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Abstract

Increasing evidence points to the functional importance of alternative splice variations in cancer
pathophysiology with the alternative pre-mRNA processing of caspase 9 as one example. In this
study, we delve into the underlying molecular mechanisms that regulate the alternative splicing of
caspase 9. Specifically, the pre-mRNA sequence of caspase 9 was analyzed for RNA cis-elements
known to interact with SRSF1, a required enhancer for caspase 9 RNA splicing. This analysis
revealed thirteen possible RNA cis-elements for interaction with SRSF1 with mutagenesis of these
RNA cis-elements identifying a strong intronic splicing enhancer located in intron 6 (C9-16/ISE).
SRSF1 specifically interacted with this sequence, which was required for SRSF1 to act as a
splicing enhancer of the inclusion of the four exon cassette. To further determine the biological
importance of this mechanism, we employed RNA oligonucleotides to redirect caspase 9 pre-
mRNA splicing in favor of caspase 9b expression, which resulted in an increase in the 1Csq of
non-small cell lung cancer (NSCLC) cells to daunorubicin, cisplatinum, and paclitaxel. In contrast,
downregulation of caspase 9b induced a decrease in the the 1Csq of these chemotherapeutic drugs.
Lastly, these studies demonstrated that caspase 9 RNA splicing was a major mechanism for the
synergistic effects of combination therapy with daunorubicin and erlotinib. Overall, we have
identified a novel intronic splicing enhancer that regulates caspase 9 RNA splicing and
specifically interacts with SRSF1. Furthermore, we demonstrate that the alternative splicing of
caspase 9 is an important molecular mechanism with therapeutic relevance to NSCLCs.
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INTRODUCTION

Historically, the regulation of the alternative splicing of caspase 9 by signaling pathways
began with the lipid second messenger, ceramide. This lipid second messenger is an
important regulator of various stress responses and growth mechanisms including apoptosis,
and the formation of ceramide from the hydrolysis of sphingomyelin or from de novo
pathways has been observed in response to numerous apoptotic and stress agonists including
chemotherapeutic agents (1-7). On mechanism by which ceramide imparts these biological
actions is via a family of ceramide-regulated enzymes designated, ceramide-activated
protein phosphatases, which include the serine/threonine-specific protein phosphatases PP1
and PP2A (8-11). Specific substrates of PP1 are the SR proteins (12), a family of arginine/
serine-rich domain containing proteins that are major players in both constitutive and
alternative pre-mRNA processing. Endogenous ceramide has been found to modulate the
phosphorylation status of SR proteins in a PP1-dependent manner leading to
dephosphorylation of the RS-domain (13). In regards to caspase 9 RNA splicing, a pathway
linking the generation of de novo ceramide and the activation of PP1 to the regulation of the
exclusion or inclusion of an exon 3, 4, 5, and 6 cassette of caspase-9 pre-mRNA was
identified by our laboratory (14). Specifically, ceramide treatment resulted in an increase in
the pro-apoptotic caspase 9a 1, mMRNA and protein levels with concomitant decrease in
caspase-9b (cassette exclusion) mMRNA and protein levels in A549 cells (14). This effect
required the generation of endogenous ceramide through the denovo pathway, and more
importantly, inhibitors of protein phosphatase-1abolished the ability of ceramide to affect
the alternative splicing of caspase 9 (14). Thus, both the phospho-state of SR proteins and
the alternative splicing of caspase-9 are regulated by the generation of de novo ceramide and
subsequent PP1 activation (14).

The involvement of PP1 and endogenous ceramide in the dephosphorylation of SR proteins
and the effects on caspase 9 alternative splicing suggested that at least one SR protein
isoform regulated the alternative splicing mechanism of caspase 9. Indeed, in further
mechanistic studies, our laboratory identified one SR protein, SRSF1 (also known as
SRp30a), as a critical splicing factor in the alternative splicing of caspase 9 pre-mRNA in
Ab549 lung adenocarcinoma cells (15). Furthermore, we demonstrated that SRSF1 is a
required RNA trans-acting factor for ceramide to affect the alternative splicing of caspase 9
pre-mRNA, thereby linking de novo ceramide generation, SRSF1, and the regulation of
caspase 9 expression. More recently, our laboratory demonstrated that the phospho-status of
SRSF1 on serinel99. 210. 227, 3nd 234 mediated the suppression of the exon 3,4,5,6 cassette,
suggesting that ceramide activation of PP1 leads to dephosphorylation of these residues.

The linking of ceramide signaling to caspase 9 RNA splicing has significant relevance to
cancer therapeutics as studies have shown that the ectopic expression of caspase 9b confers
the opposite effect on apoptosis as full-length caspase 9 (caspase 9a); by inducing resistance
to many apoptotic stimuli (e.g. FAS ligand and UV radiation) (16-18). Caspase 9b elicits
this biological outcome at least in part by competing with the full length caspase 9 for
binding to the apoptosome (e.g. APAF-1) (18, 19). Therefore, regulation of the inclusion of
this four exon cassette is a critical determinant to decide whether a cell is susceptible or
resistant to apoptosis (17, 18). Recently, our laboratory expanded upon both the mechanistic
regulation of caspase 9 RNA splicing and the sensitivity of non-small cell lung cancer cells
to the chemotherapeutic agent, erlotinib. Indeed, our laboratory found that the erlotinib
induced an increase in the caspase 9a/9b ratio in NSCLC cells, which was important for the
sensitivity of these cells to this chemotherapeutic agent (20). Therefore, the alternative
splicing of caspase 9 has a role in the mechanism by which a clinically relevant therapy
affects NSCLC cells.
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In the presented study, we delve further into both the underlying molecular mechanisms that
regulate the alternative splicing of caspase 9 as well as the biological relevance of this distal
mechanism in the treatment of of non-small cell lung cancer. Specifically, we identify a
novel and strong intronic splicing enhancer (C9-16/ISE) for caspase 9 pre-mRNA and
demonstrate that SRSF1 specifically interacts with this ISE. Furthermore, SRSF1 was
demonstrated to regulate the alternative splicing of caspase 9 via this novel RNA cis-
element. Lastly, we demonstrate that modulation of the alternative splicing of caspase 9
regulates the synergistic effects of daunorubicin and erlotinib, suggesting that this molecular
splicing mechanism is a relevant therapeutic target for non-small cell lung cancer.

MATERIAL AND METHODS

Cell Culture

A549 cells were grown in 50% RPMI 1640 (BioWhittaker® Cambrex Bio Science
Walkerville, Inc., Walkerville, MD) and 50% DMEM supplemented with L-glutamine
(Invitrogen™, Carlsbad, CA), 10% (v/v) fetal bovine serum (Invitrogen™, Carlshad, CA),
100 units/ml penicillin and 100 mg/ml streptomycin (BioWhittaker® Penicillin/
Streptomycin, Cambrex Bio Science Walkerville, Inc., Walkerville, MD). H2030, H838 and
HelLa cell lines were cultured with 100% RPMI 1640 supplemented with L-glutamine, 10%
(v/v) fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin. HBEC-3KT
cells were cultured with keratinocyte serum-free medium containing bovine pituitary extract
and recombinant epidermal growth factor (Life Technologies, Gaithersburg, MD). Cells
were maintained at <80% confluence under standard incubator conditions (humidified
atmosphere, 95% air, 5% CO,, 37°C). For transfection, cells were plated at 2.5 x 10° cells/
35-mm plate in appropriate culture media. The chemotherapeutic drugs; Daunorubicin
(DNR), Cisplatinum (Cp), and Paclitaxel (Pac) were purchased from Sigma-Aldrich, Inc.
(Sigma, St. Louis, MD). Erlotinib was obtained from Genetech, Inc. (San Francisco, CA).

RNA transfections

SiRNA—Ab549, H838, H2030, HeLa, and HBEC-3KT cell lines were transfected with the
SRSF1 SMARTpool multiplex designed RNA (siRNA) (Dharmacon; Lafayette, CO) using
Dharmafect 1 transfection reagent (Dharmacon; Lafayette, CO) following the
manufacturer’s protocol. A549 and H2030 cells were also transfected with caspase 9b
SiRNA designed against following sequence; GATTTGGTGATGTCGAGCATT. The
SiRNA for caspase 9b (9b-si) and non targeting control siRNA using Dharmafect 1
transfection reagent (Dharmacon; Lafayette, CO) following the manufacturer’s protocol.
Briefly, cell lines were plated in regular growth medium at 40-50% confluence in a six-well
tissue culture dish 24 h before transfection. Cells were placed in Opti-Mem | medium
without antibiotics/fetal bovine serum and transfected with 100 nM (dilution in 1X siRNA
buffer) of the siRNA of choice (Dharmafect 1/Opti-MEM | reduced serum medium and
incubated for 4 h at standard incubator conditions). After incubation, 0.5 ml Opti-MEM |1
reduced serum medium containing three times the normal concentration of antibiotics/fetal
bovine serum was added to the transfected cells lines without removing the transfection
mixture. After 48 h, total RNA isolation or total protein lysates were collected as previously
described in our laboratory (15) for RT-PCR or western immunoblot analysis.

ASROs—2'-0-(2-methoxy) ethyl (MOE) 23-mer anti-sense RNA oligonucleotides (ASRO)
were purchased from Dharmacon. This study focuses on E4 ASRO (2-O-methoxy
derivative) (5'-GAGTGTACCTTGGCAGTCAGGTC-3') that is targeted to the 5'splice site
of Caspase 9 exon 4 (21). A549 cells were transfected with ASRO (400nM) using
Dharmafect | reagent (Dharmacon, Lafayette, CO) and following the same protocol as the
SiRNA transfection.
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Western Immunoblotting

Total protein was extracted by direct lysis with Laemmli buffer. Cells were lysed with 0.1
ml of 2x Laemmli buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 0.04%
bromophenol blue, and 250 mM B-mercaptoethanol) after resuspension in 0.1 ml of ice-cold
PBS. Samples were boiled for 10 min and either examined directly by SDS-PAGE or stored
at —20°C. Protein samples (10 ug) were subjected to 10% SDS-PAGE and transferred to
polyvinylidene difluoride membrane (PDVF) (Bio-rad; Hercules, CA) and blocked in 5%
milk/1 X PBS- 0.1% Tween (M-PBS-T) for 2 h. The membrane was incubated with one of
the following primary antibodies, anti-SRSF1 (Zymed; San Francisco, CA) (1:1000
dilution), anti-T7 tag (1:10000, Novagen), anti-Caspase 9 (1:1000, Cell Signaling
Technology), or anti-a-tubulin (1:5000, Sigma), or anti-p-actin (Sigma; St. Louis, MO)
(1:5000 dilution) for 2 h in M-PBS-T followed by three washed with PBS-T. The membrane
was then incubated with the appropriate secondary antibody (horseradish peroxidase-
conjugated), either goat anti-mouse 1gG antibody (Sigma; St. Louis, MO), goat anti-rabbit
1gG antibody (1:10,000, Pierce), or goat anti-mouse IgM (1:10,000, Calbiochem) for 1 h in
M-PBS-T followed by three washes with PBS-T. Immunoblots were developed using Pierce
(Rockford, IL) enhanced chemiluminescence (ECL) reagents and Bio-max film.

Quantitative and Competitive Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA from A549 cells was isolated using the RNeasy® Mini Kit (Qiagen Inc.,
Valencia, CA) according to the manufacturer’s protocol. Total RNA (1 pg) was reverse-
transcribed using Superscript |11 reverse transcriptase (SuperScript™ First-Strand Synthesis
System for RT-PCR, Invitrogen™, Carlshad, CA) and oligo (dT) as the priming agent. After
50 min of incubation at 42°C, the reactions were stopped by heating at 70°C for 15 min.
Template RNA was then removed using RNase H (Invitrogen, Carlsbad, CA). To evaluate
the expression of endogenous caspase 9 splice variants, an upstream 5’ primer to caspase-9
(5-GCTCTT 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; 58°C, 30 s anneal; 72°C, 1 min extension) using Platinum Tag DNA polymerase
(Invitrogen Life Technologies, Carlsbad, CA). Gene products produced from endogenous
caspase 9 PCR resulted in a 1248 bp caspase 9a splice variant and 798 bp caspase 9b splice
variant. To specifically evaluate the expression of the splice variant products of the caspase
9 minigene (Figure 1), 5’ primer to caspase 9 minigene (5'-CAT GCT GGC TTC GTT TCT
G-3") and a 3’ primer (5'-AGG GGC AAA CAA CAG ATG G-3) were used. Gene products
produced from caspase 9 minigene PCR resulted in a 889 bp caspase 9a splice variant and a
443bp caspase 9b splice variant. Using these primers, 20% of the reverse transcriptase
reaction was amplified for 20 cycles (94°C, 30 s denaturation; 57°C, 30 s anneal; 72°C, 1
min extension) using Platinum Taq DNA polymerase (Invitrogen™, Carlsbad, CA). The
final PCR products were resolved on a 5% TBE acrylamide gel electrophoresis and
visualized by staining with SYBR® Gold (Invitrogen™, Carlsbad, CA) and scanned using a
Molecular Imager® FX (Bio-Rad) with a 488 nm EX (530 nm BYPASS) laser. These RT-
PCR based assays are quantitative as to the ratio of caspase 9a/caspase 9b mRNA between
analyzed samples as confirmed previously by our laboratory (14, 20, 21) and the initial
reports by Larrick and co-workers (22).

Mutation of the Caspase 9 Minigene

To mutate the 13 purine-rich sequences in the caspase 9 minigene (21) selected for
replacement mutagenesis (following manufacturers protocol), the QuikChange® 11 XL Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used. All mutations were verified
by DNA sequencing.
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Plasmid Transfection

Cell lines were transfected with caspase 9 minigene constructs and additional plasmid
vectors using Effectene® Transfection Reagent (Qiagen Inc., 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 (2 ug total) followed by 24 h
standard incubation. After 24 h standard incubation, cells were examined for minigene
expression by quantitative/competitive reverse transcription RT-PCR. This procedure
routinely gave >50% transfection efficiency for A549 cells. The generation of A549 cell
lines stably expressing either caspase 9b cDNA or caspase 9b sShRNA was previously
described (20, 21).

Affinity Purification Assay

The following sequences were created for affinity purification assays: 5’-biotinylated-tagged
RNA oligonucleotide for C9-16/ISE: (5'Bio-CUC UGG GUG GGU CUG-3'); 5'-
biotinylated-tagged RNA oligonucleotide for C9-16/ISE MUT: (5'Bio-CUC UCG CUG
CGU CUG-3); 5'-biotinylated-tagged RNA oligonucleotide for non-specific competitor:
Bio-NSC-2: (5'Bio-AGA GCU AGU CCU GU-3"); non-labeled specific competitor
oligonucleotide: SC: (5-CUG GGU GGG UC-3'); and non-labeled non-specific competitor
oligonucleotide: NSC-1: (5'-GAA UUC GCA CGU UA-3"), (Dharmacon Inc., Lafayette,
CO). To pre-clear, streptavidin-agarose beads (Invitrogen™, Carlsbad, CA) in the amount of
20 pl were placed in buffer containing 50 ug A549 nuclear extract, 40 U RNASIN, 11.3 ug
tRNAs, 10 mM HEPES, 5 mM DTT, 120 mM KCI, 3 mM MgCl,, and 5% glycerol. Binding
reactions were placed in 4°C for 2 hours with gentle agitation, and reaction mixtures were
collected by centrifugation. Reaction mixtures were then incubated with 400 ng Bio-C9-16/
ISE, Bio-C9-16/ISE MUT, or Bio-NSC-2 for 5 min following an addition of 100-fold molar
excess of NSC or SC oligos and incubated on ice for 30 min. New streptavidin-agarose
beads were then added to RNA-binding reactions and incubated at 4°C for 2 hours with
gentle agitation. RNA:protein-binding reactions were washed with buffer containing 100
mM KCI, 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 (anti-SRSF1 antibody) analysis.

Immunodepletion Assay

WST assay

For immunodepletion, Lamin-B2 (Abcam, Cambridge, MA), SRSF1 (Invitrogen™,
Carlsbad, CA), or mouse 1gG (Sigma, St. Louis, MO) was first coupled to protein-G-
sepharose beads in lysis buffer (150 mM NaCl, 2 mM EDTA, 0.05% NP-40, 20 mM
HEPES, and 5 mg/mL BSA) overnight at 4°C with little agitation. The protein-G coupled
antibody beads were washed three times with lysis buffer and subsequently incubated with
100pg A549 nuclear extract in lysis buffer overnight at 4°C. After centrifugation,
supernatants were either resolved by SDS-PAGE and analyzed by western blot analysis or
utilized in EMSAs.

A549 cells (1.0 x 10°) were plated into each well of a 24-wellplate in a 1.0 ml media. After
24 h at standard incubator conditions (humidified atmosphere, 95% air, 5% CO5, 37°C), the
cells were transfected with ASRO/sIRNA as previously described (21). After 24 h of ASRO/
SiRNA treatment, cells were treated with DNR at its ICgy concentration (750 nM) for 48 h.
After48 h incubation WST-1 reagent (Roche Applied Science, Indianapolis, IN) was added
to these cells (final 1:10 dilution). The cells were then incubated along with the reagent for
30 min. The plates were then read against blank using a microplate (ELISA) reader at 420—
480nm with the reference wavelength >600 nm.

Mol Cancer Res. Author manuscript; available in PMC 2012 July 1.
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Clonogenic assay

Clonogenic assays were performed with the indicated chemotherapeutic agents as previously
described (20).

Apoptosis assay

A549 cells (2.0 x 105) were plated into each well of a 6-wellplate in 3.0 ml media. After 24
h at standard incubator conditions (humidified atmosphere, 95% air, 5% CO,, 37°C), the
cells were transfected with ASRO following the manufacturer’s (Invitrogen Life
Technologies, Carlsbad, CA) protocol (briefly described above). Cells were treated with the
appropriate concentration of daunorubicin (150 nM) (Sigma, St. Louis, MD) (nine hours
post-transfection) for 48 h. After the drug treatment cells were stained with Hoechst stain
(10 pg/ml) (Sigma, St. Louis, MD) at room temperature for 10 min. The cells were later
observed under fluorescent microscope (20X). Five fields were observed and in each field
total numbers of cells and apoptotic cells were counted. Percentage apoptotic cells were
counted over total number of cells.

Data Analysis

Comparison of the effects of various treatments was done using a 2-tailed, unpaired student
t-test when appropriate. Differences with a P < 0.05 were considered statistically significant.
Experiments shown are the means of multiple individual points (+SEM). Median dose-effect
isobologram analyses to determine the synergism of drug interaction were done according to
the methods of T-C. Chou and P. Talalay using the CalcuSyn program for Windows
(Biosoft)(23). Cells were treated with agents at a fixed concentration dose. A combination
index value of <1.00 indicates synergy of interaction between the drugs, a value of 1.00
indicates additivity, and a value of >1.00 indicates antagonism of action between the agents.

RESULTS

Identification of enhancing RNA cis-elements for the inclusion of the exon 3,4,5,6 cassette
into caspase 9 mRNA

Previously, our laboratory reported that SRSF1 was a required enhancer for the inclusion of
the exon 3,4,5,6 cassette of caspase 9 pre-mRNA (15). Many studies over two decades have
shown that SRSF1 interacts with specific RNA cis-elements to mediate enhanced inclusion
of exons. Therefore, the sequence (exonic and intronic) of the exon 3,4,5,6 cassette of
caspase 9 was examined for purine-rich sequences, repeating purine-rich sequences, and
consensus SRSF1 binding sites from the literature and those identified by ESE Finder 2.0
(24) and Splicing Rainbow (25). Analysis of the sequence revealed thirteen possible
interaction sites for SRSF1 (Table I). To determine whether these RNA cis-elements played
a role in regulating the alternative splicing of caspase 9 pre-mRNA, a functional minigene
for caspase 9 splicing was utilized as previously described (21). The possible RNA cis-
elements were modified in the minigene construct by replacement mutagenesis (Table I).
Importantly, these mutations did not affect the distances between the possible RNA cis-
elements and exonic splice sites, thus reducing the possibility of artifactual results. Of the
thirteen possible RNA cis-elements, five mutations affected the caspase 9a/9b ratio (Table |
and Figure 1). We have previously reported that mutation of the RNA cis-element, C9-E3/
ESS, resulted in a dramatic increase in the caspase 9a/9b mRNA ratio and was demonstrated
to be an exonic splicing silencer in exon 3 of caspase 9 pre-mRNA (Table I) (21). Therefore,
disregarding C9-E3/ESS, four additional RNA cis-elements were identified. Specifically,
two enhancer elements, one located in intron 6 termed C9-16/ISE (Table | and Figure 1A)
and the other located in exon 6 termed C9-E6/ESE (Table | and Figure 1B), and two
additional silencer elements, both located in exon 4 and termed C9-E4/ESS-1 (Table | and
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Figure 1C) and C9-E4/ESS-2 (Table I and Figure 1D), were identified. Importantly,
mutation of C9-16/ISE induced a complete inversion of the caspase 9a/9b ratio from 2.8 £
0.1t00.1£0.0 (n =6; P <0.01; Figure 1A) whereas mutation of C9-E6/ESE decreased the
caspase 9a/9b ratio from 2.8 £ 0.1t0 1.9 + 0.1 (n = 4; P < 0.01; Figure 1B). Furthermore,
mutation of C9-E4/ESS-1 induced an increase in the caspase 9a/9b ratio from 2.9 + 0.1 to
4.9+0.2 (n=4; P <0.01; Figure 1C) in a similar manner as mutation of C9-E4/ESS-2,
which increased the caspase 9a/9b ratio from 2.9 + 0.1 t0 4.8 £ 0.1 (n = 4; P < 0.01; Figure
1D). The caspase 9 minigene mutants demonstrating no effect on the caspase 9a/9b ratio are
also represented (Supplemental Figure 1). Therefore, these data demonstrate novel RNA cis-
elements located in caspase 9 pre-mRNA required for the inclusion/exclusion of the exon
3,4,5,6 cassette. As the goal of this study was to define enhancing RNA cis-elements, the
remainder of this report focuses on these RNA cis-elements.

SRSF1 specifically interacts with C9-16/ISE

Previously, our laboratory reported that downregulation of SRSF1 by siRNA induced a
dramatic reduction in the endogenous caspase 9a/9b mRNA ratio (1.67 + 0.11 to 0.56 + 0.08
(* P value < 0.005)) (15). Since mutation of the C9-16/ISE enhancer element resulted in the
more dramatic decrease in the caspase 9a/9b ratio and produced a comparable effect as
SiRNA downregulation of SRSF1 in A549 cells, we hypothesized that this C9-16/ISE
specifically interacted with SRSF1. To explore this hypothesis, C9-16/ISE was subjected to
streptavidin-agarose affinity purification with A549 nuclear extract. Biotinylated RNA
oligonucleotide corresponding to C9-16/ISE (Bio-16/ISE), biotinylated RNA oligonucleotide
corresponding to a mutant C9-16/ISE (Bio-16/ISE MUT), biotinylated RNA oligonucleotide
corresponding to a non-specific competitor sequence (Bio-NSC-2), non-labeled specific
competitor (SC) and non-labeled non-specific competitor (NSC-1) were utilized for this
affinity assay. Of note, the biotinylated RNA oligonucleotide corresponding to mutant C9-
16/ISE possessed the same mutations as the mutant C9-16/ISE minigene utilized in this
study. As predicted, SRSF1 specifically interacted with the Bio-ISE-1 cis-element whereas
no interaction of SRSF1 was observed with Bio-NSC-2. Importantly, the mutant C9-16/ISE
(Bio-16/ISE) RNA oligonucleotide (Figure 2A) demonstrated a 89% reduction in the
interaction with SRSF1. Furthermore, the addition of unlabeled SC completely abolished the
observed SRSF1/ISE-1 interaction. Thus, SRSF1 specifically interacts with C9-16/ISE in
vitro.

The specificity of this interaction was further demonstrated by immunodepletion (ID) of
SRSF1 from A549 nuclear extracts (Figure 2B). Immunodepletion analysis of SRSF1
demonstrated a loss of a specific C9-16/ISE protein complex in contrast to ID-nuclear lamin
B2 extract (Figure 2C). The culmination of these data (e.g. competition/affinity purification
and immunodepletion/affinity purification) demonstrates that SRSF1 specifically binds to
C9-16/ISE.

The regulation of the alternative splicing of caspase 9 pre-mRNA by SRSF1 translates to
multiple cell lines and is via C9-16/ISE

Based on previous findings from our laboratory, downregulation of SRSF1 in A549 cells
induced an increase in the caspase-9b splice variant at the expense of caspase-9a, thereby
inducing a decrease in the caspase 9a/9b mRNA ratio (15). We now demonstrate that the
change in the caspase 9a/9b ratio translates to the protein level (Figure 3B). Additionally we
demonstrate translatability of this mechanism into multiple cell lines (Figure 3A,B).
Specifically, HeLa cells, H838 cells, and the non-transformed cell line, HBEC-3KT cells,
were subjected to downregulation of SRSF1 utilizing siRNA. As with the A549 cells,
downregulation of SRSF1 resulted in a dramatic decrease in the caspase 9a/b ratio in all cell
lines examined (HeLa cells from 3.1 £ 0.12 to 0.6 + 0.08 (n = 4; P < 0.01); H838 cells from
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2.2+0.11t01.2+0.09 (n = 4; P <0.01); and HBECK-3KT cells from 3.5+ 0.07t0 1.1 +
0.09 (n = 4; P <0.01)) (Figure 3A). As with our previous data, this effect on the caspase 9a/
9b mRNA ratio translated to the protein level (Figure 3B). Therefore, the regulation of the
alternative splicing of caspase 9 by SRSF1 is a specific mechanism that translates to
multiple cell lines. Of note, we have previously shown that the effect of SRSF1 on this
mechanism was not due to a generalized effect on cellular RNA splicing (15).

Previous findings from our laboratory have found that ceramide treatment led to the
dephosphorylation of SR proteins, and SRSF1 was required for ceramide to affect the
alternative splicing of caspase 9 pre-mRNA (15). Furthermore, our laboratory has recently
demonstrated that the phosphorylation status of SRSF1 on serinel99: 201, 227, gnq 234
regulates the alternative splicing of caspase 9 pre-mRNA in A549 cells downstream of Akt
(20). Specifically, ectopic expression of the SRSF1 quadruple (SRSF1-QD) mutant, which
harbors serine to aspartic acid mutations at serine residues 199, 201, 227 and 234, induced a
significant decrease in the caspase 9a/9b ratio (20). Conversely, ectopic expression of the
SRSF1 quadruple (SRSF1-QA) mutant, which harbors serine to alanine mutations at serine
residues 199, 201, 227 and 234, induced a significant increase in the caspase 9a/9b ratio
(20). Based on these results, we hypothesized that mutated C9-16/ISE co-transfected with
either wild-type SRSF1 or SRSF1-QD would abolish any observed effect on the caspase 9a/
9b mRNA ratio. To test this hypothesis, A549 cells were transfected with the mutated C9-16/
ISE minigene in conjunction with SRSF1-WT, SRSF1-QD, or SRSF1-QA. Neither the wild-
type nor mutated SRSF1 were able to affect the minigene-derived caspase 9a/9b mRNA
ratio when co-transfected with the mutated C9-16/ISE, in contrast to co-transfection with
wild-type caspase 9 miniene (Figure 3C). These data support the hypothesis that SRSF1
regulates the alternative splicing of caspase 9 via the strong, intronic splicing enhancer, C9/
16-ISE.

Clonogenic survival and chemotherapy sensitivity is altered in cells by direct manipulation
of the alternative splicing of caspase 9

NSCLC cells in general demonstrate high resistance to chemotherapy (26) due to a lack of
caspase activation (27, 28), and we have reported that the ratio of caspase 9 splice variants
(C9a/C9b) is dysregulated in NSCLC tumors and lung cancer cell lines (also see
Supplemental Figure 2) (20, 21). Furthermore, our laboratory reported that the clinically
relevant therapeutic, erlotinib, and the lipid second messenger, ceramide, induced an
increase in the caspase 9a/9b mRNA ratio at concentrations below the ICsq of either agent
via a pathway involving the phospho-state of SRSF1 and likely via the RNA splicing
enhancers reported here (15, 20). As erlotinib and de novo ceramide will synergize with
various chemotherapies such as adriamycin-derivatives in vitro (14, 29), we hypothesized
that the caspase 9a/9b ratio may be significant in chemotherapeutic sensitivity induced by
erlotinib towards chemotherapies that do not induce de novo ceramide (e.g. daunorubicin).
In order to study the role of alternative splicing of caspase 9 in chemotherapy sensitivity of
lung carcinoma cells, anti-sense RNA oligonucleotides (ASROs) and small interfering RNA
(siRNA) were utilized to directly manipulate the alternative splicing of caspase 9 as we have
previously described (21). Specifically, an ASRO designed to hybridize to 5'SS of exon 4
(E4 ASRO) was effective in reducing the caspase 9a/9b splice ratio (Figure 4A,B).
Specifically, E4 ASRO shifts the caspase 9 splice ratio to favor caspase 9b with a 57%
reduction in the caspase 9a/9b mRNA ratio (Figure 4B). To achieve an increase in the ratio
of C9a/C9b mRNA, siRNA to specifically downregulate caspase 9b (9b-si) was developed
(Figure 4C). RT-PCR analysis revealed that transfection of A549s with 9b-siRNA resulted
in an increase in the caspase 9a/9b ratio (Figure 4C).

In order to examine the role that direct manipulation of the alternative splicing of caspase 9
on the sensitivity of chemothereutic agents for NSCLC cells that do not generate appreciable
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amounts of de novo ceramide, three clinically relevant agents used in clinical combinations
therapies for cancer were chosen, Daunorubicin (DNR), Cisplatinum (Cp) and Paclitaxel
(Pac). These chemotherapies were also chosen because none of these agents had an
appreciable effect on the caspase 9a/9b mRNA ratio individually (Supplemental Figure 3).
Both, DNR and Cp, are similar in that they are DNA damaging agents with DNR being an
intercalating agent versus Cp being an alkylating agent. Pac is the traditional cytotoxic agent
targeting spindle fibers, and thus blocking cell division. Lowering the caspase 9a/9b ratio
using the E4 ASRO induced significant resistance to daunorubicin (DNR)-induced apoptosis
(n =6; P <0.05; Figure 4D) as well as suppression of cell viability (n = 6; P < 0.05; Figure
4E) and cell survival (increased the I1Csq from 6.0 nM to 13.0 nM) (Figure 4F). This effect
was also observed for Cp (Supplemental Figure 4A) and to a lesser, but significant extent,
for Pac treatment (Supplemental Figure 4B).

Based on the above findings, we also hypothesized that an increase in the caspase 9a/9b
ratio would produce the opposite effect and sensitize NSCLC cells to the same
chemotherapeutic agents. More importantly, 9b-siRNA treatment of A549 cells
demonstrated a reduced DNR ICgq of 6.0 nM + 0.7 compared to cells transfected with
control siRNA (12.5 nM) as measured by the clonogenic survival assays (Figure 4G). In
addition, 9b-siRNA treatment also reduced the I1Csq for Cp (from 0.25 pg/ml to 0.08 pg/ml)
(Supplemental Figure 5A). A similar reduction in the 1Cgq of Pac was also observed in A549
cells, although to a slightly lesser extent as the DNA-damaging agents (Supplemental Figure
5B). Importantly, these effects translated to more than one NSCLC cell line as similar
increases in the drug de-sensitization were observed in H2030 cells when transfected with
E4 ASRO and treated with DNR and Pac (Supplemental Figure 6). Similarly, H2030 cells
transfected with 9b-siRNA also resulted in a reduction of the ICgg as compared to Con-
siRNA-treated cells (Supplemental Figure 7). Overall, these data demonstrate that the ratio
of caspase 9a/9b mRNA is an indicator of the resistance/sensitivity of NSCLC cells to
broad-types of chemotherapeutic agents.

Modulation of the alternative splicing of caspase 9 regulates the synergistic effects of
Daunorubicin and Erlotinib

Since modulation of the caspase 9a/9b mMRNA ratio sensitized NSCLC cells to DNA
damaging agents currently utilized in combination therapies for NSCLC patients, we next
tested our overall hypothesis that erlotinib sensitized NSCLC cells to adriamycin-derivatives
via manipulation of the caspase 9a/9b ratio. Specifically, we examined if genetic
manipulation of the alternative splicing of caspase 9 would modulate the synergistic effects
of erlotinib and DNR in low and high dose combinations. As demonstrated by colony
formation assays, erlotinib and DNR interacted in a synergistic manner to inhibit the colony
formation of A549 cell as indicated by CI values of less than 1.00 (Table Il) and a further
reduction of cell survival was observed when the NSCLC cells were treated with sub-1Csq
concentrations of these drugs (Figure 5A,B). Importantly and validating our hypothesis, the
synergism of erlotinib and DNR in combination at low concentrations (sub-1Csq values) was
dramatically diminished in NSCLC cells expressing C9b-shRNA and presenting with a low
caspase 9a/9b ratio (Table Il and Figure 5A). Low ectopic expression of caspase 9b (a 2-fold
decrease in the caspase 9a/9b ratio) also dramatically inhibited the synergism of DNR and
erlotinib irrespective of dose (Table Il and Figure 5B). Therefore, these data support the
hypothesis that erlotinib acts to synergize with DNA-damaging agents, such as DNR,
through its ability to modulate the alternative splicing of caspase 9.

DISCUSSION

The importance of the presented study lies in several key findings. First, our mechanistic
knowledge of how the alternative splicing of caspase 9 is regulated has been expanded by
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our identification of a novel RNA cis-element via which SRSF1 (ASF/SF2) enhances the
inclusion of the exon 3,4,5,6 cassette. Furthermore, SRSF1 was shown to specifically
interact with this RNA cis-element, and regulate the alternative splicing of caspase 9 via this
novel RNA cis-element. Second, we demonstrate that the alternative splicing of caspase 9 is
a relevant therapeutic target as demonstrated by direct manipulation of this splicing cascade
having significant effect on the sensitivity NSCLC cells to clinically relevant
chemotherapeutics. Lastly, one of the major findings of the report is our data showing that
the synergism of erlotinib combination therapy is in part via modulation of the alternative
splicing of caspase 9.

In regards to the RNA cis-element that specifically interacts with SRSF1, a purine-rich RNA
cis-element was identified in intron 6, 24 bp downstream of the 5’ splice site of exon 6. The
position of this RNA cis-element makes logical sense as it is localized near a juxta-exon for
the large exon 3,4,5,6 cassette. We had initially anticipated that regulatory elements for the
exon 3,4,5,6 cassette would be positioned in or near exon 3 and 6, and indeed, this study
showed that an intronic splicing enhancer (now termed C9-16/ISE) was immediately
downstream of exon 6. There is still a possibility that C9-16/ISE is only one of several
required splicing enhancers for SRSF1 within the exon 3,4,5,6 cassette, and indeed,
mutation of one other possible RNA cis-element for SRSF1 interaction in exon 6 had a
significant, albeit smaller effect on the caspase 9a/9b mRNA ratio. Still, C9-16/ISE is the
strongest enhancer element identified to date, and mutation of this RNA cis-element
produced the same results as downregulation of SRSF1 by siRNA (15). This is another key
indicator that C9-16/ISE is the major enhancer element for inclusion of the 3,4,5,6 cassette.
Furthermore, our studies demonstrate that SRSF1 specifically binds C9-16/ISE, and wild-
type SRSF1 as well as the phospho-mutants of SRSF1 could not affect the ratio of minigene
caspase 9a/9b mRNA when C9-16/ISE was mutated. Therefore, the culmination of these
date demonstrate that C9-16/ISE is the major splicing enhancer for the inclusion of the exon
3,4,5,6 cassette via specific interaction with SRSF1.

As more data is accumulated on the regulation of the exon 3,4,5,6 cassette of caspase 9, a
complex and novel mechanism is beginning to emerge. For example, we recently
demonstrated that an exonic splicing silencer (ESS) was located in exon 3 termed C9/E3-
ESS. Indeed, we further showed that the RNA trans-factor, hnRNP L, bound this sequence
in non-small cell lung cancer (NSCLC) cells to repress the inclusion of the exon 3,4,5,6
cassette into the mature transcript. In this same report, we addressed the possibility that this
was an oversimplification, and indeed, we identified two additional ESS sequences in the
exonic cassette, both in exon 4. These sequence share homology to the C9/E3-ESS sequence
suggesting that hnRNP L may also associate with these sequences to repress the entirety of
the cassette. This repression by hnRNP L activated by phosphorylation along with the
inactivation of SRp30a by phosphorylation on ser199 201,227, 234 yond to exon 6 is a logical
mechanism to rapidly regulate the alternative splicing of caspase 9. Overall, the additional
regulatory RNA cis-elements identified in these studies suggest a complex mechanism
involving a number of RNA cis-elements along the exon 3,4,5,6 cassette required for both
inclusion and exclusion (repression). For example, repression of the exonic cassette requires
not one, but a number of exonic splicing silencers bound to inhibitory RNA trans-factors
(e.g. phosphorylated hnRNP L). Hence, the default splicing paradigm is inclusion of the
exonic cassette as long as SRSF1 is expressed and not phosphorylated on serl99. 201, 227, 234
peripheral phosphorylation sites to the standard RS domain of the RNA trans-factor. Taken
together with our recent reports on SRSF1 and hnRNP L in this alternative splicing
mechanism, these new results suggest that RNA trans-factors not only play constitutive
roles in RNA splicing, but also activated roles in modulating alternative splicing induced by
post-translational modifications in contrast to simple expression gradients.
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In regards to biology, the role of SRSF1 in this mechanism is translatable to more than one
NSCLC cell line as well as other cell types. Our laboratory previously published that
downregulation of SRSF1 by siRNA induced a dramatic decrease in the caspase 9a/9b
MRNA ratio of A549 cells (15). Essentially, the inclusion of the exon 3,4,5,6 cassette was
abolished into the mature transcript. Here, we expanded this early study and demonstrated
that downregulation of SRSF1 in the NSCLC cell lines, H2030 and H838 cells, the cervical
cancer cell line, HeLa cells, and in the non-transformed immortalized human bronchial
epithelial cell line, HBEC-3 cells, also lowered the caspase 9a/9b mRNA ratio. Whereas the
effect of SRSF1 in the NSCLC cell lines and HBEC-3 cells was not unexpected, the result in
HeLa cells was surprising due to a previous report by Krainer and co-workers (30).
Specifically, downregulation of SRSF1 was reported to have no effect on the alternative
splicing of caspase 9 (30). Unfortunately, our findings are not in agreement. This may be
due to the extent of downregulating SRSF1 in HeLa cells or other technical differences.
During the preparation of this report, an additional study published by Silver and co-
workers, which also reported that the downregulation of SRSF1 affected the alternative
splicing of caspase 9 in HeLa cells, but in this case, the conclusion was an increase in the
caspase 9a/9b mRNA ratio (31). This difference is likely due to this report examining only
the levels of caspase 9a for their conclusions (31). Regardless of these contrasting findings
between research groups, all of the data reported in this manuscript demonstrate that SRSF1
is a required RNA trans-factor for the inclusion of the 3,4,5,6 exon cassette of caspase 9 pre-
mRNA in all cell lines examined to date, which is further supported by the corroborating
effect observed by mutation of the SRSF1 binding site in the caspase 9 minigene (e.g. also
lowered the caspase 9a/9b ratio).

Also in this study, we continued to address the biological consequences of a dysregulated
caspase 9a/caspase9b ratio, and demonstrate that this distal splicing mechanism was related
to the sensitivity of NSCLC cells to additional types of chemotherapies beyond EGFR
inhibitors like erlotinib. For example, C9b siRNA induced a 2.7-fold increase in the caspase
9a/9b mRNA ratio, which translated to a significant decrease in the ICgy of DNA-damaging
agents. Thus, the ratio of caspase 9a/9b mRNA may be a prognostic/predictive indicator of
chemotherapy response to DNA-damaging agents. On the other hand, the ratio of caspase
9a/9b mRNA may not function as an indicator of response to classical cytotoxic agents such
as paclitaxel. As this study shows, the shift in ICgq after either E4 treatment or 9b-si
treatment in the case of Paclitaxel was significant, but not as nearly as dramatic when
compared to the effects on the ICsg of DNR and Cp. This could be attributed to the mode of
action for Pac versus the DNA damaging agents. For example, DNR sensitivity is highly
linked to apoptosis capacity, thus manipulation of caspase 9 activity dramatically affecting
the 1Cgq of this agent is logical. Regardless of the limited effect of the manipulating the
caspase 9a/9b ratio on Pac, the effect on the ICgq of these chemotherapeutic agents
translated to more than one NSCLC cell line suggesting a broad-based mechanism.
Therefore, this study demonstrates that a single mechanism in these cells (e.g. the alternative
splicing of caspase 9) has a large impact on the sensitivity of non-small cell lung cancer
cells to several chemotherapeutic agents.

These findings have direct implications to the resistance observed in NSCLC patients to
these compounds in the clinic. Specifically, our results suggest that direct manipulation of
the caspase 9a/9b ratio would sensitize NSCLC tumors to already available chemotherapies.
Furthermore, direct manipulation of this splicing event may allow for the use of one anti-
cancer agent limiting side-effects and possibly toxic deaths as synergism between erlotinib
and the DNA-damaging agent, daunorubicin, was lost by direct manipulation of the caspase
9a/b ratio. This is further highlighted as caspase 9b is only appreciably expressed in
transformed cells, and hence, should have essentially no unwanted side-effects in patients.
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Currently, pre-clinical animal studies are being undertaken to assess the efficacy of this
treatment regime.

In conclusion, this study links our previous findings on the phospho-status of SR proteins
and the alternative splicing of caspase 9 during apoptotic signaling (15) by establishing a
mechanistic link between the SR proteins, SRSF1, and the alternative splicing of caspase 9
via a novel ISE in intron 6 that regulates the inclusion of the exon 3,4,5,6 cassette. These
current studies also strongly suggest that the alternative splicing of caspase 9 is an important
regulatory mechanism that influences the chemotherapy sensitivity of NSCLC cells. The
direct manipulation of this mechanism with the help of ASROs, siRNA, and RNA
scavengers gives us the promise of a new generation of molecular-therapeutic agents for
NSCLC that sensitizes NSCLCs to a variety of chemotherapeutic agents with little or no
unwanted side-effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of novel RNA cis-elements that regulate the inclusion of exon 3,4,5,6
cassette of caspase 9

A-D) RT-PCR analysis of caspase 9 minigene-derived transcripts from A549s transfected
with the WT caspase 9 minigene and A) C9-16/ISE, B) C9-E6/ESE, C) C9-E4/ESS-1, or D)
C9-E4/ESS-2. The caspase 9a/9b mRNA ratio was determined by densitometric analysis of
RT-PCR fragments. Data represent 3 separate determinations on 3 separate occasions.
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Figure 2. SRSF1 specifically interacts with the C9-16/ISE element

A) A5’ biotinylated C9-16/ISE oligonucleotide (Bio-C9-16/ISE), a 5’ biotinylated C9-16/ISE
mutant oligonucleotide (Bio-C9-16/ISE MUT) or 5’ biotinylated non-specific competitor
oligonucleotide (Bio-NSC-2) (negative control) were incubated in the presence of nuclear
extract from A549 cells or IgG (control) and subjected to western immunoblot (anti-SRSF1
monoclonal antibody) analysis. Unlabeled competitor RNA oligonucleotides (e.g. NSC-1,
SC) were also added to the reactions as indicated. The data are representative of 4 separate
determinations on 2 separate occasions. B) Western blot analysis of immunodepleted A549
nuclear extracts (supernatants) to confirm Lamin B2 and SRSF1-immunodepletions. C)
Antibodies to SRSF1 and Lamin B2 were coupled to protein-G-sepharose beads (see
Materials and Methods). Protein-G coupled antibody beads were added to A549 nuclear
extract to allow immunodepletion. Fluorescein-tagged C9-16/ISE oligonucleotide was
incubated in the presence of SRSF1-immunodepleted nuclear extracts or Lamin B2-
immunodepleted nuclear extracts followed by electromoblilty shift assays. High = High
intensity laser scan and Low = low intensity laser scan. The data are representative of 7
separate determinations on 3 separate occasions.
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Figure 3. Downregulation of SRSF1 decreases the caspase 9a/9b splice ratio in multiple cell lines
A) The indicated cell lines were transfected with 100 nM control siRNA or 100 nM SRSF1
SMARTpool siRNA for 48 h. Total RNA was isolated and analyzed by competitive/
quantitative RT-PCR for caspase 9 splice variants(15). The C9a/C9b mRNA ratio was
determined by densitometric analysis of RT-PCR fragments. B) Simultaneously, total
protein lysates were also produced, subjected to SDS-PAGE analysis, and immunoblotted
for SRSF1, caspase 9a, caspase 9b, and p-actin. C) RT-PCR analysis of Casp9 minigene-
derived transcripts from A549s transfected with the wild-type caspase 9 minigene (WT MG)
or mutant C9-16/ISE caspase 9 minigene (16/ISE MUT MG) (1 ug) in conjunction with
either wild-type SRSF1 (SRSF1-WT) (1 pg), mutant SRSF1-QD (SRSF1-QD) (1 nug), or
mutant SRSF1-QA (SRSF1-QA) (1 ug). All ratios of caspase 9a/9b were determined by
densitometric analysis of RT-PCR fragments. Data are expressed as means = S.E. The
protein expression levels of SRSF1-WT, SRSF1-QD, and SRSF1-QA were also assayed by
western immuoblot analysis using an anti-T7 tag antibody.
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Figure 4. The E4-ASRO treatment increases the survival and chemotherapy resistance of A549
cells

A) Schematic representation of the alternative splicing mechanism of caspase 9 and binding
sites for the E4 ASRO and caspase 9b siRNA utilized in these studies. * = binding site for
E4 ASRO and ** = binding site for caspase 9b siRNA. B) RT-PCR analysis of caspase 9
splice variants from A549s transfected with control ASRO (CON) or E4 ASRO (E4)
(400nM) and C) control siRNA or caspase 9b siRNA. All ratios of caspase 9a/9b were
determined by densitometric analysis of RT-PCR fragments. Data are expressed as means +
S.E. D) A549 cells were transfected with the indicated ASROs (400 nM). Twenty-four hours
following ASRO transfection, cells were treated with or without DNR (150 nM) for 48h.

Mol Cancer Res. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shultz et al.

Page 19

After drug treatment, apoptosis assays were performed as described in Materials and
Methods section. The graph depicts percentage apoptosis for cells treated + DNR. Data are
expressed as mean * SE, * = P<0.05. E) The viability of A549 cells transfected with the
indicated ASROs was monitored as mitochondrial function using WST assays as described
in materials and methods. A549 cells were treated with DNR (150 nM) or sham control for
48h. Data are expressed as mean + SE and are representative of four separate determinations
on two separate occasions. F & G) A549 cells were transfected with the indicated ASROs or
siRNAs. Twenty-four hours post-transfection, cells were replated (500 cells/well of a 6-well
dish) and treated with DNR (0.0 nM to 20.0 nM) for 48h. Cells were then allowed to form
colonies for 10 days. The colonies were scored and percentage survival was calculated with
respect to the control treated cells. Panel F also includes representative photographs of
stained tissue culture plates following treatment with 3 nM DNR to demonstrate the
increased survival imparted by the E4 ASRO in the presence of DNR. Data are expressed as
mean +SE and are representative of three separate determinations on four separate
occasions.
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Figure 5. The alternative splicing of caspase 9 regulates the synergistic effects of erlotinib and
DNR in combination

A,B) Clonogenic survival of A549 cells expressing vector control, ectopic caspase 9b cDNA
or Casp9b shRNA. Depicted are representative photographs of stained tissue culture plates
of the indicated cells treated with DMS vehicle control or DNR and Erlotinib in
combination. Bar graphs represent the percent death of the indicated cell line following
treatment with DNR and Erlotinib in combination as determined by the number of colonies
counted in comparison to DMSO control treated (n = 6; P < 0.01). Data are mean + S.E.
represented as percent control.
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