
Mammary gland selective excision of c-jun identifies its role in
mRNA splicing

Sanjay Katiyar1,*, Xuanmao Jiao1,*, Sankar Addya1, Adam Ertel1, Vanessa Rose1, Mathew
C. Casimiro1, Jie Zhou1, Michael P. Lisanti3, Talat Nasim4,5, Paolo Fortina1, and Richard G.
Pestell1,2,*

1Department of Cancer Biology, Kimmel Cancer Center, Thomas Jefferson University,
Philadelphia, USA
2Department of Medical Oncology, Kimmel Cancer Center, Thomas Jefferson University,
Philadelphia, USA
3Department of Stem Cell Biology and Regenerative Medicine, Kimmel Cancer Center, Thomas
Jefferson University, Philadelphia, USA
4Department of Medical and Molecular Genetics, Biomedical Research Centre, Guy’s and St.
Thomas’ NHS Foundation Trust King’s College London, London, UK
5National Institute for Health Research (NIHR), Biomedical Research Centre, Guy’s and St.
Thomas’ NHS Foundation Trust King’s College London, London, UK

Abstract
The c-jun gene regulates cellular proliferation and apoptosis via direct regulation of cellular gene
expression. Alternative splicing of pre-mRNA increases the diversity of protein functions and
alternate splicing events occur in tumors. Here, by targeting the excision of the endogenous c-jun
gene within the mouse mammary epithelium, we have identified its selective role as an inhibitor of
RNA splicing. Microarray-based assessment of gene expression, on laser capture micro-dissected
c-jun−/− mammary epithelium, demonstrated that endogenous c-jun regulates the expression of
approximately 50 genes governing RNA splicing. In addition, genome-wide splicing arrays
demonstrated that endogenous c-jun regulated the alternate exon of approximately 147 genes, and
18% of these were either alternatively spliced in human tumors or involved in apoptosis.
Endogenous c-jun also was shown to reduce splicing activity, which required the c-jun
dimerization domain. Together, our findings suggest that c-jun directly attenuates RNA splicing
efficiency, which may be of broad biological importance as alternative splicing plays an important
role in both cancer development and therapy resistance.
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Introduction
c-jun is overexpressed in human tumors that display increased cellular proliferation and
DNA synthesis while it’s in vivo disruption prevents hepatocarcinoma (1). c-Jun over
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expression can induce anchorage-independent growth of Rat-1a and human breast MCF-7
cells (2, 3) and can inhibit cellular apoptosis via gene transcription through a p53/p21CIP1

dependent mechanism (1). c-Jun complexes with Jun/Fos and MaF/Nr1 families members
(4–6) to form an AP-1 transcription factor complex that can regulate expression of genes
that control G1/S phase progression and diverse cellular functions (7).

c-jun mediates oncogenic transformation (8) and cellular apoptosis in a cell and context
dependent manner (9–15). c-jun regulates target gene expression that regulates apoptosis, or
regulates cell cycle progression in the presence of DNA damage and thereby inducing
apoptosis (16). In both scenarios c-jun functions by regulating the gene transcription via
cognate DNA-binding sites in the promoter of apoptosis regulatory genes. c-jun function in
mammary gland development and growth in vivo is largely unknown as the c-jun−/− mice
are embryonic lethal (13). Targeted expression of Cre recombinase in the mammary
epithelium of c-junfl/fl mice (MMTV-Cre/c-junfl/fl) demonstrated the loss of c-jun expression
in the mammary epithelium correlated with increased apoptosis by tunnel staining (17)
although the mechanism by which c-jun inhibits apoptosis remained to be determined.
Herein we interrogated the molecular genetic events regulated by endogenous c-jun in
mammary epithelial in vivo.

Recent studies have revealed the importance of alternative RNA splicing in cellular
apoptosis (18–20), in human disease and cancer (21, 22). Pre-mRNA splicing regulates gene
expression in 75% of human genes where as serine/arginine-rich (SR) proteins mediate both
constitutive and alternative splicing (23) and act as a switch that controls the conversion of
apoptotic genes into pro-apoptotic splice variants (24). Alternative splicing of a subset of
genes are enriched in human breast and ovarian cancers. The mechanisms governing
alternative splicing in tumors and relative splicing activity are not well understood. The
development of a splicing mini-reporter gene to increase splicing activity has been useful in
identifying candidate mechanisms.

Herein, microarray analysis performed on laser capture micro-dissected (LCM) mammary
epithelial cells from floxed c-jun transgenic mammary epithelium, (devoid of c-jun protein
due to Cre-mediated c-jun gene excision), demonstrated that c-jun altered the expression of
splicing factors. c-jun directly attenuated splicing activity and regulated target gene splice
variants. A significant proportion of these c-jun-dependent alternatively spliced genes were
also alternatively spliced in tumors and in apoptosis. Thus, in addition to mediating
apoptosis or cell survival via regulating gene transcription, c-jun regulates the mRNA
splicing apparatus and splicing of genes involved in apoptosis.

Materials and Methods
Transgenic mice, MEFs, MECs, expression plasmids and reagents

Transgenic animals carrying floxed c-jun alleles, c-junf/f, were previously described (38).
All experimental procedures with these mice were approved by the ethics committee of
Thomas Jefferson University. Primary mouse mammary epithelial cells (MECs) cultures
were prepared by removing the 4th mammary gland from 8 weeks old female mice (39).
Production of MEFs and 3T3 and their culture conditions were described in references (39–
41). The adenoviruses (Ad-Null and Ad-Cre) used for infecting MEFs or MECs: (42), RSV-
c-jun, MSCV-c-jun and their mutants: (43), the splicing double reporter (30) and the c-Fos
expression vectors a generous gift of Dr. Tom Curran (44) were previously described.

Immuno-histochemistry, mouse mammary gland whole mounts and western blots
Transgenic animals were euthanized following IACUC allowed procedure. Mammary gland
whole mounts were prepared as described in ref: (45).
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Laser Capture Microdissection, RNA extraction, RT-PCR, qRT-PCR, Gene Expression
Arrays

RNA samples extracted from laser capture micro-dissected mammary epithelial cells from
wild-type c-jun+/+ and knockout c-jun−/− bi-transgenic mice mammary glands were
processed for Affymetrix 430 2.0 Gene Expression Arrays for ascertaining the differential
gene expression of various genes in presence or absence of c-jun expression in mammary
epithelial cells.

Analyses of gene splicing using Affymetrix Exon Arrays and Ingenuity Pathway Analyses
of alternatively-spliced genes

For genome wide analyses of alternative splicing of various genes, Affymetrix Mouse Exon
1.0 ST arrays were used according to manufacturers prescribed protocols and conditions.
Additional details are provided as Supplemental Information.

Results
Somatic excision of c-jun in the mammary gland reduces mammary epithelial cells in vivo

Female progeny, resulting from the crosses between floxed c-jun (c-junf/f) or wild type (c-
junw/w) mice with MMTV-Cre transgenic mice expressing mammary specific Cre
recombinase were used (Figure 1A–D). Amplification of a 600bp PCR fragment in the
mammary gland was indicative of successful c-jun gene excision by Cre recombinase
(Figure 1B) and consequent reduction in expression of c-jun mRNA transcripts and proteins
(<90%) (Figure 1C). Amplification of residual c-jun mRNA transcripts in whole mammary
gland RNA was detected due to the sensitivity of RT-PCR, with resulting amplification from
trace amounts of c-jun from other stromal cells, lymphocytes and macrophages.
Immunostaining confirmed the expression of Cre-mRNA transcripts and proteins in the
mammary glands (Figure 1C). Western blot analysis showed the loss of c-Jun protein on
whole mammary gland extracts (Figure 1B). RT-PCR of mammary gland mRNA showed a
reduction in c-jun mRNA expression transcripts and proteins (90% reduction) (Figure 1B).
LCM was used to select mammary epithelial cells and extract RNA for all subsequent
molecular assays (Figures 1D-III). Both RT-PCR and qRT-PCR on LCM RNA confirmed a
10-fold reduction in c-jun expression (Figures 1D-IV, V).

Endogenous c-jun in mammary epithelial cells inhibits expression of genes governing
mRNA splicing

In recent studies of the cellular components of the mammary gland of the bi-transgenic
mice, we showed an approximately 50% reduction in area and the number of epithelial cells
observed per field in c-jun−/− mice as compared to c-jun+/+ mice (17). Genome-wide
transcriptional profiling was performed on RNA obtained by LCM of mammary epithelial
cells from MMTV-Cre+/c-junf/f (c-jun−/− or KO) and MMTV-Cre+/c-junw/w (c-jun+/+ or
WT) mice. Gene set enrichment analysis by NIH-DAVID, using Gene Ontology terms to
characterize the differentially regulated genes by their molecular function and pathway
analysis conducted using ASSESS showed c-jun regulated several functional categories
(UVA/UVB; RhoGTPases, the G1/S reactome, estrogen signaling, E2F1/E2F1 targets,
apoptosis, mRNA processing reactome and mRNA splicing) (17). The finding that the loss
of endogenous c-jun correlated with the induction of pathways governing mRNA processing
and splicing was novel and warranted further investigation. The enrichment for altered
expression of individual genes within the mRNA processing reactome (Figure 2A) and the
mRNA splicing factors (Figure 2B), illustrates endogenous c-jun regulates the expression of
genes involved in mRNA splicing.
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Splicing factors include both activators and repressors of splicing (25). The excision of c-jun
both induced and repressed activators and repressors of splicing. Members of the SR family
(SFR) which encode sequence specific spliceosome factors, basal SnRNA (SNRPB2) and
SRRM1 (serine arginine repetitive matrix protein 1) which encode proteins involved in pre-
and post-splicing mRNA complexes, were primarily induced but some were repressed in c-
jun−/− mammary epithelium. Splicing factors known to function as repressors of splicing
(i.e. SNRP70, SNRPN, SNRPC) were mainly inhibited in c-jun−/− cells. Splicing of pre-
mRNA occurs in the spliceosome which consists of five ribonucleoprotein subunits. qRT-
PCR was therefore conducted to determine the mRNA abundance of these components and
the mean date of n=6 for each mRNA is shown as mean dCT values in Figure 2D. The mean
dCT value is essentially the reciprocal of fold change. Expression of key mRNA splicing
regulatory genes (sfrs2, hnRNPA, hRNPU, snrpg, srp19 and sf3b3) were increased upon c-
jun excision (Figure 2D). hnRNP (heterogeneous nucleoprotein) are a family of 20 pre-
mRNA binding proteins designated hnRNPA through U. hnRNPU stabilizes specific mRNA
by binding their 3′ UTR, and interacts with nucleophosporin to regulate apoptosis (26).
Thus, SRSF2 expressed as a reduction in mean dCt values (Figure 2D)(Figure 2B, red tag)
was increased in abundance by QT-PCRin c-jun−/− cells.

Endogenous c-jun regulates alternative splicing of genes
These studies indicate c-jun regulates the abundance of gene products regulating splicing. In
order to determine whether alterations in abundance of genes associated with gene splicing
of altered gene splicing in vivo, we examined the alternate splice forms of 28,853 gene
transcripts represented on the Mouse Exon 1.0 ST chip. Using the Gene Spring “Core Data
Analysis”, method and filtering and statistical methods (Figure 3A), we determined the gene
splicing index (SI). For the determination of the SI (splicing index) each exonic probesetis
normalized by dividing its expression by the gene-level summary value for the entire gene to
yield a normalized intensity (NI). The splicing index is then calculated as a-fold change
between the two normalized levels. 81 genes were shown to be alternatively spliced in three
c-jun+/+ vs three c-jun−/− mice mammary epithelium (Figure 3B). Several of those genes are
either known to be involved in apoptosis (Caspase 9, Caspase 6) or have been linked to
disease in which apoptosis is a prominent feature (Kifap3 Park2). The alternative splicing of
a subset of these genes was validated by qRT-PCR of the affected exons (Figure 3C). In
order to display a subset of the analysis of the key individual genes and their alternative
splicing the probe sets were indicated on the x-axis and the relative increase or decrease in
transcript inclusion or exclusion as a result of cellular mRNA splicing activity is shown as
log-10 on the y-axis. The affected gene exons are represented in red below the graphical
display of the splicing results (Supplement 1).

As a complementary interrogation of the genome subjected to alternative splicing by c-jun,
comparison was made of c-jun−/− vs c-jun+/+ mammary epithelial cells, and individual exon
mapping was conducted using Plotagene. For ease of display exon map, Plotagene displays
the structure of the specified gene, coloured according to the expression level of each exon
(27). The gene’s average expression is calculated and used to color the overall gene. The
genes which are alternatively spliced in a manner dependent upon c-jun and the distribution
of the alternately spliced exons, is shown in Figure 4A. Using this approach the population
of alternatively spliced genes expanded to include 147 genes. The 147 genes and the
alteration in expression of the individual exons determined by the relative abundance of c-
jun is shown in Figure 4A. Recent studies have demonstrated active alternative splicing
events are changed in breast/ovarian tumors (28). A comparison of these alternatively
spliced genes with the c-jun-dependent spliced genes showed an overlap of 8/147 (Fig. 4B,
individual genes shown in 4A).
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An advanced bioinformatics analysis was performed to map and classify the patterns of the
c-jun-dependent alternatively spliced genes into Functional gene networks and Disease and
Disorder networks using the Ingenuity Pathways Analyses System (IPA 7.5). These highest
ranked functional networks identified by IPA 7.5 were: (1) Cancer, and Cell Death (Score:
20) (Figure 4D). This finding is consistent with the 14 genes correlating with genes involved
in apoptosis (Figure 4A). Approximately 22% of the alternatively spliced genes within
“Disease and Disorder” networks were categorized as cancer-related Figure 4D).
Approximately 54% of the alternatively spliced genes within the top “Molecular and
Cellular Function” networks were functionally linked to cell death or cellular compromise
(Figure 4E).

Endogenous c-jun reduces expression of the pro-apoptotic splicing factor SRSF2
We next examined the relative abundance of an individual splicing factor in c-jun−/− and c-
jun+/+ mammary epithelial cells. The SR (serine/arginine family) of RNA binding proteins
are essential for multiple steps of spliceosome assembly at both the 5′ and 3′ sites and
function in both constitutive and alternative splicing (29). SC35 SRSF2, (the protein product
of the Srsf2 gene), is known to promote the alternative splicing of several genes to enhance
their proapoptotic phenotype (29). Immunohistochemistry for SRSF2 demonstrated
increased abundance in a nuclear speckled distribution in c-jun−/− mammary epithelial
breast tumor cells (Figure 5A) and western blot confirmed increased SRSF2 abundance in c-
jun−/− MEC (Figure 5B). In order to determine whether the increased abundance of SRSF2
regulated splicing, siRNA to SrSf2 was deployed in conjunction with a synthetic splicing
reporter gene (30)(Figure 5C). Two distinct siRNA to Srsf2 enhanced splicing reporter
activity ~5-fold (Figure 5D). Consistent with the lower level of Srsf2 in c-jun−/− cells, the
induction of splicing activity by Srsf2 siRNA was increased only 2-fold in c-jun+/+ cells.
The ~10-fold increase in SRSF2 was abrogated by reintroduction of a c-jun retroviral
expression vector, indicating the effect was specific for c-jun. Thus endogenous c-jun
inhibits the expression and abundance of SRSF2 and endogenous SRSF2 is capable of
regulating activity of a general splicing activity minigene reporter.

c-jun repression of a splicing minigene reporter requires the c-jun B-ZIP domain
The mRNA gene expression data are consistent with a role for endogenous c-jun as a
regulator of genes regulating RNA splicing. However, whether c-jun directly regulated
splicing activity remained to be determined. To determine whether c-jun directly repressed
splicing, a state-of-the-art splicing reporter gene was deployed (30). Introduction of the β-
galactosidase splicing reporter gene system into c-jun−/− versus c-jun+/+, when normalized
for transfection efficiency, showed an increase in splicing activity in c-jun−/− cells (Ad-Cre
Fig. 6A). Similar results were found using c-jun−/− MEC (MEC from c-junfl/fl + Cre stable
line), when compared to c-jun+/+ MEC (c-junfl/fl control) (Fig. 6B). Thus, the relative
splicing activity of the splicing activity reporter gene was enhanced in c-jun−/− MEFs and in
c-jun−/− MECs indicating endogenous c-jun repressed general splicing activity.

In order to determine whether c-jun was capable of repressing the splicing reporter gene, c-
jun expression vectors were deployed (Fig. 6C). Transduction of c-jun−/− MEFs with a c-jun
expression vector repressed splicing reporter activity by 90%. Equimolar amounts of JunB
or JunD failed to repress splicing reporter activity. c-jun repressed splicing activity in c-
jun+/+ cell. Thus, c-jun is capable of inhibiting splicing when introduced into c-jun−/− or c-
jun expressing cells. JunB and JunD enhanced splicing activity in c-jun+/+ cells consistent
with the known role of JunB to function as an inhibitor of c-jun activity. In order to identify
the domains of c-Jun required for repression, a series of c-Jun mutant expression vectors
were used (Fig. 6D). c-Jun repression of splicing activity was reduced 60% by deletion of
the N-terminal transactivation/transrepression domain. Mutation by point substitution of the
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leucine zipper abrogated c-Jun mediated repression, whereas the DNA-binding defective
mutant maintained repression. Thus, the leucine zipper domain, but not the DNA-binding
domain is required for c-Jun-mediated repression of splicing reporter gene activity. The
heterodimeric partner of c-Jun for AP-1-mediated repression, includes the transcription
factor c-Fos. Expression of c-Fos repressed splicing reporter activity (Fig. 6E). A c-Fos
carboxyl terminal deletion failed to abrogate repression. However, a Δ139-145 mutant of c-
Fos, failed to repress splicing reporter activity. Collectively, these studies demonstrate that
endogenous c-Jun inhibits splicing activity in both murine mammary epithelial cells and
mouse embryo fibroblasts. The repression by c-Jun requires the leucine zipper domain.

Discussion
The current studies provide several independent lines of evidence to support the novel
finding that endogenous c-jun regulates gene splicing. First, c-jun regulated a gene
expression pathway governing gene splicing. Second c-jun regulated expression of
individual mRNA for the genes that regulate mRNA splicing. Third, genome wide splicing
analyses showed that c-jun excision altered the splicing pattern of 147 genes, 8 of which are
alternatively spliced in cancer and an additional 14 of which are involved in cell death.
Fourth, c-Jun directly regulated the activity of a splicing minigene reporter system requiring
the B-ZIP domain. Collectively, these studies demonstrate at a genome-wide level, a new
role for c-jun in regulating gene splicing.

Here c-jun inhibited the relative abundance of splicing factor including the SRSF2 splicing
factor. A subset of alternative splicing events occurs in cancer-related genes and regulates
their apoptotic versus pro-apoptotic splice forms. SRSF2 acts as switch between the
alternate splicing of apoptotic genes (c-flip, caspase-8, caspase-9, Bcl-X) towards the pro-
apoptotic splice variants (24). In our studies of c-jun−/− mice, the E2F1 gene signaling
pathway was upregulated (17). In prior studies, the E2F1 upregulated SRSF2 (SC35) in
response to DNA damage (24). Thus our studies are consistent with a model in which c-jun
may inhibit apoptosis via inhibitors of E2F1 and thereby SRSF2 to inhibit alternative
splicing of apoptosis genes.

In the current studies, microarray based genome wide expression profiling revealed that
endogenous c-jun altered splicing of several genes regulating cellular apoptosis. In our
recent studies, tunnel staining confirmed the increased apoptosis in epithelial cells within c-
jun−/− mammary glands and a marked reduction in the number of epithelial cells. c-jun is
thought to convey cell type specific pro-or anti-apoptotic functions (16). Thus c-jun
conveyed an anti-apoptotic function in the mammary epithelium in vivo consistent with prior
studies of hepatocytes and fibroblasts using gene knock down (9, 11, 13, 14, 31). The exon
array identified genes that were alternatively spliced in a c-jun dependent manner. The
biological pathways in which these alternatively spliced genes participate include cancer and
apoptosis.

Several alternatively spliced genes which were regulated by c-jun include anti-apoptotic
growth factors and cytokines, such as sostdC1 (sclerostin domain containing 1) which
associates with BMPs blocking their binding to their receptors thereby regulating BMP
function in cell death. ltbP4 (latent transforming growth factor beta binding protein) Osmr
(oncostatin M receptor). Proapoptotic genes that were alternatively spliced in a c-jun
dependent manner include caspase9, caspase6, Tnfrsf12A and Park2, (Parkinson’s disease
autosomal recessive juvenile 2) which protects neurons against apoptosis. Alternative
splicing of caspase 9 has been linked to its apoptotic function (32, 33). SRSF2 for example
enhances the pro-apoptotic forms of caspase 9 and herein c-jun attenuated the expression of
SRSF2 (24). The current studies showed an enrichment of genes alternatively spliced in
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tumors amongst the c-jun-mediated alternatively spliced genes. Alternative splicing may
contribute to human disease and cancer via different mechanisms (21, 22).

A number of important targets participating in the onset and progression of tumorigenesis
are regulated via alternative splicing. However, the molecular mechanisms regulating
expression of splicing factors during tumorigenesis are not fully understood (34). Splicing
factors and gene splicing are differentially regulated in various tumors (35). c-jun is
overexpressed in a human tumors where it promotes cellular proliferation via transcriptional
induction of cyclin D1 (7). The current studies raise the possibility that the induction of c-
jun expression in tumors may contribute to the altered splicing that occurs during
tumorigenesis. The previous models suggest that c-jun regulates cell survival in one or the
two ways (i) it alters the transcription of pro- and anti-apoptotic gene products (FasL, Bim,
Bcl3) (36) and the relative balance in gene expression determines the apoptotic or survival
phenotype; or (ii) c-jun regulates apoptosis via its indirect effects (37), wherein c-jun
functions as a homeostatic regulator of cell proliferation. Aberrant control of the cell-cycle
by c-jun contributes to apoptosis. The current studies demonstrate endogenous c-jun inhibits
mammary epithelial cell apoptosis and alters splicing of genes involved in apoptosis, raising
the possibility that c-jun may mediate apoptosis by regulating the splicing efficiency of pro-
versus anti-apoptotic genes.
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Figure 1. Deletion of the c-jun in the mammary epithelial cells by transgenic mice
(A) Schematic representation of the genomic c-jun, floxed c-jun allele and deleted c-jun is
shown along with primer binding sites (arrows). (B) PCR, RT-PCR and western analyses to
validate the c-jun gene excision, expression of Cre recombinase and reduced abundance of
c-Jun protein following c-jun excision. (C) Immunohistochemical staining for Cre in bi-
transgenic mice mammary gland section (i.e. positive cells indicated by an arrow). (D)
Representative laser capture microdissection (LCM) image of a trypan blue stained
mammary gland section from transgenic mice. I: Entire section before LCM, II: Section
after LCM, III: Green stained micro-dissected mammary epithelial cells on LCM cap, IV:
RT-PCR for assessment of c-jun, Cre and housekeeping gene control 18S expression on
LCM RNA, V: qRT-PCR based quantification of relative abundance of the Cre-recombinase
and c-jun mRNA transcripts following Cre mediated c-jun gene excision.
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Figure 2. Microarray based gene expression analysis identifies c-jun dependent signaling
pathways
(A). Genome wide expression analysis on LCM RNA from micro dissected mammary
epithelium. ASSESS was used to classify the pathways differentially regulated by
endogenous c-jun. Red denotes positive enrichment and up-regulation, while green denotes
negative enrichment and down-regulation. Tree view analysis of mRNA processing
reactome and (B) mRNA splicing factors data showing pathway from six separate transgenic
knockout mice (C) Venn Diagram demonstrating overlap between mRNA processing
reactome and mRNA splicing factors. (D) Real-time qRT-PCR based validation of Exon
Array results. Data displays mean dCt values from 3 WT and 3 KO sample RNAs for each
gene target. dCt = CtT -CtH, where T= Target Gene and H=House Keeping Gene, so Low
dCt = Higher transcript expression and High dCt = Lower transcript expression. EB= SEM.
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Figure 3. Genome-wide splicing array demonstrates endogenous c-jun governs alternative
splicing
Exon inclusion or exclusion (resulting from altered mRNA splicing) were compared in exon
arrays using LCM RNA from mammary epithelium of Cre+/c-junf/f (c-jun−/−) versus Cre+/c-
junw/w (c-jun+/+). (A) Schematic representation of the alternative splicing analysis on
Affymetrix Exon Arrays using Gene spring. (B) Primary Heat Map depicting the splicing
index of 81 differentially spliced genes among c-jun WT and KO. Blue lines indicate
expression of probe set in WT c-jun (c-jun+/+) and red lines indicates in KO (c-jun−/−)
mammary epithelial cell RNA. (C) Graphical representation of exonic inclusion or exclusion
of six biologically relevant genes involved in apoptosis showing alternatively spliced exons.
Mean transcript exclusion or inclusion data is represented for each of the probe set IDs with
3 samples for each sample type from c-jun+/+ and c-jun−/− animals. *p ≤ 0.05, Error Bars =
Standard Deviation.
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Figure 4. c-jun mediates alternative gene splicing
(A) A plot gene display of the specific genes colored according to the expression of
individual exons for each gene. Average gene expression of the specific exon is shown. The
relative splicing index for each gene is shown with the gene symbol human ortholog and the
presence of the alternatively spliced gene in human disease either BCa (breast cancer), OCa
(ovarian cancer), O (ovarian), B (breast), or in apoptosis from Venables, 2009. (B) Data for
human ASE association of alternatively spliced exon is taken from Venables, 2009. (C)
Venn diagram representing the overlap between the c-jun dependent alternatively spliced
gene sense (MoEx SI>.5) with overlap shown to OCa, ASE and BCa ASE (ovarian cancer
alternatively spliced exons or breast cancer alternatively spliced exons). (D) Enrichment for
gene function by ingenuity pathway analysis systems (IPA). The relative proportion of genes
within the top functional gene networks is shown. (E) Proportion of the top seven genes by
molecular and cellular function based on ingenuity pathway analysis.
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Figure 5. Endogenous c-jun determines the relative abundance of the pro-apoptotic splicing
factor SRSF2
(A) Immuno-fluorescence staining for SRSF2 (green nuclear speckles) and nuclear stain
(DAPI: blue) was performed on MECs from c-jun+/+ and c-jun−/− and quantification of
percentage positivity within 5–10 microscopic fields (B) Western blotting of the SRSF2 in
c-jun+/+ and c-jun−/− KO MECs. (C) Schematic representation of the double reporter
splicing reporter with two transgenes, the β-galactosidase (β-gal) and luciferase (Luc).
Reporter genes are fused in frame by recombinant fragments of the genes encoding
adenovirus (Ad). The recombinant fragment contains skeletal muscle isoform (SK) of
human tropomyosin. Three in-frame translation stop signals (XXX) are present in the
intronic region. (D) Relative splicing activity measured as relative luciferase activity divided
by total β-galactosidase (luciferase units × 103) is shown comparing c-jun+/+ and c-jun−/−.
Cells were treated either with two different SRSF2 siRNA, or control siRNA. Activity of c-
jun−/− and c-jun+/+ were equalized to 1 in the presence of control siRNA to illustrate the
effect of SRSF2 siRNA. The assay was conducted in fibroblasts (MEFs) or mammary
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epithelial cells (MECs) generated from floxed c-jun transgenic mice (c-jun+/+ or c-jun−/−).
The data represents mean ± SEM of n>5 separate transfections. *p ≤ 0.05, EB= SEM.
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Figure 6. c-jun inhibits splicing activity via the dimerization domain
(A) The DNT-24 luciferase β-galactosidase dual mini gene reporter system was used to
transfect c-jun+/+ with c-jun−/− 3T3 cells. Data has shown as relative luciferase activity c-
jun−/− MEC cells were transfected with dual splicing reporter and the data has shown as
relative splicing activity. (C) Schematic representation of AP-1 transcription factor
plasmids. Relative splicing activity is shown in c-jun−/− cells comparing the control vector
with each of the expressed plasmids. Equimolar amounts of AP-1 protein plasmid was used
to transfect c-jun−/− with c-jun+/+ 3T3 cells. (D) Schematic representation of c-jun
expression plasmids with relative splicing activity shown for each of the co-transfected c-jun
mutants in 3T3 cells. (E) Schematic representation of c-Fos mutant expression plasmids with
relative splicing activity shown for equimolar amounts of the mutant expression plasmid in
3T3 cells. Data are mean ± SEM n>5 for each transfection.
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Table 1

Oligonucleotide primers used for PCR genotyping of animals, DNA PCR, RT-PCR, sqRT-PCR and real-time
qRT-PCR analyses.
List of primers used for PCR genotyping of animals and real-time quantitative PCR analyses

Gene Orientation Sequence 5′→3′

Floxed c-jun Forward CTC ATA CCA GTT CGC ACA GGC GGC

Reverse CCG CTA GCA CTC ACG TTG GTA GGC

Reverse CAG GGC GTT GTG TCA CTG AGC T

Cre Forward TGC TCT GTC CGT TTG CCG

Reverse ATC GTG TCC AGA CCA GGC

c-jun Forward AGA CGC GTG CCT ACG GCT ACA GTA A

Reverse CGA CGT GAG AAG GTC CGA GTT CTT G

RPL-19 Forward CTG AAG GTC AAA GGG AAT GTG

Reverse GGA CAG AGT CTT GAT GAT CTC

Splicing Reporter Forward AAC ATC AGC CGC TAC AGT CAA

Reverse ACG TGA TGT TCT CCT CGA TAT

Caspase 9 Exon 9 Forward CTA CAC ATG CAG TTG TGG GCG TTT

Reverse GAT GCA TAA TGG CCA GAA CTT GGG

Caspase 8 Exon 7 Forward AAA TGG CGG AAC TGT GTG ACT CG

Reverse CCG TGA CTC ACT GTC TTG TTC TCT

Wisp1 Exon 3 Forward TAC ACC AAT GGC GAG TCC TTC CAA

Reverse TGG TCT CCT TGC GTC ATC ATC ACA

Kifap3 Exon 14 Forward TGC AGC CCA GAT TTC CAG TGA TGA

Reverse ATT GTC AGA TTT GCC AGC GTT CCC

Kifap3 Exon 21 Forward ACT AAG TAA GCC TCA AGC AGC CGA

Reverse TAG TAA GGT TCG TCA GGG CGG AAT

Idua Exon 14 Forward TGG ACC CTC CCA CAT CAA TCA CTA

Reverse GAG TCA TTT GGG AAG AAG GAA CCT C
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Table 2

Ingenuity Pathways Analysis (IPA7.5) Results for 81 alternatively spliced genes

TOP NETWORKS

Network Score

Cancer, Cell Death, Hematological Disease 20

Cancer, Developmental Disorder, Embryonic Development 23

Neurological Disease, Skeletal and Muscular Disorders, Cellular Compromise 23

Genetic Disorder, Skeletal and Muscular Disorders, Development Disorders 28

TOP BIO FUNCTIONS

Disease and Disorders

Name p-Value Molecules

Cancer 4.11e-03 – 4.57e-02 11

Genetic Disorder 4.11e-03 – 4.83e-02 11

Dermatological Diseases and conditions 4.11e-03 – 4.43e-02 10

Skeletal and Muscular Disorders 3.44e-04 – 4.83e-02 9

Cardiovascular Diseases 4.11e-03 – 4.43e-02 7

Molecular and Cellular Functions

Name p-Value Molecules

Cellular Compromise 9.40e-04 – 4.49e-02 13

Cell Death 3.44e-04 – 4.83e-02 12

Cell Morphology 4.97e-05 – 1.63e-02 8

Protein Degradation 9.40e-04 – 4.69e-02 4

Carbohydrate Metabolism 1.46e-03 – 4.04e-02 3

Physiological System Development and Function

Name p-Value Molecules

Embryonic Development 4.11e-03 – 4.04e-02 9

Cardiovascular System Development and Function 4.11e-03 – 3.64e-02 5

Digestive System Development and Function 4.97e-05 – 4.97e-05 2

Connective Tissue Development and Function 4.11e-03 – 4.11e-03 1

TOP CANONICAL PATHWAYS

Name p-Value Ratio

Glycosaminoglycan Degradation 3.6e-04 3/72 (0.042)

Mitochondrial Dysfunction 1.99e-03 4/172 (0.023)

Parkinson’s Signaling 2.17e-03 2/17 (0.118)

Docosahexaenoic Acid (DHA) Signaling 9.03e-03 2/45 (0.044)

Oxidative Phosphorylation 1.84e-02 3/166 (0.018)
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