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Abstract

THE REGULATION OF THE ALTERNATIVE SPLICING OF CASPASE 9
By: Rachel Wilson Goehe, Ph.D.
A Dissertation submitted in partial fulfillment of the requirements for the degree of Ph.D. at
Virginia Commonwealth University.

Virginia Commonwealth University, 2010

Major Director: Charles E. Chalfant, Ph.D.
Associate Professor of Biochemistry & Molecular Biology

The pro-apoptotic, caspase 9a, and the anti-apoptotic, caspase 9b, are derived from the
caspase 9 gene by alternative splicing. This study demonstrates that the alternative splicing of
caspase 9 is dysregulated in a large percentage of non-small cell lung cancer (NSCLC) tumors of
the adenocarcinoma type. Furthermore, modulation of the levels of splice variants of caspase 9
had dramatic effects on the anchorage-independent growth and tumorigenic capacity of NSCLC
cells. Due to these findings, the molecular mechanisms regulating the post-transcriptional
processing of caspase 9 were therefore examined and an exonic splicing silencer (ESS)
regulating the pre-mRNA processing of caspase 9 was identified. To study the possible RNA
trans-factors interacting with this RNA sequence, we utilized an electromobility shift assay
(EMSA) coupled with competitor studies and demonstrated three specific protein:RNA
complexes for this ESS. Affinity purification and mass spectrometry analysis identified hnRNP
L as part of these protein:RNA complexes. Downregulation of hnRNP L induced a significant
increase in caspase 9a/caspase 9b mRNA ratio, which translated to the protein level. Expression
of hnRNP L verified the siRNA specificity lowering the caspase 9a/9b ratio, but expression of
hnRNP L produced the contrasting effect in non-transformed cells suggesting a post-translational
modification specific for NSCLC cells. Indeed, the phospho-status of hnRNP L was significantly
increased in NSCLC cells, and mutagenesis studies identified Ser52 as a critical residue
regulating the ability of hnRNP L to repress the inclusion of the exon 3,4,5,6 cassette into the

xiv
mature caspase 9 mRNA. The biological relevance of this mechanism was demonstrated by
stable downregulation of hnRNP L in NSCLC cells, which induced a complete loss of both
anchorage-independent growth and tumorigenic capacity. This effect of hnRNP L
downregulation was due to distal modulation of the alternative splicing of caspase 9 as the loss
of both phenotypes was “rescued” by ectopic expression of caspase 9b. Therefore, this study
identifies cancer-specific mechanism of hnRNP L phosphorylation and subsequent lowering of
the caspase 9a/9b ratio, which is required for the tumorigenic capacity of NSCLC cells.

CHAPTER ONE
Introduction and Review of the Literature

1.1.

Overview

Cancer is a disease characterized by an abnormal growth of cells which tends to
proliferate in an uncontrolled manner, and in some cases metastasize. This disease was first
described around 3000-1500 BC in an ancient Egyptian textbook called Edwin Smith
Papyrus. The first descriptions of this disease were stated in this excerpt, “if thou puttst thy
hand upon his breast upon these tumors, and thou findst them very cool, there being no
fever at all when thy hand touches him, they have no granulation, they form no fluid, they
do not generate secretions of fluid, and they are bulging to thy hand“and were suggested to
be non-curable (Breasted, 1930). Since then and after a quarter century of rapid advances,
cancer research has generated a rich body of knowledge. Research has recognized a
number of molecular, biochemical and cellular traits known as “acquired capabilities”
shared by all types of human cancers. Several lines of evidence have indicated that cancer
development is a multi-step process that reflects these acquired capabilities which drive the
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2
progressive transformation of normal cells into cancerous cells. These essential attributes
which alter normal cell physiology into malignancy are: self-sufficiency in growth signals,
insensitivity to growth-inhibitory (antigrowth) signals, evasion of programmed cell death
(apoptosis), limitless replicative potential, sustained angiogenesis, and tissue invasion and
metastasis (Hanahan and Weinberg, 2000) .
Cancers

can

be

divided

into

3

main

classes

including

sarcomas,

leukemias/lymphomas, and carcinomas. Sarcomas are cancers that occur in connective
tissues such as muscle, bone, and cartilage. There are close to 100 different varieties of
sarcomas where osteosarcomas, also known as bone sarcomas, are the most prevalent.
Leukemias and lymphomas are malignant cancers of the bone marrow or blood and are
characterized by the uncontrolled proliferation of blood cells. Lastly, carcinomas in which
abnormal cells start in the epithelial tissues are the most common of cancer cases. The
most seen carcinomas are located in the breast, prostate, colon and lung.
Lung carcinoma is a type of carcinoma in which abnormal cells start in the
epithelial tissues found in the lung. According to the American Cancer Society (ACS) and
Centers for Disease Control and Prevention (CDC), lung cancer is the leading cause of
death amongst both men and women in the United States and worldwide. It was reported
that cancer alone caused 13% of all human deaths in the year 2007 (Garcia M, 2007).
Specifically, 29% of these cancer deaths came from lung cancer, a percentage so fatal that
it accounts for more than breast, colon, and prostate cancers combined (Garcia M, 2007).
Moreover, non-small cell lung cancer (NSCLC) presents ~80% of lung cancer cases with a
5-year survival rate at ~15% (Cortes-Funes, 2002; Ferreira et al., 2002). Smoking is not
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the only causative factor involved in NSCLC, but other risk factors such as exposure to
second-hand smoke, asbestos, radon, arsenic, or living in areas with extreme air pollutants
play a role. Unlike small cell lung cancer (SCLC), NSCLCs have several histologies with
each having their own way of growing and spreading. Although there are a variety of
NSCLC histologies, squamous cell carcinoma, large cell carcinoma and adenocarcinoma
are most commonly seen in lung cancer patients.
In 1990, the NIH and U.S. Department of Energy placed coordinated efforts on the
human genome project.

Unexpectedly, the results from the project estimated for

approximately 32,000 human genes (Lander et al., 2001) in comparison to the predicted
50,000 – 140,000 human genes (Venter et al., 2001). This apparent discrepancy between
organism complexity and the resulting gene number raised eyebrows and questioned the
source of organism‟s complexity. It was proposed that eukaryotic diversity was generated
by such mechanisms as: post-translational modifications, alternative transcription and
translation start sites, alternative 3‟-end processing, RNA editing, and alternative premRNA splicing (Hui and Bindereif, 2005). Through computational analyses such as
microarray profiling and EST-cDNA sequence data, it has been estimated that two-thirds
of human genes contain one or more alternatively spliced exon (Pan et al., 2008).
Recently, combining mRNA-Seq and EST-cDNA sequence data, Blencowe and coworkers estimate that transcripts from ~95% of multiexon genes undergo alternative
splicing (Pan et al., 2008). Literature has demonstrated that alternative pre-mRNA splicing
appears to be a key factor underlying increased complexity and diversity in higher
eukaryotes.
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The caspase 9 gene, for example, is subject to alternative splicing regulation.
Caspase 9 is an apoptotic gene in which its generated alternative splice form possesses an
antagonistic role. Two groups in 1999 identified the alternative splice variant of caspase 9,
termed caspase 9b, which lacks the large subunit caspase domain (specifically exons 3,4,5,
and 6) (Seol and Billiar, 1999; Srinivasula et al., 1999). Specifically, these studies found
caspase 9b to interfere with the formation of the apoptosome complex via binding to the
CARD domain of Apaf-1 (Seol and Billiar, 1999; Srinivasula et al., 1999). Investigations
in our laboratory with regards to the molecular mechanisms regulating the alternative
splicing of caspase 9 have identified the splicing enhancer element, SRp30a, to regulate the
alternative splicing of caspase 9 (Massiello and Chalfant, 2006). Additionally, Akt was
shown to modulate the exclusion of the exon 3,4,5,6 cassette of caspase 9 via the phospho-state
of the RNA trans-factor, SRp30a. In this document I demonstrate the role of caspase 9 in

maintaining the transformed phenotype of NSCLC cells. Furthermore, I demonstrate the
mechanistic regulation of caspase 9 involving a repressor, hnRNP L, which interacts with
an exonic splicing silencer in exon 3 of caspase 9. In addition, I present hnRNP L and its
role in cellular transformation and tumorigenesis. And finally, I reveal a post translational
modification of hnRNP L and its role in modulating the alternative splicing of caspase 9.
The following sections highlight past discoveries and provide the necessary background
information for a more complete understanding of the splicing event described in future
chapters.

5

1.2.

Pre-mRNA Splicing
In eukaryotes, a process known as pre-mRNA splicing must take place after

transcription.

Gene transcripts contain non-coding (introns) regions which must be

removed from between coding (exons) regions to encode functional proteins. The premRNA splicing event must take place with high fidelity so that the genetic information can
be delivered properly. However, many cases of aberrant splicing have been found in
disease states. The following sections review the mechanisms and regulation of splicing
and describe how improper splicing results in diseases.

1.2.1. Splicing and the Spliceosome Assembly
The protein-coding eukaryotic genes contain non-coding intervening sequences
known as introns, which have to be removed from the mRNA precursor (pre-mRNA) in
the nucleus before it is transported out into the cytoplasm. The spliceosome, a highly
dynamic RNP machine, is a major player that exhibits compositional and structural
dynamics that are exploited during this event. A number of RNA sequence elements
located at the exon/intron boundaries as well as within the intron are required for a splicing
event to take place. The special sequences located at the exon/intron boundaries are
formally called splice sites. The 5‟ splice site (5‟SS) marks the exon/intron junction at the
5‟end of the intron which includes a GU dinucleotide consensus sequence (Black, 2003).
On the other end of the intron lies the 3‟ splice site (3‟SS) which marks the exon/intron
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boundary containing three conserved sequence elements. At the extreme end of the intron
lies an AG dinucleotide conserved sequence. Another important sequence called the branch
point is located upstream of the AG dinucleotide and contains an invariant adenosine
(Black, 2003). Lastly, the region between the branch point and the 3‟SS is the
polypyrimidine tract which is rich with pyrimidine nucleotides (especially uracil) and is
generally 15-20 base pairs long (Black, 2003) .
The U1, U2, U4/U6 and U5 small nuclear ribonucleoproteins (snRNPs) are the main
building blocks of the spliceosome, which are responsible for the removal of pre-mRNA
introns and ligation of exons (Black, 2003) . Each snRNP contains a small nuclear RNA
(snRNA) along with many specific-complex and auxiliary proteins.

Spliceosomal

assembly begins with U1 snRNP binding to the 5‟SS of the intron via base-pairing (Das et
al., 2000) (Figure 1-1). This step is an ATP-independent manner. The non-snRNP
associated factors SFI and U2 auxilliary factor (U2AF) binds to the branch point (BPS)
and polypyrimidine tract, respectively (Das et al., 2000) (Figure 1-1).

These initial

arrangements play crucial roles in the initial recognition of the 5‟SS and 3‟SS of an intron
forming the E (early) complex and committing the pre-mRNA to the splicing reaction
(Black, 2003). The E complex is joined by the RNA portion of U2 snRNP which tightly
associates with the BPS completing the A complex (Figure 1-1). The bond between U2
snRNP and the BPS creates a bulge allowing the BPS adenosine specifying it as a
nucleophile for the first transesterification reaction (Query et al., 1994). Once the prespliceosomal A complex has formed, further recruitment of the U4/U6-U5 tri-snRNP leads
to the formation of the B complex (Figure 1-1). At this stage, all the spliceosomal subunits
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are present to carry out pre-mRNA splicing (Black, 2003). Subsequently, many extensive
conformational changes and remodeling take place, including the loss of U1 and U4
snRNP, ultimately resulting in the formation of the C complex, which is the catalytically
active splicosome (Figure 1-1).

It is the active spliceosome in the C complex that

catalyzes the two transesterification steps of splicing (Black, 2003). The first
transesterifcation step involves the spliceosome catalyzing the nucleophilic attack of the

Figure 1-1. Schematic Representaion of the Spliceosomal
Assembly. The conserved 5’ and 3’ splice site (ss) sequences are
indicated along with the branch point (A) and the polypyrimidine tract
(Py)n. The 5 snRNPs are bound appropriately with the indicated complex
step (E,A,B, and C).
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BPS on the 5‟SS, leading to the formation of the upstream exon and ligation of the intronic
5‟ end to the branch point 2‟ OH forming the lariat-exon intermediate. The second
transesterification involves the detached upstream exon attacking the phosphate at the 3‟
end of the intron. At the end, the result of the transesterification steps releases the lariat
structure and ligates the upstream and downstream exons (Black, 2003).
While the core splicing signals: 5‟SS, 3‟SS, and BPS are highly important, these are
not the only critical elements for splicing regulation and specificity. A reason for this is
simply because most human genes contain multiple and relatively short exons (typically,
50-250bp) which are intervened by considerably larger introns that are generally thousands
of basepairs long. Berget et al. found that splice sites are predominantly recognized in
pairs across the exon through “exon definition” (Berget, 1995). Exon definition involves
the recognition of 5‟SS and 3‟SS by splicing components and is deemed to be a crucial
step for splicing regulation and specificity (Berget, 1995). Splicing has been found to be
processed with high fidelity, implying there are more variables which play roles in the
equation than just the core splice signals in splice site selection. The following sections
further discuss these additional elements in the splicing mechanism with emphasis on
repressor elements, specifically the hnRNP family of proteins.

1.2.2. Cis-regulatory elements and RNA trans-factors in splicing
Recent global analyses have indicated that cis-regulatory elements and trans-acting
factors to further facilitate both constitutive and alternative splicing exons by silencing or
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repressing actions. Cis-regulatory elements are regions of DNA or RNA that regulate the
expression of genes and are located in the 5‟ or 3‟ protein coding region or in introns.
These elements are conventionally referred to as exonic splicing enhancers (ESEs) or
silencers (ESSs) and intronic splicing enhancers (ISEs) or intronic splicing silencers
(ISSs).

Additionally, these cis-regulatory elements function by recruiting trans-acting

splicing factors which can activate or repress splice site recognition or spliceosome
assembly by various mechanisms.
Disruption of cis-regulatory elements for pre-mRNA processing and/or RNA transfactors necessary for splicing regulation have been demonstrated to have significant effects
on splicing and the regulation of alternative splicing. Errors in these components (e.g.
mutations) are responsible for aberrant events such as altering the encoded protein,
activating a cryptic splice site, causing the splicing machinery to skip an exon and alter
pre-mRNA splicing patterns. Recently, there is growing evidence that disruption of these
mechanisms which are involved in recognition and function of splicing events can be
significant in the etiology of several genetic diseases such as cancer. The following
sections will review the additional splicing signals necessary for the high fidelity of
splicing and cover mechanisms by which aberrant signals contribute to disease states.

1.2.3. Enhancers
Enhancers in splicing play a role to help facilitate splice site recognition and splicing
event. The ESEs are a well established group where many if not all exons contain internal
ESE sequences (Cartegni et al., 2003; Fairbrother et al., 2002; Schaal and Maniatis, 1999).
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Most ESEs function to recruit members of the SR protein family (Graveley, 2000);
however, in certain circumstances SR proteins can also bind ISEs to promote recognition
of nearby splice sites (Gallego et al., 1997). SR proteins are the most extensively studied
group of regulatory proteins (Caceres et al., 1997; Graveley, 2000; Manley and Tacke,
1996). These proteins are rich with arginine/serine dipeptides, termed the RS domain,
which is a common structure amongst all members. SR proteins exhibit another common
domain structure known as the RNA recognition motif (RRM) for RNA binding (Long and
Caceres, 2009).

Literature has found that these factors usually regulate splicing by

binding ESEs and regulating alternative splicing events through their RRM domains. For
instance, the N-terminal RRM domains have been demonstrated to provide means of RNAbinding specificity (Wu and Maniatis, 1993), where as the C-terminal RRM domains
provide means of protein-protein interactions which facilitate recruitment of the
spliceosome (Kohtz et al., 1994). Another way in which these RNA trans-factor proteins
influence alternative splice site selection is in a concentration dependent manner. For
example, the protein expression and concentration of various SR proteins change during Tcell activation with concomitant changes in alternatively spliced isoforms of CD44 and
CD45 (ten Dam et al., 2000).
Initially, splicing regulatory sequences were identified with the use of minigenes. The
first ESEs were found using functional minigenes in vivo in alternative exons (Cooper and
Ordahl, 1989; Hampson et al., 1989; Mardon et al., 1987). Minigenes are designed to
contain a genomic segment of a gene that includes the alternatively spliced region. This
tool is commonly used as an in vivo assay and allows researchers to study intrinsic features
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of a gene that control exon usage such as cis-regulatory elements and trans-factors
(Cooper, 2005). While this method is still used by the scientific community, additional
methods have been introduced. SELEX (systematic evolution of ligands by exponential
enrichment) is commonly used for the identification of ESEs. SELEX utilizes a random
pool of sequences to identify sequences with enhancer activity (Coulter et al., 1997; Liu et
al., 2000; Liu et al., 1998; Schaal and Maniatis, 1999). In addition, ESEfinder is a webbased resource which scans nucleotide sequences and predicts putative ESEs for multiple
SR proteins (Cartegni et al., 2003). While there has been extensive analysis of enhancer
elements, the splicing silencer elements remain poorly examined. The next section will
provide a detailed understanding of the splicing silencer elements.

1.2.4. Repressors
In comparison to the enhancer splicing elements being bound mainly by SR proteins,
the repressor splicing elements are often bound by hnRNPs (heterogeneous
ribonucleoproteins). hnRNPs are a diverse family of pre-mRNA binding proteins which
functions in both constitutive and alternative splicing (Pozzoli and Sironi, 2005) (CMLS
pozzoli, silencers regulate both…and add others here). The family consists of about 20
major proteins from A1 to U, which range in sizes from 30 – 120 kDa (Pinol-Roma et al.,
1988). These proteins demonstrate an array of cellular activities including: mRNA
stability, transcription, RNA metabolism, and alternative splicing (Dreyfuss et al., 2002;
Glisovic et al., 2008; Pullman and Martin, 1983). In addition, hnRNPs are highly diverse
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and consist of at least one binding motif such as an RNA recognition motif (RRM), hnRNP
K homology domain (KH), or arginine/glycine rich (RGG) box. In addition to these
binding motifs, many manifest auxiliary domains which mediate protein-protein
interactions (Cartegni et al., 1996; Krecic and Swanson, 1999). Figure 1-2 is a schematic
representation of the domain structures in various hnRNP members.

Figure 1-2.
Domain structures of various hnRNP family
members. The hnRNP family of proteins contains a diverse set of
domains. hnRNP proteins contain RNA reconignition motif (RRM) and
KH domains for RNA recognition along with RGG and B30.2/SPRY
domains for protein-protein interactions. In addition, some hnRNP
proteins also present a nuclear localization signal (NLS).
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hnRNP proteins are primarily localized in the nucleus. However, various studies
have

demonstrated

nucleocytoplasmic

transport

ability

of

hnRNP

proteins.

Nucleocytoplasmic shuttling requires import and export factors to target them to the
nucleoporin, and is transportin dependent (Lichtenstein et al., 2001). Shuttling into the
cytoplasm allows these proteins to control various activities of mRNA including mRNA
transport, mRNA translation, and mRNA turnover which can be both beneficial and
unfavorable. The shuttling capability amongst various members of these proteins has been
described in the literature. For instance, hnRNP A1 contains an NLS which enables
translocation to the cytoplasm to release its cargo and back into the nucleus by transportin1 (Siomi et al., 1997). In addition, stress signals such as osmotic stress, UV, and the
activation of the MKK3/6p38 pathway has demonstrated hnRNP A1 to shuttle between the
nucleus and cytoplasm (Siomi et al., 1997). Moreover, hnRNP U has demonstrated to
translocated with betaTrCP induced by the tobacco-specific carcinogen NNK (Lin et al.).
This induction causes DNMT1 nuclear accumulation and hypermethylation of the
promoters of tumor suppressor genes (TSGs) (Lin et al.).
Many studies have been reported supporting the role of hnRNPs in pre-mRNA
splicing. The most extensively studied hnRNP member in regards to splicing regulation is
hnRNP A1. Mayeda and Krainer were first to report that hnRNP A1 regulated pre-mRNA
alternative splicing via antagonizing SF2 protein in in vitro assays (Mayeda and Krainer,
1992). In this study, the relative concentrations of hnRNP A1 and SF2 determine the 5‟
splice site selection. For hnRNP A1 to function as a regulator of alternative pre-mRNA
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splicing, the two RRM domains are essential (Mayeda et al., 1994). These conserved
domains were also found important in other hnRNP A/B proteins (Mayeda et al., 1994).
In addition, hnRNP proteins are subject to post translational modifications such as
methylation, acetylation and phosphorylation.

Several cellular kinases have been

demonstrated to act on hnRNPs (Guil et al., 2006; Mayrand et al., 1993; Xie et al., 2003).
One of the best characterized hnRNP proteins modified by phosphorylation is hnRNP A1.
Caceres and co-workers demonstrated in response to activation of the stress kinase p38,
hnRNP A1 is targeted for phosphorylation by the Mnk1/Mnk2 cellular kinases (Guil et al.,
2006). This phosphorylation event inhibits the nucleocytoplasmic activity of hnRNP A1,
resulting in its cytoplasmic accumulation (Guil et al., 2006). At the end, the cytoplasmic
accumulation of hnRNP A1 has demonstrated an alterated splicing pattern of the
adenoviral E1A splicing reporter (van der Houven van Oordt et al., 2000). In addition to
hnRNP A1, many other hnRNP family members have been subject to phosphorylation
resulting with aberrant activities. For instance, NNK treatment results in the activation of
AKT which phosphorylates hnRNP U (Lin et al.). Phosphorylated hnRNP U leads to a
disturbance of the DNMT1/BetaTrCP interaction and leads to DNMT1 nuclear
accumulation. DNMT1 nuclear accumulation results in subsequent hypermethylation of
TSGs leading to tumorigenesis (Lin et al.).

Collectively, these studies demonstrate that

post translational modification of RNA trans-factors can contribute to disease
development.
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1.2.5. Alternative Splicing
The definition of alternative pre-mRNA splicing is the process that allows
individual genes to express multiple mRNAs by the joining of different 5‟ and 3‟ splice
sites.

Research has found that the human genome undergoes a high rate of alternative

splicing, with 35-59% of human genes demonstrating at least one alternative splicing event
(Kan et al., 2001; Lander et al., 2001; Mironov et al., 1999; Modrek et al., 2001).
Moreover, alternative splicing is a major mechanism seen to be involved in protein
diversity, gene expression, and an array of biological processes (Brett et al., 2002; Lareau
et al., 2004; Modrek and Lee, 2002; Stetefeld and Ruegg, 2005). And because this is a
highly important event for organism‟s complexity, its misregulation underlies many human
diseases. Research has estimated that approximately 15% of disease causing mutations in
human genes involves mis-regulation of alternative splicing (Philips and Cooper, 2000).
Mis-regulated alternative splicing events have been seen in a variety of diseases such as
Parkinson‟s disease, retinitis pigmentosa, and cancer.

Therefore, understanding how

alternative splicing is altered can offer promising perspectives into disease therapy. The
following sections in this chapter will focus on the molecular mechanism of alternative
pre-mRNA splicing, with emphasis on the diverse roles RNA trans-factors demonstrate in
regards to splicing regulation and their roles in human diseases. I will begin by providing
a comprehensive background of alternative splicing and then highlight important RNA
trans-factors that regulate this event.
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1.2.6. Patterns of Alternative Splicing
Alternative splicing has five basic patterns which include: the use of alternative 5‟
splice sites, alternative 3‟ splice sites, cassette exon skipping, mutually exclusive cassette
exons, and intron retention (Black, 2003; Hui and Bindereif, 2005; Ward and Cooper)
(Figure 1-3). Two other mechanisms known as alternative promoters and alternative
poly(A)sites can be classified separately and affect either the first or last exon of a
transcript respectively (Black, 2003; Hui and Bindereif, 2005; Ward and Cooper).

Figure 1-3: Patterns of alternative splicing. There are 5 basic
patterns of alternative splicing: cassette exon, mutually exclusive
exon, alternative 5’ splice sites, alternative 3’ splice sites, and intron
retention. The red rectangles present alternative exons. The black
dotted lines in the pre-mRNA present portions that can be spliced
out.
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Many aspects of the protein function can be generated by alternative splicing
patterns. It has been estimated that 70-90% of alternative splices alter the protein coding
sequence of the resulting protein (Kan et al., 2001; Modrek et al., 2001). The protein
products which arise by this event demonstrate an array of cellular processes such as: cell
growth, cell death, differentiation, activity of transcription factors, mRNA stability,
translation, and intracellular localization of proteins. Moreover, alternative splicing is an
important mechanism in developmental states and can account for various tissue and cell
type specific patterns of expression (Stamm et al., 2000). This event has also been evident
to change in response to external stimuli, for example, insulin administration influences the
incorporation of the alternative exon 11 of the insulin receptor (Sell et al., 1994). In
addition, insulin activates exon ßII inclusion in the PKC gene (Chalfant et al., 1995;
Chalfant et al., 1998; Patel et al., 2001). Furthermore, neuronal activity changes the
alternative splicing pattern of clathrin light chain B, the NMDAR1 receptor, and c-fos
(Daoud et al., 1999). Lastly, alternative splicing of several cell death regulatory proteins
are involved in the regulation of apoptosis (Jiang and Wu, 1999). Alternative splicing of
apoptotic genes are especially relevant to the studies described in future chapters and will
be discussed in more detail later in this chapter; however, a general description in regards
to apoptosis and the major players in this event will be reviewed.

.
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1.3 Apoptosis
Apoptosis, or programmed cell death, is a highly dynamic and morphologically
distinct process in which organisms can dispose of unwanted, infected or diseased cells.
This phenomenon has demonstrated to be vital in events such as embryonic development
and tissue homeostasis, and its aberrations have been linked to disease states such as
Alzheimer‟s disease, Parkinson‟s disease, autoimmune diseases, and cancer.
Back in 1972, Wyllie at al. studies demonstrated that apoptosis had distinct
morphological features in comparison to other modes of cell death, such as necrosis. Cells
which undergo apoptosis exhibit the following features: cell shrinkage, chromatin
condensation, nucleosomal fragmentation, and blebbing of the plasma membrane (Kerr et
al., 1994; Kerr et al., 1972; Wyllie et al., 1980). In addition to features above, there are
biochemical features which take place during apoptosis which include protein cleavage, the
appearance of phosphatidylserine at the cell membrane surface and increased
mitochondrial permeability (Kerr et al., 1994; Kerr et al., 1972; Wyllie et al., 1980). The
increased mitochondrial permeability results in the “leakage” of pro-apoptotic proteins and
subsequent formation of apoptotic bodies. Two classes of proteins, known as the proapoptotic (stress or death signals) and anti-apoptotic (mitogenic or survival signals)
proteins, creates an equilibrium balance amongst the two and decide whether a cell
survives or dies by apoptosis.
Dysregulation in apoptosis can have detrimental effects on the cell and result in
organ dysfunction. Apoptosis in normal cells is a finely balanced process involving more
than 200 proteins. Many of these proteins are dysregulated or defected in human diseases
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including cancer.

A large number of apoptotic proteins are regulated via alternative

splicing, which often pose antagonistic roles strongly implying a crucial importance in life
and death decisions. The following sections review basic knowledge of the intrinsic and
extrinsic pathways of cell death with special emphasis on caspase 9.

1.3.1 Initiator and Effector Caspases
Depending on the origin of the death stimuli, the apoptotic response can go through
the mitochondrial (intrinsic) pathway or the death receptor (extrinsic) pathway. These
pathways are initiated and executed by caspases (Cysteinyl ASPartate proteinASES) and
their activation if a hallmark of apoptosis. Caspases are synthesized as inactive zymogens
containing a prodomain followed by p20 (large) and p10 (small) subunits (Figure 1-4).
Caspases are a conserved family of enzymes and 14 caspases have been identified in the
literature to date. Although the first mammalian caspase, caspase-1 (ICE), demonstrated a
role in inflammatory, 7/14 have important roles in apoptosis (Earnshaw et al., 1999; Shi,
2002). The caspases with important roles in apoptosis can be divided into two classes:
initiator caspases, which include caspase-2,8,9, and 10; and executioner (effector)
caspases, which include caspase-3,6, and 7 (Figure 1-4). The apoptotic initiator caspases
possess longer prodomains along with either a caspase activation recruitment domain
(CARD) or death effector domain (DED) (Figure 1-4). The CARD and DED domains of
these inititator caspases mediate the interaction with upstream adaptor molecules. In
contrast, the apoptotic executioner caspases possess short prodomains which are typically
activated by upstream caspases and perform many of the biochemical events of cell death.
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Figure 1-4. Various initiator and executioner caspases in
mammals. Only caspases with the potential role in apoptosis
are shown. The domain organization of caspases including
the large subunit and small subunits are indicated along with
the CARD and DED protein-protein interaction motifs.

1.3.2 Extrinsic Pathway (Death Receptor Pathway)
The extrinsic pathway, also known as the death receptor pathway, is initiated by the
binding of an extracellular death ligand. These ligands include Apo2L/TRAIL,CD95/FasL
and TNFα which bind to their cognate receptors DR4/DR5,CD95/Fas,and TNFR1/TNFR2,
respectively. An example of this pathway involves FasL binding to its respective receptor
Fas (Nagata, 1999), which allows for homotrimeric receptor clustering and recruitment of
cytosolic factors adaptor protein Fas associated death domain (FADD) and the initiator
procaspases 8 or 10 (Boldin et al., 1995; Chinnaiyan et al., 1995). The recruitment of these
cytosolic factors forms an oligomeric death-inducing signaling complex (DISC) which
leads to the activation of the procaspase 8 into caspase 8. Activated caspase 8 cleaves the
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effector caspase, caspase 3 which then undergoes many biochemical changes within the
cell ultimately leading you to cell death. Literature has demonstrated that the extrinsic
pathway can converge with the intrinsic pathway through the caspase 8 mediated cleavage
of BID (Li et al., 1998; Luo et al., 1998) becomes truncated into tBID, resulting in its
translocation to the mitochondria which trigger the release of mitochondrial factors to
augment cell death (Li et al., 1998; Luo et al., 1998).

Disruption of the extrinsic pathway in cancers
Literature has shown that cancer cells have evolved numerous strategies to resist
cell death induction via the extrinsic pathway. It has been demonstrated that impaired
surface expression of death receptors is one avenue in which cancer cells demonstrate
resistance to apoptosis. For example, deletions or mutations of TRAIL-R1 or R2 resulting
in the loss of both copies have been demonstrated in a variety of cancers such as nonHodgkin‟s lymphoma, breast cancer, head and neck cancer, and lung carcinomas (Dechant
et al., 2004; Pai et al., 1998). In addition, decoy receptor 3 (DcR3) have been found to
competitively bind with CD95L, which ultimately interferes with the CD95-triggered
apoptosis. Moreover, DcR3 has been found to be genetically amplified or overexpressed
in colon and lung carcinomas (Pitti et al., 1998; Roth et al., 2001). Signaling through the
extrinsic pathway is also altered by being negatively regulated by proteins that associate
with cytoplasmic domains. An example of this dysregulation has been demonstrated by
FLICE-like inhibitory protein (FLIP). Two splice variants of FLIP, a long form (FLIP L)
and a short form (FLIPS) have been identified and demonstrated to have sequence
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homology to caspase 8 and caspase 10, but lack the catalytic domain. Due to the lack of
the catalytic domain, recruitment of FLIP to the DISC instead of procaspases 8 or 10 can
block caspase activation.

1.3.3 Intrinsic Pathway (Mitochondrial Pathway)
The intrinsic pathway is mediated by the mitochondria and takes place by apoptotic
stimuli such as hypoxia, DNA damage, UV, and other types of cellular stress. Such stress
stimuli triggers the mitochondrial outer membrane permeabilization (MOMP) leading to
the release of many apoptotic factors from the intermembrane space of the mitochondria.
Some of the well-characterized factors include: cytochrome c, second mitochondriaderived activator of caspases/direct inhibitor of apoptosis (SMAC/DIABLO), apoptosisinducing factor (AIF), endonuclease G (EndoG) and high-temperature-requirement protein
A2 (OMI/HTRA2) (Fulda and Debatin, 2006; Thornberry and Lazebnik, 1998; Wang,
2001). Although these proteins all have important roles, the most intriguing pro-apoptotic
factor is cytochrome C. Upon release of cytochrome C from the intermembrane space of
the mitochondria, cytochrome C binds and activates to apoptotic-protease-activating
factor-1 (APAF1) which induces conformational changes that allows the formation of the
apoptosome and subsequent caspase cascade (Jiang and Wang, 2000).
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Disruption of the intrinsic pathway in cancers
Aberrations in the mitochondrial pathway of apoptosis are very common in cancer
cells. Many anticancer therapies trigger apoptosis more so by activating the intrinsic
pathway. One family of proteins that harbor many mutations or alterations in cancer cells
is the Bcl-2 family. Many groups have explored how perturbed regulation of Bcl-2 and its
relatives contribute to cancer develop and impedes on cancer therapies. In response to
diverse stress stimuli, the decision of whether a cell should live or die is largely determined
by the balance of anti- and pro-apoptotic Bcl-2 family members. It is now evident that the
interplay amongst the pro- and anti-apoptotic Bcl-2 family members integrates intracellular
cues to arbitrate whether the initiator caspases are unleashed. The Bcl-2 family consists of
at least 20 proteins and is classified into three subfamilies: the Bcl-2 subfamily which
promotes cell survival and usually has all four conserved BH domains, the Bax subfamily
which is pro-apoptotic and usually has conserved BH 1-3 domains, and the BH3 only
domain subfamily which is also pro-apoptotic. It has been demonstrated that mutations,
overexpression, and modifications (e.g. phosphorylation) of Bcl-2 members contribute to
disease development. For example, the well characterized Bcl-2 protein is upregulated in
various cancers. Overexpression of Bcl-2 has been reported to bind with BAX and prevent
its activation and translocation to the mitochondria which ultimately precents the release of
cytochrome c from the mitochondria (Finucane et al., 1999; Park et al., 2001). Moreover,
BAD phosphorylation results in its loss of ability to heterodimerize with survival proteins
Bcl-xL and Bcl-2 (Zha et al., 1996a).

Phosphorylated BAD binds to 14-3-3 and is

sequestered in the cytoplasm ultimately preventing MOMP to occur (Zha et al., 1996b).
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Collectively, these studies demonstrate the detrimental effects Bcl-2 family members can
produce and their impact on the intrinsic pathway of apoptosis.
In addition, the IAP family of proteins presents ways to dysregulate the intrinsic
pathway of apoptosis.

These are structurally- and functionally-related anti-apoptotic

proteins which demonstrate roles in cell division, cell cycle progression, signal
transduction pathways and cell death (Deveraux and Reed, 1999; Salvesen and Duckett,
2002; Shi, 2002). Various members of the IAP family demonstrate the ability to bind and
inhibit the function of caspases 3, 7, and 9. Specifically, the BIR3 domain of XIAP
associates with the caspase 9/APAF-1 holoenzyme complex by binding to the linker
peptide of caspase 9 (Shiozaki et al., 2003; Srinivasula et al., 2001). On the other hand,
the inhibitory ability of XIAP is different in regards to the effector caspases 3 and 7. In
comparison to caspase 9, the BIR1 and BIR2 domains of XIAP bind and inhibit caspases 3
and 7. These studies demonstrate that the balance between cell death, which induces
caspase activity versus the status of IAPs, which inhibit apoptosis constitutes a
fundamental decision point within the cell. With the knowledge that evasion of apoptosis
is a fundamental aspect of cancer, understanding the anti-apoptotic activities of IAPs is
highly important with the great potential as being outstanding therapeutic targets.

.
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1.3.4 Caspase 9
Caspase 9 is a ubiquitous protease found to be constitutively expressed in a variety
of tissues such as the breast, heart, brain, and lung. Importantly, studies have demonstrated
caspase 9 as a critical upstream activator of the caspase cascade via caspase 9 knockout
mice. Flavell and co-workers concluded that Casp9 -/- mice died perinatally and presented
pronounced disturbance of telencephalic development from the reduced amount of
apoptosis. As a consequence of the lack of apoptosis, various brain abnormalities with a
markedly enlarged and malformed cerebrum were present (Kuida et al., 1998).
Collectively, these studies indicate caspase 9 as a critical player in apoptosis and the
physiological functions of caspase 9 are crucial in organism development.
Caspase 9 has also been demonstrated to play a distinct role in oncogenesis. In this
regard, Lowe and co-workers found caspase 9 and its cofactor APAF-1 to be required
downstream components of p53 in Myc-induced apoptosis with the use of caspase 9 -/and APAF-1 -/- mouse embryonic fibroblasts (MEF) cells (Soengas et al., 1999).
Moreover, caspase 9 -/- cells displayed reduced c-Myc induced cell death and enhanced the
oncogenic transformation of cells by c-Myc and Ras identifying caspase 9 as a tumor
suppressor (Soengas et al., 1999).
It has become apparent over the years that many apoptotic factors are regulated by
alternative splicing. Caspase 9 is an apoptotic gene in which its generated alternative splice
form possesses an antagonistic role. Two groups in 1999 identified the alternative splice
variant of caspase 9, termed caspase 9b, which lacks the large subunit caspase domain
containing the entire catalytic domain (Seol and Billiar, 1999; Srinivasula et al., 1999).
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This dominant-negative splice variant interferes with the formation of the apoptosome
complex via binding to the CARD domain of Apaf-1which ultimately interferes with the
recruitment of procaspase 9.

In addition, caspase 9b has been demonstrated to

heterodimerize with caspase 9a, rendering the protein structurally incapable of autoproteolysis (Seol and Billiar, 1999; Srinivasula et al., 1999). Therefore, regulation of the
alternative splicing of caspase 9 is highly important in determining whether apoptosis in
the cell will occur or not (Ebert et al., 2005; Hakem et al., 1998; Seol and Billiar, 1999;
Srinivasula et al., 1999).

27

CHAPTER 2

THE ALTERNATIVE SPLICING OF CASPASE 9 PLAYS A MAJOR ROLE IN
THE TUMORIGENIC CAPACITY IN A549 XENOGRAFTS

2.1 Introduction
Apoptosis (programmed cell death) is a highly dynamic cell suicide mechanism
which plays a significant role in events such as homeostasis, development, and defense.
There are more than 200 proteins that participate in this mechanism. Among these proteins
are caspases, a family of cysteine proteases which are the main executioners of the
apoptotic process.
Specifically, caspase 9 is considered to be the apex in the intrinsic pathway of
apoptosis. This pathway is triggered by diverse apoptotic stimuli such as radiation, stress
agents and various chemotherapies, which converge at the mitochondria. Cytochrome c is
released from the mitochondria, binds to APAF-1 and procaspase 9, and creates the
apoptosome (Igney and Krammer, 2002; Jiang and Wang, 2000). Once the apoptosome is
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formed, caspase 9 is activated, leading to the processing of caspase 9 and other
biochemical events of apoptosis (Igney and Krammer, 2002; Shi, 2002) (Figure 2-1).

Figure 2.1: Intrinsic pathway of apoptosis. The intrinsic (mitochondrial)
pathway of apoptosis is triggered by a death stimuli. Following the death
stimuli, the mitochondria is activated and releases cytochrome c into the
cytosol where it binds with the apoptotic protease activating factor 1
(APAF-1) and pro-caspase 9 to form the apoptosome. The apoptosome
acts to activate caspase 9 followed by the caspase caspase ultimately
undergoing to cell death.

29
Lowe and co-workers demonstrated that caspase 9 (also known as caspase 9a) plays
a distinct role in oncogenesis. In this regard, these researchers demonstrated that caspase 9
-/- cells were resistant to apoptosis induced by c-Myc and oncgenic ras (H-rasV12)
expression (Soengas et al., 1999). This study also demonstrated that cells transfected with
c-Myc and oncogenic ras demonstrated enhanced transformation ability in caspase 9 null
cells in comparison to wild-type cells as assayed by colony formation in soft agar and
tumorigenesis in nude mice (Soengas et al., 1999). Studies to orient the tumor suppressing
pathway by the same laboratory group also demonstrated that caspase 9 was downstream
of p53. Thus, caspase 9 acts as a tumor suppressor of c-Myc and H-rasV12 transformation
by playing a major role in the p53-dependent pathway of apoptosis and senescence
(Soengas et al., 1999).
Dysregulation of the apoptotic pathways may lead to pathological disorders such as
autoimmune diseases, neurodegeneration, or cancer.

One way in which apoptotic

pathways are dysregulated is by the means of alternative splicing.

Literature has

demonstrated that the alternative splicing of apoptotic genes can be detrimental to the cell.
For instance, Bcl-x alternative splicing, particularly the anti-apoptotic splice variant BclxL, is frequently seen in higher proportion in both NSCLC and SCLC. Moreover, the
dysregulation of pro- to anti-apoptotic splice variants can potentially contribute to
tumorigenesis (Groeger et al., 2004; Karczmarek-Borowska et al., 2006; Reeve et al.,
1996). Caspase 9 has also been described to undergo alternative splicing. Reports in the
literature demonstrate one aspect regulating the expression of caspase 9, specifically, a
complex post-transcriptional mechanism involving alternative splicing (Seol and Billiar,
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1999; Srinivasula et al., 1999). In this regard, the caspase 9 gene produces two splice
variants, caspase 9a and caspase 9b, via inclusion or exclusion of a four exon cassette,
exons 3, 4, 5, and 6. Inclusion of this cassette into the mature transcript produces the proapoptotic, tumor suppressor, caspase 9a, while the exclusion produces the anti-apoptotic,
caspase 9b (Seol and Billiar, 1999; Srinivasula et al., 1999). The caspase 9b protein lacks
the catalytic domain while retaining all other amino acid sequence such as the APAF-1
association region (Seol and Billiar, 1999; Srinivasula et al., 1999). Caspase 9b inhibits
activation of caspase 9a in two distinct ways. Primarily, caspase 9b competes with fulllength caspase 9a for binding to the apoptosome, a large multi-protein structure formed in
the process of apoptosis and responsible for activating caspase 9a. Secondly, caspase 9b
has been demonstrated to heterodimerize with caspase 9a, rendering the protein structurally
incapable of auto-proteolysis (Seol and Billiar, 1999; Srinivasula et al., 1999). Hence,
regulation of the inclusion of this four exon cassette is a critical factor in determining
whether a cell is susceptible or resistant to apoptosis as well as possible modulation of the
tumor suppressing ability of the enzyme.
In this chapter, I demonstrate that the alternative splicing of caspase 9 is
dysregulated in a large percentage of NSCLC tumors. In addition, I present how the
alternative splicing of caspase 9 regulates the anchorage-independent growth and
tumorigenic capacity of NSCLC cells.
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2.2 Materials and Methods
2.2.1. Cell Culture
A549 cells were grown in 50% RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA)
and 50% Dulbecco's modified Eagle's medium (Invitrogen Life Technologies, Carlsbad,
CA) supplemented with L-glutamine, 10% (v/v) fetal bovine serum (Sigma), 100 units/ml
penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). H2030 and H838 cells
were grown in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (Sigma), 100
units/ml penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). All adenocarcinoma
cell lines were purchased from ATCC (Rockville, MD, USA). HBEC-3KT cells, a
generous gift from J.D. Minna (Sato et al., 2006), were cultured with keratinocyte serumfree medium containing 50μg/ml bovine pituitary extract and 5ng/ml recombinant
epidermal growth factor (Life Technologies, Gaithersburg, MD). All cell lines were
maintained at less than 80% confluency under standard incubator conditions (humidified
atmosphere, 95% air, 5% CO2, 37 °C). For all comparison studies between cell lines, 1.2
x 105 cells were plated in tissue culture plates (6-well dish). The following day, media was
removed, cells were washed extensively with 1 x PBS and plated in keratinocyte serumfree medium without supplements overnight. Total RNA and/or protein was then isolated
for analysis.
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2.2.2. Quantitative/Competitive RT-PCR
Total RNA from cell lines were isolated using the RNeasy® Mini Kit (Qiagen Inc.,
Valencia, CA) according to the manufacturer„s protocol. Total RNA (1 μg) was reversetranscribed using Superscript III reverse transcriptase (SuperScript™ First-Strand
Synthesis System for RT-PCR, Invitrogen™, Carlsbad, CA) and oligo (dT) as the priming
agent. After 50 min of incubation at 42°C, the reactions were terminated by heating at
70°C for 15 min. Template RNA was then removed using RNase H (Invitrogen, Carlsbad,
CA). To quantitatively evaluate the expression of endogenous caspase 9 splice variants, an
upstream 5„primer to caspase-9 (5„-GCT CTT CCT TTG TTC ATC TCC-3„) and a 3„
primer (5„-CAT CTG GCT CGG GGT TAC TGC-3„) (Integrated DNA Technologies, Inc.,
Coralville, IA) were used. Using these primers, 20% of the reverse transcriptase reaction
was amplified for 25 cycles (94°C, 30 s melt; 57°C, 30 s anneal; 72°C, 1 min extension)
using Platinum Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA). Gene
products produced from endogenous caspase 9 PCR resulted in a 1248 base pair caspase 9a
splice variant and 798 base pair caspase 9b splice variant. The final PCR products were
resolved on a 5% TBE acrylamide gel electrophoresis, stained with SYBR® Gold
(Invitrogen™, Carlsbad, CA) and visualized using a Molecular Imager® FX (Bio-Rad)
with a 488 nm EX (530 nm BYPASS) laser.

2.2.3. Western Immunoblotting
Cells were lysed using CelLytic™ lysis Buffer (Sigma-Aldrich) supplemented with
protease inhibitor cocktail (Sigma-Aldrich). Protein samples (5 μg) were subjected to 10%
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SDS-PAGE, transferred to a polyvinylidene difluoride membrane (PDVF) (Bio-Rad) and
blocked in 5% milk/1 X PBS – 0.1% Tween (M-PBS-T) for 2 h. Primary antibodies were
anti-caspase 9 (1:1,000, Assay Designs) and anti-β-actin (1:5,000, Sigma-Aldrich).
Secondary antibodies were HRP-conjugated goat anti-mouse (1:5,000, Sigma-Aldrich).
Immunoblots were developed using Pierce enhanced chemiluminescence (ECL) reagents
and Bio-Max film.

2.3. Results
2.3.1. The alternative splicing of caspase 9 is dysregulated in NSCLC tumors and cell
lines. In this study, we tested the hypothesis that the alternative splicing of caspase 9 was
dysregulated in cancer phenotypes (in a pro-survival/lower caspase 9a/C9b mRNA ratio).
Specifically, the ratio of caspase 9a/9b mRNA was compared between pathologist-verified
human lung tumor samples and normal human lung tissue (Table 2-1). Depending on the
level of dysregulation of each sample, tumor samples were sub-divided into 3 groups
respectively: normal, a caspase 9a/9b mRNA ratio of ≥3.5; moderately dysregulated,
ranging from a 2.3-3.4 ratio of caspase 9a/9b mRNA; and highly dysregulated, a caspase
9a/9b mRNA ratio ≤2.2 (Figure 2-2, Panels A and B). The normal group corresponds to the
normal ratio of caspase 9a/9b mRNA observed in non-transformed cells; the moderately
dysregulated group corresponds to a ratio of caspase 9a/9b reported to have a significant,
but minor to moderate effect on caspase 9 activity (Seol and Billiar, 1999; Srinivasula et
al., 1999); and the highly dysregulated group corresponds to a ratio of caspase 9a/9b
reported to significantly reduce caspase 9 activity and inhibit the association of caspase 9a
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Figure 2-2: Caspase 9a/9b ratio is dysregulated in lung
adenocarcinoma tumors. A) Upper Panel: A sample population of
cDNAs from pathologist-verified lung adenocarcinomas, which underwent
quantitative/competitive PCR for caspase 9 splice variants. Lower Panel:
The figure depicts a sample of the matched pair analysis where N = normal
tissue and T = tumor tissue. B) The graph depicts the percentage of lung
tumors grouped by caspase 9a/9b mRNA ratio. The data are N=81. C) The
graph depicts human lung tumor samples (NSCLC) directly compared to
normal lung tissues (normal); *P<0.05, student t-test.

and APAF-1 (Seol and Billiar, 1999; Srinivasula et al., 1999). Quantitative/competitive
RT-PCR analysis (Siebert and Larrick, 1992) of caspase 9 splice variants (Chalfant et al.,
2002) showed that 40% of the NSCLC tumors examined (N=81) presented with a highly
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dysregulated ratio of caspase 9a/9b mRNA compared to normal lung tissue. Only 15% of
the lung tumor samples demonstrated a normal ratio of caspase 9a/9b mRNA, and 45% of
the lung tumor samples demonstrated a moderately dysregulated ratio of caspase 9a/9b
mRNA. The entirety of the human lung tumors were also compared directly to normal
lung tissue demonstrating a reduction of 36% in the caspase 9a/9b mRNA ratio in human
lung tumors (Figure 2-2, Panel C). Thus, the ratio of caspase 9a/9b mRNA is dramatically
lower in a high percentage of clinically relevant NSCLC tumors correlating with loss of
activity of the tumor suppressor, caspase 9a, and favoring a pro-survival/apoptotic
resistance phenotype.
Although all of our samples are >50% NSCLC tumor, contamination of other cell
types may affect results. Therefore, we examined a pure population of non-transformed
lung epithelial cells, specifically HBEC-3KT cells, for their caspase 9a/9b ratio in
comparison to the transformed lung adenocarcinoma cell lines, A549, H838, and H2030
cells (see Table 2-2 for cell line phenotypes). HBEC-3KT cells demonstrated a “normal”
ratio of caspase 9a/9b mRNA of 4.5 ± 0.08 (Figure 2-3, Panel A). In comparison to the
non-transformed cell line, all three adenocarcinoma cells lines (A549, H838, H2030 cells)
demonstrated a dysregulated ratio of caspase 9a/9b mRNA: A549: 2.2 ± 0.14; H838: 1.4 ±
0.08; H2030: 2.6 ± 0.12 (Figure 2-3, Panel A). Importantly, the dysregulation in the ratio
of caspase 9a/9b mRNA translated to the protein level (Figure 2-3, Panel B). These
observations indicate that the alternative splicing of caspase 9 is dysregulated in lung
adenocarcinoma cell lines as well as NSCLC tumors.
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Figure 2-3: Caspase 9a/9b ratio is dysregulated in transformed lung
epithelial cells. A and B) The figure depicts the caspase 9 splicing ratio
observed in non-transformed HBEC-3KT cells versus NSCLC cell lines at
the RNA (A) and protein level (B). Data are N=3 on two separate
occasions.
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2.3.2. The alternative splicing of caspase 9 regulates the anchorageindependent growth and tumorigenic capacity of NSCLC cells. Based on the above
findings and the knowledge that caspase 9a is a possible tumor suppressor (Soengas et al.,
1999), although controversial (Scott et al., 2004), we hypothesized that the alternative
splicing of caspase 9 has a major role in maintaining the transformed phenotype of NSCLC
cells. To test this hypothesis, multiple clones and “batch cultures” of A549 cells stably
expressing either caspase 9b cDNA and caspase 9b shRNA were produced (Figure 2-4,
Panel A and Table 2-3). Stable expression of caspase 9b shRNA essentially abolished the
ability of A549 cells to grow in soft agar and reduced the mean diameter of cellular
colonies (Figure 2-4, Panels B-D). In contrast, low ectopic expression of caspase 9b
significantly increased the ability of A549 cells to grow in soft agar (Figure 2-4, Panels B
and C). These effects did not require stable expression and were not due to integration
artifacts as short term expression of caspase 9b shRNA and caspase 9b cDNA or use of
stable “batch” cell lines produced comparable results (data not shown).
These observations translated to the NSCLC cell lines, H838 and H2030 cells, in
several ways. First, stable expression of caspase 9b shRNA was obtained in both H2030
and H838 cells with both demonstrating a dramatic loss in the ability of these cells to grow
in soft agar analogous to the findings in A549 cells (Figure 2-5). In addition, H838 and
H2030 cells stably expression low ectopic expression of caspase 9b demonstrated a
marked increase in colony formation in constrast to control cell lines (Figure 2-5). Thus,
the biological effects of modulating caspase 9b translate to other NSCLC cell lines.
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Figure 2-4: Caspase 9 regulates the anchorage-independent growth in
A549 cells. A) Total RNA was isolated from the listed clonal cell lines and
analyzed by competitive/quantitative RT-PCR for caspase 9 splice variants.
B) Cells (2 x 103) were plated into 6-well dishes in soft agar and cultured
for 14 days before the colony count. C) Quantization (mean) of the number
of colonies for the indicated clonal cell lines. N=6; error bars represent SE;
*P < 0.005 between A549 + shRNA control versus A549 + C9b shRNA; **P
< 0.001 between A549 + vector control versus A549 + C9b ectopic, student
t-test. D) Colony formation assays in soft agar for the A549 vector control,
A549 + C9b shRNA, and A549 + C9b ectopic cell lines. Quantization
(mean) of colony diameters (cm) for the indicated clonal cell lines. N=6;
error bars represent SE; *P < 0.005 between A549 shRNA control versus
A549 + hnRNP L shRNA, **P < 0.001 between A549 vector control versus
A549 + C9b ectopic, student t-test.
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Figure 2-5: Caspase 9 regulates the anchorage-independent growth in
lung adenocarcinoma cell lines. A) Characterization of H838 and
H2030s with caspase 9b shRNA or caspase 9b ectopic expression by
quantitative/competitive RT-PCR analysis. B) Quantization of the number
of colonies (% control) for H838 batch cell lines formed in soft agar. N=6;
error bars represent SE.
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The tumorigenic capacity of these A549 cell lines was also characterized using
A549 xenograph tumor formation in SCID mice. Figure 2-6, Panel A shows that stable
downregulation of of caspase 9b by shRNA technology also induced a complete loss of
tumor formation in 10 out of 12 injections. The remaining tumors that formed in the
caspase 9b shRNA expressing cells demonstrated a dramatic loss in tumor volume (Figure
2-6, Panel A). Pathological analysis confirmed the complete loss of tumor formation for
the caspase 9b shRNA experiments. In contrast, low ectopic expression of caspase 9b
induced a dramatic increase in tumor volume (Figure 2-6, Panel A). Interestingly, a
different pathological phenotype was observed in the two minor tumors formed from cell
lines expressing caspase 9b shRNA (Figure 2-6, Panel B). Specifically, caspase 9b shRNA
xenographs demonstrated a greater quantity of matrix along with no presence of gland-like
structures or invasion into the adjacent tissue in comparison to the A549 vector control
xenographs. Furthermore, the caspase 9b shRNA tumors formed from the caspase 9b
shRNA cells lost major architectural features of adenocarcinomas, and an inflammatory
response was also observed. Large quantities of neutrophils were also present along with
visible apoptotic bodies, but there was a distinct absence of necrosis. Lastly, the effect of
the downregulation of caspase 9b on anchorage-independent growth and tumorigenic
capacity was not due to the enhancement of spontaneous apoptosis rates as no significant
effect on these rates in the A549 caspase 9b shRNA cells was observed in comparison to
vector control cells (data not shown) (Hagg et al., 2002). Overall, these data demonstrate
that the loss of caspase 9b dramatically alters the tumorigenic capacity of NSCLC cells.
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Figure 2-6: Caspase 9 regulates the tumorigenic capacity in
A549 cells. A) The cell lines presented in Panel A were injected into
SCID mice (5 x 106), and tumor volume was measured at the end of
28 days as represented as average size of tumor (cm3); error bars
indicate SE; *P <0.05 between A549 + control shRNA versus A549 +
C9b shRNA; **P < 0.005 between A549 + vector control versus A549
+ C9b ectopic student t-test. B) H&E stain of the tumors presented in
Panel D with magnification ranging from 4X to 40X.
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2.4 Discussion
Lung cancer is the leading cause of cancer mortality accounting for an estimated
28% of all cancer deaths in the United States, and the mortality rates for lung cancer have
not significantly deceased over the years. Specifically, NSCLC accounts for 80% of lung
cancers diagnosed in constrast to SCLC, which account for 20%. Therefore, understanding
key mechanisms underlying the maintainence of NSCLC is of key importance. In this
chapter, the data demonstrated that the alternative splicing of caspase 9 is dysregulated in a
pro-survival manner (lower caspase 9a/9b mRNA ratio) in a sample population of 81
pathologist-verified human NSCLC adenocarcinoma tumor samples. Specifically, 85% of
tumor samples presented with a moderately to highly dysregulated caspase 9a/caspase 9b
splicing ratio. In addition, we utilized NSCLC cell lines because these involve pure
population of cells and found that in comparison to our non-transformed HBEC3-KT cell
line, the transformed cell lines (H838, A549, and H2030) demonstrated dysregulated
caspase 9 splicing ratios.
These studies led us to investigate the role of the alternative splicing of csspase 9 in
maintaining the transformed phenotype of NSCLC cells. Importantly, A549 cells stably
expressing caspase 9b shRNA lost major architectural features of adenocarcinomas in
contrast to control and caspase 9b cDNA cell lines.

In conclusion, these studies

demonstrate that the ratio of caspase 9a/9b mRNA played a significant and physiologically
relevant role in the activity of caspase 9 and the tumorigenic capacity of NSCLC cells.
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CHAPTER 3
IDENTIFICATION OF THE RNA TRANS-FACTOR HNRNP L AND ITS
ASSOCIATION WITH AN EXONIC SPLICING SILENCER IN EXON 3 OF
CASPASE 9

3.1 Introduction
Alternative splicing of pre-mRNAs is a major contributor involved in protein
diversity of organisms as well as the control of gene expression levels (Brett et al., 2002;
Lareau et al., 2004; Modrek and Lee, 2002; Stetefeld and Ruegg, 2005). The splicing
process must occur with high fidelity to prevent catastrophic events such as altering antiand pro- splice variant ratios (Akgul et al., 2004; Massiello et al., 2006), or producing
soluble versus membrane bound forms of the Fas receptor (Cascino et al., 1995).
While the core splicing signals known as the 5‟SS, 3‟SS, and BPS are highly
important, these are not the only critical players for splicing regulation and specificity.
Particularly, a bulk of information required for splicing relies on exonic and intronic cisregulatory elements. Depending on their activity and location, cis-elements are known as
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exonic/intronic splicing enhancers (ESE/ISE) or exonic/intronic splicing silencers
(ESS/ISS).

These cis-regulatory elements function by recruiting trans-acting splicing

factors that activate or suppress splice site recognition or spliceosomal assembly by
various mechanisms (Chasin, 2007; Matlin et al., 2005).

Although these additional

splicing regulatory elements contribute to splicing regulation, many aberrations (e.g.
mutations) are commonly seen in these elements (Faustino and Cooper, 2003).
The ESS/ISS cis-elements commonly recruit members of the heterogenous nuclear
ribonuceloprotein (hnRNP) family (Black, 2003; Zheng, 2004). The hnRNP proteins are
structurally diverse and are well-known to associate with nascent pre-mRNA. Members
within this family have deemed an array of cellular activities such as mRNA stability,
translocation, telomere maintainence, and alternative splicing (Dreyfuss et al., 2002;
Krecic and Swanson, 1999; Tanaka et al., 2007).
The caspase 9 gene is a major player in the intrinsic pathway of apoptosis and is
subject to alternative splicing. The alternative spliced form of caspase 9, caspase 9b, lacks
the catalytic domain (exon 3,4,5,6). Importantly, our laboratory has shown that the
alternative splicing of caspase 9 is dysregulated in NSCLC tumors and cell lines. In
addition, studies with SCID mice demonstrate this splcing event to regulate the
tumorigenic capacity of NSCLC cells. Thus, identifying the factors responsible for
silencing the exon 3,4,5,6 cassette of caspase 9 is of significant importance.
In this chapter, we describe the identification of an RNA cis-element, C9/E3-ESS,
located in exon 3 of caspase 9 pre-mRNA. Manipulation of C9/E3-ESS by replacement
mutagenesis dramatically increased the minigene mRNA ratio of caspase 9a/caspase 9b.
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Additionally, mass spectrometry analysis on the RNA:protein complexes at the purine-rich
sequences in exon 3 of caspase 9 identified hnRNP L.

Moreover, affinity-assays

demonstrated

with

hnRNP

L

to

specifically

associate

the

C9/E3-ESS.

3.2 Materials and Methods
3.2.1. Nuclear Extracts
Nuclear extracts were prepared from A549 lung adenocarcinoma cells according to the
method of Dignam et al. as described previously (Massiello et al., 2006). Protein
concentrations were determined by a modification of the Bradford method using the BioRad protein assay reagent.

3.2.2. Electromobility Shift Assay (EMSA)
The following sequences was used for the FITC-tagged RNA oligonucleotides (FL-C9/E3ESS): Exon 3 of Caspase 9: (5‟Fl- GAG AGU UUG AGG GGA AAU). The following
competitor sequences were used: caspase 9 exon 3 non-specific competitor (NSC), (5‟GAA UUC GCA CGU UA); caspase 9 exon 3 specific competitor (SC), (5‟-GAG UUU
GAG GGG AA). RNA binding reactions were performed in a final volume of 25 μl
containing: 100 ng of fluorescein-oligonucleotide, 50 μg A549 nuclear protein extract, 40
U RNAsin, and 11.3 µg tRNAs in buffer composed of 10 mM HEPES, 5 mM DTT, 120
mM KCl, 3mM MgCl2, and 5% glycerol. The reactions were incubated on ice with either
100-fold molar excess of NSC or SC oligonucleotides for 5 min, followed by 20 min
incubation on ice with FL-C9/E3-ESS. Samples were loaded on a 5% TBE-acrylamide gel
for electrophoretic separation of RNA:protein complexes. The gel was then scanned using
Molecular Imager® FX (Bio-Rad) with a 488 nm EX (530 nm BYPASS) laser.
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3.2.3. Mass Spectrometry Analysis
Identification of RNA:protein complexes was performed at the Emory University Mass
Spectrometry Center. Briefly, RNA:protein complexes were excised from the gel and ingel trpysin digestion was performed. The tryptic mixtures were injected and analyzed by
nano-LC-MS/MS. Proteins identified by nano-LC-MS/MS were based on independent
sequencing of peptides. Nano-LC-MS/MS results were obtained by searching the Mascot
database (Matrix Science; Boston, MA).

3.2.4. Streptavidin-agarose Affinity Purification
The following sequences were used for biotinylated-tagged RNA oligonucleotides:
Caspase 9, exon 3 (Bio-C9/E3-ESS): (5‟Bio- GAG AGU UUG AGG GGA AAU G 3‟);
Caspase 9, exon 3 core mutant (Bio-C9/E3-ESS MUT): (5‟Bio- GAG AGU UUG CTA
CTA AAU G 3‟); non-specific oligo (NSC2): (5‟Bio- ACU GCC AGU UAC GAC);
unlabeled specific competititor (SC): (5‟- GAG UUU GAG GGG AA); and unlabeled nonspecific competitor (NSC1): (5‟- GAA UUC GCA CGU UA) (Dharmacon Inc., Lafayette,
CO).

Also, see Table 3-1 for additional “cold” unlabeled RNA oligonucleotide

competitors utilized in these studies. Reaction mixtures were first pre-cleared for 2 hrs at
4ºC with streptavidin-agarose beads (20 µl) (50 μg A549 nuclear extract, 40 U RNASIN,
11.3 µg tRNAs, 10 mM HEPES, 5 mM DTT, 120 mM KCl, 3 mM MgCl2, and 5%
glycerol). Reaction mixtures were then incubated with 100-fold molar excess of either
NSC or SC oligo for 5 min following the addition of either 400 ng Bio-C9/E3-ESS or BioNSC-2 incubated on ice for 30 min. New streptavidin-agarose beads were then added to
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RNA-binding reactions and incubated at 4º for 2 hours with gentle agitation.
RNA:protein-binding reactions were washed with buffer containing 100 mM KCl, 20 mM
Tris-HCl at pH 7.5, and 0.2 mM EDTA. After washing, the complex was pelleted by
centrifugation. The pellet was resuspended in Laemmli buffer, dry boiled for 10 min, and
subjected to SDS-PAGE/western immunoblotting analysis.

3.2.5. Western Immunoblotting
Cells were lysed using CelLytic™ lysis buffer (Sigma-Aldrich) supplemented with
protease Inhibitor cocktail (Sigma-Aldrich). Total protein lysates were then diluted in SDS
sample buffer and dry boiled for 10 minutes. Protein samples (5 μg) were subjected to
10% SDS-PAGE, transferred to a polyvinylidene difluoride membrane (PDVF) (Bio-Rad)
and blocked in 5% milk/1 X PBS – 0.1% Tween (M-PBS-T) for 2 h. The membrane was
incubated with the following primary antibodies: anti-caspase 9 (1:1,000, Assay Designs),
anti-hnRNP L (1:1000, Santa Cruz), anti-hnRNP A2/B1 (1:1000, Santa Cruz), anti-myctag (1:1000; Abcam), and anti-β-actin (1:5,000, Sigma-Aldrich). Secondary antibodies
were HRP-conjugated goat anti-mouse (1:5,000, Sigma-Aldrich). Immunoblots were
developed using Pierce enhanced chemiluminescence (ECL) reagents and Bio-Max film.

3.2.6. Imaging/quantification
All data presented in this chapter was generated via using multiple laser scans or film
exposures and are not manipulated by adjusting brightness and contrast. Multiple
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exposures and various scans at multiple laser intensities were utilized to present the data
for easy discernment of the appropriate effects by readers.

3.3 Results
3.3.1. Identification of a purine-rich exonic splicing silencer in exon 3 of caspase 9
pre-mRNA. Due to the biological findings found in the previous chapter, our laboratory
examined the mechanistic regulation of the pre-mRNA processing of caspase 9. In an
effort to identify exonic splicing enhancers and silencers, our laboratory constructed a
functional minigene to assay the inclusion/exclusion of the exon 3, 4, 5, 6 cassette of
caspase 9 in cells. This was accomplished by ligation of three DNA fragments of the
caspase 9 gene into pcDNA 3.1(-). The three fragments were: 1) a 603 bp fragment
contained part of exon 2 and intron 2; 2) a 3962 bp fragment containing part of intron II,
all of exons 3,4,5,6 along with their intervening intronic sequences (all of the sequence for
introns 3, 4, and 5), and part of intron 6; and 3) a 431 bp DNA fragment containing part of
intron 6 and part of exon 7 (Figure 3-1).
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Figure 3-1: Caspase 9 minigene construct in pcDNA 3.1 (-).
Schematic of the functional minigene construct for caspase 9
constructed in pcDNA 3.1(–) zeocin with arrows indicating the location of
primers used in the RT-PCR assay.

Within the exon 3,4,5,6 cassette, ten purine-rich sequences were identified as
possible exonic/intronic splicing enhancers (ESEs/ISEs) and exonic/intronic splicing
silencers (ESSs/ISSs) by: 1) screening the exon 3,4,5,6 cassette for known RNA ciselements (e.g. purine-rich regions); 2) using ESE finder 2.0 (Cartegni et al., 2003) ; and 3)
using Splicing Rainbow (Koscielny et al., 2009) (Figure 3-2). Replacement mutagenesis of
these sequences identified a particular purine-rich sequence in exon 3 (Figure 3-2 and
Figure 3-3, Panel A) that acted as an ESS. Mutation of this purine-rich sequence in exon
3, AGGGGA, resulted in a significant increase of the caspase 9a/caspase 9b mRNA ratio
in A549 cells from 2.7 ± 0.05 to 5.3 ± 0.05 (p-value < 0.0002) (Figure 3-3, Panel B). Of
the ten purine-rich sequences mutated in the caspase 9 minigene, only the mutagenesis of
this particular sequence had the effect of increasing the ratio of caspase 9a/9b mRNA.
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Figure 3-2: Potential cis-regulatory elements in the exon 3,4,5,6
cassette in caspase 9. Schematic representation of 10 potential
regulatory cis-elements and their corresponding mutagenic sequences
(No.’s 1-10) and location in caspase 9. Number 1 represents the
sequence termed C9/E3-ESS.

Mutation of this ESS also induced an increase in the ratio of caspase 9a/9b minigene
mRNA in H2030 and H838 cells, but interestingly no effect on the C9a/C9b ratio was
observed in non-transformed HBEC3-KT cells (Figure 3-3, Panel C). Therefore, the
purine-rich sequence, AGGGGA, in exon 3 of caspase 9 pre-mRNA acts as an exonic
splicing silencer (ESS) for the inclusion/exclusion of the exon 3,4,5,6 cassette in
transformed NSCLC cells and is designated as caspase 9 exon 3-ESS (C9/E3-ESS) for the
remainder of the report.
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Figure 3-3: Identification of an exonic splicing silencer in exon 3 of
caspase 9 pre-mRNA. A) Schematic representation of the exonic splicing
silencer (C9/E3-ESS) located in exon 3 of the caspase 9 gene. * =
Location of the C9/E3-ESS purine-rich sequence. This figure also depicts
the wild-type and mutagenic sequence of the C9/E3-ESS utilized in Panel
C. B) A549 cells were transfected with the pcDNA 3.1(-) zeocin plasmid
containing the caspase 9 minigene (C9 WT MG) (1 µg), exon 3 mutant
minigene (E3 MUT MG) (1 µg), or empty vector control (EV) (1 µg) for 24
hours. Total RNA was extracted and analyzed by competitive/quantitative
RT-PCR for the ratio of minigene caspase 9a/9b mRNA. C) Same assay
as (B) including the cell lines H838, H2030, and HBEC3-KT. Data are N=4
from two separate experiments.
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3.3.2. hnRNP L binds specifically to the exonic splicing silencer in exon 3 of caspase 9
pre-mRNA. To study the RNA trans-factors interacting with C9/E3-ESS, a fluoresceintagged RNA oligonucleotide was produced corresponding to the purine-rich regions of
exon 3, FL-5‟ GAGAGUUUGAGGGGAAAU. Electromobility shift assays (EMSAs)
coupled with competitor studies demonstrated three specific protein:RNA complexes
associated with this sequence designated complex I, II, and III (Figure 3-4, Panel A). To
identify

the

RNA

trans-factors

bound

to

the

C9/E3-ESS,

nanospray liquid

chromatography-tandem mass spectrometry (nsno-LC-MS/MS) analysis was employed on
the three complexes. Besides the normal contaminants (e.g. keratin and HSP70), two RNA
trans-factors were identified in the three RNA/protein complexes, both with x-corr values
>20. Specifically, hnRNP A2/B1 (36 kDa) was identified in complex I and III, while
hnRNP L (65 kDa) was identified in complex II and III (Figure 3-4, Panel A).
The specific interaction of these RNA trans-factors with exon 3 was verified by
performing a biotin/streptavidin affinity assay using A549 nuclear extracts. Biotinylated
RNA oligonucleotides (ROs) corresponding to the purine-rich regions of exon 3 were
utilized for this affinity assay (Table 3-1), Biotin-5‟ GAGAGUUUGAGGGGAAAU (BioWT

C9/E3-ESS),

a

mutant

RO

for

the

C9/E3-ESS,

Biotin-5‟

GAGAGUUUGCTACTAAAU (Bio-C9/E3-ESS-mut), and a Biotin-5‟ non-specific
control sequence (Bio-NSC2). Analysis verified that both RNA trans-factors, hnRNP L
and A2/B1, specifically interacted with the purine-rich regions in exon 3 of caspase 9
(Figure 3-4, Panel B) as the non-specific RNA sequence (Bio-NSC2) did not show any
interaction with these RNA trans-factors. More importantly, the Bio-C9/E3-ESS-mut,
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which possesses the same mutations utilized in the minigene assays in Figure 3-3, did not
significantly interact with hnRNP L in contrast to hnRNP A2/B1. Thus, both hnRNP L and
hnRNP A2/B1 specifically interact with the purine-rich regions exon 3 of caspase 9 premRNA, but only hnRNP L interacts specifically with the C9/E3-ESS sequence.
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Figure 3-4: hnRNP L associates to the purine-rich sequences in exon
3 of caspase 9. A) A 5’ FITC-tagged RNA oligonucleotide (RO)
corresponding to the purine-rich sequences in exon 3 of caspase 9 were
incubated in the presence of nuclear extract from A549 cells or IgG
(control) and subjected to EMSAs. Non-specific competitor-1 (NSC-1) or
specific competitor (SC) ROs were also added (100-fold molar excess) as
indicated. Arrows indicate the three specific RNA:protein complexes. The
RNA:protein complexes (complexes I, II, and III) were also subjected to
nano-LC-MS/MS analysis. The RNA trans-factors depicted obtained x-corr
values > 20. B) A 5’ biotinylated wild-type C9/E3-ESS RO (Bio-C9/E3ESS), 5’biotinylated mutant ROs (Bio-Mut C9/E3-ESS), or a 5’ biotinylated
non-specific RO (Bio-NSC-2) were incubated in the presence of nuclear
extract from A549 cells or IgG (control), subjected to SDS-PAGE and
western immunoblotting analysis (anti-hnRNP L antibody; anti-hnRNP
A2/B1 antibody). Unlabeled non-specific ROs (e.g. NSC-1) at a 100-fold
molar excess were also added to the reactions as indicated. Sup
designates the corresponding supernatant from the Bio-WT C9/E3-ESS to
show the remaining RNA trans-factor after affinity purification.
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To determine where hnRNP A2/B1 specifically bound in exon 3 (e.g. AGGGGA)
as well as identify other important nucleic acid residues for the hnRNP L interaction, ROs
that possess mutations in various sites within the purine-rich regions of exon 3 were
designed (Table 3-2). In particular, RO4 and RO2 possess similar and flanking mutations

compared to the “core” mutations utilized to identify C9/E3-ESS using the caspase 9
minigene in Figure 3-3. The competition affinity-based assays utilized in Figure 3-4 were
repeated utilizing each mutant RO as an unlabeled “cold” competitor in comparison to
“cold” NSC and SC competitors. RO4 was unable to compete for hnRNP L interaction
with Bio-C9/E3-ESS (Figure 3-5, Panel A). Furthermore, RO2 was only a partial
competitor for the hnRNP L/Bio-C9/E3-ESS interaction. In contrast, the hnRNP A2/B1
interaction with exon 3 was abolished to the same extent by RO4 and RO2 as unmutated
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exon 3 competitor sequence (SC) (Figure 3-5, Panel B). In further contrast, RO3 and to an
extent RO1 were unable to compete for hnRNP A2/B1 binding in contrast to hnRNP L
(Figure 3-5, Panel B). Therefore, hnRNP L specifically associates with C9/E3-ESS in exon
3 as well as flanking nucleotide sequences, whereas hnRNP A2/B1 associates to a purinerich region 6-11 bp upstream of the previously identified C9/E3-ESS sequence (Figure 3-5,
Panel C).

Figure 3-5: hnRNP L associates specifically with the C9-E3/ESS. A and
B) The Panel B experiments was repeated but with the addition (100-fold
molar excess) of either unlabeled non-specific competitor (NSC1), unlabeled
competitor ROs (RO1-RO4, or unlabeled specific competitor (SC)) as
indicated. Data in Figure 4 are N=4 on two separate occasions. C) A cartoon
schematic indicating the locations of the hnRNP L and hnRNP A2/B1
interaction with exon 3 of caspase 9 pre-mRNA.
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3.3 Discussion
While the alternative splicing of capsase 9 plays a role in maintaining the
transformed phenotype of NSCLC cells, the underlying mechanism regulating this event is
still at question. Previously, our laboratory identified an SR protein, SRp30a, as a critical
splicing factor in the alternative splicing of caspase 9 pre-mRNA (Massiello and Chalfant,
2006). This led us to investigate the exon 3,4,5,6 cassette of caspase 9 for exonic splicing
enhancers that would potentially associate with SRp30a. Surprisingly, the studies in this
chapter led to the identification of a purine-rich sequence in exon 3 which acted as an
exonic splicing silencer. Mass spectrometry analysis of the RNA trans-factor associating
with the ESS identified hnRNP L and hnRNP A2/B1. Moreover, competition affinity
assays demonstrated hnRNP specifically associates with the purine-rich sequence,
AGGGGA, in comparison to hnRNP A2/B1 that associated upstream.
These findings are important for many reasons. First, they provide insight to the
mechanistic understanding of the RNA cis-elements and RNA trans-factors involved in the
alternative splicing of caspase 9. This is highly important as the splicing ratio of caspase 9
has been demonstrated to be dysregulated in a significant amount of NSCLC tumors as
well as cell lines. In addition, the demonstration that hnRNP L associated with a purinerich sequence (AGGGGA) is novel as the literature has only found hnRNP L to associate
with C/A rich cis-elements (Hui et al., 2003b; Hung et al., 2008; Yu et al., 2009). In
conclusion, these results demonstrate the identification of the RNA trans-factor hnRNP L
as binding to C9-E3/ESS of the caspase 9 pre-mRNA transcript and an insight into the
mechanistic regulation of the alternative splicing of caspase 9.
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CHAPTER 4

HNRNP L REGULATES THE TUMORIGENIC CAPACITY OF LUNG CANCER
XENOGRAFTS IN MICE VIA THE ALTERNATIVE SPLICING OF CASPASE 9

4.1. Introduction
Abberations in alternative splicing occurs in many cancers. The altered transcripts
which arise from dysregulated splicing events can bring about different protein isoforms
with possible tumorigenic properties (Kalnina et al., 2005; Schwerk and Schulze-Osthoff,
2005; Venables, 2006). One way in which alternative splicing events are dysregulated can
result from the changes in concentration, localization, modification, or activity of transacting factors.
The role of alternative RNA splicing in cancer phenotypes is largely understudied,
but several recent reports have brought to light the possibility that these RNA trans-factors
can act as oncogenic factors. For example, Sharp and co-workers recently demonstrated
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that the RNA trans-factor, SRm160, played a prominent role in regulating the alternative
splicing of CD44 stimulated by H-rasV12 with a biological role in the anchorageindependent growth ability of cancer cells (Cheng and Sharp, 2006). In another report,
Krainer and co-workers demonstrated that overexpression of SRp30a acted as an oncogene
cooperating to enhance the tumorigenic capacity of NIH 3T3 cells in nude mice (Karni et
al., 2007). More recently, Carstens and co-workers found that the RNA trans-factors,
ESRP1 and ESRP2, are regulators of FRFR2 splicing. Importantly, when these regulators
are downregulated in cells that express FGFR2-IIIb, a switch from an epithelial to a
mesenchymal phenotype occurs (Warzecha et al., 2009). These recent reports show that
alternative splicing plays a prominent role in the oncogenic potential of cancer cells.
Since hnRNP L was found to be associated with an exonic splicing silencer in exon
3 of caspase 9, we investigated the role of hnRNP L on the alternative splicing of caspase
9. Our studies found hnRNP L modulated the caspase 9a/9b mRNA ratio. Further studies
demonstrated that the phospho-state of hnRNP L is higher in NSCLC cells versus nontransformed lung epithelial cells, and phosphorylated hnRNP L modulates the alternative
splicing of caspase 9. Our studies also show that hnRNP L regulated the tumorigenic
capacity of NSCLC cells via post-transcriptional processing of caspase 9 pre-mRNA.
Therefore, this study identifies the regulation of the phospho-state of hnRNP L and
subsequent post-transcriptional processing of caspase 9 as a key cellular mechanism for the
growth and maintenance of NSCLC tumors.
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4.2. Materials and Methods
4.2.1. Cell Culture
A549 cells were grown in 50% RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA)
and 50% Dulbecco's modified Eagle's medium (Invitrogen Life Technologies, Carlsbad,
CA) supplemented with L-glutamine, 10% (v/v) fetal bovine serum (Sigma), 100 units/ml
penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). H2030 and H838 cells
were grown in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (Sigma), 100
units/ml penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). All adenocarcinoma
cell lines were purchased from ATCC (Rockville, MD, USA). HBEC-3KT cells, a
generous gift from J.D. Minna, were cultured with keratinocyte serum-free medium
containing 50μg/ml bovine pituitary extract and 5ng/ml recombinant epidermal growth
factor (Life Technologies, Gaithersburg, MD). All cell lines were maintained at less than
80% confluency under standard incubator conditions (humidified atmosphere, 95% air, 5%
CO2, 37 °C). For all comparison studies between cell lines, 1.2 x 105 cells were plated in
tissue culture plates (6-well dish). The following day, media was removed, cells were
washed with 1 x PBS and plated in keratinocyte serum-free medium without supplements
overnight. Total RNA and/or protein was then isolated for analysis.
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4.2.2. Quantitative/Competitive RT-PCR
Total RNA from cell lines were isolated using the RNeasy® Mini Kit (Qiagen Inc.,
Valencia, CA) according to the manufacturer„s protocol. Total RNA (1 μg) was reversetranscribed using Superscript III reverse transcriptase (SuperScript™ First-Strand
Synthesis System for RT-PCR, Invitrogen™, Carlsbad, CA) and oligo (dT) as the priming
agent. After 50 min of incubation at 42°C, the reactions were terminated by heating at
70°C for 15 min. Template RNA was then removed using RNase H (Invitrogen, Carlsbad,
CA). To quantitatively evaluate the expression of endogenous caspase 9 splice variants, an
upstream 5„ primer to caspase-9 (5„-GCT CTT CCT TTG TTC ATC TCC-3„) and a 3„
primer (5„-CAT CTG GCT CGG GGT TAC TGC-3„) (Integrated DNA Technologies, Inc.,
Coralville, IA) were used. Using these primers, 20% of the reverse transcriptase reaction
was amplified for 25 cycles (94°C, 30 s melt; 57°C, 30 s anneal; 72°C, 1 min extension)
using Platinum Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA). Gene
products produced from endogenous caspase 9 PCR resulted in a 1248 base pair caspase 9a
splice variant and 798 base pair caspase 9b splice variant. The primers used to evaluate
caspase 8 splice variants are sense (5„-GCA TTA GGG ACA GGA ATG GA-3„) and
antisense (5„-GAA GGG GAC TTC AAA CCA GTG-3„). The PCR conditions for caspase
8 were 95ºC for 5 mins followed by 25 cycles of 94ºC for 30s, 60ºC for 30s and 72ºC for
1min. The primers used to evaluate caspase 2 splice variants are sense (5„-ACT TGC TGC
CTA AGA GGG GTC- 3„) and antisense (5„-CTT GGG CAG TTG GCG TTG TC -3„).
The PCR conditions for caspase 2 were 95ºC for 5 mins followed by 25 cycles of 94ºC for
30s, 64ºC for 30s and 72ºC for 1min. The primers used to evaluate Bcl-x splice variant
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were (5„-GAG GCA GGC GAC GAG TTT GAA-3„) and (5„-TGG GAG GGT AGA GTG
GAT GGT-3„). The PCR conditions for analyzing the expression of Bcl-x splice variants
were 95ºC for 5 mins followed by 25 cycles of 94ºC for 30s, 58ºC for 30s and 72ºC for
1min. The final PCR products were resolved on a 5% TBE acrylamide gel electrophoresis,
stained with SYBR® Gold (Invitrogen™, Carlsbad, CA) and visualized using a Molecular
Imager® FX (Bio-Rad) with a 488 nm EX (530 nm BYPASS) laser.

4.2.3. Silence interfering RNA transfection
For inhibition of hnRNP A2/B1 and hnRNP L, cell lines were transfected with either
hnRNP A2/B1 SMARTpool multiplex, hnRNP L SMARTpool multiplex or scrambled
control siRNA (Dharmacon; Lafayette, CO) using Dharmafect 1 transfection reagent
(Dharmacon; Lafayette, CO) following the manufacturer„s protocol. Briefly, cell lines
were plated in six-well tissue culture dishes and allowed to rest overnight. At 50%
confluence, cells were transfected with siRNA [100nM] using Dharmafect 1 in Opti-Mem
I reduced-serum medium. Forty-eight hours post-transfection, RNA and/or protein were
isolated.

4.2.4. Plasmid Transfection
Cell lines were transfected with caspase 9 minigene constructs and additional plasmid
vectors using Effectene® Transfection Reagent (Qiagen; Valencia, CA) following the
manufacturers protocol. Briefly, cell lines were plated at ~ 70% confluency in 6-well tissue
culture dishes. Cells were transfected with plasmid constructs (1 µg) (see Table 2-3)
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followed by 24 h standard incubation. After 24 h standard incubation, cells were examined
for minigene expression or endogenous expression by quantitative/competitive reverse
transcription (RT)-PCR. This procedure routinely gave 50% transfection efficiency for
A549 cells.

4.2.5. Stable transfections
Lentivirus transfection/selection: A549 cells (15 x 104) were transduced with lentivirus
(20 MOI) as described by manufacturers protocol for 24 hrs. The following day, lentivirus
containing media was switched with pre-warmed media for 24 hrs followed by puromycin
(50 µg/mL) selection for 2 weeks. For batch culture cell lines, cells were consistently
treated with puromycin selection marker for 2 weeks. For clonal cell lines, clonal rings
were placed over individual colonies, trypsinized, and placed in 12-well plates.

Plasmid transfection/selection: A549 cells (15 x 104) were transfected with the appropriate
plasmid (1 µg) using effectene following the manufacturer‟s protocol (Qiagen). For
selection purposes, cells were passaged into zeocin selection medium 24 hrs after
transfection to produce batch and clonal cell lines.

4.2.6. Immunoprecipitation
Cells were washed with 1 x PBS and scraped in 1 x IP buffer containing: 1% Triton x-100,
150 mM NaCl, 10 mM Tris pH 7.4, 1 mM Na3VO4, 1 mM EDTA pH 8.0, 0.5% NP-40, 0.2
mM PMSF, 0.5 mM 4-DOP, and 1 x complete protease inhibitor. The lysates were then
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sonicated, centrifuged, and the resulting supernatant was collected for analysis. 200 µg of
each sample lysate was pre-cleared with pre-washed protein G sepharose beads for 1 hour
at 4º with gentle agitation. After pre-clearing, samples were centrifuged and sample
lysates were collected.

For phosphorylation comparison amongst different cell lines,

hnRNP L monoclonal antibody (3 µg) was placed in each sample and in 4ºC with gentle
agitation overnight. For serine52 phosphorylation studies, 3 µg of myc-tag was placed into
the samples. The following day, pre-washed protein G sepharose beads were added to each
sample and placed in 4º with gentle agitation for 1 h.

After 1 h incubation, bead

complexes were centrifuged, washed extensively with 1 x IP buffer, pelleted by
centrifugation, resuspended in Laemmli buffer, dry boiled for 10 min, and subjected to
SDS-PAGE/western immunoblotting analysis.

4.2.7. Confocal Microscopy
For confocal microscopy, the cells were seeded onto 22 x 22 mm coverslips in 35 mm
plates in their appropriate medium and incubated at 37°C under 5% CO2 overnight. The
next day, cells were washed twice with 1 x PBS then fixed with 100% cold methanol for
10 min at –20°C. The slides were then washed with 1 x PBS containing 10 mM glycine and
0.2% sodium azide, followed by incubation (40 min) with the primary antibody: antihnRNP L (1:100) (Sigma). After the primary antibody incubation, cells were washed with
1 x PBS, followed by incubation with anti-mouse Alexafluor 488 secondary antibody
(1:500) for 30 min at room temperature. Coverslips were mounted in 10 mM n-propagalate
in glycerol and viewed using a Leica confocal microscope (TCS-SP2 (AOBS)).
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4.2.8. Statistical analysis
Statistical differences between treatment groups were determined by a 2-tailed, unpaired
student t-test when appropriate. P-values less than or equal to 0.05 were considered
significant.

4.2.9. Imaging/quantification
All data presented in this chapter was generated via using multiple laser scans or film
exposures and are not manipulated by adjusting brightness and contrast. Multiple
exposures and various scans at multiple laser intensities were utilized to present the data
for easy discernment of the appropriate effects by readers.

4.2.10. Animals and Tumor Models
Six-week-old male CB17-Prkdcscid/NCrCrl ORIGIN SCID mice were purchased from
Charles

River

Laboratories.

Animal experiments

Commonwealth University (VCU) (Richmond, VA).

were conducted at

Virginia

The research protocol IACUC

AM10070: NSCLC xenografts in SCID mice was approved by the VCU Institutional
Animal Care and Use Committee (IACUC) involving animal care in accordance with the
USDA Animal Welfare Regulations; the Public Health Service Policy on the Humane Care
and Use of Laboratory Animals; and The U.S. Government Principles for the Utilization
and Care of Vertebrate Animals Used in Testing, Research, and Training. VCU is in
compliance with all provisions of the Animal Welfare Act and other federal statues and
regulations relating to animals. VCU is registered under the Animal Welfare Act as a
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Class “R” Research Facility with the USDA-APHIS-Animal Care (Registration number:
52-R-0007). The Office of Laboratory Animal Welfare (OLAW) has approved the VCU‟s
Animal Welfare Assurance in compliance with the PHS Policy (Assurance number:
A3281-01). The SCID mice were acclimatized to the VCU‟s Medical School Animal
Facility for 1 week before they received injections of cancer cells: 5 x 10 6 A549 human
NSCLC cells were resuspended in 100 µL Matrigel (BD Biosciences) and injected
subcutaneously into the right hind flank. Tumors were allowed to develop up until 4
weeks. After, mice were sacrificed and tumors were extracted for further analysis.

4.3. Results
4.3.1. hnRNP L regulates the alternative splicing of caspase 9 in non-small cell lung
cancer cells. Although hnRNP A2/B1 did not assoicate specifically to the C9/E3-ESS as
compared to hnRNP L demonstrated in the previous chapter, a role for this RNA transfactor in repressing the inclusion of the exon 3,4,5,6 cassette was still a possibility. To
examine the role of both hnRNP A2/B1 and hnRNP L in regulating the ratio of caspase 9
splice variants, small interference RNA (siRNA) technology was utilized. Downregulation
of hnRNP L using a multiplex siRNA (100 nM (25 nM for each sequence)) resulted in a
significant increase in the ratio of caspase 9a/9b mRNA from 2.2 ± 0.07 to 3.9 ± 0.07, p <
0.005 (N=4) (Figure 4-1, Panel A). On the other hand, multiplex siRNA treatment against
hnRNP A2/B1 had no significant effect on the ratio of caspase 9a/9b mRNA (Figure 4-1,
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Panel B). Western immunoblot analysis confirmed a > 80% downregulation of both
hnRNP A2/B1 and hnRNP L compared to samples from cells treated with control siRNA
(Figure 4-1, Panels A and B). Importantly, the effect of hnRNP L siRNA on the caspase
9a/9b mRNA ratio translated to the protein level (Figure 4-1, Panel C).
The observed effect of hnRNP L downregulation on the caspase 9a/9b mRNA ratio
could not be attributed to off-target effects as multiple siRNA sequences targets against
hnRNP L produced the same result (Figure 4-2, Panel A) with no effect for hnRNP A2/B1
(Figure 4-2, Panel B), and a dose response curve for the most effective siRNA
demonstrated an IC50 < 25 nM for hnRNP L siRNA with again no effect observed for
hnRNP A2/B1 siRNA (Figure 4-3, Panels A and B). Lastly, several stable cell lines were
produced from hnRNP L and hnRNP A2/B1 shRNA. All of the hnRNP L shRNA cell
lines demonstrated a significant effect on the ratio of caspase 9a/9b mRNA (Figure 4-3,
Panel C). In contrast, none of the hnRNP A2/B1 shRNA cell lines presented with an
increase in the ratio of caspase 9a/9b mRNA (Figure 4-3, Panel D). As caspase 9a and 9b
are transcribed from the same gene, possess the same 5‟UTR, and the same 3‟UTR
sequences: the effect of hnRNP L downregulation is likely attributed to the regulation of
the alternative splicing of caspase 9, and not attributed to effects on transcription,
translation, or mRNA stability. Specifically, transcriptional activation/repression could not
account for the changes in the C9a/9b mRNA ratio as both are derived from the same
promoter, and actinomycin D treatment did not affect the caspase 9a/9b mRNA ratio (data
not shown). Our observed effect of hnRNP L siRNA also cannot be attributed to
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Figure 4-1: Downregulation of hnRNP L, but not hnRNP A2/B1
increases the ratio of caspase 9a/9b mRNA. A549 cells were
transfected with either control siRNA (100 nM), hnRNP L
SMARTpool siRNA (100 nM), or hnRNP A2/B1 SMARTpool siRNA
(100 nM) for 48 h. Total RNA was isolated and analyzed by
competitive/quantitative RT-PCR for caspase 9 splice variants. A)
hnRNP L siRNA and B) hnRNP A2/B1 siRNA). Simultaneously,
total protein lysates were also produced, subjected to SDS-PAGE
analysis and immunoblotted for hnRNP L, hnRNP A2/B1, caspase
9, and β-actin. Of note, the data in panel (C) are from the same
western membrane depicted in Panel A for hnRNP L and β-actin.
Data are N=4 on two separate occasions.

73

Figure 4-2: A549 cells were transfected with 3 different duplex sequences
of hnRNP L siRNA and hnRNP A2/B1 siRNA at a final concentration of 100
nM. As a control, scrambled siRNA (100 nM) was utilized. Total RNA was
isolated and analyzed by competitive/quantitative RT-PCR for caspase 9
splice variants. The ratio of caspase 9a/9b mRNA was determined by
densitometric analysis of RT-PCR fragments. Simultaneously, total protein
lysates were also produced, subjected to SDS-PAGE analysis and
immunoblotted for anti-hnRNP L, anti-hnRNP A2/B1, and β-actin as
described in the “Materials and Methods” section. (A) hnRNP L; B) hnRNP
A2/B1).
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Figure 4-3: Both siRNA and shRNA against hnRNP L demonstrate an increase in the
caspase 9 spicing ratio. A,B) A549 cells were transfected with a final concentration of
100nM control siRNA or dose-responsive treatments of 25 nM and 50 nM for sihnRNP L
or sihnRNP A2/B1. Total RNA was isolated and analyzed by competitive/quantitative RTPCR for caspase 9 splice variants. The ratio of caspase 9a/9b mRNA was determined by
densitometric analysis of RT-PCR fragments. Simultaneously, total protein lysates were
also produced, subjected to SDS-PAGE analysis and immunoblotted for hnRNP L, hnRNP
A2/B1, and β-actin as described in the “Materials and Methods” section (A) hnRNP A2/B1;
B) hnRNP L). Data represent 4 separate determinations on 3 separate occasions. C,D)
Total RNA was isolated from A549 stable cell lines and analyzed by
competitive/quantitative RT-PCR for caspase 9 splice variants. Total protein lysates were
also produced, subjected to SDS-PAGE analysis and immunoblotted for hnRNP L, hnRNP
A2/B1, and β-actin (C) hnRNP L; D) hnRNP A2/B1).
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translation as the observed changes in the ratio of caspase 9a/9b mRNA were mirrored at
the protein level. There is the possibility that changes in mRNA stability played a role in
our observations as hnRNP L has been shown to regulate the stability of specific mRNAs
(Hui et al., 2003a; Shih and Claffey, 1999), but the half-life of caspase 9a and 9b mRNA
was previously shown by our laboratory to be unaffected by agonists (Chalfant et al.,
2002). Furthermore, treatment of A549 control shRNA and A549 hnRNP L shRNA cell
lines with actinomycin D demonstrated no significant difference in the decay rates (e.g.
T½) of caspase 9a and caspase 9b mRNAs in the presence or absence of hnRNP L (data not
shown). This finding suggests that hnRNP L does not regulate the mRNA stability of
either splice variant although known caveats in the use of actinomycin D makes definitive
conclusions difficult. Overall, the data support the conclusion that hnRNP L and not
hnRNP A2/B1 acts as a repressor of the inclusion of the exon 3,4,5,6 cassette of caspase 9
via manipulation of the alternative splicing of caspase 9 pre-mRNA.
To determine whether this mechanism demonstrated translatability in NSCLC,
hnRNP L siRNA was again employed in H838 and H2030 cells. The role of hnRNP L was
further corroborated in these NSCLC cell lines as downregulation of hnRNP L by siRNA
produced a concomitant increase in the ratio of caspase 9a/9b mRNA or H838: 2.0 ± 0.13
for siControl to 4.1 ± 0.09 for sihnRNP L and H2030: 2.1 ± 0.13 for siControl to 3.7 ± 0.22
for sihnRNP L (Figure 4-4, Panels A and B).
To demonstrate the specificity of hnRNP L in regulating the alternative splicing of
caspase 9, other major factors of apoptosis were also examined (e.g. caspase 8, caspase 2,
and Bcl-x) using quantitative/competitive RT-PCR. Downregulation of hnRNP L with
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siRNA demonstrated no effect on the alternative splicing of caspase 8, caspase 2, and Bclx (Figure 4-5). Thus, the effect of downregulating hnRNP L is specific for regulating the
alternative splicing of caspase 9, and not a generalized effect on pre-mRNA processing.
Since siRNA and shRNA can have numerous biological and sequence-specific
effects, the reciprocal experiment was also undertaken in which low ectopic expression of
hnRNP L in conjunction with the caspase 9 minigene was utilized. Transfection of A549
cells with hnRNP L (low ectopic expression) induced the opposite effect of hnRNP L
siRNA inducing a moderate, but significant reduction in the ratio of caspase 9a/9b
minigene mRNA (Figure 4-6, Panel A) (Note: the ratio of minigene caspase 9a/9b mRNA
gives a slightly higher ratio ranging from 2.7 – 3.2 in A549 cells compared the a ratio of
1.9 – 2.2 for endogenous caspase 9a/9b mRNA). To demonstrate translatability, H2030
and H838 cells were again utilized and low ectopic expression of hnRNP L demonstrated
the same effect on lowering the ratio of the caspase 9a/9b minigene mRNA (Figure 4-6,
Panels B and C).
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Figure 4-4: H838 and H2030 cell lines were transfected with scrambled
siRNA (100 nM), or hnRNP L SMARTpool siRNA (100 nM), for 48 hr. Total
RNA was isolated and analyzed by competitive/quantitative RT-PCR for
caspase 9 splice variants. The ratio of caspase 9a/9b mRNA was
determined by densitometric analysis of RT-PCR fragments.
Simultaneously, total protein lysates were also produced, subjected to
SDS-PAGE analysis and immunoblotted for anti-hnRNP L and β-actin as
described in the “Materials and Methods” section. Data are representative
of three separate determinations on two separate occasions (A) H2030; B)
H838).
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Figure 4-5: A549 cells were transfected with scrambled siRNA (100 nM),
or hnRNP L SMARTpool siRNA (100 nM) for 48 hr. Total RNA was isolated
and analyzed by competitive/quantitative RT-PCR for the designated splice
variants. The ratio of: A) caspase-2S/2L, B) Bcl-xL/Bcl-xS, and C)
caspase-8L/caspase 8 mRNA was determined by densitometric analysis of
RT-PCR fragments. Data are representative of three separate
determinations on two separate occasions. Samples utilized for the
presented data were verified to demonstrate significant effects on caspase
9 splicing in response to hnRNP L siRNA.
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Figure 4-6: Low ectopic expression of hnRNP L decreases the
caspase 9a/9b splicing ratio. A) A549, B) H838, C) H2030 cell lines were
transfected with either wild-type hnRNP L (WT-hnRNP L) (0.25 μg) in
conjunction with caspase 9 minigene (C9 WT MG) (0.25 μg) or caspase 9
minigene (C9 WT MG) (0.25 μg) in conjunction with empty vector (EV)
(0.25 μg) for 24 h. Total RNA was extracted and analyzed by
competitive/quantitative RT-PCR for caspase 9 minigene splice variants.
Data are N=4 from two separate occasions. Of note: the ratio of capsase
9a/9b minigene mRNA tends to present with a slightly higher ratio than
endogenous caspase 9a/9b mRNA.
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4.3.2. hnRNP L regulates the anchorage-independent growth of NSCLC cells via the
pre-mRNA processing of caspase 9. Modulation of the levels of splice variants of
caspase 9 had dramatic effects on anchorage-independent growth (AIG) and the
tumorigenic capacity of NSCLC cells. Thus, we hypothesized that hnRNP L plays a major
role in maintaining the transformed phenotype of NSCLC cells through modulation of the
pre-mRNA processing of caspase 9. To test this hypothesis, multiple clones of A549 cells
stably expressing hnRNP L shRNA were produced (Figure 4-7, Panel A and Table 2-3).
As with the studies utilizing caspase 9b shRNA cell lines, the first physiologic parameter
examined was AIG. Stable expression of hnRNP L shRNA abolished the ability of A549
cells to grow in soft agar (Figure 4-7, Panels B and C). More importantly, low ectopic
expression of caspase 9b cDNA (e.g. returned the ratio of caspase 9a/9b mRNA from 3.8
to 1.6) in the hnRNP L shRNA cell lines “rescued” the loss of AIG in A549 cells (Figure
4-7, Panel B and C). These effects did not require stable expression and were not due to
integration artifacts as short term expression of hnRNP L shRNA or use of stable “batch”
cell lines produced comparable results (data not shown). Furthermore, the effect on AIG
induced by downregulation of hnRNP L was specific for the loss of caspase 9b as ectopic
of expression of other apoptosis inhibitory factors, CrmA and Bcl-x(L), could not “rescue”
the phenotype (Figure 4-7, Panel D, Upper Panel). Lastly, the stable re-expression of
shRNA-resistant hnRNP L also “rescued” the loss of AIG induced by the loss of hnRNP L
shRNA demonstrating the specificity for the loss of hnRNP L in both the RNA splicing
and biological mechanisms (Figure 4-7, Panel D, Lower Panel).
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Figure 4-7: hnRNP L regulates the anchorage-independent growth in
A549 cells via the alternative splicing of caspase 9. A) Total RNA was
isolated from the listed clonal cell lines and analyzed by
competitive/quantitative RT-PCR for caspase 9 splice variants. B) Colony
formation assays in soft agar for the A549 shRNA and vector control, A549
+ hnRNP L shRNA, and A549 + hnRNP L shRNA + C9b ectopic cell lines.
A total of 2,000 cells were plated into 6-well tissue culture dishes in soft
agar and cultured for 14 days before the colony count. C) Quantization
(mean) of the number of colonies for the indicated clonal cell lines. N=6;
error bars represent SE; *P < 0.005 between A549 + shRNA control versus
A549 + hnRNP L shRNA; **P < 0.001 between A549 + vector control
versus A549 + hnRNP L shRNA + C9b ectopic, student t-test.
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Figure 4-7 cont.: D) Upper Panel: Characterization of A549 + Control
shRNA, and A549 + hnRNP L shRNA with null, CrmA, or Bcl-xL
adenoviruses at a 20 MOI. Total protein was isolated from the listed cell
lines, subjected to SDS-PAGE analysis, and immunoblotted for hnRNP L,
Bcl-xL, and β-actin. Lower Panel: Colony formation assays in soft agar for
upper panel cell lines. Cells (2 x 103) were plated into 6-well dishes in soft
agar and cultured for 14 days before the colony count. N=9, error bars
represent SD; significant effect was observed as compared with vector
control cells (e.g. P < 0.005 by students t-test). E) Left Panel: Total RNA
was isolated from the listed clonal cell lines and analyzed by
competitive/quantitative RT-PCR for caspase 9 splice variants. Right
Panel: Quantization (mean) of the number of colonies for the indicated
stable batch culture cell lines. N=6; error bars represent SE.
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Figure 4-7 cont. E) Left Panel: Total RNA was isolated from the listed
clonal cell lines and analyzed by competitive/quantitative RT-PCR for
caspase 9 splice variants. Right Panel: Quantization (mean) of the number
of colonies for the indicated stable batch culture cell lines. N=6; error bars
represent SE.
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These observations translated to the NSCLC cell lines, H838 and H2030 cells, as
no stable clones of either cell line were obtained for hnRNP L shRNA in contrast to
control shRNA and null lentivirus. Thus, both H838 and H2030 completely lost clonogenic
capacity in the absence of hnRNP L, which correlated in the induction of apoptosis as
assayed by PARP cleavage (e.g. caspase activation) (data not shown). Importantly, stable
expression of caspase 9b cDNA “rescued” this phenotype allowing for stable clones to be
obtained for hnRNP L shRNA (data not shown). Thus, the loss of clonogenic capacity by
stable expression of hnRNP L shRNA was at least in part via loss of caspase 9b
expression. Therefore, the biological effects of hnRNP L downregulation and subsequent
modulation of the pre-mRNA processing of caspase 9 translates to other NSCLC cell lines.

4.3.3. hnRNP L regulates the tumorigenic capacity of NSCLC cells via the pre-mRNA
processing of caspase 9.
characterized

using

A549

The tumorigenic capacity of these cell lines were also
xenograph

tumor

formation

in

severe

combined-

immunodeficiency mice. Figure 4-8, Panel A shows that stable downregulation of hnRNP
L in A549 cells led to a complete loss of tumor formation (0/8). Pathological analysis
confirmed the complete loss of tumor formation for hnRNP L shRNA cell lines.
Comparable to the AIG effects, ectopic expression of caspase 9b completely “rescued” the
loss of tumor formation induced by downregulation of hnRNP L (7/7 xenographs).
Furthermore, pathological analysis of the hnRNP L shRNA/caspase 9b cell line
demonstrated that ectopic expression of C9b also “rescued” the classification/grade of the
hnRNP L shRNA cell line (Figure 4-8, Panel B). Overall, these data demonstrate that the
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loss of hnRNP L dramatically alters the tumorigenic capacity of NSCLC cells.
Furthermore, these data demonstrate that the effect of hnRNP L shRNA on the tumorigenic
capacity is predominantly via manipulation of the pre-mRNA processing of caspase 9.

Figure 4-8: hnRNP L regulates the tumorigenic capacity in A549 cells
via the alternative splicing of caspase 9. A) The cell lines presented
Panel A were injected into SCID mice (5 x 106), and tumor volume was
measured at the end of 28 days as represented as average size of tumor
(cm3); error bars indicate SE; *P <0.05 between A549 + hnRNP L shRNA
versus A549 + hnRNP L shRNA + RM (resistant mutant), student t-test. B)
H&E stain of the tumors presented in Panel D with magnification.
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4.3.4. hnRNP L is hyper-phosphorylated in a cancer specific manner. The expression
of hnRNP L was not increased in NSCLC cells, thus, hnRNP L expression did not
correlate with a low ratio of caspase 9a/9b mRNA (Figure 4-9, Panel A). This disparity
was further enhanced by the observation that neither downregulation of hnRNP L nor
ectopic expression of hnRNP L in immortalized HBEC-3KT cells affected the
inclusion/exclusion of the exon 3,4,5,6 cassette of caspase 9 in the same manner as
NSCLC cells (Figure 4-9, Panels B and C).
The above results suggested several possibilities for the contrasting findings in
NSCLC cells versus non-transformed cells such as mis-localization (Taguchi et al., 2004),
post-translational modifications of hnRNP L (Melton et al., 2007; Yu et al., 2009), or both
which modifies the repressing capabilities of hnRNP L. To date, no confirmed phosphosite(s) have been established for hnRNP L functionality. Figure 4-10 presents data that
“ruled out” the mis-localization of hnRNP L as no difference in cellular distribution was
observed between HBEC-3KT cells and several NSCLC cell lines. The phospho-state of
hnRNP L between these cell lines was then examined using specific phospho-residue
antibodies, and A549 cells demonstrated a dramatic enhancement of phosphorylated
hnRNP L compared to HBEC-3KT cells (Figure 4-11). Specifically, hnRNP L presented
with a dramatic increase (10-fold) in phospho-threonine along with a significant increase
in both serine (4-fold) and tyrosine (2-fold) phosphorylation in A549 cells compared to the
non-transformed HBEC-3KT cells. To determine whether this observed phosphorylation
demonstrated translatability in NSCLC, hnRNP L immunoprecipitation was employed in
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H838 cells, and this NSCLC cell line also presented with a significant increase in serine
and threonine phosphorylation (data not shown). Thus, an enhanced phospho-state of
hnRNP L was observed in NSCLC cells versus non-transformed cells.

Figure 4-9: The role of hnRNP L in regulating the alternative splicing of
caspase 9 in non-transformed human bronchial epithelial cells. A) Total
protein lysates from A549, H838, H2030, and HBEC-3KT cell lines were
subjected to SDS-PAGE analysis and immunoblotted for hnRNP L and βactin. B) HBEC-3KT cells were transfected with 100 nM control siRNA or 100
nM hnRNP L SMARTpool siRNA for 48 h. Total RNA was isolated and
analyzed by competitive/quantitative RT-PCR for caspase 9 splice variants.
Simultaneously, protein lysates were also produced, subjected to SDS-PAGE,
and immunoblotted for hnRNP L and β-actin. Data are N=4 from two separate
occasions. C) HBEC-3KT cell lines were transfected with either wild-type
hnRNP L (WT-hnRNP L) (1 μg) in conjunction with caspase 9 minigene (C9
WT MG) (1 μg) or caspase 9 minigene (C9 WT MG) (1 μg) in conjunction with
empty vector (EV) (1 μg) for 24 h. Total RNA was extracted and analyzed by
competitive/quantitative RT-PCR for caspase 9 minigene splice variants. Data
are N=3 on two separate occasions. Of note: the ratio of capsase 9a/9b
minigene mRNA tends to present with a slightly higher ratio than endogenous
caspase 9a/9b mRNA.
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Figure 4-10: For confocal microscopy, the A549, H838, H2030, and
HBEC-3KT cell lines (5 x 103) were seeded onto coverslips and
subjected to standard incubator conditions for 24 hrs. Cells were then
fixed with 100% cold methanol for 10 min at –20°C. The slides were
washed extensively after fixing with PBS containing 10 mM glycine and
0.2% sodium azide. The cells were then incubated for 1 hr with the
primary antibody, hnRNP L (1:100), followed by incubation with an
AlexaFlour488 anti-mouse secondary antibody (1:500) (green).
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Figure 4-11: hnRNP L is hyper-phosphorylated in NSCLC cells versus
non-transformed cells. A549 and HBEC-3KT cell lines were seeded at
the same confluency and incubated in the same culture media 24 h before
the immunoprecipitation extract was isolated. Immunoprecipitated (IP)
hnRNP L was resolved by SDS-PAGE and immunoblotted (WB) with
specific phospho-serine, phospho-threonine, phospho-tyrosine, and hnRNP
L antibodies as indicated

4.3.5. The phosphorylation of hnRNP L on serine52 regulates the alternative splicing
of caspase 9 in NSCLC. Once hnRNP L was determined to be hyper-phosphorylated in a
cancer-specific manner, we analyzed the amino acid sequence for hnRNP L for
phosphorylation sites by mitogenic, cell survival, and oncogenic kinases. Several mass
spectrometry databases were also consulted for references to identified/verified
phosphorylated amino acids for hnRNP L. Table 4-1 designates the possible phospho-sites
for hnRNP L as predicted by PhosphositePlus, a phosphosite determination database (Cell
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Signaling Technology, Danvers, MA) (Sui et al., 2008), Human Protein Reference
Database resource (HPRD) (Keshava Prasad et al., 2009), Scansite (MIT) (Obenauer et al.,
2003), and UniProtKB/Swiss-Prot (2009).

To determine which of these residues of hnRNP L regulated the exclusion of the
exon 3,4,5,6 cassette of caspase 9, site-directed mutagenesis was utilized to convert
relevant serines and threonines to alanine and tyrosines to phenylalanine. A549 cells were
transiently transfected (> 50% transfection efficiency) with each mutant or wild-type
hnRNP L, and the effect on the alternative splicing of endogenous caspase 9 assayed by
competitive/quantitative RT-PCR.

Only ectopic expression of hnRNP L (Ser52Ala)

induced a significant increase in the splicing ratio of caspase 9 in comparison ectopic
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expression wild-type hnRNP L and empty vector controls (Figure 4-12, Panel A; Table 41). To verify this result and “rule out” structural problems caused by mutation of this
residue, a phospho-mimic mutation was created, hnRNP L (Ser52Asp). In contrast to the
Ser52Ala mutation, transfection of hnRNP L (Ser52Asp) in A549 cells did not significantly
affect the endogenous splicing ratio of caspase 9 in comparison to ectopic expression of
wild-type hnRNP L suggesting that either the levels of phosphorylated hnRNP L in
NSCLC cells are sufficient to affect limiting levels of endogenous caspase 9 pre-mRNA or
this mutation cannot mimic the phosphorylation of serine52 appropriately (Figure 4-12,
Panel A). Equivalent expression was verified by western immunoblotting for the myc-tag
associated with ectopically expressed hnRNP L (Figure 4-12, Panel B). Both phosphomutants of hnRNP L also localized to only the nucleus (data not shown).
To demonstrate that phosphorylation on Ser52 was responsible for the serine hyperphosphorylation of hnRNP L in NSCLC cells, wild-type hnRNP L and the Ser52Ala mutant
of hnRNP L were transfected into A549 and HBEC-3KT cells followed by specific
immunoprecipitation of ectopically expressed/myc-tagged hnRNP L. Whereas wild-type
hnRNP L (ectopically expressed) in A549 cells demonstrated a >3-fold increase in serine
phosphorylation in comparison to ectopic expression in HBEC-3KT cells (in complete
agreement with the endogenous findings for hnRNP L presented in Figure 4-11), the
Ser52Ala mutant of hnRNP L demonstrated a dramatic reduction in serine phosphorylation
now comparable to non-transformed HBEC-3KT cells (Figure 4-12, Panel C). To further
demonstrate that hnRNP L is phosphorylated on Ser52 in a cancer-specific manner, we
created a custom phospho-specific Ser52 hnRNP L antibody. Whole cell lysates from
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A549, H838, H2030 and non-transformed HBEC-3KT cell lines were utilized to examine
phospho-Ser52 state of hnRNP L by western immunoblot analysis. All three cell lines
demonstrated the expression of phospho-Ser52 hnRNP L compared to the non-transformed
HBEC-3KT cells, which demonstrated no discernable phospho-Ser52 hnRNP L (Figure 412, Panel D). Thus, hnRNP L is specifically phosphorylated on Ser52 in NSCLC cells, and
the phospho-state of this residue of hnRNP L regulates the pre-mRNA processing of
caspase 9.
To examine whether Ser52 of hnRNP L played a role in AIG of NSCLC cells, the
hnRNP L (Ser52Ala) mutant and wild-type hnRNP L were stably expressed (“batch”) in
A549 cells. Analogous to transient expression of the hnRNP L Ser52Ala mutant, stable
expression of the hnRNP L Ser52Ala mutant induced an increase in the caspase 9a/9b
mRNA ratio from 2.0 ± 0.13 to 3.2 ± 0.10. Stable transfection of the hnRNP L (Ser52Ala)
mutant dramatically decreased the AIG ability of A549 cells in comparison to stable
expression of wild-type hnRNP L (Figure 4-13). Furthermore, re-expression of caspase 9b
in the same cell lines completely “rescued” the effect of the hnRNP L (Ser52Ala) mutant on
AIG (Figure 4-13).

Therefore and in an analogous fashion to hnRNP shRNA, the

phosphorylation of hnRNP L on Ser52 regulates the ability of NSCLC cells to grow in
anchorage-independent manner via the pre-mRNA processing of caspase 9.
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Figure 4-12: Serine52 of hnRNP L is hyper-phosphorylated in NSCLC cells and
regulates the alternative splicing of caspase 9. A) A549 cells were transfected
with either wild-type hnRNP L (WT-hnRNP L) (1 μg), Ser52Ala hnRNP L (S52-A) (1
μg), or Ser52Asp hnRNP L (S52-D) (1 μg) for 24 hrs. Total RNA was extracted and
analyzed by competitive/quantitative RT-PCR for caspase 9 splice variants. Data
are N=4 from 3 separate occasions. B) A549 cells were transfected with either
hnRNP L-WT, S52-A, and S52-D plasmids. After 24 hrs, total protein lysates were
produced, subjected to SDS-PAGE analysis and immunoblotted for myc-tag and βactin to demonstrate equivalent expression of each plasmid. (Note: The equivalent
expression experiment presented in this panel was generated concurrently with the
data presented in Panels B and C.) Empty vector control was examined separately
and showed no expression of a myc-tagged protein C) A549 and HBEC-3KT cell
lines were seeded at the same confluency and incubated in the same culture media
for 24 h before immunoprecipitation extracts were isolated. Cell lines were
transfected with either wild-type hnRNP L (WT-hnRNP L) (1 μg), or Ser52Ala hnRNP
L (Ser52-A) (1 μg) for 24 hrs. Ectopically expressed hnRNP L was
immunoprecipitated (IP) with c-myc tag antibody (myc), resolved by SDS-PAGE,
and immunoblotted (WB) with anti-phospho-serine, and anti-c-myc tag antibodies as
indicated. D) Total protein lysates were produced for A549, H838, and nontransformed HBEC-3KT cell lines, subjected to SDS-PAGE analysis, and
immunoblotted for phospho-Ser52-hnRNP L, and hnRNP L. The phospho-ser52
antbody for hnRNP L was validated by ELISA, hnRNP shRNA samples, and lack of
identifying the Ser52Ala mutant of hnRNP L.
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Figure 4-13. Ser52 of hnRNP L regulates the anchorage-independent
growth of NSCLC cells. Colony formation assays in soft agar for the
A549 vector control, A549 + WT hnRNP L, A549 + S52-A hnRNP L, A549
+ WT hnRNP L + C9b ectopic, and A549 + S52-A hnRNP L + C9b ectopic
cell lines. A total of 2,000 cells were plated into 6-well tissue culture dishes
in soft agar and cultured for 14 days before the colony count. Quantization
(mean) of the number of colonies for the indicated clonal cell lines. N=6;
error bars represent SE; *P < 0.005 between A549 + S52-A hnRNP L +
C9b ectopic versus A549 + S52-A hnRNP L, student t-test.

4.4. Discussion
Results from the previous chapter demonstrated that hnRNP L associates with the
purine-rich sequence in exon 3 of caspase 9 which acts as an ESS. From this, initial
studies presented in this chapter demonstrate the downregulation of hnRNP L significantly
increases the caspase 9a/ caspase 9b mRNA splicing ratio in transformed cell lines. In
comparison, downregulation of hnRNP L in non-transformed cells resulted in no affect on
the caspase 9 splicing ratio.
Various studies in the literature have proposed hnRNP L to be phosphorylated.
More specifically, Xie and co-workers demonstrated hnRNP L mediates the alternative
splicing of the Ca+/voltage-sensitive Slo potassium channel pre-mRNA via CAMKIV,
which correlated with a 4-fold change in the expression of hnRNP L and an 8-fold increase
phospho-status of the RNA trans-factor (Yu et al., 2009). In addition, Lynch and coworkers found a pH shift toward acidity in hnRNP L in T-cells activated by phorbol esters
with effects on the inclusion of exon 4 into mature CD45 mRNA proposing a
phosphorylation event (Melton et al., 2007). Although both of these studies propose
hnRNP L phosphorylation, a phosphorylation site was never determined. Further studies
in this chapter found Ser52 of hnRNP L to be phosphorylated and regulate the alternative
splicing of caspase 9. Lastly, studies presented in this chapter demonstrated that the
phosphorylation status of Ser52 of hnRNP L were also important in modulating the
anchorage-independent growth of A549s.
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CHAPTER 5
HNRNP U, A NOVEL SPLICING ENHANCER, REGULATES THE
ALTERNATIVE SPLICING OF CASPASE 9

5.1 Introduction
RNA splicing is a process which must be executed with high fidelity. Besides the
5‟SS, 3‟SS, and BPS which make up the major splicing signals, other components known
as RNA trans-factors help regulate the splicing process (Black, 2003). There are two main
groups of RNA trans-factors known as SR family of proteins and the hnRNP family of
proteins. It is well-known that the SR proteins act as enhancers where as the hnRNP
proteins act as repressers.
hnRNP proteins are a family of proteins that are structurally diverse and
demonstrate an array of cellular activities. Recently, numerous studies have presented
individual hnRNP members to have roles in translation, mRNA stability, transcription, and
alternative splicing (Dreyfuss et al., 2002; Krecic and Swanson, 1999). In regards to
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alternative splicing, hnRNP proteins usually are bound with ESS/ISSs demonstrating
represser activity (Caputi et al., 1999; Zheng, 2004).
In this chapter, we identified two hnRNP proteins, hnRNP U and hnRNP R, which
associates with exon 3 of caspase 9 by mass spectrometry analysis. In addition, we
verified our mass spectrometry results showing hnRNP U associates to exon 3 of caspase 9
by affinity assays.

Moreover, downregulation of hnRNP U demonstrates a marked

decrease in the caspase 9a/9b mRNA ratio in both non-transformed and transformed cell
lines.

5.2 Materials and Methods
5.2.1. Mass Spectrometry Analysis
Identification of RNA:protein complexes was performed at the Emory University Mass
Spectrometry Center. Briefly, RNA:protein complexes were excised from the gel and ingel trpysin digestion was performed. The tryptic mixtures were injected and analyzed by
nano-LC-MS/MS. Proteins identified by nano-LC-MS/MS were based on independent
sequencing of peptides. Nano-LC-MS/MS results were obtained by searching the Mascot
database (Matrix Science; Boston, MA).

5.2.2. Streptavidin-agarose Affinity Purification
The following sequences were used for biotinylated-tagged RNA oligonucleotides:
Caspase 9, exon 3 (Bio-C9/E3-ESS): (5‟Bio- GAG AGU UUG AGG GGA AAU G 3‟);
Caspase 9, exon 3 core mutant (Bio-C9/E3-ESS MUT): (5‟Bio- GAG AGU UUG CTA

98
CTA AAU G 3‟); non-specific oligo (NSC2): (5‟Bio- ACU GCC AGU UAC GAC);
unlabeled specific competititor (SC): (5‟- GAG UUU GAG GGG AA); and unlabeled nonspecific competitor (NSC1): (5‟- GAA UUC GCA CGU UA) (Dharmacon Inc., Lafayette,
CO).

Also, see Table 3-1 for additional “cold” unlabeled RNA oligonucleotide

competitors utilized in these studies. Reaction mixtures were first pre-cleared for 2 hrs at
4ºC with streptavidin-agarose beads (20 µl) (50 μg A549 nuclear extract, 40 U RNASIN,
11.3 µg tRNAs, 10 mM HEPES, 5 mM DTT, 120 mM KCl, 3 mM MgCl2, and 5%
glycerol). Reaction mixtures were then incubated with 100-fold molar excess of either
NSC or SC oligo for 5 min following the addition of either 400 ng Bio-C9/E3-ESS or BioNSC-2 incubated on ice for 30 min. New streptavidin-agarose beads were then added to
RNA-binding reactions and incubated at 4º for 2 hours with gentle agitation.
RNA:protein-binding reactions were washed with buffer containing 100 mM KCl, 20 mM
Tris-HCl at pH 7.5, and 0.2 mM EDTA. After washing, the complex was pelleted by
centrifugation. The pellet was resuspended in Laemmli buffer, dry boiled for 10 min, and
subjected to SDS-PAGE/western immunoblotting analysis.

5.2.3. Cell Culture
A549 cells were grown in 50% RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA)
and 50% Dulbecco's modified Eagle's medium (Invitrogen Life Technologies, Carlsbad,
CA) supplemented with L-glutamine, 10% (v/v) fetal bovine serum (Sigma), 100 units/ml
penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). H838 cells were grown
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in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum (Sigma), 100 units/ml
penicillin G sodium (Invitrogen Life Technologies, Carlsbad, CA), and 100 μg/ml
streptomycin sulfate (Invitrogen Life Technologies, Carlsbad, CA). All adenocarcinoma
cell lines were purchased from ATCC (Rockville, MD, USA). HBEC-3KT cells, a
generous gift from J.D. Minna, were cultured with keratinocyte serum-free medium
containing 50μg/ml bovine pituitary extract and 5ng/ml recombinant epidermal growth
factor (Life Technologies, Gaithersburg, MD). All cell lines were maintained at less than
80% confluency under standard incubator conditions (humidified atmosphere, 95% air, 5%
CO2, 37 °C). For all comparison studies between cell lines, 1.2 x 105 cells were plated in
tissue culture plates (6-well dish). The following day, media was removed, cells were
washed with 1 x PBS and plated in keratinocyte serum-free medium without supplements
overnight. Total RNA and/or protein was then isolated for analysis.

5.2.4. Silence interfering RNA transfection
For inhibition of hnRNP U and hnRNP R, cell lines were transfected with either hnRNP U
SMARTpool multiplex, hnRNP R SMARTpool multiplex or scrambled control siRNA
(Dharmacon; Lafayette, CO) using Dharmafect 1 transfection reagent (Dharmacon;
Lafayette, CO) following the manufacturer„s protocol. Briefly, cell lines were plated in sixwell tissue culture dishes and allowed to rest overnight. At 50% confluence, cells were
transfected with siRNA [100nM] using Dharmafect 1 in Opti-Mem I reduced-serum
medium. Forty-eight hours post-transfection, RNA and/or protein were isolated.

100
5.2.5. Quantitative/Competitive RT-PCR
Total RNA from cell lines were isolated using the RNeasy® Mini Kit (Qiagen Inc.,
Valencia, CA) according to the manufacturer„s protocol. Total RNA (1 μg) was reversetranscribed using Superscript III reverse transcriptase (SuperScript™ First-Strand
Synthesis System for RT-PCR, Invitrogen™, Carlsbad, CA) and oligo (dT) as the priming
agent. After 50 min of incubation at 42°C, the reactions were terminated by heating at
70°C for 15 min. Template RNA was then removed using RNase H (Invitrogen, Carlsbad,
CA). To quantitatively evaluate the expression of endogenous caspase 9 splice variants, an
upstream 5„ primer to caspase-9 (5„-GCT CTT CCT TTG TTC ATC TCC-3„) and a 3„
primer (5„-CAT CTG GCT CGG GGT TAC TGC-3„) (Integrated DNA Technologies, Inc.,
Coralville, IA) were used. Using these primers, 20% of the reverse transcriptase reaction
was amplified for 25 cycles (94°C, 30 s melt; 57°C, 30 s anneal; 72°C, 1 min extension)
using Platinum Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA). Gene
products produced from endogenous caspase 9 PCR resulted in a 1248 base pair caspase 9a
splice variant and 798 base pair caspase 9b splice variant. The final PCR products were
resolved on a 5% TBE acrylamide gel electrophoresis, stained with SYBR® Gold
(Invitrogen™, Carlsbad, CA) and visualized using a Molecular Imager® FX (Bio-Rad)
with a 488 nm EX (530 nm BYPASS) laser.

5.2.6. Western Immunoblotting
Cells were lysed using CelLytic™ lysis buffer (Sigma-Aldrich) supplemented with
protease Inhibitor cocktail (Sigma-Aldrich). Total protein lysates were then diluted in SDS
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sample buffer and dry boiled for 10 minutes. Protein samples (5 μg) were subjected to
10% SDS-PAGE, transferred to a polyvinylidene difluoride membrane (PDVF) (Bio-Rad)
and blocked in 5% milk/1 X PBS – 0.1% Tween (M-PBS-T) for 2 h. The membrane was
incubated with the following primary antibodies: anti-hnRNP U (1:1000, Abcam), antihnRNP R (1:1000, Abcam), and anti-β-actin (1:5,000, Sigma-Aldrich). Secondary
antibodies were HRP-conjugated goat anti-mouse (1:5,000, Sigma-Aldrich). Immunoblots
were developed using Pierce enhanced chemiluminescence (ECL) reagents and Bio-Max
film.

5.2.7. Imaging/quantification
All data presented in this chapter was generated via using multiple laser scans or film
exposures and are not manipulated by adjusting brightness and contrast. Multiple
exposures and various scans at multiple laser intensities were utilized to present the data
for easy discernment of the appropriate effects by readers.
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5.3. Results
5.3.1. The RNA trans-factor hnRNP U interacts with exon 3 of caspase 9.

The

previous chapter demonstrated that the definition of exon 3 was a critical step in the
inclusion of the entirety of the exon 3,4,5,6 cassette in the mature caspase 9 mRNA.
Furthermore, the same chapter defined an exon splicing silencer in exon 3, which the RNA
trans-factor, hnRNP L, associates and represses the inclusion of exon 3 in transformed
cells.
As hnRNP L has been shown to antagonize enhancing RNA trans-factors for exon
definition, we revisited our mass spectrometry analysis of proteins associating with exon 3
in nuclear extracts from transformed cells.

Two additional RNA trans-factors were

identified when examining proteins with an x-corr value < 20. Specifically, these results
suggested the possibility that hnRNP U and hnRNP R were partially lost in the association
with exon 3 of caspase 9 due to the transformed nuclear extract utilized in the EMSA
assays and antagonism with hnRNP L (Table 5-1). Indeed, the specific interaction of these
RNA trans-factors with exon 3 was verified by performing biotin/streptavidin affinity
assays utilizing biotinylated RNA oligonucleotides (ROs) corresponding to exon 3. A
biotin-5‟ GAGAGUUUGAGGGGAAAU (Bio-WT C9/E3) and a Biotin-5‟ non-specific
control sequence (Bio-NSC2) were utilized for these studies. Analysis verified that the
RNA trans-factor, hnRNP U, specifically interacted with exon 3 of caspase 9 (Figure 5-1)
as the non-specific RNA sequence (Bio-NSC2) did not show any interaction with these
RNA trans-factors (Figure 5-1).
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Figure 5-1: hnRNP U associates to exon 3 of caspase 9. A 5’ biotinylated
wild-type C9/E3-ESS RO (Bio-C9/E3-ESS), or a 5’ biotinylated non-specific
RO (Bio-NSC-2) were incubated in the presence of nuclear extract from
A549 cells or IgG (control), subjected to SDS-PAGE and western
immunoblotting analysis (anti-hnRNP U antibody). Unlabeled non-specific
ROs (e.g. NSC-1) at a 100-fold molar excess were also added to the
reactions as indicated. Sup designates the corresponding supernatant from
the Bio-WT C9/E3-ESS to show the remaining RNA trans-factor after
affinity purification.

5.3.2. hnRNP U regulates the alternative splicing of caspase 9 in non-small cell lung
cancer cells. Since our findings demonstrated hnRNP U associating within exon 3 of
caspase 9, we hypothesized that perhaps this RNA trans-factor played a role in regulating
the alternative splicing of caspase 9. To examine the role of both hnRNP R and hnRNP U
in regulating the ratio of caspase 9 splice variants, small interference RNA (siRNA)
technology was utilized. Downregulation of hnRNP U in A549 cells using a multiplex
siRNA (100 nM (25 nM for each sequence)) resulted in a significant decrease in the ratio
of caspase 9a/9b mRNA from 2.1 to 1.3, (N=3) (Figure 5-2, Panel A). On the other hand,
multiplex siRNA downregulation of hnRNP R in A549 cells had no significant effect on
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the ratio of caspase 9a/9b mRNA (Figure 5-2, Panel B). Western immunoblot analysis
confirmed a > 80% downregulation of both hnRNP U and hnRNP R compared to samples
from cells treated with control siRNA (Figure 5-2, Panels A and B).
To determine whether the effect of hnRNP U downregulation demonstrated
translatability in NSCLC, hnRNP U siRNA was again employed in H838 cells. The role of
hnRNP U was further corroborated in this NSCLC cell line as downregulation of hnRNP U
by siRNA produced a concomitant decrease in the ratio of caspase 9a/9b mRNA: H838:
2.0 for siControl to 1.0 for sihnRNP U, N=4, (Figure 5-3).

Figure 5-2: Downregulation of hnRNP U, but not hnRNP R decreases
the ratio of caspase 9a/9b mRNA. A549 cells were transfected with either
control siRNA (100 nM), hnRNP U SMARTpool siRNA (100 nM), or hnRNP
R SMARTpool siRNA (100 nM) for 48 h. Total RNA was isolated and
analyzed by competitive/quantitative RT-PCR for caspase 9 splice variants.
A) hnRNP U siRNA and B) hnRNP R siRNA). Simultaneously, total protein
lysates were also produced, subjected to SDS-PAGE analysis and
immunoblotted for hnRNP U, hnRNP R and β-actin. Data are N=3 on two
separate occasions.
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Figure 5-3: H838 cells were transfected with scrambled siRNA (100 nM),
or hnRNP U SMARTpool siRNA (100 nM), for 48 hr. Total RNA was
isolated and analyzed by competitive/quantitative RT-PCR for caspase 9
splice variants. The ratio of caspase 9a/9b mRNA was determined by
densitometric analysis of RT-PCR fragments. Simultaneously, total protein
lysates were also produced, subjected to SDS-PAGE analysis and
immunoblotted for anti-hnRNP U and β-actin.

5.3.3. hnRNP U regulates the alternative splicing of caspase 9 in non-transformed
cells. Since hnRNP U downregulation demonstrated a significant decrease in the caspase
9a/9b mRNA ratio, we wanted to examine this mechanism in the non-transformed cell line,
HBEC-3KT.

To study, hnRNP U siRNA was again employed in HBEC-3KT cells.

Suprisingly, the role of hnRNP U siRNA produced a significant decrease in the ratio of
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caspase 9a/9b mRNA just like the NSCLC cell lines (Figure 5-4). From these studies,
hnRNP U demonstrates to be a necessary enhancer for both transformed and nontransformed cells.

Figure 5-4: HBEC-3KT cells were transfected with scrambled siRNA (100
nM), or hnRNP U SMARTpool siRNA (100 nM), for 48 hr. Total RNA was
isolated and analyzed by competitive/quantitative RT-PCR for caspase 9
splice variants. The ratio of caspase 9a/9b mRNA was determined by
densitometric analysis of RT-PCR fragments. Simultaneously, total protein
lysates were also produced, subjected to SDS-PAGE analysis and
immunoblotted for anti-hnRNP U and β-actin.

5.4 Discussion
Previous results from the last chapter demonstrated hnRNP L associating with the
purine-rich sequences in exon 3 of caspase 9. Moreover, hnRNP L demonstrated to
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repress inclusion of the exon 3,4,5,6 cassette of caspase 9. It has been demonstrated that
hnRNP L can antagonize RNA trans-factors for exon definition. In effort to investigate
potential RNA trans-factors we re-visited our mass spectrometry results. From this, initial
studies showed that hnRNP R and hnRNP U were identified by mass spectrometry analysis
scoring an x-corr < 20. Perhaps the low x-corr value was due to the fact we utilized
transformed nuclear extracts.

Specifically, downregulation of hnRNP U in both

transformed and non-transformed cells demonstrated a marked decrease in the caspase
9a/9b mRNA ratio.
Literature has proposed many functions for hnRNP U. Specifically, Lin et al.
demonstrated hnRNP U can shuttle between the cytoplasm and nucleus induced by the
tobacco-specific carcinogen NNK (Lin et al.). In addition, Yugami et al. found hnRNP U
has a role in mRNA stability enhancing the expression of various genes (Yugami et al.,
2007). Furthermore, hnRNP U has been demonstrated to play a role in transcription.
More specifically, Matsuoka et al. revealed hnRNP U interacts with the c-myc-max
complex on the E-box promoter region which ultimately induces the ornithine
decarboxylase gene (Matsuoka et al., 2009). Studies in this chapter revealed a novel role
for hnRNP U dealing with alternative splicing which has never been demonstrated thus far.
Lastly, studies presented found hnRNP U to be a novel splicing enhancer in both
transformed and non-transformed cells.
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CHAPTER 6
GENERAL DISCUSSION

Lung cancer is the leading cause of cancer mortality accounting for an estimated
28% of all cancer deaths in the United States, and the mortality rates for lung cancer have
not significantly deceased over the years.

Thus, there is an urgent need for further

understanding of the molecular mechanisms of NSCLC and to find new molecular targets
for the treatment of this disease. Indeed, the presented study identifies key molecular
events specific to transformed/NSCLC cells (e.g. the pre-mRNA processing of caspase 9)
that are required for the ability of these cells to form/maintain tumors. The mechanistic
part of this study began with the simple observation that mutation of a purine-rich
sequence in exon 3 of the exon 3,4,5,6 cassette of caspase 9 led to the loss of the caspase
9b splice variant. These original studies were screening for possible exonic splicing
enhancers interacting with SRp30a, a required RNA trans-factor for the inclusion of the
exon 3,4,5,6 cassette of caspase 9 (Massiello and Chalfant, 2006). The surprising finding
of an ESS instead of an ESE led to the identification of hnRNP L associated with exon 3 at
the ESS. The observation that hnRNP L interacted with the purine-rich RNA sequence,
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AGGGGA, was also surprising as several groups have shown that hnRNP L prefers CArepeats. Our findings raise the intriguing possibility that the phospho-status of hnRNP L
may affect the RNA sequence specificity for this RNA trans-factor, explaining the
disparity of our findings. Alternatively, hnRNP L may be associated with a protein
complex at C9/E3-ESS when phosphorylated and therefore, does not interact directly with
the RNA sequence. The data presented in this study support both possibilities as hnRNP L
was shown to interact with the C9/E3-ESS when phosphorylated, and dephosphorylation
of hnRNP L in A549 cells induced a significant reduction in the ability of hnRNP L to
associate with the C9/E3-ESS (data not shown). Irrespective of the exact mechanism and
because of the requirement for phosphorylation in this interaction, the present study adds a
new dimension to our current knowledge of the role of RNA trans-factors in the
development and maintenance of cancer cells/tumors. Specifically, the phosphorylation of
hnRNP L, at Ser52 was required for this RNA trans-factor to act as a repressor of the exon
3,4,5,6 cassette of caspase 9 pre-mRNA. The requirement of specific phosphorylation
event in an RNA trans-factor regulating biological mechanisms related to cancer (e.g.
anchorage-independent growth and tumorigenic capacity) was unexpected and novel due to
recent

reports.

In

particular,

several

laboratories

have

published

that

expression/overexpression of a specific RNA trans-factor (e.g. SRp30a, ESRPs, and
SRm160) was the critical mechanism for conferring anchorage-independent growth,
epithelial-mesenchymal transition, or tumor formation (Cheng and Sharp, 2006; Karni et
al., 2007; Warzecha et al., 2009).

This study now provides an additional level of
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regulation of RNA trans-factors in relation to tumorigenesis; specific phosphorylation of
an RNA trans-factor.
Our findings on the phospho-state of hnRNP L regulating the pre-mRNA
processiong of caspase 9 are in accord with a recent report by Lynch and co-workers
(Melton et al., 2007). This laboratory reported a correlation of an observed pH shift toward
acidity in hnRNP L in T-cells activated by phorbol esters with effects on the inclusion of
exon 4 into mature CD45 mRNA (Melton et al., 2007). Whereas this laboratory group
could not determine whether the pH change was due to acetylation or phosphorylation, our
data would suggest the latter. Furthermore, Xie and co-workers recently demonstrated that
hnRNP L mediates the alternative splicing of the Ca21/voltage-sensitive Slo potassium
channel pre-mRNA via CAMKIV, which correlated with a 4-fold change in the expression
of hnRNP L and an 8-fold increase phospho-status of the RNA trans-factor (Yu et al.,
2009). The observed increase in the phosho-status of hnRNP L may have been due to basal
stoichimetric phosphorylation as this RNA trans-factor is phosphorylated on serine and
tyrosine in non-transformed/unstimulated cells (Yu et al., 2009). Regardless, Xie and coworkers further showed that in vitro dephosphorylation of nuclear extracts reduced the
affinity of hnRNP L to CA-repeats. Whereas both reports and this study all support a role
for phosphorylation in regulating the function of hnRNP L, our data do not support a role
for Ser52 phosphorylation mediating the RNA affinity of hnRNP L. Specifically, our data
show that expression of hnRNP L (Ser52Ala) mutant competes with the phosphorylated
form of hnRNP L in A549 cells to induce an increase in the caspase 9a/9b ratio. Thus, this
particular phosphorylation site likely affects protein:protein interactions and not the RNA

112
affinity of hnRNP L. If phosphorylation of Ser52 was an event that enhanced the affinity of
hnRNP L to the C9/E3-ESS or even CA-repeats, the hnRNP L (Ser52Ala) mutant would
not have been able to compete with the high affinity phospho-form of hnRNP L in A549
cells, and no effect would have been observed. Thus, the phosphorylation event reported
by Xie and co-workers that regulated the association of hnRNP L with CA-repeats is
unlikely to be Ser52 as well as the association with the C9/E3-ESS (Supplemental Figure
9). This inference may also explain the lack of effect for other mutants examined in this
study and cannot completely dispel tyrosines and threonines as regulatory sites. Other
serine residues in hnRNP L are still unlikely candidates as Ser52 phosphorylation accounts
for all of the observed increase in serine phosphorylation in NSCLC cells. Overall, our
data suggests that phosphorylation of hnRNP L on Ser52 may regulate its association with
accessory RNA trans-factors modifying the function of a protein complex or possibly
inhibits the association of a required enhancing RNA trans-factor with the caspase 9 premRNA. Preliminary studies from our laboratory find a significant loss of the association
of hnRNP L with other RNA trans-factors in NSCLC cells suggesting the former
mechanism is correct.
In regards to a possible role for the phosphorylation of hnRNP L in cellular
transformation, there are several candidate survival/oncogenic kinases (e.g. GSK3β, AKT,
and casein kinase II) that are predicted to phosphorylate Ser52 of hnRNP L. Whereas these
kinases have many targets and can affect cells via modulation of many signaling cascades,
this study identifies the phosphorylation of hnRNP L by a currently unknown protein
kinase as a key downstream target for oncogenic signaling in NSCLC cells. Based on these
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inferences, one can rationalize the hypothesis that a specific oncogenic pathway may
require the phosphorylation of hnRNP L on Ser52, which would essentially block intrinsic
apoptotic pathways by lowering the ratio of caspase 9a/9b, and enhance cellular
transformation.

This is not surprising since previous studies in the literature have

demonstrated that caspase 9 (caspase 9a) is a possible tumor suppressor (Soengas et al.,
1999). The presented study supports the findings of Lowe and co-workers, which showed
enhancement of cellular transformation of murine embryonic fibroblasts from caspase 9 -/mice by H-RasV12/c-Myc (Soengas et al., 1999) as well as the studies utilizing a dominantnegative caspase 9 that completely alleviated pressure to inactivate p53 during
lymphomagenesis (Schmitt et al., 2002). Our study applies these concepts to NSCLC
demonstrating the importance of the endogenous mechanism of blocking caspase 9 activity
(e.g. alternative splicing) in the maintenance of NSCLC cells and tumors. Although this
study supports the finds of Lowe and co-workers, there is disparity and controversy in the
literature over these original studies showing caspase 9 as a tumor suppressor.

For

example, Ekert et al. (2004) showed caspase 9 is not necessary for apoptosis of factordependent cells, but merely affects its rate. Another contrasting report from Scott and coworkers demonstrated that caspase 9 did not play a role in lymphomagenesis (Scott et al.,
2004).

Furthermore, lymphocytes from caspase 9 -/- animals underwent apoptosis

comparable to wild-type lymphocytes (Scott et al., 2004). On the other hand, Chipuk and
Green pointed out in 2005 that no evidence was provided in these contrasting studies
demonstrating that caspase inhibitors blocked cell death (Chipuk and Green, 2005). Thus,
caspase-independent cell death was a plausible mechanism in the cell death observed in
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both the Ekert and Scott studies (Chipuk and Green, 2005; Ekert et al., 2004; Scott et al.,
2004). Although our data support the work of Lowe and colleagues, the role of caspase 9b
in regulating anchorage-independent growth and tumorigenic capacity could be outside the
realm of direct inhibition of caspase 9a. In this regard, a role in cell signaling for caspase
9b has been reported by Latchman and co-workers (Stephanou et al., 2002). Specifically,
the authors demonstrated that ectopic expression of caspase 9b induced the activation of
NF-κB irrespective of caspase activity (Stephanou et al., 2002). Activation of NF-κB is
known to cooperate with K-ras mutations in regard to cellular transformation, and thus
may explain the function of caspase 9b (Stephanou et al., 2002). In essence, caspase 9b
may elicit downstream signaling events outside the role of simple inactivation of caspase
9a. In support of this hypothesis, caspase 8 is suggested to play roles in the recruitment
cell survival factors such as the p85 subunit of PI3 kinase (Senft et al., 2007). Although
these initiator caspases have roles in extrinsic pathways of programmed cell death, caspase
9b may be playing an analogous role in survival signaling to block the intrinsic pathway of
programmed cell death.
Although this study produces a possible new paradigm in the regulation of
alternative splicing in regards to oncogenic signaling, the mechanisms discussed above are
likely an over simplification of a complex and highly regulated RNA processing event.
Whereas the phosphorylation of hnRNP L and the association of this RNA trans-factor
with the C9/E3-ESS complex are required for exclusion of the exon 3,4,5,6 cassette, this
exon 3 mechanism may just be one part of a large regulating complex that entails interplay
with a number of RNA trans-factors to regulate the inclusion/exclusion of the exon 3,4,5,6
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cassette. One such candidate RNA trans-factor that may interplay with hnRNP L is
SRp30a (ASF/SF2). This RNA trans-factor has been identified by our laboratory as a
required enhancing RNA trans-factor for the inclusion of the exon 3,4,5,6 cassette
(Massiello and Chalfant, 2006). Our laboratory has also shown correlation between the
phospho-state of SR proteins and the inclusion of the exon 3,4,5,6 cassette in regards to
ceramide treatment of NSCLC cells (Massiello and Chalfant, 2006). As several past
studies have shown that the phospho-state of SRp30a regulates its ability to modulate
particular RNA splicing events, this is a logical hypothesis to test. Whether exclusion of
the exon 3,4,5,6 cassette requires phosphorylation of hnRNP L on Ser52 as well as hyperphosphorylation of SRp30a is not currently known nor addressed in this study, but
coordinated phosphorylation of repressing and enhancing RNA trans-factors interacting
with multiple RNA cis-elements throughout the caspase 9 pre-mRNA may be required to
repress the inclusion of the exon 3,4,5,6 cassette. Indeed, several high affinity sites for
SRp30a are predicted using Rainbow Splicer software (Koscielny et al., 2009), and in
particular, one RNA cis-element for SRp30a is located adjacent to the C9/E3-ESS
sequence. A recent study by Lynch and co-workers observed an interplay between
SF2/ASF and hnRNP L for CD45 alternative splicing (Melton et al., 2007). Specifically,
cell-based assays utilizing minigenes demonstrated that a balance between hnRNP L
repression and SF2/ASF enhancing activities ultimately determines the extent of exon 5
inclusion into CD45 (Motta-Mena et al.). As more regulating factors for caspase 9 RNA
splicing are identified, future studies will be geared to investigate this complex interplay in
regards to regulating the inclusion/exclusion of this exonic cassette. Unfortunately, these
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studies may require the identification of specific regulatory phospho-sites within SRp30a,
and the number of constitutive phosphorylation sites in SRp30a alone as well as the
promiscuity of protein kinases for multiple sites in this RNA trans-factor make this a
rather daunting task.
Important from a therapeutic stand point, only a two base pair mutation was
required to eliminate the association of hnRNP L to the C9/E3-ESS. Thus, the association
of the C9/E3-ESS and the hnRNP L complex is highly specific. Since technologies are
being developed to efficiently deliver small RNA sequences effectively to cells and whole
animals, these data suggest that a scavenger RNA can be developed to the C9/E3-ESS.
Another possibility is RNA aptamer technology, which is currently being employed
towards nucleolin in phase 2 clinical trials (Soundararajan et al., 2008).

From a

philosophical standpoint as to the development of new therapeutics for NSCLC patients,
the targeting of cancer-specific as well as distal signaling mechanisms (e.g.
phosphorylation of hnRNP L on Ser52, the interaction of with the hnRNP L/C9/E3-ESS, or
the direct manipulation of the alternative splicing of caspase 9) is of key importance for
two reasons. First, therapeutics based on a cancer-specific mechanism would limit the
side-effects of anti-cancer therapies by essentially only affecting the tumor cells. Second,
the targeting of a distal mechanism limits the adaptability of a cancer cell to circumvent the
anti-cancer therapy through utilization of a secondary pathway. The fewer opportunities for
a cancer cell to adapt, the more likely a specific therapy will show prolonged efficiency.
Both hnRNP L and the alternative splicing of caspase 9 can be categorized as cancerspecific and distal points for therapeutic development in the treatment of NSCLC. The
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effect of using therapies targeted to either hnRNP L or caspase 9b would also be very
limited on normal lung epithelial cells as caspase 9b is not expressed in non-transformed
epithelial cells, and hnRNP L is also dephosphorylated. In support of this hypothesis,
unpublished data from our laboratory demonstrate that hnRNP L siRNA did not induce
apoptosis in HBEC-3KT cells in contrast to H838 and H2030 cells as assayed by PARP
cleavage.
In conclusion, this rmanuscript is a comprehensive study that began with the
observation that the ratio of caspase 9a/9b mRNA was dysregulated in a large percentage
of human lung adenocarcinoma tumors. Experiments followed, which demonstrated that
the ratio of caspase 9a/9b mRNA played a significant and physiologically relevant role in
the activity of caspase 9 and the tumorigenic capacity of NSCLC cells. Mechanistic
studies then defined an exonic splicing silencer (C9/E3-ESS) for the inclusion of the exon
3,4,5,6 cassette of caspase 9. This observation led to the identification of hnRNP L
association with the C9/E3-ESS and regulating the alternative splicing of caspase 9.
Furthermore, this study demonstrated that an increase in the phospho-state of hnRNP L on
Ser52 regulates the alternative splicing of caspase 9 in NSCLC. Lastly, these studies
demonstrate that hnRNP L is required for the tumorigenic capacity of NSCLC cells via the
regulation of this distal splicing event. Collectively, our data identifies the interaction of
hnRNP L with the C9/E3-ESS in the exon 3 of caspase 9 pre-mRNA as well as the
phosphorylation of hnRNP L on Ser52 as possible therapeutic targets for NSCLC.
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