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Apoptosis: the two major pathways
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The BCL-2 family: regulation of apoptosis
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Elkhomi et al. 2011 Genes and Cancer

The BCL-2 family: regulation of apoptosis
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Activation of initiator caspases:

Caspase-9 (CARD) : Apoptosome

Caspases-8, -10 (DED): DISC, 
Complex II

Caspase-2 (CARD): PIDDosome, 
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Activation of initiator caspases:
Caspases-9, -8, -10, -2

(Apoptosome, DISC, Complex II, 
PIDDosome)

Cleaving many proteins:

Activation of caspases 
(amplification)

Activation of proteins 
involved in apoptosis 
(ICAD, PARP, Bid, …) 

Inactivation of proteins 
required for cell 

survival (Bcl-2, BclXL, 
XIAP, MDM2, Rb, CREB, 
EGF-R, MEK, Raf-1, …)

Degradation of 
cytoskeletal proteins 

(lamin, tubulin, actin, …)

Activation of effector caspases:
Caspases-3, -6, -7

Activation of the caspase cascade
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 EGF (Epidermal Growth Factor)
 PDGF (Platelet-derived growth factor)
 Growth Hormones
 VEGF (Vascular endothelial growth factor)
 FGF 1-23 (Fibroblast Growth Factor)
 Neurotrophins: NGF, NT3, NT4, BDNF
 GDNF (Glial cell line-derived neurotrophic factor), NTN 

(neurturin), PSP (persephin)
 Neurokines: CNTF, LIF
 Insulin, IGF-I, IGF-II

Growth factor families

Endocrine Paracrine

Synaptic Autocrine Intracrine

Producer cell =  Target cell

The growth factor pathways

The paracrine pathway: the growth factor is produced and secreted by a cell and acts on neighboring cells.
The endocrine pathway: the growth factor is produced and secreted by a cell and then passes through the 
blood or lymphatic circulation to act on cells which may be very distant (Insulin, IGF-I/II)
The synaptic pathway: the growth factor is produced by a neuronal cell and then transported along the 
axon to synapses for acting on cells which may be very distant (neurotrophic factors)
For autocrine and intracrine pathway, the producer cell is the target cell.  
The autocrine pathway: the cell produces the factor and its receptors and therefore the factor is produced 
and secreted to act on the producer cell.
The intracrine pathway: the cell produces the factor but it is not secreted and it acts directly into the cell by 
an internal pathway independent of the receptors. 
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The classical pathway of action of growth/survival factors involves 
activation of plasma membrane receptor tyrosine kinases 

(paracrine, autocrine, endocrine and synaptic)

The receptor tyrosine kinases (RTK)
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The High affinity receptors (RTKs)
and Low affinity receptors

In addition to high affinity receptors (RTK), there are low-
affinity receptors, in particular for the neurotrophic factors.
The low affinity receptors either increase growth factor stability 
and/or increase high affinity receptor activity.
They could also induce RTK independent pathways.

The neurotrophin receptors (TrkA/B/C and p75)
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Tolkovsky 1997 TINS

The two major signaling pathways of the 
neurotrophic/survival factors

(a) In the absence of growth factor,  the 
receptors are inactive monomers. Ras is 
combined with GDP and therefore 
inactive.

(b) Ligand binding triggers the dimerization 
and autophosphorylation of the 
receptors. Phosphotyrosine residues 
newly formed function as binding sites 
for Grb2-Sos which induces exchange 
GDP and GTP on Ras.

(c) Activated Ras becomes a binding site 
for Raf and triggers the MAP kinase 
cascade.

Activation of Ras by RTKs
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The MAP Kinase cascade

MAP Kinases -> Transcriptional factors
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Tolkovsky 1997 TINS

The two major signaling pathways of the 
neurotrophic/survival factors

Vanhaesebroeck et al. 2005, Trends in Biochemical Sciences

The PI3K / AKT pathway :
the main signaling pathway involved in cell survival

The PhosphoInositide 3 
Kinase (PI3K)



13/11/2025

12

The PI3K / AKT pathway :
the main signaling pathway involved in cell survival
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Direct 
regulation

Transcriptional 
regulation

Datta et al, Genes Dev. 1999

Testa et al. 2001,  PNAS, 98, 10983-10985
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Ornitz and Itoh, Dev. Biol. 2015

The fibroblast growth factor signaling pathway

The fibroblast growth factor signaling pathway

Ornitz and Itoh, Dev. Biol. 2015



13/11/2025

15

Szymczyk et al. 2021 Cancers, 13, 5796

The fibroblast growth factor signaling pathway
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…there are other FGF pathways: the intracrine pathway.

In addition to the classical receptor tyrosine kinase 
pathways of FGF…
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The fibroblast growth factors
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Wiedlocha  2004
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? ?

?

Intracellular activities of 
endogenous FGF1/2 Intracrine 
pathway (cytoplasm/nucleus) 

Renaud 1996, Bouleau 2005, Rodriguez-
Enfedaque 2009, Delmas 2016,
Pirou 2017, Manousakidi 2018
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Internalization and nuclearization
of FGF receptors

Stachowiak 2007

P P

P
P

Extracellular FGF1/2

The Fibroblast Growth Factors 1/2 (FGF1/2)
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Nathalie Planque 2006 
Cell Communication and Signalling

Nathalie Planque 2006 Cell Communication and Signalling
« Nuclear trafficking of secreted factors and cell-surface receptors: new pathways 

to regulate cell proliferation and differentiation, and involvement in cancers. »
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Stachowiak et al. 2007 DNA and Cell Biology
« Integrative nuclear signaling in cell development- A role for FGF receptor-1. »

Stachowiak et al. 2007 DNA and Cell Biology
« Integrative nuclear signaling in cell 

development- A role for FGF receptor-1. »

Nuclear FGFR1 stimulates neuronal differentiation  of human neuronal 
primary cells (A) and meduloblastomaTE671 cells (B). 
The kinase activity of FGFR1 is not required for this activity 
(K514A mutant TK- of FGFR1 receptor)
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Stachowiak et al. 2007 
DNA and Cell Biology

« Integrative nuclear signaling in cell 
development- A role for FGF receptor-1. »

CBP=CREB binding protein: acetyltransferase that activates the transcription of genes which contain 
AMPc response elements and/or regulates transcription factor activity.

RSK1=p90RSK: serine threonine kinase that regulates several transcription factors. 

Stachowiak et al. 2007 
DNA and Cell Biology

« Integrative nuclear signaling in cell 
development- A role for FGF receptor-1. »
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Terranova et al. 2015 PLOSone

ESC: pluripotent embryonic stem cell (maintained 
in presence of LIF)
NCs: neuronal cells induced by Retinoic Acid (RA)

Terranova et al. 2015 PLOSone

ESC: pluripotent embryonic stem cell (maintained 
in presence of LIF)
NCs: neuronal cells induced by Retinoic Acid (RA)
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Terranova et al. 2015 PLOSone

Cancer de la prostate
Aleksic et al. 2018
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Aleksic et al. 2018

Xentuzumab: Ac monoclonal anti-IGF-1/2

Aleksic et al. 2018

Xentuzumab: Ac monoclonal anti-IGF-1/2
Bafilomycin: inhibiteur ATPase vacuolaire, autophagie
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Lo HW and Hung MC  2006 British Journal of Cancer 
« Nuclear EGFR signalling network in cancer: linking EGFR pathway to

Cell cycle progression, nitric oxide pathway and patient survival. »
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Ferrer-Soler et al. 2007 Int. J. Mol. Med.
« An update of the mechanisms of resistance to EGFR-tyrosine kinase inhibitors

in breast cancer: Gefitinib (IressaTM)-induced changes in the expression and 
nucleo-cytoplasmic trafficking of HER-ligands. »

Study of the FGF1 intracrine pathway

Flore Renaud

Laboratoire de Génétique et Biologie Cellulaire

LGBC EA4589 UVSQ/EPHE
Versailles / Montigny le Bretonneux
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 No secretion peptide signal -> Intracellular localization
 A nuclear localization sequence -> Nuclear localization
 Phosphorylation by PKCδ in the nucleus

Intracrine/nuclear pathway
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Could FGF1 inhibit apoptosis through the intracrine pathway? 
How? What is the mechanism?

FGF1

Anti-apoptotic ?
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Study of the interactions between 
FGF1 and p53 pathways

Different cell models:

- Embryonic fibroblasts

- Neuronal cell lines : 
- PC12 (pheochromocytoma), 
- SH-SY5Y (neuroblastoma)

- Ovarian cancer cell lines: 
- COV434 (granulosa), 
- A2780 (serous epithelial)

SURVIVAL APOPTOSIS

?

p53FGF1

1/ fgf1  is a p53 target gene. 

p53 represses fgf1 expression
in rat embryonic fibroblasts

Bouleau et al. Oncogene 2005
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1/ fgf1  is a p53 target gene. 

2/ FGF1 inhibits p53 pro-apoptotic and anti-proliferative activities           
by an intracrine pathway.

Bouleau et al. Oncogene 2005
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FGF1 inhibits p53 pro-apoptotic and anti-proliferative activities 
by an intracrine pathway in rat embryonic fibroblasts

1/ fgf1  is a p53 target gene. 

2/ FGF1 inhibits p53 pro-apoptotic and anti-proliferative activities            
by an intracrine pathway.

 FGF1 increases mdm2 expression and p53 degradation
 FGF1 inhibits some p53 transcriptional activities (bax) 

Bouleau et al. Oncogene 2005
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FGF1 inhibits p53 pro-apoptotic and anti-proliferative activities 
by an intracrine pathway in rat embryonic fibroblasts
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2/ FGF1 nuclearization is required for 
its neurotrophic and anti-apoptotic 
activities.

NOYAU

1/ Extracellular and intracellular FGF1 
inhibits p53-dependent apoptosis.

Intracellular FGF1 inhibits p53-dependent apoptosis 
in PC12 cells by an intracrine/nuclear pathway

Bouleau et al. 2007
Rodriguez-Enfedaque et al. 2009
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2/ FGF1 nuclearization is required for 
its neurotrophic and anti-apoptotic 
activities.

NOYAU
3/ FGF1 interacts with p53 

(directly or indirectly?).

The nuclear localization sequence is 
required for this interaction.

p53
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Intracellular FGF1 inhibits p53-dependent apoptosis 
in PC12 cells by an intracrine/nuclear pathway

1/ Extracellular and intracellular FGF1 
inhibits p53-dependent apoptosis.
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Delmas  et al. 2016, Pirou et al. 2017

Both nuclearization and phosphorylation regulate 
FGF1 activities in neuronal cell lines (PC12, SH-SY5Y)

In both neuronal cell lines (PC12 and SH-SY5Y cell lines):
1/ Intracellular FGF1 inhibits p53-dependent apoptosis 
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Delmas  et al. 2016, Pirou et al. 2017

Both nuclearization and phosphorylation regulate 
FGF1 activities in neuronal cell lines (PC12, SH-SY5Y)

In both neuronal cell lines (PC12 and SH-SY5Y cell lines):
1/ Intracellular FGF1 inhibits p53-dependent apoptosis 
2/ FGF1 nuclearization is required for its anti-apoptotic activity.
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Delmas  et al. 2016, Pirou et al. 2017

Both nuclearization and phosphorylation regulate 
FGF1 activities in neuronal cell lines (PC12, SH-SY5Y)

In both neuronal cell lines (PC12 and SH-SY5Y cell lines):
1/ Intracellular FGF1 inhibits p53-dependent apoptosis 
2/ FGF1 nuclearization is required for its anti-apoptotic activity.
3/FGF1 phosphorylation inhibits its anti-apoptotic activity
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Study of the nuclear FGF1 pathway: 
Transcriptome analysis of PC12 cells +/- FGF1 +/- p53

Caroline Pirou, PhD 2016

Up-regulated 
genes number

Down-regulated 
genes number

RNA-seq
analysis

in PC12 cells

Genes and/or signaling pathway regulated:

- fgf1  (amplification loop)
- Transcription factors (Etv1, Egr1, c-jun, …)
- Wnt/β-catenin pathway (APC, DKK3, Wnt7a)
- Jak/Stat pathway.
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In ovarian cancer:

- fgf1 overexpression correlated with high grade 
and chemoresistance of ovarian tumor cells 
(Smith et al. 2012). 

– FGF1 increases tumor growth in vivo 
(King et al. 2014).

Study of FGF1 activity (and mechanism) in the resistance of 
ovarian tumor cells to etoposide or cisplatin treatment

2 ovarian tumor cell lines:

- COV434: cell line issued from a granulosa tumor
- A2780: cell line issued from  a serous epithelial tumor (used by 

Smith and King teams)

Study of FGF1 activity in chemoresistance of ovarian cancers
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In COV434 cells:

- Extracellular and intracellular FGF1 
protects COV434 cells from 
etoposide- and cisplatin-induced 
apoptosis. 

Study of FGF1 activity in chemoresistance of ovarian cancers

Manousakidi et al. 2018



13/11/2025

32

p53
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In COV434 cells:

- p53 induces apoptosis by a 
mitochondrial pathway independent 
of its transcriptional activity.

Study of FGF1 activity in chemoresistance of ovarian cancers

Manousakidi et al. 2018
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In COV434 cells:

- FGF1 does not regulate 
p53 transcriptional activity.

- FGF1 inhibits:
 mitochondrial modifications
 cytochrome c release
 caspase activation 

Study of FGF1 activity in chemoresistance of ovarian cancers

Manousakidi et al. 2018
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p53

Caspase 
activation

APOPTOSE

Cytochrome c

Etoposide

Nucleus

p53

Pifithrin-μ

Loss of ∆ψm

Loss of ∆ψm

FGF1

FGF1

FGF1

In COV434 cells:

- FGF1 inhibits p53 translocation to 
mitochondria.

 New intracrine FGF1 pathway.

Study of FGF1 activity in chemoresistance of ovarian cancers

Manousakidi et al. 2018
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