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Abstract: Alternative splicing is an important gene regulation process to distribute proteins in health and diseases. Extra Domain A+ Fibronectin (EDA+Fn) is 
an alternatively spliced form of fibronectin (Fn) protein, present in the extra cellular matrix (ECM) and a recognised marker of various pathologies. TGFβ1 has 
been shown to induce alternative splicing of EDA+Fn in many cell types. Podocytes are spectacular cell type and play a key role in filtration and synthesise ECM 
proteins in renal physiology and pathology. In our previous study we have demonstrated expression and alternative splicing of EDA+Fn in basal condition in hu-
man podocytes culture. TGFβ1 further induced the basal expression and alternative splicing of EDA+Fn through Alk5 receptor and SR proteins. In this study, we 
have investigated TGFβ1 mediated signalling involved in alternative splicing of EDA+Fn in human podocytes. We have performed western blotting to characterise 
the expression of the EDA+Fn protein and other signalling proteins and RT-PCR to look for signalling pathways involved in regulation of alternative splicing of 
EDA+Fn in conditionally immortalised human podocytes culture.We have used TGFβ1 as a stimulator and SB431542, SB202190 and LY294002 for inhibitory 
studies. In this work, we have demonstrated in human podocytes culture TGFβ1 2.5ng/ml induced phosphorylation of Smad1/5/8, Smad2 and Smad3 via the ALK5 
receptor. TGFβ1 significantly induced the PI3K/Akt pathway and the PI3K/Akt pathway inhibitor LY294002 significantly downregulated basal as well as TGFβ1 
induced alternative splicing of EDA+Fn in human podocytes. In addition to this, TGFβ1 significantly induced the p38 MAP kinase signalling pathway and p38 
MAP kinase signalling pathway inhibitor SB202190 downregulated the TGFβ1-mediated alternative splicing of EDA+Fn in human podocytes. The results with 
PI3K and p38 MAP kinase signalling pathway suggest that inhibiting PI3K signalling pathway downregulated the basal alternative splicing of EDA+Fn in human 
podocytes and its the inhibition of p38 Map Kinase signalling pathway which had specifically downregulated the TGFβ1 mediated alternative splicing of EDA+Fn 
in human podocytes culture. Activation of TGFβ1-mediated Smad1/5/8 via Alk5 receptor suggests that TGFβ1 signalling pathway involved Alk5/Alk1 receptor 
axis signalling in human podocytes.
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Introduction

Alternative splicing is a widespread gene regulation 
process occurring in the wide range of organisms. Alter-
native splicing leads to formation of different isoforms 
of proteins from a single gene (1). Extra Domain A + 
Fibronectin (EDA+Fn) is an alternatively spliced iso-
form of Fibronectin (Fn) which has been shown to be 
expressed in various pathologies and serve as a marker 
of early pathologies (2–6). In many studies, it has been 
demonstrated that TGFβ1 induced the alternative splic-
ing of EDA+Fn. TGFβ1 expression in glomeruli and 
tubulointerstitium is demonstrated to be associated with 
the increased expression of EDA+Fn in diseases related 
to an accumulation of ECM (7). In chronic glomerulo-
nephritis and diabetic nephropathy, it has been shown 
that overexpression of TGFβ isoforms 1, 2, 3 are as-
sociated with the up-regulation of EDA+Fn expression 
(8). Studies in tubular epithelial cells show that TGFβ1 
induces up-regulation of Fn and EDA+Fn in cell lysates 
as well as supernatants (9). TGFβ1 mediated up-regu-
lation of EDA+Fn induces the fibroblast differentiation 
and thus leads to upregulation of ECM proteins (10). 
TGFβ1 shown to induce alternative splicing of EDA+Fn 

in PTEC cells by SR proteins and thus involved in tubu-
lointerstitial fibrosis (11). Hepatocyte growth factor has 
been previously demonstrated in MDCK cells to regu-
late alternative splicing of EDA+Fn in comparison to 
TGFβ1 (12).

Podocytes are spectacular cell type which plays a 
critical role in filtration. Podocytes form the filtration 
barrier in glomerulus along with endothelial cells and 
glomerular basement membrane (GBM) and involve in 
the continuous remodelling of GBM. In previous stud-
ies, it has been demonstrated that TGFβ1 significantly 
induces the Fn gene expression in conditionally immor-
talised human podocytes culture (13). In conditionally 
immortalised mouse podocytes TGFβ1 induces the Fn 
gene expression and protein expression (14). 

TGFβ1 is a multifunctional cytokine that mediates 
diverse cellular functions in a cell type and context de-
pendent manner. TGFβ1 imparts its effects by activating 
a distinct range of signalling pathway (15-16). TGFβ1 
mediates its signalling by binding to its receptors which 
in turn recruits different proteins. The members of the 
TGFβ superfamily proteins binds to two distinct recep-
tors types known as type II and type I receptors, both are 
required for signal transduction. There are five type II 
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receptors and seven type I receptors (ALK1 to -7) pre-
sent in mammals. The well-studied TGFβ1 signalling 
pathway is the Smad protein signalling pathway (16). 
TGFβ1 binds to its serine-threonine kinase receptor 
type II. Two molecules of each type II and type I recep-
tors form hetero-tetrameric complexes. In this complex, 
the type II receptor then trans-phosphorylates the type 
I receptors. The type I receptor then recruits and phos-
phorylates different transcriptional Smad proteins. 

Smad proteins are categorised in three subclasses 
which are receptor-regulated Smads (R-Smads), com-
mon-partner Smads (Co-Smads) and inhibitory Smads 
(I-Smads). Regulatory Smads are further divided into 
two subclasses Smad2 and Smad3 which are activated 
by TGFβ1 type I receptors (ALK5) and Smad1/5/8 acti-
vated by bone morphogenetic receptors. Smad1 is also 
activated by TGFβ1 type I receptor (ALK1) in endothe-
lial cells (15,17,18). After activation, these R-Smads 
then forms complex with Smad4 (Co-Smad) and this 
complex then translocates to the nucleus and regulates 
the transcription of a target gene by binding to promoter 
region (18,19). 

The Smad2 and Smad3 pathway are called as 
TGFβ mediated canonical signalling pathway whereas 
Smad1/5/8 are called as TGFβ mediated non-canonical 
Smad signalling pathway (20). TGFβ1 has been shown 
to mediate a vast range of cellular functions such as 
growth, proliferation, apoptosis, ECM production, mi-
gration and adhesion (21). The regulation of all these 
functions is critical for the healthy development and 
functioning of cells. TGFβ1 mediates these functions by 
regulating a diverse range of signalling pathways. Dis-
rupted regulation of these signalling pathways leads to 
various pathologies. TGFβ1 has been reported to regu-
late signalling pathways independent of Smads such as  
MAP kinase signalling and PI3K/Akt signalling path-
way (19,22,23).

Mitogen-activated protein (MAP) kinases are super-
family of intracellular signalling molecules which op-
erates through different subfamilies of proteins name-
ly the extracellular signal-regulated protein kinases 
(ERK1, ERK2 and ERK5); the c-jun NH2-terminal ki-
nases (JNK1, JNK2, JNK3) and p38 (-α,-β,-γ and -δ) 
(24). The p38 MAP kinase pathway plays a vital role in 
cellular processes such as inflammation, differentiation 
and apoptosis. MAP kinase pathway can be activated by 
growth factors such as TGFβ1, EGF and external stim-
uli such as mechanical stress, osmotic shock etc. The 
p38 MAP kinase pathway has been shown to regulate 
the Fn expression in transformed human kidney cells 
by our group (25). I have investigated the p38 MAP 
Kinase pathway in human podocytes in response to 
TGFβ1 and its role in the regulation of EDA+Fn expres-
sion in human podocyte culture by using SB202190, a 
potent chemical inhibitor of p38 MAP Kinase pathway. 
SB202190 is a pyridinyl imidazole, which has been 
shown to inhibit the p38α and p38β through compet-
ing with ATP (1) and thus inhibits the phosphorylation 
of p38 MAP kinase (26). SB202190 2.5µM has been 
shown to downregulates the Fn expression in human 
kidney cells by our group (25).

The PI3K pathway has been implicated in a diverse 
range of cellular activities like cell proliferation, surviv-
al, adhesion, cytoskeleton remodelling etc. Many stud-

ies show that the PI3K pathway is activated by TGFβ1 in 
mesangial cells and epithelial cells and prevents apopto-
sis (27–29).  PI3K pathway has been shown to regulate 
the TGFβ1 mediated alternative splicing of EDA+Fn in 
mouse fibroblast (30). PI3K pathway has been demon-
strated to be involved in the TGFβ1 mediated alternative 
splicing of EDA+Fn in human PTEC cells (11). I have 
investigated the PI3K/Akt kinase signalling pathway 
in the regulation of alternative splicing of EDA+Fn in 
human podocyte culture by using  LY294002, a potent 
chemical inhibitor of the PI3K signalling pathway (31–
33). LY294002 is an ATP-competitive inhibitor and has 
been shown to inhibit alternative splicing of EDA+Fn at 
a 5µM concentration in PTEC cells by our group (11). 

In our previous study we have demonstrated ex-
pression and alternative splicing of EDA+Fn in basal 
condition in human podocytes culture. TGFβ1 further 
induced the basal expression and alternative splicing 
of EDA+Fn through Alk5 receptor and SR proteins. In 
this paper, we have investigated TGFβ1 mediated Smad 
signalling pathway, p38 MAP Kinase signalling path-
way and PI3K signalling pathways in the regulation of 
EDA+Fn expression in human podocytes culture.

Materials and Methods

Cell culture
Conditionally immortalized human podocyte cell 

culture retrovirally transfected by temperature sensitive 
SV40 large T-antigen (Developed by Dr Moin Saleem, a 
kind gift from Jochen Raiser)  were cultured as monolay-
er at the permissive temperature of 33°C in a humidified 
atmosphere of 5% CO2 and 95% air,  with RPMI 1640 
medium supplemented with heat-inactivated 10% Fetal 
Calf Serum, L-glutamine (2mM)-penicillin (100U/ml)-
streptomycin (100µg/ml) antibiotics, 5mM D-Glucose 
and insulin (5µg/ml)-transferrin (5µg/ml)-sodium sele-
nite (5ng/ml). The medium was changed every alternate 
day. Confluent cells were passaged by aspirating the me-
dia and incubating with trypsin–EDTA solution (trypsin 
(5 g/l), Na2-EDTA (2 g/l), NaCl (8.5 g/l) for 4 minutes 
at 33°C temperature. Trypsin was neutralised with nor-
mal culture medium and cells were centrifuged at 350 
x g for 6 min at room temperature. The cell pellet was 
re-suspended in fresh culture medium. Viable cells were 
counted with 0.4% trypan blue dye exclusion method 
and were seeded at a density of 10,000 cells/cm2. For 
experimental studies, podocytes were grown for 4 days 
at 33°C (permissive condition) and then at 37°C for 14 
days (Non-permissive condition). All the experiments 
were conducted on overnight serum starved 80-90% 
confluent culture of terminally differentiated podocytes 
passages between 3 and 25.

Stimuli and inhibitors 
Serum-starved differentiated podocytes at 37°C 

were treated with TGFβ1 2.5ng/ml or vehicle (0.1% 
w/v BSA).And for inhibitory studies serum-starved dif-
ferentiated podocyte cells were pre and co-treated with 
ALK5 inhibitor SB431542 (10µM), p38 MAP kinase 
inhibitor SB202190 (2.5 µM and 5µM)  and PI3K/
Akt pathway inhibitor LY29004 (5µM) with or without 
TGFβ1 (2.5ng/ml) compared with vehicle (0.1% w/v 
BSA) for indicated period of time.
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(Qiagen UK Ltd) using manufacturer’s protocol. All 
buffers for RNA extraction were provided as part of ex-
traction kit. All disposable plastic wares were purchased 
as DNase and RNase free. Total cellular RNA concen-
tration was then quantified by measuring the absorbance 
at 260nm and quality was measured by determining 260 
to 230 ratio using NanoDrop Spectrophotometer. The 
extracted RNA was subjected to Reverse Transcription 
(RT) to synthesise cDNA. RT was performed to syn-
thesise cDNA using Reverse Transcriptase system (Ap-
plied Biosystem, Foster City, CA, USA). The cDNA 
generated after the RT-PCR was subjected to conven-
tional PCR amplification for EDA+/-Fn. The PCR reac-
tion was performed using the Crimson Taq Polymerase 
(New England Biolabs) in a total volume of 25µl and 
the volume of cDNA template was 1µl from 1 in 10 di-
luted RT reactions. Each forward and the reverse primer 
was used at 20µM with 1.25 U polymerase per reaction. 
The inclusion of EDA exon was detected using a pair 
of primer binding constitutively spliced exon upstream 
and downstream of 270bp EDA exon. The PCR leads 
to inclusion of EDA exon which yields two products a 
104bp band fragment corresponding to EDA-Fn and a 
374bp fragment corresponding to EDA+Fn detected as 
two separate bands after the agarose gel electrophoresis.

The primer sequence for EDA+/-Fn was
5’GGAGAGAGTCAGCCTCTGGTTCAG3’ Forward, 
5’TGTCCACTGGGCGCTCAGGCTTGTG3’ Reverse. 

PCR steps were as: initial denaturation for 5 min 
at 95°C and 25 cycles of 30 sec at 95°C for, anneal-
ing temperature for 30 sec at 56°C, 30 sec at 68°C and 
final extension for 5 min at 68°C. The PCR product is 
separated by 1.5% agarose gel electrophoresis and visu-
alised with ethidium bromide staining under UV light. 
The separated bands of EDA+/-Fn in the agarose gel 
were captured by ImageQuant 300 imager and Image-
Quant Capture software (v1.0.0.4; GE Healthcare Life 
Sciences). Quantification of band density was done by 
Image count TL software (v1.0.0.4; GE Healthcare Life 
Sciences).

Statistical Analysis
Data handling, Statistical analysis and presentation 

were performed using Microsoft Excel 2010 (Micro-
soft Corporation) and GraphPad Prism, v4.0 (GraphPad 
Software, Inc). Results were expressed as Mean ± SEM 
(standard error of the mean) of 3-6 independent ex-
periments. Comparison between the means of 2 groups 
was made by Student's t-test. Comparison between the 
means of more than two groups was made by Analysis 

Western Blot Analysis
After the treatment, cells were washed once with 

ice-cold 1 x PBS and lysed by cell scraper in 70µl ice-
cold lysis buffer Tris/HCl (20mM),  NaCl (150mM), 1 
% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycho-
late, 0.1% (w/v) SDS, 1mM EDTA, phosphatase inhibi-
tor cocktail (1x) and protease inhibitor cocktail (2x). 
Cell lysates were kept on ice for 15min and centrifuged 
at 10000 x g at 4°C for 10 min to remove cell debris. 
Supernatants containing protein were collected and the 
pellet containing cell debris was discarded. Superna-
tants containing proteins were either stored at -80°C for 
future use or was subjected to protein quantification. To-
tal cellular protein concentration was determined using 
the colorimetric BCA (bicinchoninic acid) protein assay 
kit following manufacturer protocol. 

The protein samples were prepared for western blot-
ting under denaturing and reducing condition by heating 
at 70°C for 10min in a solution containing  NuPAGE 
LDS Sample buffer (1x) and NuPAGE Sample Reduc-
ing Agent (1x). Equal amounts of cellular proteins were 
subjected to SDS-PAGE. Proteins were transferred onto 
PVDF membrane for 4h in NuPAGE transfer buffer at 
30 V using the XCell II Blot Module (Life Technology). 
After transfer the blots were washed with TBS-T buffer 
[Tris-buffered saline/20mM Tris/HCl, 150mM NaCl 
and 0.1% (v/v) Tween 20)  5% (w/v)]  on 3D gyratory 
rocker for 15 min. Blots were then blocked with TBS-T 
fat-free milk 5% (w/v) for 60min. Blots were washed 
for 10min x 3times with TBS-T. Blots were incubated 
with appropriate primary antibodies (Table 1) either in 
TBS-T with 5% (w/v) BSA (rabbit polyclonal antibod-
ies) or in TBS-T with 5% (w/v) fat-free milk (Mouse 
Monoclonal antibodies) at 4°C overnight. Blots were 
washed for 10min x 3times with TBS-T buffer on a 3D 
gyratory rocker. Blots were incubated with horseradish 
peroxidase HRP-labelled secondary antibody for 1h at 
room temperature at 3D gyratory rocker and developed 
with ECL Prime enhanced chemiluminescence western 
blotting detection system and visualised with Hyperfilm 
ECL photographic film developed by MI-5 X-ray film 
processor (VWR). Blots were stripped and re-probed 
for housekeeping tubulin protein as a loading control. 

Western blot films were imaged by ImageQuant 300 
Imager and ImageQuant Capture software (v1.0.0.4; 
GE Healthcare Life Sciences). Quantification of band 
density was done by Image count TL software (v1.0.0.4; 
GE Healthcare Life Sciences).
 
RNA extraction, reverse transcription and PCR

Total RNA was isolated using RNeasy Mini Kit 

Target protein Size(KDa) Antibody Dilution Cat. no Supplier
EDA+ Fn 220 Mouse monoclonal 1:1000 ab 6328 Abcam
pSmad2 60 Rabbit monoclonal 1:1000 3108 Cell signaling
pSmad3 52 Rabbit monoclonal 1:1000 9520 Cell signaling
pSmad1/5/8 60 Rabbit polyclonal 1:1000 9511 Cell signaling
pP38 43 Rabbit polyclonal 1:1000 9211 Cell signaling
pAkt (Phospho-Akt-Ser473 antibody) 60 Rabbit polyclonal 1:1000 9271 Cell signaling
Antimouse IgG(Secondary Ab) - Rabbit 1:40 A9044 Sigma-Aldrich
Antirabbit IgG(Secondary Ab) - Rabbit 1:1000 7074 Cell signaling
α/β-Tubulin 55 Rabbit polyclonal 1:1000 2148 Cell signaling

Table 1. Antibody dilutions used for Western blotting.
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of Variance (ANOVA) with Bonferroni multiple com-
parisons post hoc test. P value <0.05 was considered as 
significant.

Results

Characterisation of TGFβ1-mediated canonical 
Smad signalling pathway in human podocyte culture

Podocytes were allowed to differentiate, serum 
starved overnight and treated with TGFβ1 2.5ng/ml and 
compared with vehicle (0.1% w/v BSA) for 1h. Cells 
were lysed and protein extraction was done. Western 
blot analysis was performed to look for phosphoryla-
tion of pSmad2, pSmad3 and tubulin as housekeeping 
protein. TGFβ1 significantly induced the pSmad2 and 
pSmad3 phosphorylation as compared to vehicle (Fig-
ure 1).

Characterisation of TGFβ1-mediated non-canonical 
Smad signalling pathway in human podocyte culture

Podocytes were grown till differentiation, serum 
starved overnight and treated with TGFβ1 2.5ng/ml 
compared with vehicle (0.1% w/v BSA) for 1h. Cells 
were lysed and protein extraction was done. Western 
blot analysis was performed to look for phosphorylation 
of pSmad1/5/8 and tubulin as housekeeping protein. 
TGFβ1 significantly induced the pSmad1/5/8 phospho-
rylation as compared to vehicle (Figure 2).

TGFβ1-mediated Smad signalling by TGFβ Type I 
receptor ALK5 in human podocyte culture

Podocytes were grown on 6 well cell culture plate 
and allowed to differentiate for 14 days and serums 
starved overnight. Podocytes were pre-incubated (1h) 
and co-incubated with TGFβ1 2.5ng/ml, TGFβ1 2.5ng/
ml and SB431542 (10μM), SB431542 (10μM) and 
compared with vehicle (0.1% w/v BSA, 0.1% DMSO) 
for 1h. Cells were lysed and protein extraction was 
done. Western blot analysis was performed to look for 
phosphorylation of pSmad3 and pSmad1/5/8 and tu-
bulin as housekeeping protein. The SB431542 signifi-
cantly downregulated TGFβ1-induced pSmad3 (Figure 
3, Panel A) and pSmad1/5/8 phosphorylation (Figure 3, 
Panel B) as compared to vehicle.

Characterisation of TGFβ1-mediated PI3K/Akt 
pathway in human podocyte culture

Podocytes were allowed to differentiate for 14 days, 
serum starved overnight and treated with TGFβ1 2.5ng/
ml and compared with vehicle (0.1% w/v BSA) for 1h. 
Cells were lysed and protein extraction was done. West-
ern blot analysis was performed to look for phospho-
rylation of pAkt and tubulin as housekeeping protein. 
TGFβ1 treatment induced the pAkt phosphorylation as 
compared to vehicle (Figure 4).

TGFβ1-mediated PI3K/Akt pathway in regulation 
of EDA+Fn protein expression in human podocyte 
culture 

Podocytes were allowed to differentiate, serum 
starved overnight and treated with TGFβ1 2.5ng/
ml, pre (1h) and co-incubated with PI3k/Akt inhibi-
tor LY294002 5μm, compared with vehicle (0.1% w/v 
BSA, 0.1% DMSO) for 72h. Cells were lysed and pro-
tein extraction was done. Western blot analysis was per-
formed to look for expression of EDA+Fn and tubulin 

Figure 1. The TGFβ1 mediated phosphorylation of pSmad3 (Panel 
A), pSmad2 (Panel B) indexed to tubulin as housekeeping protein. 
Serum-starved differentiated podocytes were treated with TGFβ1 
2.5ng/ml and compared with vehicle (0.1% w/v BSA) for 1h. Stu-
dent’s t-test was performed and the graph represents band density 
expressed as SEM with n=4 (independent experiments). P value 
<0.05 was considered as significant.

Figure 2. The TGFβ1 mediated pSmad1/5/8 phosphorylation in-
dexed to tubulin as housekeeping protein. Serum-starved differ-
entiated podocytes were treated with TGFβ1 2.5ng/ml and com-
pared with vehicle (0.1% w/v BSA) for 1h. Student’s t-test was 
performed and the graph represents band density expressed as 
SEM with n=4 (independent experiments). P value <0.05 was con-
sidered as significant.

Figure 3. The pSmad3 and pSmad1/5/8 phosphorylation indexed 
with tubulin as housekeeping protein. Serum-starved differentiated 
podocytes were pre-incubated (1h) and co-incubated with TGFβ1 
2.5ng/ml, TGFβ1 2.5ng/ml and SB431542 (10μM), SB431542 
(10μM) and compared with vehicle (0.1% w/v BSA, 0.1% DMSO) 
for 1h. Analysis of Variance (ANOVA) with Bonferroni multiple 
comparisons post hoc test was performed. The graph represents 
band density expressed as SEM with n=4 (independent experi-
ments). P value <0.05 was considered as significant.
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as housekeeping protein. TGFβ1 induced the expression 
of EDA+Fn as compared to vehicle. LY294002 signifi-
cantly downregulated the TGFβ1-induced EDA+Fn ex-
pression. LY294002 treatment significantly downregu-
lated the basal EDA+Fn expression (Figure 5).

TGFβ1-mediated PI3K/Akt pathway in regulation 
of alternative splicing of EDA+Fn in human podo-
cyte culture

Podocytes were grown on 6 well cell culture plate and 
allowed to differentiate for 14 days and serums starved 
overnight. Podocytes were pre (1h) and co-incubated 
with TGFβ1 2.5ng/ml, TGFβ1 2.5ng/ml and PI3K/Akt 

pathway inhibitor LY294002 (5μM), LY294002 (5μM), 
compared with vehicle (0.1% w/v BSA, 0.1% DMSO) 
for 24h. Cells were lysed and RNA was extracted. RT-
PCR was performed to look for EDA+Fn to EDA-Fn 
mRNA ratio. TGFβ1 significantly increased EDA+/-Fn 
mRNA ratio as compared to vehicle. LY294002 signifi-
cantly downregulated the TGFβ1-increased EDA+/-Fn 
mRNA ratio. LY294002 treatment significantly down-
regulated the basal EDA+/-Fn mRNA ratio (Figure 6).

Characterisation of TGFβ1-mediated p38 MAP ki-
nase signalling pathway in human podocyte culture 

Podocytes were allowed to differentiate for 14 days, 
serum starved overnight and treated with TGFβ1 2.5ng/
ml and compared with vehicle (0.1% w/v BSA) for 1h. 
Cells were lysed and protein extraction was done. West-
ern blot analysis was performed to look for phospho-
rylation of phospho-p38 and tubulin as housekeeping 
protein. TGFβ1 significantly induced the phospho-p38 
phosphorylation as compared to vehicle (Figure 7).

TGFβ1-mediated p38 MAP kinase pathway in regu-
lation of EDA+Fn protein expression in human po-
docyte culture

Podocyte cells were allowed to differentiate for 14 
days, serum starved overnight and treated with TGFβ1 
2.5ng/ml pre (1h) and co-incubated with MAP kinase 
inhibitor SB202190 2.5μm and 5μm, compared with ve-
hicle (0.1% w/v BSA, 0.1% DMSO) for 72h. Cells were 
lysed and protein extraction was done. Western blot 
analysis was performed to look for EDA+Fn expression 
and tubulin as housekeeping protein. TGFβ1 signifi-
cantly induced the EDA+Fn expression as compared to 
vehicle. MAP kinase inhibitor SB202190 (2.5μm and 
5μm) significantly downregulated the TGFβ1-induced 
EDA+Fn expression, however, increasing the concen-
tration of SB202190 to 5μm did not further downregu-
lated the TGFβ1-induced EDA+Fn expression (Figure 

Figure 4. The pAkt phosphorylation indexed to tubulin as house-
keeping protein. Podocytes were treated with TGFβ1 2.5ng/ml 
and compared with (vehicle 0.1% BSA). Student’s t-test was per-
formed and the graph represents band density expressed as SEM 
with n=4 (independent experiments). P value <0.05 was consid-
ered as significant.

Figure 5. TGFβ1 mediated EDA+Fn expression indexed to tubu-
lin as housekeeping protein. Podocytes were treated with TGFβ1 
2.5ng/ml pre (1h) and co-incubated with PI3K inhibitor LY294002 
5μm for 72h, compared with vehicle (0.1% w/v BSA, 0.1% 
DMSO). Analysis of Variance (ANOVA) with Bonferroni multiple 
comparisons post hoc test was performed. The graph represents 
band density expressed as SEM with n=4 (independent experi-
ments). P value <0.05 was considered as significant.

Figure 6. The TGFβ1 mediated EDA+/-Fn mRNA expression 
downregulated by LY294002 treatment. TGFβ1 2.5ng/ml signifi-
cantly induces the expression of EDA+/-Fn mRNA ratio as com-
pared to vehicle and this was downregulated by LY294002 (5μM) 
at 24h. Analysis of Variance (ANOVA) with Bonferroni multiple 
comparisons post hoc test was performed. The graph represents 
band density expressed as SEM with n=4 (independent experi-
ments). P value <0.05 was considered as significant.
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8).

TGFβ1-mediated p38 MAP kinase pathway in regu-
lation of alternative splicing of EDA+Fn in human 
podocyte culture

Podocytes were grown on 6 well cell culture plate 
and allowed to differentiate for 14 days and serums 
starved overnight. Podocytes were pre-incubated (1h) 
and co-incubated with TGFβ1 2.5ng/ml, TGFβ1 2.5ng/
ml and pP38 MAP kinase inhibitor SB202190 (2.5μM), 
SB202190 (2.5μM) and compared with vehicle (0.1% 
w/v BSA, 0.1% DMSO) for 24h. Cells were lysed and 
RNA was extracted. RT-PCR was performed to look for 
EDA+Fn to EDA-Fn mRNA ratio. TGFβ1 significant-
ly increased the EDA+/-Fn mRNA ratio as compared 
to vehicle. SB202190 significantly downregulated the 
TGFβ1-increased EDA+/-Fn mRNA ratio (Figure 9).

Discussion

TGFβ1 is multifunctional cytokine which is a key 
regulator of various cellular pathways in physiology 
and pathology. TGFβ1 induced Smad pathways are 
characterised as either canonical which involves Smad2 
or Smad3 or as non-canonical Smad signalling pathway 
which involves Smad1/5/8. TGFβ1 has been shown to 
induce Smad-independent signalling pathways such as 
MAP kinase signalling pathway and PI3K/Akt signal-
ling pathway (19,31,34). In this paper, we have inves-
tigated TGFβ1 mediated Smad signalling pathway, p38 
MAP Kinase signalling pathway and PI3K signalling 
pathways in the regulation of EDA+Fn expression in 
human podocytes culture. 

TGFβ1 mediated Smad signalling pathway has 
been shown to involved in renal fibrosis by upregulat-
ing ECM proteins expressions (22). TGFβ1 mediated 
Smad signalling has been demonstrated in mouse podo-
cytes culture (35). In this studies, we have characterised 
TGFβ1 mediated Smad signalling in human podocytes 
culture. In human podocytes culture, TGFβ1 2.5ng/ml 
treatment for 1h significantly induced the pSmad3, pS-
mad2 and pSmad1/5/8 phosphorylation as compared to 
vehicle. These results suggest that in human podocytes 
TGFβ1 2.5ng/ml activates both canonical and TGFβ1 
mediated non-canonical Smad signalling pathways. We 
have investigated the role of TGFβ1 Type I ALK5 re-
ceptor in TGFβ1 mediated activation of Smad signal-
ling pathway using ALK5 receptor inhibitor SB431542. 
Results from these experiments suggest that SB431542 
significantly downregulated TGFβ1 mediated Smad3 
and Smad1/5/8 phosphorylation in human podocyte 
culture. These results suggest that TGFβ1 mediated ca-
nonical and non-canonical Smad signalling in human 
podocytes involved ALK5 receptor. 

In endothelial cells, it has been demonstrated that 
TGFβ1 activates the Smad1 signalling pathway via re-
ceptor ALK1. The ALK1 and ALK5 form the hetero-

Figure 7. The TGFβ1 induced pP38 phosphorylation indexed to 
tubulin as housekeeping protein. Serum-starved differentiated po-
docytes were treated with TGFβ1 2.5ng/ml and compared with 
vehicle (0.1% w/v BSA) for 1h. Student’s t-test was performed 
and the graph represents band density expressed as SEM with n=4 
(independent experiments). P value <0.05 was considered as sig-
nificant.

Figure 8. The TGFβ1-induced EDA+Fn expression indexed to tu-
bulin as housekeeping protein. Podocytes were treated with TGFβ1 
2.5ng/ml, pre (1h) and co-incubated with MAP kinase inhibitor 
SB202190 2.5μm and 5μm for 72h, compared with vehicle (0.1% 
w/v BSA, 0.1% DMSO). Analysis of Variance (ANOVA) with 
Bonferroni multiple comparisons post hoc test was performed. The 
graph represents band density expressed as SEM with n=4 (inde-
pendent experiments). P value <0.05 was considered as significant.

Figure 9. The TGFβ1 mediated EDA+/-Fn mRNA expression 
downregulated by SB202190 treatment. TGFβ1 2.5ng/ml sig-
nificantly induced the expression of EDA+/-Fn mRNA ratio as 
compared to vehicle and this was downregulated by SB202190 
(2.5μM) at 24h. Analysis of Variance (ANOVA) with Bonferroni 
multiple comparisons post hoc test was performed. The graph rep-
resents band density expressed as SEM with n=4 (independent ex-
periments). P value <0.05 was considered as significant.
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meric receptor complex. TGFβ1 enhances the ALK1 
and ALK5 receptor complex formation. The ALK5 re-
ceptor has been shown to be essential for activation of 
TGFβ1/ALK1 mediated Smad1 signalling pathway (36-
38). Thus TGFβ1 induced activation of the Smad1/5/8 
signalling pathway in human podocytes culture could 
involve the ALK1 receptor and inhibition of ALK5 re-
ceptor by SB431542 may inhibit the ALK1 mediated 
Smad1/5/8 activation. Smads proteins are known to 
act as transcriptional factors which regulate the gene 
expression by regulating the transcription by directly 
binding to the promoter region of the gene (36). There is 
no published evidence demonstrating the role of Smads 
in the regulation of splicing. I have made few attempts 
to characterise TGFβ1 mediated Smad signalling events 
in the regulation of EDA+Fn expression in human po-
docytes using SIS3 and siRNA targeted to Smads (re-
sults not shown) but failed to provide any evidence of 
the involvement of Smad proteins in alternative splicing 
of EDA+Fn. TGFβ1 has also been reported to mediate 
pathways other than Smads associated with renal dis-
eases such as MAP kinase pathway and PI3K/Akt path-
way (37).

I have investigated PI3K/Akt signalling pathway 
in the regulation of EDA+Fn expression and alterna-
tive splicing in human podocytes culture. The results 
of the experiment suggest that human podocyte culture 
expressed a high basal level of pAkt and TGFβ1 signifi-
cantly induced the further phosphorylation of pAkt. In-
sulin has been shown to induce PI3K/Akt pathway (38). 
Growth medium contains insulin as a supplement and 
could induce high basal phosphorylation of pAkt. To 
demonstrate PI3K/Akt signalling pathway in the regula-
tion of TGFβ1 mediated EDA+Fn expression in human 
podocytes culture, I have used PI3K pathway inhibitor 
LY294002. The results of this experiment suggest that 
LY294002 significantly downregulated the TGFβ1-
induced EDA+Fn protein expression. LY294002 also 
significantly downregulated the basal EDA+Fn expres-
sion. LY294002 also downregulated the basal EDA+/-
Fn mRNA ratio as well as TGFβ1-induced EDA+/-Fn 
mRNA ratio in human podocytes culture. These re-
sults demonstrate that inhibiting the PI3K/Akt pathway 
by LY294002 downregulated the basal as well as the 
TGFβ1-induced alternative splicing in human podo-
cytes culture. These results suggest that in human podo-
cyte culture PI3K pathway regulates the basal as well as 
the TGFβ1-induced expression and alternative splicing 
of EDA+Fn. These results are consistent with the results 
in PTEC cells where PI3K/Akt pathway has been previ-
ously demonstrated to regulate the alternative splicing 
of EDA+Fn (11). PI3K/Akt pathway is reported to be 
involved in various cellular functions like cell prolifera-
tion, cell adhesion and cell survival (31,39). It has been 
shown that PI3K/Akt pathway is involved in the regula-
tion of expression of ECM proteins and thus in the regu-
lation of fibrosis. In human primary tubular epithelial 
cells (PTEC), it has been demonstrated that PI3K/Akt 
pathway mediates the alternative splicing of EDA+Fn. 
In PTEC cells it has been shown that alternative splic-
ing of EDA+Fn involves the SR proteins (11). SR pro-
teins are phosphorylated by SRPK and Clk proteins 
and on phosphorylation translocate to the nucleus and 
regulate alternative splicing events (1,40–43). Akt has 

been demonstrated to modulate the activity of SRPK 
and Clk protein (44). Akt has also been demonstrated to 
directly phosphorylate the SR proteins (45). Thus PI3K/
Akt pathway could regulate the alternative splicing of 
EDA+Fn in human podocytes by a similar mechanism.

p38 MAP kinase pathway has been demonstrated 
to be up-regulated in various cell types. p38 MAP ki-
nase pathway has been shown to regulate the Fn ex-
pression in transformed human kidney cells by our 
group (25). p38 MAP kinase pathway has been shown 
to be involved in ECM proteins expression regulation 
in epithelial cells (46). Based on these findings I have 
investigated the role of TGFβ1 mediated p38 MAP 
kinase pathway in the regulation of EDA+Fn expres-
sion in human podocyte culture. The results from p38 
MAP kinase experiment suggest that TGFβ1 induced 
the pP38 MAP kinase pathway in human podocytes. 
Chemical inhibitor SB202190 has been shown to be a 
potent inhibitor of p38 MAP kinase pathway (47,48). To 
demonstrate the p38 MAP kinase signalling pathway in 
the regulation of TGFβ1 mediated EDA+Fn expression 
in human podocytes, I have treated human podocytes 
with SB202190 in presence and absence of TGFβ1. The 
results of these experiments suggest that MAP kinase 
inhibitor SB202190 downregulated TGFβ1 mediated 
EDA+Fn protein expression. SB202190 also downreg-
ulated TGFβ1 induced EDA+/-Fn mRNA ratio shown 
by RT-PCR. The results from p38 MAP kinase experi-
ment suggest that human podocytes demonstrate the 
p38 MAP kinase signalling pathway and inhibiting the 
p38 MAP kinase pathway by SB202190 downregulated 
the TGFβ1 mediated alternative splicing of EDA+Fn.

The alternative splicing is shown to be regulated 
by the SR proteins. The SR proteins are shown to be 
present in the cytoplasm and translocate to the nucleus 
on phosphorylation. The recognition of exon enhanc-
ing site by SR proteins greatly enhances the EDA al-
ternative splicing. SR proteins are shown to be phos-
phorylated by several kinases such as SRPK1 and Clk 
(41,49,50). Nuclear transport of p38 MAP kinase has 
been reported (51). It could be possible that p38 Map 
Kinase could regulate the SR protein phosphorylation 
directly or indirectly by regulating SRPK1 and Clk and 
thus involved in SR protein-mediated alternative splic-
ing of EDA+Fn. It has been shown that splicing factor 
SPF45 activation is mediated by p38 MAP kinase pro-
teins and thus could be involved in alternative splicing 
(44,52). p38 MAP kinase has also been shown to phos-
phorylate hnRNAP1 which is involved in alternative 
splicing regulation (53) and thus could be involved in 
alternative splicing of EDA+Fn.

In summary, the key finding with Smad signalling 
studies in human podocytes is that podocytes exhibit 
Smad1/5/8 expression in addition to canonical Smads: 
Smad2 and Smad3 via ALK5 receptor demonstrated by 
using ALK5 inhibitor SB431542.

TGFβ1 mediated signalling pathway involved in 
alternative splicing of EDA+Fn in human podocytes 
were PI3K/Akt pathway and p38 MAP kinase pathway. 
The results with PI3K and p38MAP kinase signalling 
pathway suggest that inhibiting PI3K signalling path-
way downregulated the basal alternative splicing of 
EDA+Fn in human podocytes and its the inhibition of 
p38 Map Kinase signalling pathway which had specifi-
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cally downregulated the TGFβ1 mediated alternative 
splicing of EDA+Fn in human podocytes culture. 

This study describes that EDA+Fn is an alternatively 
spliced form of Fn and targeting alternative splicing of 
EDA+Fn is a key approach to regulating expression 
of EDA+Fn. TGFβ1 induced the EDA+Fn alternative 
splicing in human podocytes. p38 MAP kinase pathway 
and PI3K signalling pathways are potential pathways in-
volved in regulation of alternative splicing of EDA+Fn 
in human podocytes. Targeting these signalling path-
ways could be a fascinating approach to regulating the 
alternative splicing and expression of EDA+Fn in podo-
cyte in health and diseases.

Declarations
Ethics approval and consent to participate- Not appli-
cable.
Consent for publication- Not applicable.
Availability of data and materials- The datasets used 
and/or analysed during the current study are available 
from the corresponding author on reasonable request.
Competing interests- The authors declare that they have 
no competing interests.
Funding- Maharashtra Government of India.
Authors' contributions-
Dr Tarunkumar H Madne- All research works carried 
by this author.
Dr Mark Edward Carl Dockrell- Lead supervisor.
Acknowledgements- Dr Phanish Mysore and Dr Iain 
Macphee for their technical guidance.

References 
1.  Kim E, Goren A, Ast G. Alternative splicing: current perspec-
tives. Bioessays. 2008; 30(1):38–47. 
2.  Baelde HJ, Eikmans M, van Vliet AI, Bergijk EC, de Heer E, 
Bruijn JA. Alternatively spliced isoforms of fibronectin in immune-
mediated glomerulosclerosis: the role of TGF-beta and IL-4. J Pa-
thol. 2004; 204(3):248–57. 
3.  Pankov R. Fibronectin at a glance. J Cell Sci. 2002; 
115(20):3861–3. 
4.  Mao Y, Schwarzbauer JE. Fibronectin fibrillogenesis, a cell-me-
diated matrix assembly process. Matrix Biol. 2005; 24(6):389–99.
5.  To WS, Midwood KS. Plasma and cellular fibronectin: distinct 
and independent functions during tissue repair. Fibrogenesis Tissue 
Repair. 2011; 4(1):21. 
6.  Frantz C, Stewart KM, Weaver VM. The extracellular matrix at 
a glance. J Cell Sci. 2010; 123:4195–200. 
7.  Yamamoto T, Noble NA, Cohen AH, Nast CC, Hishida A, Gold 
LI, et al. Expression of transforming growth factor-beta isoforms in 
human glomerular diseases. Kidney Int. 1996; 49(2):461–9. 
8.  Shihab FS, Yamamoto T, Nast CC, Cohen AH, Noble NA, Gold 
LI, et al. Transforming growth factor-beta and matrix protein expres-
sion in acute and chronic rejection of human renal allografts. J Am 
Soc Nephrol 1995; 6(2):286-94.. 
9.  Viedt C, Bürger a, Hänsch GM. Fibronectin synthesis in tubular 
epithelial cells: up-regulation of the EDA splice variant by transfor-
ming growth factor beta. Kidney Int. 1995; 48(6):1810–7. 
10.  Kohan M, Muro AF, White ES, Berkman N. EDA-containing 
cellular fibronectin induces fibroblast differentiation through bin-
ding to alpha4beta7 integrin receptor and MAPK/Erk 1/2-dependent 
signaling. FASEB J. 2010; 24(11):4503–12. 
11.  Phanish MK, Heidebrecht F, Nabi ME, Shah N, Niculescu-Du-
vaz I, Dockrell MEC. The regulation of TGFβ1 induced fibronectin 
EDA exon alternative splicing in human renal proximal tubule epi-

thelial cells. J Cell Physiol. 2014; 230(2):286-95.
12.  Inoue T, Nabeshima K, Shimao Y, Koono M. Hepatocyte growth 
Factor/Scatter factor (HGF/SF) is a regulator of fibronectin splicing 
in MDCK cells: comparison between the effects of HGF/SF and 
TGF-beta1 on fibronectin splicing at the EDA region. Biochem Bio-
phys Res Commun. 1999; 260(1):225–31. 
13.  Herman-Edelstein M, Thomas MC, Thallas-Bonke V, Saleem 
M, Cooper ME, Kantharidis P. Dedifferentiation of immortalized 
human podocytes in response to transforming growth factor-β: a 
model for diabetic podocytopathy. Diabetes. 2011; 60(6):1779–88.
14.  Li Y, Kang YS, Dai C, Kiss LP, Wen X, Liu Y. Epithelial-to-
mesenchymal transition is a potential pathway leading to podocyte 
dysfunction and proteinuria. Am J Pathol. 2008; 172(2):299–308. 
15.  Bottinger EP. TGF-  Signaling in Renal Disease. J Am Soc Ne-
phrol. 2002; 13(10):2600–10. 
16.  Whitman M. Smads and early developmental signaling by the 
TGF-beta superfamily. Genes Dev. 1998; 12(16):2445–62.
17.  Goumans MJ, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J, 
Mummery C, et al. Activin receptor-like kinase (ALK)1 is an an-
tagonistic mediator of lateral TGFbeta/ALK5 signaling. Mol Cell. 
2003; 12(4):817–28.
18.  Miyazawa K, Shinozaki M, Hara T, Furuya T, Miyazono K. Two 
major Smad pathways in TGF-beta superfamily signalling. Genes 
Cells. 2002; 7(12):1191–204. 
19.  Lan HY. Diverse roles of TGF-β/Smads in renal fibrosis and 
inflammation. Int J Biol Sci. 2011; 7(7):1056–67. 
20.  Banas MC, Parks WT, Hudkins KL, Banas B, Holdren M, Iyoda 
M, et al. Localization of TGF-beta signaling intermediates Smad2, 
3, 4, and 7 in developing and mature human and mouse kidney. J 
Histochem Cytochem. 2007; 55(3):275–85. 
21.  Leask A, Abraham DJ. TGF-beta signaling and the fibrotic res-
ponse. FASEB J. 2004; 18(7):816–27. 
22.  Laping NJ, Grygielko E, Mathur a, Butter S, Bomberger J, 
Tweed C, et al. Inhibition of transforming growth factor (TGF)-be-
ta1-induced extracellular matrix with a novel inhibitor of the TGF-
beta type I receptor kinase activity: SB-431542. Mol Pharmacol. 
2002; 62(1):58–64. 
23.  Moustakas A, Heldin C-H. Non-Smad TGF-beta signals. J Cell 
Sci. 2005; 118(Pt 16):3573–84. 
24.  Cargnello M, Roux PP. Activation and function of the MAPKs 
and their substrates, the MAPK-activated protein kinases. Microbiol 
Mol Biol Rev. 2011; 75(1):50–83.
25.  Niculescu-Duvaz I, Phanish MK, Colville-Nash P, Dockrell 
MEC. The TGFbeta1-induced fibronectin in human renal proximal 
tubular epithelial cells is p38 MAP kinase dependent and Smad inde-
pendent. Nephron Exp Nephrol. 2007; 105(4):e108-16. 
26.  Cuenda A, Rousseau S. p38 MAP-kinases pathway regulation, 
function and role in human diseases. Biochim Biophys Acta. 2007; 
1773(8):1358–75.
27.  Winbanks CE, Grimwood L, Gasser A, Darby I a, Hewitson TD, 
Becker GJ. Role of the phosphatidylinositol 3-kinase and mTOR 
pathways in the regulation of renal fibroblast function and differen-
tiation. Int J Biochem Cell Biol. 2007; 39(1):206–19.
28.  Li H, Zeng J, Shen K. PI3K/AKT/mTOR signaling pathway as 
a therapeutic target for ovarian cancer. Arch Gynecol Obstet. 2014; 
290(6):1067–78.
29.  Lan A, Du J. Potential role of Akt signaling in chronic kidney 
disease. Nephrol Dial Transplant. 2014; 1–10.
30.  White ES, Sagana RL, Booth AJ, Yan M, Cornett AM, 
Bloomheart CA, et al. Control of fibroblast fibronectin expression 
and alternative splicing via the PI3K/Akt/mTOR pathway. Exp Cell 
Res. 2010; 316(16):2644–53. 
31.  Conte E, Fruciano M, Fagone E, Gili E, Caraci F, Iemmolo M, et 
al. Inhibition of PI3K prevents the proliferation and differentiation 



135

TGFβ1-mediated signalling in fibronectin splicing.

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 5 

Tarunkumar Hemraj Madne and Mark Edward Carl Dockrell

of human lung fibroblasts into myofibroblasts: the role of class I 
P110 isoforms. PLoS One. 2011; 6(10):e24663
32.  Walker EH, Pacold ME, Perisic O, Stephens L, Hawkins PT, 
Wymann MP, et al. Structural determinants of phosphoinositide 
3-kinase inhibition by wortmannin, LY294002, quercetin, myricetin, 
and staurosporine. Mol Cell. 2000; 6(4):909–19.
33.  Lee CM, Fuhrman CB, Planelles V, Peltier MR, Gaffney DK, 
Soisson AP, et al. Phosphatidylinositol 3-kinase inhibition by 
LY294002 radiosensitizes human cervical cancer cell lines. Clin 
Cancer Res. 2006; 12(1):250–6. 
34.  Zarubin T, Han J. Activation and signaling of the p38 MAP ki-
nase pathway. Cell Res. 2005; 15(1):11–8. 
35.  Zhang Y, Li H, Hao J, Zhou Y, Liu W. High glucose increases 
Cdk5 activity in podocytes via transforming growth factor-β1 signa-
ling pathway. Exp Cell Res. 2014; 326(2):219–29. 
36.  Flanders KC. Smad3 as a mediator of the fibrotic response. Int J 
Exp Pathol. 2004; 85(2):47–64. 
37.  Yu L, Hébert MC, Zhang YE. TGF-beta receptor-activated p38 
MAP kinase mediates Smad-independent TGF-beta responses. 
EMBO J. 2002; 21(14):3749–59.
38.  Bridgewater DJ, Ho J, Sauro V, Matsell DG. Insulin-like growth 
factors inhibit podocyte apoptosis through the PI3 kinase pathway. 
Kidney Int. 2005; 67(4):1308–14. 
39.  Yokoyama K, Kimoto K, Itoh Y, Nakatsuka K, Matsuo N, Yo-
shioka H, et al. The PI3K/Akt pathway mediates the expression of 
type I collagen induced by TGF-β2 in human retinal pigment epithe-
lial cells. Graefes Arch Clin Exp Ophthalmol. 2012; 250(1):15–23.
40.  Lim LP, Sharp PA. Alternative splicing of the fibronectin EIIIB 
exon depends on specific TGCATG repeats. Mol Cell Biol. 1998; 
18(7):3900–6. 
41.  Hallgren O, Malmström J, Malmström L, Andersson-Sjöland 
A, Wildt M, Tufvesson E, et al. Splicosomal and serine and argi-
nine-rich splicing factors as targets for TGF-β. Fibrogenesis Tissue 
Repair. 2012; 5(1):6. 
42.  Muro AF, Caputi M, Pariyarath R, Pagani F, Buratti E, Baralle 
FE. Regulation of fibronectin EDA exon alternative splicing: pos-
sible role of RNA secondary structure for enhancer display. Mol Cell 

Biol. 1999; 19(4):2657–71. 
43.  Dong Z, Noda K, Kanda A, Fukuhara J, Ando R, Murata M, 
et al. Specific inhibition of serine/arginine-rich protein kinase atte-
nuates choroidal neovascularization. Mol Vis. 2013; 19:536–43.
44.  Naro C, Sette C. Phosphorylation-mediated regulation of alter-
native splicing in cancer. Int J Cell Biol. 2013; 2013:151839. 
45.  Blaustein M, Pelisch F, Tanos T, Muñoz MJ, Wengier D, 
Quadrana L, et al. Concerted regulation of nuclear and cytoplas-
mic activities of SR proteins by AKT. Nat Struct Mol Biol. 2005; 
12(12):1037–44. 
46.  Finlay D, Healy V, Furlong F, O’Connell FC, Keon NK, Martin 
F. MAP kinase pathway signalling is essential for extracellular ma-
trix determined mammary epithelial cell survival. Cell Death Differ. 
2000; 7(3):302–13. 
47.  Menon MB, Kotlyarov A, Gaestel M. SB202190-induced cell 
type-specific vacuole formation and defective autophagy do not de-
pend on p38 MAP kinase inhibition. PLoS One. 2011; 6(8):e23054. 
48.  Boor P, Sebeková K, Ostendorf T, Floege J. Treatment targets in 
renal fibrosis. Nephrol Dial Transplant. 2007; 22(12):3391–407. 
49.  Blaustein M, Pelisch F, Srebrow A. Signals, pathways and spli-
cing regulation. Int J Biochem Cell Biol. 2007; 39(11):2031–48. 
50.  Muro AF, Chauhan AK, Gajovic S, Iaconcig A, Porro F, Stanta 
G, et al. Regulated splicing of the fibronectin EDA exon is essen-
tial for proper skin wound healing and normal lifespan. J Cell Biol. 
2003; 162(1):149–60. 
51.  Ben-Levy R, Hooper S, Wilson R, Paterson HF, Marshall CJ. 
Nuclear export of the stress-activated protein kinase p38 mediated 
by its substrate MAPKAP kinase-2. Curr Biol. 1998; 8(19):1049–
57.
52.  Siegfried Z, Bonomi S, Ghigna C, Karni R. Regulation of the 
Ras-MAPK and PI3K-mTOR Signalling Pathways by Alternative 
Splicing in Cancer. Int J Cell Biol. 2013; 2013:568931. 
53.  Rosen JM, Padilla JA, Nguyen KD, Padilla MA, Sabelman EE, 
Pham HN. Artificial nerve graft using collagen as an extracellular 
matrix for nerve repair compared with sutured autograft in a rat mo-
del. Ann Plast Surg. 1990; 25(5):375–87.


