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Abstract

The transcription factor E2F1 plays a key role during S phase progression and apoptosis. It has
been well-demonstrated that the apoptotic function of E2F1 involves its ability to transactivate
pro-apoptotic target genes. Alternative splicing of pre-mRNAS also plays an important role in the
regulation of apoptosis. In this study, we identify the splicing factor SC35, a member of the Ser-
Rich Arg (SR) proteins family, as a new transcriptional target of E2F1. We demonstrate that
E2F1 requires SC35 to switch the aternative splicing profile of various apoptotic genes such as
c-flip, caspases-8 and -9 and Bcl-x, towards the expression of pro-apoptotic splice variants.
Finally, we provide evidence that E2F1 upregulates SC35 in response to DNA damaging agents
and show that SC35 is required for apoptosis in response to these drugs. Taken together, these
results demonstrate that E2F1 controls preemRNA processing events to induce apoptosis and

identify the SC35 SR protein as akey direct E2F1-target in this setting.

Keywords: Alternative splicing/Apoptosis/E2F1/SC35/SR proteins
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I ntroduction

PreemRNA splicing is an essential step for the expression of most genes in higher
eukaryotic cells. This process has emerged as an important mechanism of genetic diversity since
about 74% of human genes undergo alternative splicing, leading to the production of various
protein isoforms . SC35 belongs to the serine/arginine-rich (SR) protein family, one of the most
important class of splicing regulators. Members of the SR family have a modular structure
consisting of one or two copies of an N-terminal RRM (RNA-recognition motif) followed by aC
terminus rich in serine and arginine residues known as the RS domain. They act at multiple steps
of spliceosome assembly and participate in both constitutive and alternative splicing . Together
with most of the other splicing factors, SR proteins localize to nuclear subregions termed nuclear
speckles ®. Extensive serine phosphorylation of the RS domain plays an important role in the
regulation of both the localization and the activities of SR proteins*. While the splicing functions
of SR proteins have been well documented ” in vitro”, their roles and physiological targets " in
vivo” are less well known. However, based on gene targeting experiments demonstrating that
they are required for cell viability and/or animal development, SR proteins undoubtedly control
essential biological functions.

Apoptosis is one of the cellular processes in which alternative splicing plays an important
regulatory role. Indeed, a remarkable number of transcripts that encode proteins involved in the
apoptotic pathway are subjected to alternative splicing. This usually drives the expression of
proteins with opposite functions, either pro- or anti-apoptotic >. Interestingly, changes in SR
protein phosphorylation have been observed upon apoptotic stimulation following activation of

the Fas receptor °. In addition, " in vitro” overexpression experiments have suggested a potential
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role for SR proteins in the control of the splicing of pre-mRNAS encoding apoptotic regulators *
8 Moreover, depletion of the ASF/SF2 SR protein has been reported to induce apoptosis .
Nevertheless, whether individual SR proteins are necessary to modulate alternative splicing of
MRNASs encoding apoptotic factors remains largely unknown, as well as the factors that control
expression and/or activity of SR proteinsin this context.

The E2F1 transcription factor belongs to the E2F family encompassing eight members
involved in a diverse array of essential cellular functions °. E2F1 is best-known for its role in
driving cell cycle progression in S phase. In addition, E2F1 can induce apoptosis by mechanisms
involving or not its transcriptional function. We previously demonstrated the ability of E2F1 to
trigger apoptosis through caspase-8 activation at the death-inducing signaling complex and
showed that E2F1 acts through specific downregulation of the cellular FLICE-inhibitory protein
short isoform, c-FLIPgo: ™. As c-flip predominantly encodes two isoforms arising from
aternative splicing, namely c-FL1Pgor and c-FL1Piong, We postulated that E2F1 could control the
expression and/or activity of some splicing factors. In this study, we identify the SC35 splicing
factor as a direct transcriptional target of E2F1 and show that SC35 is involved in the ability of
E2F1 to trigger apoptosis through downregulation of c-FLIPst. Importantly, we demonstrate
that E2F1 and SC35 also cooperate to switch the alternative splicing pattern of caspases-8 and -9
as well as of Bcl-x, towards the expression of pro-apoptotic isoforms. Finally, we provide
evidence that E2F1 promotes the accumulation of SC35 in cells treated with DNA damaging
agents, and show that SC35 is required for induction of apoptosis in this setting. Taken together,
these results demonstrate that E2F1 and SC35 proteins control preemRNA processing events to

promote apoptosis.
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Results

E2F1 upregulates SC35 protein expression

We previoudly established a model of stable E2F1-inducible clones in the H358 cell line
derived from a human lung adenocarcinoma ™. Here we exploit this model to test whether E2F1
can control the expression pattern of three members of the SR protein family, one of the most
important class of splicing regulators, namely SC35, SRp20 and SF2/ASF. Immunaoblotting
experiments demonstrated a 3-4 fold increased expression of SC35 in cells overexpressing E2F1,
whereas the total level of SRp20 and SF2/ASF was not affected (Figure 1A, left panel). This
effect required the DNA binding activity of E2F1 since overexpression of an E2F1(E132) DNA-
binding defective mutant did not affect SC35 protein level (Figure 1A, right panel).

To confirm these data, we knocked-down E2F1 expression by using small interfering
RNAs (siRNAs) in the H69 and H810 neuroendocrine lung carcinoma cell lines that
physiologically express high levels of E2F1, and analyzed SC35, SRp20 and SF2/ASF expression
by western blotting. As shown in figure 1B, the silencing of E2F1 was accompanied by marked
downregulation of the endogenous SC35 protein in both cell lines as compared to cells
transfected with mismatch siRNA. In contrast, the expression of SRp20 and SF2/ASF proteins
was not affected. In addition, we observed that SC35 protein levels were strongly reduced in
E2F1 knock-out MEF as compared to wild-type MEF, whereas those of SRp20 and SF2/ASF did
not change (Figure 1C). Taken together, these data demonstrate that SC35 expression is

positively regulated by E2F1.
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SC35isadirect transcriptional target of E2F1

To test whether E2F1 controls SC35 expression at the transcriptional level, we performed
RT-PCR experiments using primers localized at the 5’ -end of the sc35 ORF. The data showed
that expression of sc35 mMRNA was induced by E2F1 but not by the mutant E2F1(E132) (Figure
2A). To go further, we performed Chloramphenicol Acetyl Transferase (CAT) experiments using
a pR264-CAT plasmid that contains the 1kb human sc35 promoter upstream of CAT cDNA *2,
Co-transfection of H1299 (Figure 2B) or SAOS2 (data not shown) cells with pR264-CAT vector
and increasing amounts of an E2F1 expression vector resulted in a dose—dependent increase of
CAT activity. These results indicated that E2F1 can transactivate the promoter of sc35. To
confirm these data “in vivo” , we performed chromatin immunoprecipitation (ChlP) experiments
in the H358/Tet-On/E2F1 cells cultured in the presence of doxycylin (Figure 2C, upper panel).
As a positive control of ChIP assays, we used the proximal human Skp2 promoter that was
recently reported as a target of E2F1 ™. In our conditions, binding of E2F1 to the proximal Skp2
gene promoter was clearly detected whereas no binding was observed with the Gapdh promoter
(Figure 2C, upper panel). Importantly, the sc35 promoter fragment (-296/-79) that encompasses
two putative E2F1 binding sites was precipitated by an anti-E2F1 antibody (Figure 2C, upper
panel). In order to confirm that SC35 was a direct target of E2F1, endogenous E2F1 was
immunoprecipitated from H1299 cells and ChlP experiments were performed. As shown (Figure
2C, lower panel), endogenous E2F1 clearly bound to the sc35 promoter in these cells. Taken

together, these results identify sc35 as a direct transcriptional target of E2F1.
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E2F1 promotes SC35-dependent apoptosis through modulation of FLIPgng/FL | Pehort
ratio

As we previously demonstrated the ability of E2F1 to induce apoptosis through
downregulation of the c-FL|Ps protein isoform ™, we next analyzed whether SC35 plays arole
in this setting. By the use of sc35 sSSRNAs and Hoechst staining, we firstly observed that
neutralization of SC35 strongly reduced the number of apoptotic cells in response to E2F1
(Figure 3A). Therefore, these results indicated that SC35 is required for E2F1-induced apoptosis.
Importantly, RT-PCR (Figure 3B, left panel) and immunoblot analyses (Figure 3B, right panel)
revealed that downregulation of both flipsiort MRNA and protein levels was also prevented in
these conditions. A high level of both c-FLIP protein isoforms has been found in many tumor
cells and was correlated with resistance to FAS- and TRAIL-induced apoptosis, two death
receptor ligands **. Consistently, we previously reported that the downregulation of c-FLIPgort
by E2F1 was sufficient to restore the sensitivity of tumor cells to these ligands ™. In this study,
we showed that neutralization of sc35 expression overrode the ability of E2F1 to sensitize H358
cellsto FasL (Figure 3C) aswell asto TRAIL (data not shown) treatments. Collectively, our data
demonstrate that E2F1 induces apoptosis through SC35-dependent modulation of the FLIP,ong

/FL1Psnort ratio, at the expense of the FLIPg,q protein isoform.

E2F1 and SC35 co-regulate the splicing pattern of caspase-8, caspase-9 and Bcl-x
pre-mRNAsin favor of pro-apoptotic splice variants

As the expression of numerous apoptotic genes is regulated by preemRNA aternative
splicing °, we undertook a series of experiments to test whether E2F1 and SC35 can also affect

the ratio of other apoptotic splice variants. Various caspases are subjected to aternative splicing.
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Alternative splicing of casp-2 proceeds through selective insertion or removal of exon 9 giving
rise to anti-apoptotic caspase-2S and pro-apoptotic caspase-2L isoforms-respectively . The use
of a distant splice donor site at the 3'-end of exon 8 of human caspase-8 preemRNA leads to the
synthesis of an alternative splice variant, caspase-8L, a competitive inhibitor of caspase-8 *>%°.
The inclusion or exclusion of an exon cassette in caspase-9 causes the expression of two splice
variants, namely the pro-apoptotic caspase-9a and anti-apoptotic caspase-9b %, To assess
whether E2F1 induces changes in the alternative splicing profile of these caspases pre-mRNAS,
RNASs recovered from non-induced or induced H358/Tet-On/E2F1 cells were analyzed by RT-
PCR using primers specific for each caspase splice variant (Figure 4A). The results showed that
E2F1 increased the expression of pro-apoptotic caspases-2L, -8a and -9a mRNA levels and
decreased those of anti-apoptotic caspases-8L and -9b (Figure 4B). In contrast, these effects were
not observed with mutant E2F1(E132). Interestingly, we were unable to detect the caspase-2S
transcript in our cells. Altogether, these data indicate that E2F1 can switch the splicing pattern of
caspases-8 and -9 in favor of pro-apoptotic isoforms. Therefore, besides its ability to
transactivate caspases-8 and -9 genes ', E2F1 also controls their alternative splicing.

Bcl-x is amember of the bcl-2 gene family that also plays a key role in apoptosis. Several
splice isoforms of Bcl-x have been reported. The use of a5 proximal site generates the Bcl-x.
long isoform which protects cells against apoptosis. In contrast, the use of a5’ distal site results
in the synthesis of a short pro-apoptotic Bcl-xs isoform ?°. To analyze whether E2F1 regulates
the splicing pattern of Bcl-x, we performed RT-PCR analysis with specific primers in H358/Tet-
On/E2F1 cells (Figure 4A). The results showed that expression of E2F1 induced a concomittant
decrease of Bcl-x. and increase of Bcl-xs mRNA levels (Figure 4C, upper panel). As was
observed for caspase regulation, the mutant E2F1(E132) had no effect on bcl-x splicing. Western

blotting with Bcl-x antibodies specific for each isoform confirmed the RT-PCR results (Figure
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4C, lower panel). Therefore, these data demonstrate that E2F1 also controls the aternative
splicing of Bcl-x.

Finally, we investigated whether SC35 was involved in these effects. SRNAS targeting
sc35 were transfected in H358/Tet-On/E2F1 cells, and expression of caspases and Bcl-x splice
variants was analyzed by RT-PCR. In the absence of E2F1 induction, the knock-down of sc35
using two independent siRNAs (Figure 4D and Supplementary Figure 1) did not significantly
alter the level of caspases-8L, -8a, -9a or -9b mRNAS, nor that of Bcl-x_ or Bcl-xs. Importantly,

the induction of E2F1 expression in these cells deprived of SC35 did not affect the splicing

pattern of these genes (Figure 4D and Supplementary Figure 1). Furthermore, when we

performed RT-PCR analyses in A549 cells transiently transfected with a vector encoding SC35,
we found that overexpression of SC35 affected the splicing profile of caspase-8, -9 and Bcl-x
pree-mRNASs in a similar way than did E2F1 (compare Figure 4E to Figures 4B and C) and
induced apoptosis (data not shown). Altogether, these results demonstrate that E2F1 requires

SC35 to regulate the pre-mRNA alternative splicing of apoptotic genes.

E2F1 and SC35 proteins are upregulated and required for apoptosisin response to
genotoxic stresses

So far, our results demonstrate the ability of overexpressed E2F1 and SC35 to modify the
splicing pattern of various apoptotic genes. Thus, we next attempted to identify in which
physiological context both proteins could cooperate to induce apoptosis. It is now well-known
that DNA damaging agents stabilize E2F1 and induce its transcriptional activity towards
apoptotic genes thereby causing apoptosis %% In agreement with previous reports, treatment of

H358 cells with either methylmethanesulfonate (MMS) or cyclophosphamide, two alkylating
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agents that create inter-strand DNA crosslinks, significantly increased E2F1 expression as
detected by immunoblotting (Figure 5A, upper panel). In these conditions, upregulation of E2F1
was accompanied by an increase of SC35 protein and mMRNA expression (Figure 5A, upper
panels), as well as by the induction of apoptosis (Figure 5A, lower panel). In cyclophosphamide-
treated cells, the neutraization of E2F1 using SsIRNAs prevented the accumulation of SC35
(Figure 5B), indicating that E2F1 was involved in SC35 induction. In addition, as detected by
ChIP experiments, the binding of endogenous E2F1 to the sc35 promoter was increased
following drug treatment, indicating that SC35 is a direct target of E2F1 in response to DNA
damaging agents (Figure 5C). Furthermore, inhibiting SC35 expression strongly repressed
apoptosis following cyclophosphamide treatment, as detected by immunoblotting of pro- or
cleaved caspase-3 and Hoechst 33342 staining (Figure 5D). Taken together, these results
demonstrate that E2F1 requires SC35 to induce apoptosis in response to genotoxic stresses.
Finally, we analyzed whether E2F1 and SC35 acted through regulation of the alternative
splicing of apoptotic genes and studied the expression pattern of caspases -2, -8 and -9 as well as
Bcl-x splice variants by RT-PCR following cyclophosphamide treatment. As shown in Figure 6A
(Ieft panel), an increase of pro-apoptotic caspase-9a and Bcl-xs MRNA levels was observed in
cyclophosphamide-treated cells together with a decrease of anti-apoptotic caspase-9b and Bcl-x.
splice variants. Again, immunoblotting experiments confirmed the downregulation and
upregulation of Bcl-x. and Bcl-xs proteins, respectively (Figure 6A, right panel). In contrast,
accumulation of caspase-2L and of both anti- and pro-apoptotic caspase-8L and —8a transcripts
was detected in cyclophosphamide-treated cells (Figure 6A, left panel). Therefore, these results
demonstrate that cyclophosphamide modifies the alternative splicing pattern of Bcl-x and
caspase-9 preemRNAs in favor of pro-apoptotic splice variants. Importantly, the neutralization of

either e2f1 or sc35 before cyclophosphamide cell treatment prevented these modifications, as

10
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detected by RT-PCR (Figure 6B, upper panel) and western blotting (Figure 6B, lower panel).
Overall, these data strongly suggest that E2F1 and SC35 proteins act together during apoptosis of

DNA-damaged cells by controlling Bcl-x and caspase-9 pre-mRNAs alternative splicing.

Discussion

E2F1 is atranscription factor that plays acritical rolein cell cycle progression by favoring
entry into S phase. Besides its role in cell cycle control, E2F1 is aso widely accepted as an
inducer of apoptosis. It has been well-demonstrated that E2F1 promotes apoptosis through both
transcription-dependent and -independent mechanisms. So far, numerous apoptotic genes whose
transcription is enhanced by E2F1 have been identified '°. In this study, we show that E2F1
switches the aternative splicing pattern of key apoptotic genes in favor of their pro-apoptotic
splice variants, and identify the SC35 protein, a member of the SR family of splicing regulators,
as a key direct target of E2F1. Interestingly, two high throughput studies using ChiP on Chip
analysis *® or DNA microarrays ** previously suggested that SC35 is an E2F1-regulated gene. In
this study, we provide the first evidence of a direct functional link between E2F1 and SC35
proteins to regulate cellular apoptosis. Therefore, besides its ability to transactivate pro-apoptotic
target genes, E2F1 is aso able to control pree-mRNA processing events to induce apoptosis.

It has now emerged from the literature that splicing not only depends on the interaction of
splicing factors with their target premRNAs, but is also coupled to transcription 2. Indeed,
variations of pol Il promoter structure can lead to differences in alternative splicing of the

26-27

transcript and components of the spliceosome such as the p54nrb (p54 nuclear RNA binding

protein) and PSF (polypyrimidine tract-binding protein-associated splicing factor) RNA binding
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proteins are involved in both transcription and splicing processes % (for review). In addition,
transcriptional coregulators of the nuclear receptor family recruited at the promoter level not only
enhance the transcriptional activity of this promoter, but also affect the nature of the splice
variants produced 2% _ Moreover, some transcription factors have been reported to bind to
proteins of the spliceosome and/or display dual functions in splicing and transcription 3.
Taken together, these results indicate a role for proteins controlling transcription in splicing
regulation. In this study, we demonstrate that the transcription factor E2F1 transactivates the
expression of sc35, a component of the spliceosome and that both proteins regulate preemRNA
processing events. Altogether, these results strengthen the connection between the transcriptional
and splicing machineries. We show that E2F1 alters the splicing pattern of some of its
transcriptional targets such as c-flip (Figure 3B), caspases-8 and -9 (Figures 4B & 4D). As an
increased level of caspases—8 and —9 transcripts was also detected in this context, it is possible
that the transactivating functions of E2F1 cooperate with SC35 accumulation to regulate pre-
MRNA processing events. Interestingly, the expression of c-flip mRNA was apparently not
affected by E2F1 in the same conditions (Figure 3A). It was recently shown that the Spi-1/PU.1
transcription factor could modify aternative splicing of a transcriptional target gene, without
modulation of its MRNA transcription 3. Therefore, another but not exclusive possibility is that
E2F1 acts as a scaffold protein to drive SC35 to the nascent transcribed RNA of some of its target
genes, according to the cell-specific promoter occupation model %°.

Apoptosis is one of the cellular processes in which alternative splicing plays important
regulatory roles °. Several components of the splicing machinery have already been implicated in
apoptotic processes. For example, depletion of SF2/ASF 2 induces apoptosis. In addition,
overexpression of SC35 alters the splicing of caspase-2 mRNA, in favor of the pro-apoptotic

isoform accumulation ”. Furthermore, phosphorylation of SR proteins, which is known to control
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their sub-cellular localization as well as their activities, has been reported during apoptosis 2.
However, the upstream signaling molecules that regulate the expression and/or activity of SR
proteins during apoptosis, as well as the endogenous targets of SR proteins in this context remain
largely unknown. In this study, we provide evidence that E2F1 triggers apoptosis through SC35
accumulation and we demonstrate that both proteins cooperate to affect the splicing pattern of
caspase-8, caspase-9, flip and bcl-x genes, in favor of pro-apoptotic splice variants. Taken
together, our data identify SC35 as a new mediator of E2F1-induced apoptosis and identify some
of its endogenous targets in this setting.

Alteration of aternative splicing is believed to contribute to the resistance of tumor cells
to chemotherapy, notably through overexpression of anti-apoptotic splice variants 3. However,
the molecular mechanisms involved in such processes remain largely unknown. Importantly, and
consistent with arole of SR proteins during the response to DNA damage, it has been previously
shown that SC35 accumulates following y-irradiation * . In addition, it was recently reported that
the expression of SRp55, another member of the SR protein family, is upregulated and required
for apoptosis of p53-deficient cells after mitomycin C treatment ¥ . In this study, we demonstrate
that SC35 is upregulated by an E2F1-dependent pathway in response to methylmethanesulfonate
or cyclophosphamide treatment. Furthermore, we show that the E2F1 and SC35 proteins are
required for apoptosis of DNA-damaged cells and control Bcl-x and caspase-9 pre-mRNAs
alternative splicing at the expense of anti-apoptotic splice variants. Therefore, our data strongly
suggest that E2F1 and SC35 are key-determinants of the cellular response to chemotherapeutic
agents.

To conclude, we highlight the first functional connection between the transcription factor
E2F1 and a component of the splicing machinery, SC35, in the control of cellular apoptosis. It is

well-known that abnormalities in E2F signalling pathways contribute to tumorigenesis *.
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Accordingly, we previously described a differential pattern of E2F1 protein expression in human
lung tumors *. Interestingly, some SR proteins are overexpressed in ovarian cancer *° and
SF2/ASF was recently assessed as a proto-oncogene in human tumors **. Therefore, it remains to
be determined whether alterations of both E2F1 and SC35 proteins could cooperate to promote

carcinogenesis.

M aterials and M ethods

Céll lines, treatment, apoptotic assay, plasmids and transfection

A549, H358, H1299 and H69 human lung carcinoma cell lines were cultured as
previously described *?. The H810 large cell neuroendocrine lung carcinoma cell line was
cultured in 5% CO;, at 37°C in RPMI-1640 medium supplemented with 5% (v/v) FCS, 0.005
mg/ml insulin, 0.01 mg/ml transferrin, 30 nM sodium selenite, 10 nM hydrocortisone, 10 nM B-
estradiol and 10 mM HEPES. Murine embryonic fibroblasts (MEF) wild-type and E2F1 -/- were
cultured in DMEM (GIBCO) supplemented with 10%(v/v) heat-inactivated FCS. The human
lung adenocarcinoma H358/Tet-On/E2F1 and Tet-On/E2F1(E132) inducible clones were
obtained as previously described ™. Apoptosis was evaluated by scoring the percentage of
apoptotic cells on 500 cells after Hoechst 33342 staining. Transient transfections were carried out
using Fugene 6 (Roche Diagnostic). Plasmids used in transient transfections were pcDNA3,
pCMV-E2F-1, pcDNA3-HA-SC35 and pR264-CAT. Recombinant soluble human FLAG-tagged
FasL was purchased from Alexis (San Diego, CA, USA). Methanesulfonic acid methyl ester
(MMS) and cyclophosphamide monohydrate were all purchased from Sigma (Saint Quentin

Fallavier, France).
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Antibodies

The anti-E2F1 (C-20), anti-SC35 (H-55) and anti-Bcl-x. (H5) antibodies were purchased
from Santa Cruz, the anti-Bcl-xs (Ab-1) from Oncogene Research, the anti-E2F1 (KH95) and
anti-procaspase-3 from Pharmingen, the anti-FLIP (NF6) from Alexis, the anti-actin (20-33) from
Sigma, the anti-SC35 (4F-11) from Euromedex and the anti-SRp20 (7B4) and anti-SF2/ASF

from Zymed. Cleaved caspase-3 (Aspl75) was from Cell Signaling.

CAT assays

For CAT assay measurements, 2x10° cells per well were seeded in duplicate in 6-well
plates, and transfected with the pR264CAT plasmid in the presence or absence of increasing
amounts of pPCMV-E2F1 vector. pR364CAT vector contains the 1kb human sc35 promoter *2
and encompasses two putative E2F1 binding sites at —170 (TTTGGCCCG) and —-236
(TTTCGCGGG) bp upstream of the transcription start site. Transfection was performed using
Fugene 6 according to the manufacturer’s instructions, and CAT activity was measured 24-48
hours after transfection using CAT ELISA (Roche Diagnostic). CAT activity was then

normalized in each sample according to the protein amount.

Chromatin immunopr ecipitation experiments

Chromatin immunoprecipitation experiments were performed in H358 cells, H1299 cells
or H358/Tet-On/E2F1 cells cultured in the presence of 1 pg/ml doxycylin for 24 hours. An equal
amount of chromatin (25 pg) was precleared and immunoprecipitated with a polyclonal antibody

specific for E2F1 (C-20, Santa Cruz) or unrelated rabbit 1gG or no antibody, overnight at +4°C.
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Co-immunoprecipitated chromatin was analyzed for the presence of sc35 promoter DNA
between —296 and —79 bp, -upstream of the sc35 transcription start site, -by semiquantitative
PCR. This fragment encompasses two putative E2F1 binding sites at -170 and —236 bp upstream
of the transcription start site. The primers used were as follow: forward 5'-
GAGCACCTCCTCTTCCTCCTG-3 and reverse 5-CCGGAAATGAAACCTTCTGA-3. PCR
conditions were 94°C for 3 min, (94°C 30 sec, 55°C 30 sec, 72°C 30 sec) for 36 cycles, and 72°C
for 10 min. For Skp2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter
analysis, the specific primers used were SKP2-95 5 -CTCCCCGCCTACCCCGTGG-3', SKP2-
+135 5 -CAGACCCGCTAAGCCTAGCAACG-3, GAPDH forward 5'-
AGCTCAGGCCTCAAGACCTT-3 and GAPDH reverse 5-AAGAAGATGCGGCTGACTGT-
3" as previously described **. PCR conditions were 94°C for 3 min, (94°C 30 sec, 57°C for
gapdh or 63°C for Skp2 30 sec, 72°C 30 sec) for 36 cycles, and 72°C for 10 min. Signals
obtained on ethidium bromide stained gels were quantified using ImageJ software and each ChiP

DNA sample was normalized according to the corresponding input DNA sample.

Transfection of SRNA oligonucleotides

The sequences designed to specifically target human sc35 and e2f1 RNAs were as follow:
sc35(1): 5-GCGUCUUCGAGAAGUACGGTT-3'; sc35(2): 5-
UCGUUCGCUUUCACGACAATT-3; €e2f-1(1): 5-GUCACGCUAUGAGACCUCATT-3;
e2f1(2): 5-ACAAGGCCCGAUCGAUGUUTT-3'. The second siRNA targeting sc35 was from
Invitrogen (Steath Select RNAI, SFRS2, Invitrogen). The scrambled ssRNA oligonucleotides
used as control for al RNA interference experiments were as follow: 5'-

UCGGCUCUUACGCAUUCAATT-3 and 5-CAAGAAAGGCCAGUCCAAGTT-3. Cdlls
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were transfected with sSsRNA oligonucleotides duplex using Oligofectamine reagent according to
the manufacturer’ s instruction (Invitrogen). Doxycyclin (1 pg/ml) was added or not in the culture
medium 4 hours after transfection. The cells were analyzed 48 or 72 hours post-transfection. For
experiments with cyclophosphamide, cells were transfected for 48 hours with mismatch, sc35 or
e2f-1 siRNAs, then cyclophosphamide (50 puM) was added in the culture medium for 24

additional hours.

RT/PCR analyses of alternative splicetranscripts

Total cellular RNAs were isolated using Trizol reagent (Invitrogen). In al condition, 1 pg
of total RNA was reversed transcribed using oligo(dT) primer and MMLV reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol. The different primer sequences used in
this study as well as the PCR conditions are recapitulated in Table 1. Amplification of a cDNA
fragment of G3PDH (Invitrogen) was performed in the same PCR reaction as an internal control.

PCR products were run on a 1-2% agarose gel and visualized by ethidium bromide staining.

Immunoblotting and immunopr ecipitation experiments

| mmunobl otting experiments were performed as previously described ™.

Acknowledgements:

We thank Patricia Betton, Pascal Perron and Celine Lampreia for technical assistance. We thank
Johann Soret (IGM, Montpellier) for the pECE-SC35HA and Alain Sureau (CGM, Gif sur
Yvette) for pR264-CAT plasmids. We thank Didier Auboeuf, Martin Dutertre, Saadi Khochbin,

Johann Soret and Jamal Tazi for encouraging discussions and critical reading of this manuscript.

17



10

11

12
13

14

15

16

17

18

19

20

21

22

23

24

We thank Mary Callanan (INSERM U823) for help with editing. This work was supported by
grants from the region Rhéne Alpes (Thématique Prioritaire Cancer and Canceropole 2003:
Oncocell, Epimed and INACancer), by the Ligue contre le Cancer (Comité de Savoie), by the
Ligue Nationale contre le Cancer (Equipe Labellisée), by INCa (PNES, Programme National
d’ Excellence Spécialisé 2005) and by the Conseil Scientifique National d AGIR a dom. Arnaud
van den Broeck was supported by a fellowship from the French Research Ministery. Galina
Merdzhanova was supported by fellowships from the French Research Ministery and the
Fondation pour la Recherche Medicale (FRM). Valerie Edmond was supported by a grant from
the Conseil Scientifigue National d’ AGIR a dom. Sandrine De Seranno was supported by a grant

from INCa.

Supplementary information is available at Cell Death and Differentiation’ s website.

References

1 Smith CW, Valcarce J. Alternative pre-mRNA splicing: the logic of combinatorial
control. Trends Biochem Sci 2000; 25: 381-388.

2. Sanford JR, Ellis J, Caceres JF. Multiple roles of arginine/serine-rich splicing factors in
RNA processing. Biochem Soc Trans 2005; 33: 443-446.

3. Spector DL, Fu XD, Maniatis T. Associations between distinct preemRNA splicing
components and the cell nucleus. Embo J 1991; 10: 3467-3481.

4. Sanford JR, Longman D, Caceres JF. Multiple roles of the SR protein family in splicing
regulation. Prog Mol Subcell Biol 2003; 31: 33-58.

5. Schwerk C, Schulze-Osthoff K. Regulation of apoptosis by alternative preemRNA

splicing. Mol Cell 2005; 19: 1-13.

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

10.

11.

12.

13.

Utz PJ, Hottelet M, van Venrooij WJ, Anderson P. Association of phosphorylated
serine/arginine (SR) splicing factors with the Ul-small ribonucleoprotein (snRNP)
autoantigen complex accompanies apoptotic cell death. J Exp Med 1998; 187: 547-560.
Jang ZH, Zhang WJ, Rao Y, Wu JY. Regulation of Ich-1 preemRNA alternative splicing
and apoptosis by mammalian splicing factors. Proc Natl Acad Sci U S A 1998; 95: 9155-
9160.

Li X, Wang J, Manley JL. Loss of splicing factor ASF/SF2 induces G2 cell cycle arrest
and apoptosis, but inhibits internucleosomal DNA fragmentation. Genes Dev 2005; 19:
2705-2714.

Wang J, Takagaki Y, Manley JL. Targeted disruption of an essential vertebrate gene:
ASF/SF2 isrequired for cell viability. Genes Dev 1996; 10: 2588-2599.

DeGregori J, Johnson DG. Distinct and Overlapping Roles for E2F Family Members in
Transcription, Proliferation and Apoptosis. Curr Mol Med 2006; 6: 739-748.

Salon C, Eymin B, Micheau O, Chaperot L, Plumas J, Brambilla C et al. E2F1 induces
apoptosis and sensitizes human lung adenocarcinoma cells to death-receptor-mediated
apoptosis through specific downregulation of c-FLIP(short). Cell Death Differ 2006; 13:
260-272.

Sureau A, Soret J, Vellard M, Crochet J, Perba B. The PR264/c-myb connection:
expression of a splicing factor modulated by a nuclear protooncogene. Proc Natl Acad ci
U SA1992; 89: 11683-11687.

Reichert M, Saur D, Hamacher R, Schmid RM, Schneider G. Phosphoinositide-3-kinase
signaling controls S-phase kinase-associated protein 2 transcription via E2F1 in

pancreatic ductal adenocarcinoma cells. Cancer Res 2007; 67: 4149-4156.

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

14.

15.

16.

17.

18.

19.

20.

21.

Tschopp J, Irmler M, Thome M. Inhibition of fas death signals by FLIPs. Curr Opin
Immunol 1998; 10: 552-558.

Eckhart L, Henry M, Santos-Beneit AM, Schmitz |, Krueger A, Fischer H et al.
Alternative splicing of caspase-8 mRNA during differentiation of human leukocytes.
Biochem Biophys Res Commun 2001; 289: 777-781.

Himegii D, Horiuchi T, Tsukamoto H, Hayashi K, Watanabe T, Harada M.
Characterization of caspase-8L: a novel isoform of caspase-8 that behaves as an inhibitor
of the caspase cascade. Blood 2002; 99: 4070-4078.

Chafant CE, Rathman K, Pinkerman RL, Wood RE, Obeid LM, Ogretmen B et al. De
novo ceramide regulates the alternative splicing of caspase 9 and Bcl-x in A549 lung
adenocarcinoma cells. Dependence on protein phosphatase-1. J Biol Chem 2002; 277:
12587-12595.

Massiello A, Chalfant CE. SRp30a (ASF/SF2) regulates the alternative splicing of
caspase-9 pre-mRNA and is required for ceramide-responsiveness. J Lipid Res 2006; 47:
892-897.

Nahle Z, Polakoff J, Davuluri RV, McCurrach ME, Jacobson MD, Narita M et al. Direct
coupling of the cell cycle and cell death machinery by E2F. Nat Cell Biol 2002; 4. 859-
864.

Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA et al. bcl-x, a
bcl-2-related gene that functions as a dominant regulator of apoptotic cell death. Cell
1993; 74: 597-608.

Stevens C, Smith L, La Thangue NB. Chk2 activates E2F-1 in response to DNA damage.

Nat Cell Biol 2003; 5: 401-409.

20



10

11

12

13

14

15

16

17

18

19

20

21

22

22.

23.

24,

25.

26.

27.

28.

29.

Wang C, Chen L, Hou X, Li Z, Kabra N, Ma Y et al. Interactions between E2F1 and
SirT1 regulate apoptotic response to DNA damage. Nat Cell Biol 2006; 8: 1025-1031.
Ren B, Cam H, Takahashi Y, Volkert T, Terragni J, Young RA et al. E2F integrates cell
cycle progression with DNA repair, replication, and G(2)/M checkpoints. Genes Dev
2002; 16: 245-256.

Muller H, Bracken AP, Vernell R, Moroni MC, Christians F, Grassilli E et al. E2Fs
regulate the expression of genes involved in differentiation, development, proliferation,
and apoptosis. Genes Dev 2001; 15: 267-285.

Kornblihtt AR. Promoter usage and alternative splicing. Curr Opin Cell Biol 2005; 17:
262-268.

Cramer P, Pesce CG, Bardle FE, Kornblihtt AR. Functional association between
promoter structure and transcript alternative splicing. Proc Natl Acad Sci U S A 1997; 94:
11456-11460.

Cramer P, Caceres JF, Cazalla D, Kadener S, Muro AF, Baralle FE et al. Coupling of
transcription with alternative splicing: RNA pol 11 promoters modulate SF2/ASF and 9G8
effects on an exonic splicing enhancer. Mol Cell 1999; 4. 251-258.

Auboeuf D, Dowhan DH, Dutertre M, Martin N, Berget SM, O'Malley BW. A subset of
nuclear receptor coregulators act as coupling proteins during synthesis and maturation of
RNA transcripts. Mol Cell Biol 2005; 25: 5307-5316.

Auboeuf D, Dowhan DH, Kang YK, Larkin K, Lee JW, Berget SM et al. Differential
recruitment of nuclear receptor coactivators may determine alternative RNA splice site

choice in target genes. Proc Natl Acad Sci U SA 2004; 101: 2270-2274.

21



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

30.

31.

32.

33.

34.

35.

36.

37.

38.

Auboeuf D, Dowhan DH, Li X, Larkin K, Ko L, Berget SM et al. CoAA, a nuclear
receptor coactivator protein at the interface of transcriptional coactivation and RNA
splicing. Mol Cell Biol 2004; 24: 442-453.

Chansky HA, Hu M, Hickstein DD, Yang L. Oncogenic TLSERG and EWS/Fli-1 fusion
proteins inhibit RNA splicing mediated by YB-1 protein. Cancer Res 2001; 61: 3586-
3590.

Guillouf C, Gallais I, Moreau-Gachelin F. Spi-1/PU.1 oncoprotein affects splicing
decisions in a promoter binding-dependent manner. J Biol Chem 2006; 281: 19145-
19155.

Kamachi M, Le TM, Kim SJ, Geiger ME, Anderson P, Utz PJ. Human autoimmune sera
as molecular probes for the identification of an autoantigen kinase signaling pathway. J
Exp Med 2002; 196: 1213-1225.

Mercatante D, Kole R. Modification of alternative splicing pathways as a potential
approach to chemotherapy. Pharmacol Ther 2000; 85: 237-243.

Hayes GM, Carrigan PE, Beck AM, Miller LJ. Targeting the RNA splicing machinery as
anovel treatment strategy for pancreatic carcinoma. Cancer Res 2006; 66: 3819-3827.
Cardoso RS, Espanhol AR, Passos GA, Sakamoto-Hojo ET. Differential gene expression
in gamma-irradiated BALB/3T3 fibroblasts under the influence of 3-aminobenzamide, an
inhibitior of parp enzyme. Mutat Res 2002; 508: 33-40.

Filippov V, Filippova M, Duerksen-Hughes PJ. The early response to DNA damage can
lead to activation of aternative splicing activity resulting in CD44 splice pattern changes.
Cancer Res 2007; 67: 7621-7630.

Johnson DG, Degregori J. Putting the Oncogenic and Tumor Suppressive Activities of

E2F into Context. Curr Mol Med 2006; 6; 731-738.

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

39. Eymin B, Gazzeri S, Brambilla C, Brambilla E. Distinct pattern of E2F1 expression in
human lung tumours: E2F1 is upregulated in small cell lung carcinoma. Oncogene 2001;
20: 1678-1687.

40.  Fischer DC, Noack K, Runnebaum IB, Watermann DO, Kieback DG, Stamm S et al.
Expression of splicing factors in human ovarian cancer. Oncol Rep 2004; 11: 1085-1090.

41. Karni R, de Stanchina E, Lowe SW, SinhaR, Mu D, Krainer AR. The gene encoding the
splicing factor SF2/ASF is a proto-oncogene. Nat Sruct Mol Biol 2007; 14: 185-193.

42.  Salon C, Merdzhanova G, Brambilla C, Brambilla E, Gazzeri S, Eymin B. E2F-1, Skp2
and cyclin E oncoproteins are upregulated and directly correlated in high-grade

neuroendocrine lung tumors. Oncogene 2007; 26: 6927-6936.

Titlesand legendsto figures

Figure 1. SC35isupregulated following E2F1 induction.

(A) H358/Tet-On/E2F1 or H358/Tet-On/E2F1(E132) cells were incubated for indicated times in
the presence (+) or absence (-) of 1 ug/ml doxycyclin (Dox). Mutant E2F1(E132) is unable to
bind DNA. Expression of E2F1, SC35, SRp20 and SF2/ASF proteins was studied by western
blotting. Actin was used as a loading control. (B) H69 and H810 neuroendocrine lung carcinoma
cell lines were transfected for 72h with mismatch or e2f1 SsSRNAs as indicated and subjected to
western blot analyses for the detection of E2F1, SC35, SRp20 and SF2/ASF proteins. Actin was

used as a loading control. (C) Western blot analyses of E2F1, SC35, SRp20 and SF2 protein
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expression in E2F1-deficient (E2F1 -/-) and wild-type control Murine Embryonic Fibroblasts

(MEFs). Actin was used as aloading control.

Figure 2: SC35isadirect transcriptional target of E2F1.

(A) RT-PCR anaysis of sc35 mRNA. H358/Tet-On/E2F1 or H358/Tet-On/E2F1(E132) cells
were incubated for 48 or 72 hours in the presence (+) or absence (-) of 1 ug/ml doxycyclin (Dox)
as indicated. Total RNAs were extracted as described in the material and methods section.
Amplified g3pdh was used as an internal control. (B) Chloramphenicol Acetyl Transferase
(CAT) experiments were performed in the H1299 cell line co-transfected for 48 hours with 1 g
pR264CAT plasmid, encoding CAT under the control of the sc35 promoter, and increasing
amounts of pCMV-E2F1 as indicated. The CAT activity obtained in cells transfected with
PR264CAT alone was normalized to 1 and a relative CAT activity was then calculated for each
condition. Representative data of at least three independent experiments performed in duplicate
are shown. (C) Upper panel: H358/Tet-On/E2F1 cells cultured in the presence of doxycyclin for
48h were processed for ChIP anaysis using C-20 antibody for E2F1. The coprecipitated
chromatin DNA was analyzed by semiquantitative PCR using pair of primers that amplify the
human sc35, skp2 or gapdh promoter respectively, as described in the material and methods
section. 1gG was used as an irrelevant antibody. No Ab means that no antibody was used in this

case. |nput lane corresponds to PCR reactions containing 1% of total amount of chromatin used

in immunoprecipitation reactions. As compared to input amount, 0.13% and 0.3% of chromatin

was immunoprecipitated by E2F1 antibody at the sc35 and skp2 promoters respectively. Lower

panel: Similar ChlP analyses were performed in H1299 cells in order to detect the binding of

endogenous E2F1 to the sc35 promoter. The input control corresponds to 0.7% of the amount of
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chromatin used per immunoprecipitation. As compared to input amount, 0.035% of chromatin

was immunoprecipitated by E2F1 antibody.

Figure 3: SC35isrequired for E2F1-induced apoptosis.

H358 Tet-On/E2F1 cells were cultured in the presence (+) or absence (-) of doxycyclin for 72h.
(A) H358 Tet-On/E2F1 cells were transfected for 72h either with mismatch or sc35 siRNA.
Apoptosis was evaluated using Hoechst staining. Results shown are the mean + SD of three
independent experiments. (B) H358 Tet-On/E2F1 cells were transfected for 72h with either
mismatch or sc35 siRNA and subjected to RT-PCR (left panel) and western blot (right panel)
analyses. (C) H358/Tet-On/E2F1 cells were transfected for 48h with either mismatch or sc35
siRNA, cultured with (+) or without (-) doxycyclin as indicated, and treated or not with 25 ng/ml

FasL for 20 additional hours. Apoptosis was evaluated asin (A).

Figure 4. E2F1 and SC35 cooperate to affect the alternative splicing pattern of caspase-8,
caspase-9 and Bcl-x pre-mRNAsS.

(A) Alternative splicing patterns of caspases-2, -8, -9 and Bcl-x primary transcripts. Coding and
alternative exons are indicated by 2 and , respectively. The position of primers, the expected
sizes (in nucleotides) and the names of the RT-PCR products corresponding to the different
MRNA isoforms are indicated. The ability of each transcript to encode pro-apoptotic (+) or anti-
apoptotic (-) protein isoform is depicted on the right. (B, C) H358/Tet-On/E2F1 or H358/Tet-
On/E2F1(E132) cells were cultured for 48 hours in the presence (+) or absence (-) of doxycyclin,
as indicated. Total RNAs were extracted and subjected to RT-PCR analyses using the specific
primers depicted in (A). Representative agarose gels of RT-PCR products corresponding to casp-

2, casp-8, casp-9 and Bcl-x splice variants are presented. The position of splice variants (in bp) is
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shown on the right, and the various splicing isoforms are named on the left of each panel. g3pdh
was used as an internal control. (C) Lower panel: western blot analysis was performed using
specific anti-E2F1, anti-Bcl-x. and anti-Bcl-xs antibodies. Actin was used as a loading control.
Results are representative of three independent experiments. (D) H358/Tet-On/E2F1 cells
cultured in the presence (+) or absence (-) of 1 ug/ml doxycyclin were transfected for 72 hours
with either mismatch or sc35 sSsRNA and processed as in (B). (E) A549 human lung
adenocarcinoma cells were transiently transfected for 48 hours with 10 pug pcDNA3.1/SC35 or
control (Mock) vector and processed as in (B). Upper panel: immunoblot demonstrating the
accumulation of SC35 in cells transfected with pcDNA3.1/SC35 as compared to mock

transfected cells. Actin was used as aloading control.

Figure 5. E2F1 and SC35 proteins are upregulated in cells undergoing apoptosis in
responseto DNA damaging agents

(A) H358 cells were treated or not for 24 hours with the indicated cytotoxic agents (50 uM, each)
and analyzed for E2F1 and SC35 protein levels by western blotting (upper panel). sc35 mRNA
level was studied by RT-PCR in the same conditions (lower panel). Actin and g3pdh were used
as internal controls for immunoblotting and RT-PCR experiments, respectively. Apoptosis was
evaluated after Hoechst 33342 staining. Results shown are the mean £ SD of three independent
experiments. (B) H358 cells were transfected for 48 hours with either mismatch or e2f1 SSIRNA
and treated (+) or not (-) for additional 24 hours with cyclophosphamide (50 uM). Western blot
analyses were performed for E2F1 and SC35 detection. (C) Upper panel: H358 cells were treated
or not for 24 hours with cyclophosphamide (50 uM) and ChiIP analyses were performed using C-
20 antibody for E2F1 and primers specific for the human sc35 or gapdh promoter respectively.

IgG was used as an irrelevant antibody. No Ab means that no antibody was used in this case. The
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input reaction represents 0.5% of the total chromatin immunoprecipitated for each sample. As

compared to input amount, 0.04% and 0.12% of chromatin was immunoprecipitated by E2F1

antibody at the sc35 promoter level in untreated and treated cells respectively. Lower panel:

Bands obtained with E2F1 ChIP DNA samples were quantified and normalized relative to the
corresponding input DNA sample. Sc35 promoter occupancy in non-treated cells was arbitrarily
set at 1. (D) H358 cells were transfected for 48 hours with either mismatch or sc35 ssRNA and
treated (+) or not (-) for 24 additional hours with cyclophosphamide (50uM). Apoptosis was
evauated after Hoechst 33342 staining and immunoblotting with anti-caspase-3 or cleaved

caspase-3 antibody. Results are the mean + SD of three independent experiments.

Figure 6: E2F1 and SC35 regulate the alternative splicing pattern of Bcl-x and caspase-9
pree-mRNASsin responseto cyclophosphamide treatment.

(A) H358 cells were treated (+) or not (-) for 24 hours with cyclophosphamide (50 puM). Left
panel: RT-PCR analysis for detection of caspases -2, -8, -9 and Bcl-x splice variants was
performed as previously described in Figures 4B and 4C. Right panel: western blot analysis was
performed using specific anti-SC35, anti-Bcl-x, and anti-Bcl-xs antibodies. Actin was used as a
loading control. (B) H358 cells were transfected for 48 hours with either mismatch or e2f1 or
sc35 siRNA and treated (+) or not (-) for 24 additional hours with cyclophosphamide (50 uM).
RT-PCR (upper panel) and western blot (lower panel) analyses of Bcl-x or caspase-9 splice
variants were performed as previously described. g3pdh and actin were used as internal controls

for RT-PCR and immunoblotting experiments, respectively.
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Table 1: Sequences of forward and reverse primers as well as PCR conditions used in this

study.

Primer sequences Forward (5'-3") Reverse (5'-3)

sc35 CCACTCAGAGCTATGAGCTACG | ACTCCTTGGTGTAGCGATCC
94°C for 30s; 57°C for 45s; 72° C for 1 min; 30cycles

flipshort CGAGGCAAGATAAGCAAGGA |CACATGGAACAATTTCCAAGAA
94°C for 30s; 58°C for 1 min ; 72°C for 2 min ; 30 cycles

flipiong CTTGGCCAATTTGCCTGTAT GGCAGAAACTCTGCTGTTCC
94°C for 30s; 58°C for 1 min ; 72°C for 2 min ; 30 cycles

caspase-2 TTACCTGCACACCGAGTCAC |TGGTTCTTTCCATCTTGTTGGTC
94°C for 30s, 64°C for 1 min; 72°C for 2 min; 28 cycles

caspase-8 GGGATACTGTCTGATCATCAAC | GGAGAGGATACAGCAGATGAA
94°C for 30s; 55°C for 30s; 72°C for 1 min; 32 cycles

caspase-9 AGACCAGTGGACATTGGTTC GGTCCCTCCAGGAAACAAA
94°C for 30s,; 59°C for 1 min; 72°C for 2 min; 30 cycles

bcl-x ATGTCTCAGAGCAACCGGGA TCACTTCCGACTGAAGAGTG
94°C for 1 min; 54°C for 1 min; 72°C for 1 min; 25 cycles

e2f1l | TCTCCCCAGAACCGCTGTTT | CGAAGTGGTAGTCGAGGGC

94°C for 30s,; 60°C for 1 min; 72°C for 1 min; 25 cycles
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