manjunath et al.,

2009). It may also be worthwhile to investigate the effectiveness of chemically-

~ synthesized siRNAs to target SI00A8 expression in mice. Chemical modifications of the

siRNA duplexes prior to delivery have been shown to improve the stability of siRNAs in
vivo while maintaining their silencing potency (Soutschek ez al., 2004).

Inadequate shRNA design may have contributed to the relatively low levels of
knockdown achieved in this study. Since only two relevant shRNAs were tested, it would

be advisable to test additional ShARNA molecules targeting different regions of S100A8
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mRNA. Combinations of sShRNAs may also enhance the levels of knockdown that can be
attained compared to treatment with individual shRNA molecules. Furthermore, direct
assessment of ShRNA expression (possibly by quantitative RT-PCR or Northern blotting)
may also be advantageous to corroborate the efficacy of the sShRNA molecules used in
this study.

Assessing the knockdown efficacy of shRNAs in stable cell lines is time
consuming, so ways of improving the efficiency of the ShRNA transfections in transient
assays will be valuable. This would especially be helpful if several other shRNAs
targeting S100A8 were obtained and tested. Transfection efficiency is highly dependent
on the cell type; thus, using a different cell line, such as HEK-293 or CHO cells, which
are reportedly readily transfected with Lipofectamine™ 2000, may permit transient
measurements of shRNA activity. The use of a more efﬁcient transfection reagent and/or

, cell culture conditions may solve the nuclear translocation and transcriptional barriers.

Because S100A8 protein levels could not be analyzed in this study, the
suppression of S100A8 expression still requires confirmation at the protein level. It was
perplexing why S100A8 mRNA transcripts were present in the absence of S100A8
protein in cells stable for S100A8 and S100A8/S100A9 expression. Using a more
senéitive technique for detecting S100A8 protein, such as an ELISA, may provide better
results in the future. Moreover, it may be advantageous to employ an in vitro translation
assay to determine if S100A8 protein could be efficiently produced by the pDream?2.1
expression vector. One further recommendation is to over-express S100A8 in a different
cell line, preferably a mouse cell line that is more likely to possess the appropriate

machinery for S1I00A8 protein synthesis, folding and post—translaitional processing.
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6. FUTURE DIRECTION

Functions of S100A8 have yet to be fully elucidated, especially since targeted
disruption of the S100A8 gene is embryonic lethal (Passey ef al., 1999a). The ability to
silence S100A8 will improve our understanding of its role and offer a better picture of the
regulation of S100A8 as a potential therapeutic strategy for lung disease in CF. In this
study, shRNAs were shown to induce sequence-specific silencing of murine S100A8 in
mammalian cells, a finding which will be useful in future research of the protein function

in vitro as well as in animal models.

Knockdown Studies in Mice

RNAI technology has recently become the method of choice for gene knockdown.
The therapeutic potential of this technique may now be demonstrated in vivo by down-
- regulating S100A8 expression using shRNAs delivered in a DNA or viral vector. This
would first be demonstrated in wild-type B6 mice followed by studies on B6-CF mice.
Following established protocols, in vivo gene silencing can be achieved by treating mice
with shRNAs beginning at 3-weeks of age (before the onset of the inflammatory lung
phenotype) and until 2-months of age, at which time treatment effects on the lung
pafhology will be measured. Reduction of S100A8 (and consequently S100A9) levels, by
50% or greater, in the serum and lung tissue is expected to reduce the number of
infiltrating neutrophils in the airways, and consequently, ameliorate the lung
inflammatory phenotype in CF mice. These future studies open the possibilities for
unravéling the mechanisms by which S100A8 influences the pathogenesis and

progression of lung disease in CF.




109

Anticipated Challenges

Although shRNAs have been used successfully to induce silencing of gene

expression in mice (Carmell et al., 2003; Liu et al, 1999; Tiscomia et al., 2003),
challenges to their in vivo applications still exist. Delivery of shRNA vectors may
interrupt the natural RNAi machinery, trigger an interferon response (particularly in the
case of viral-based vectors), lead to toxicity, or have off-target effects (Rao et al., 2009).
Appropriate dosages of shRNA and treatment duration and frequency must be established
in way to induce efficient gene silencing and avoid deleterious consequences in the mice.
In addition, once the shRNA molecule is delivered systemically, it must remain intact and
avoid degradation in circulation, be able to specifically target and enter diseased cells and
bring about gene silencing (Alexopoulou et al., 2001). To target specific tissues, one
possibility is to use a tissue-specific promoter to drive the expression of the shRNA (Rao
‘et al., 2009; Taxman et al., 2006). Compared to siRNAs, shRNAs face the additional
challenge of having to enter the nucleus, and be expressed and processed prior to
incorporation into RISC. Furthermore, shRNA activity that is detrimental to the cell’s
- integrity may elicit selective pressures against their stable expression. Thus, optimization
of RNAI strategies (including specificity, stability, delivery, efficacy and toxicity) is
‘ cruéial as this technology progresses towards clinical trials.

The fact that endogenous expression of vector-based shRNAs has been shown to
induce silencing in vitro and in vivo affords the opportunity for the creation of transgenic
animal models, and represents a potential therapeutic strategy for treating viral infections,
cancer, inflammatory conditions and any disease processes involving changes in host

gene expression.
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