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Apoptosis: the two major pathways
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The BCL-2 family: regulation of apoptosis
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The BCL-2 family: regulation of apoptosis
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The caspases : effectors of cell death
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Activation of initiator caspases

Activation of initiator caspases:

S O Caspase-9 (CARD) : Apoptosome
Caspases-8, -10 (DED): DISC,
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Activation of the caspase cascade

Cleaving many proteins:

| Activation of caspases
I (amplification)

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

J Inactivation of proteins

—

required for cell
survival (Bcl-2, BelX,,
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—_— Degradation of
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Activation of initiator caspases:
Caspases-9, -8, -10, -2
(Apoptosome, DISC, Complex IT,

PIDBesERS) Activation of effector caspases:

Caspases-3, -6, -7
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The oncosuppressor p53: a key regulator of apoptosis
p53 is a transcription factor involved in
apoptosis and cell cycle arrest
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Growth factor families

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-IT

The growth factor pathways
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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/11)

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.




The classical pathway of action of growth/survival factors involves
activation of plasma membrane receptor tyrosine kinases
(paracrine, autocrine, endocrine and synaptic)

FGF, IGF-I, NGF,...
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The receptor tyrosine kinases (RTK)
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The High affinity receptors (RTKs)
and Low affinity receptors
BDNF NT-4/5 NT-3

" NGF
YW Ligand
L Neurotrophins
Low affinity ‘ \ / ol l
®
\ :

receptors
p75

High affinity
receptors
TrkA, B, C

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)

TkB
TKT1 TK-T2
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The two major signaling pathways of the
neurotrophic/survival factors
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Fig. 1. An interpretation of Kaplan's model for Trk signalling in PC12 cells,

Tolkovsky 1997 TINS
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The two major signaling pathways of the
neurotrophic/survival factors
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Fig. 1. An interpretation of Kaplan's model for Trk signalling in PC12 cells,

Tolkovsky 1997 TINS

The PI3K / AKT pathway :
the main signaling pathway involved in cell survival
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The PI3K / AKT pathway :
the main signaling pathway involved in cell survival
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+ Trophic Factors (IGF-1)
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Testa et al. 2001. PNAS. 98. 10983-10985
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The fibroblast growth factor signaling pathway

Cofactor: Heparin/Heparan sulfate

Fgf9
subfamily

Intracellular Fgfs

Interacting protein:
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\\Endocnne Fgfs .+
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R,
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Ornitz and Itoh, Dev. Biol. 2015

The fibroblast growth factor signaling pathway

FGF subfamily FGF Receplor specificity

[ AN FGFRs
[ FGFR 1c, 3¢ > 2¢, 1b, 4A

FGFR 1¢c, 2c > 3¢, 4A

FGFR2b > 1b

FGFR3c>4A>2c> 1c>>3b

FGFR3c>2c> 1c, 3b>>4A

1 FGFR 1c, 2¢, 3¢, 44
] *PKIotha [ eGER 1c, 3c
] +aKiotho [ FGFR 1c, 3¢, 4

Ornitz and Itoh, Dev. Biol. 2015
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The fibroblast growth factor signaling pathway
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Szymczyk et al. 2021 Cancers, 13, 5796

In addition to the classical receptor tyrosine kinase
pathways of FGF..
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..there are other FGF pathways: the intracrine pathway.
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The fibroblast growth factors
Nuclear

FGFs Taille (aa) séquence signal Expression localization
(MM 18-38 kda) glycolysation sequence
FGF1/FGFa 155 non ubiquitaire

NLS

FGF2/FGFb 155, Ubiquitaire
196, 201, 210 NLS
FGF3/int-2 371, 245 embryor, NLS

carcinome aa:nmaire

FGF4/hst-1 206 i embryon

FGF5 267 oul embryon, muscle adulte,
sarcome de kaposi

FGF6/hst-2 oui muscle squelettique

FGF7 /KGF oui fibroblaste, UVSMC,
mésenchyme embryonnaire
FGF8/AIGF oui ectoderme embryonnaire

FGF9/GAF oui gliome

FGF10 oui embryon, poumon adulte

FGF11-14/FHF1-4 244,245, non CNS (embryon, adulte)
225, 247
FGF15 218 oui CNS embryonnaire

Abréviations: KGI: Keratinocyte growth factor, AIGE: androgen-induced growth factor, GAL: glia
activating factor, UVSMC: uterine vascular smooth muscle cells, FHF: fibroblast growth factor
homologous factor

Activités des FGFs (exogénes)

- facteurs mitogénes in vitro

- facteurs de différenciation ct de transdifférenciation in vitro
et in vivo

- facteurs de survie in vitro et in vivo

- facteurs transformant in vitro et tumorigeénes in vivo

- facteurs angiogéniques

- facteurs de réparation tissulaire

The Fibroblast Growth Factors 1/2 (FGF1/2)

Extracellular FGF1/2 Extracellular FGF1/2 Intracellular FGF1/2

v ¥

\/\/
_Y-Y_ Endogenous
P

a v
v

Extracellular (recombinant) .
FGF1/2 internalization Intracellular activities of
Intracellular activities Internalization and nuclearization endogenous FGF1/2 Intracrine

(cytoplasm/nucleus) of FGF receptors pathway (cytoplasm/nucleus)
Wiedlocha 2004 Stachowiak 2007 Renaud 1996, Bouleau 2005, Rodriguez-
Enfedaque 2009, Delmas 2016,
Pirou 2017, Manousakidi 2018
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Secreted factors
Nathalie Planque 2006
Cell surface receptors Cell Communication and Slgna//lng

Second messagers pathways @ —#  Positive effect on cell proliferation

Nuclear translocation Negative effect on cell proliferation

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. »
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Plasma Membrane

Nuclear Interior

Stachowiak et al. 2007 DNA and Cell Biology
« Integrative nuclear signaling in cell
development- A role for FGF receptor-1. »
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(K514A mutant TK- of FGFRI1 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. »
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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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RESEARCH ARTICLE

Global Developmental Gene Programing - - M. .
Involves a Nuclear Form of Fibroblast Growth F:Er:S::EsginLﬁ;m Rl te cel (maintine
Factor Receptor-1 (FGFR1) NCs: neuronal cells induced by Retinoic Acid (RA)

Christopher Terranova', Sridhar T. Narla', Yu-Wei Lee', Jonathan Bard®, Abhirath Parikh®,
Ewa K. Stachowiak', Emmanuel S. Tzanakakis’, Michael J. Buck', Barbara Birkaya',
Michal K. Stachowiak'*

A FGFR1 in ESC - 11,378 Peaks FGFR1 in NC - 46,137 Peaks

Number of Peaks

E'ﬂ..ﬂ;

}
| )
jil |

Chromosome Size (bp)

Fig 1. Genome-wide analyses of nFGFR1, RXR and Nur77 binding in pluripotent ESCs and RA-induced NCs. (A) nFGFR1, (B) RXR and (C) Nu

peaks are presant on all chromosomes, in both ESCs and NCs. (D) Genomic distribution of nFGFR1, RXR and Nur77 peaks within proximal promoters (-1kb
10 +1 kb relative 1o TSS), distal promoters (-5 kb to -1 kb relative 1o TSS), genic and intergenic regions in ESCs and NCs. (E-G) Enrichment of FGFR1, RXR
and Nur77 peaks within promoler and genic regions.

Terranova et al. 2015 PLOSone

RESEARCH ARTICLE

Global Developmental Gene Programing ) ) -
Involves a Nuclear Form of Fibroblast Growth F:;S!Z:?:Lin&;mbryc’mc el e intained
Factor Receptor-1 (FGFR1) NCs: neuronal cells induced by Retinoic Acid (RA)
Christopher Terranova', Sridhar T. Narla', Yu-Wei Lee’, Jonathan Bard®, Abhirath Parikh®,

Ewa K. Stachowiak', Emmanuel S. Tzanakakis®, Michael J. Buck®, Barbara Birkaya',
Michal K. Stachowiak'*

lated Genes
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Fig 3. Binding of nFGFR1, RXR and Nur77 . (A) Heatmap

ESCs and RA-induced NCs from threa independent biological rep

roguiated in NCs [Fold Change (FC) >+/+2.0 and p-value <0.035 were considored sig

milion fragments mapped (FPKM). (B) Binding of nFGFR1, RXR and Nur77 within th proxi fated genes. In NCs, the
ion of reguiated genes that are targeted by nFGFR 1 (2,058 genes) was markedly n ' 0 gones that are not (480

Terranova et al. 2015 PLOSone
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Research

Nuclear IGFIR Interacts with Regulatory Regions

of Chromatin to Promote RNA Polymerase Il )
i and Gene i i —

with Advanced Tumor Stage
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Xentuzumab: Ac monoclonal anti-IGF-1/2
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Cancer
Research
Nuclear IGFIR Interacts with Regulatory Regions
of C in to P RNA Poly

and Gene Expressis
with Advanced Tumor Stage

JUN Tumor cell

== survival,
FAM21 motility

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 (Iressa™)-induced changes in the expression and
nucleo-cytoplasmic trafficking of HER-ligands. »
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Study of the FGF1 intracrine pathway

Flore Renaud
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Differentiation Oncogenesis
Survival
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Different cell models:
‘4—- e - Embryonic fibroblasts
- Neuronal cell lines :
? - PC12 (pheochromocytoma),
- SH-SY5Y (neuroblastoma)

Ovarian cancer cell lines:

SURVIVAL APOPTOSIS COV434 (granulosa),

- A2780 (serous epithelial)

fgfl
120
REPRESSION
100%
AN It
@ \}_~
\E\ 60 \ g
l o \g
Z 40 1
z ~— REtsAF
bax o - REtsAF/BCI2
l —+ REtsA15
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Hours at 39,5°C (p53 activation)

1/ fgf1 is a p53 target gene.

Bouleau et al. Oncogene 2005
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p53 activation
fgfl1 TP —
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0 24 48
Hours at 39,5°C (p53 activation)

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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1/ fgf1 is a p53 target gene.
2/ FGF1 inhibits p53 pro-apoptotic and anti-proliferative activities
by an intracrine pathway.

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

Bouleau et al. Oncogene 2005
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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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2/ FGF1 nuclearization is required for
its neurotrophic and anti-apoptotic
activities.

Different forms of FGF1
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Bouleau et al. 2007

Rodriguez-Enfedaque et al. 2009

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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2/ FGF1 nuclearization is required for
its neurotrophic and anti-apoptotic
activities.

3/ FGF1 interacts with p53
(directly or indirectly?).

The nuclear localization sequence is
required for this interaction.
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Interaction Infe)écﬂon
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Bouleau et al. 2007
Rodriguez-Enfedaque et al. 2009
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Both nuclearization and phosphorylation regulate
FGF1 activities in neuronal cell lines (PC12, SH-SY5Y)

Nuclear Phospho- . . o
localization rylation Survival D'ffgtcﬂllle;mon
)
FGF1WT
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15 NLS 130 154

In both neuronal cell lines (PC12 and SH-SY5Y cell lines):
1/ Intracellular FGF1 inhibits p53-dependent apoptosis

Delmas et al. 2016, Pirou et al. 2017

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

Delmas et al. 2016, Pirou et al. 2017
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Both nuclearization and phosphorylation regulate
FG6F1 activities in neuronal cell lines (PC12, SH-SY5Y)
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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

Delmas et al. 2016, Pirou et al. 2017

Study of the nuclear FGF1 pathway:
Transcriptome analysis of PC12 cells +/- FGF1 +/- p53
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W : . FGFIMséto Vs FGF1" +dto VS
RNA-Seq P<0,01 FGF1™ Vs Cirl Vsl FGFI™
H Up-regulated
analysis A T o 1709 1991 1065 284
in PC12 cells Down-regulated o T T o
genes number

<—— (v 3 Genes and/or signaling pathway regulated:

“ H - f9f1 (amplification loop)
- Transcription factors (Etvl, Egrl, c-jun, ...)
ol «—— FGFY 4 - Wnt/p-catenin pathway (APC, DKK3, Wnt7a)
*9te - Jak/Stat pathway.

Caroline Pirou, PAD 2016
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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 fumor 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 fumor (used by
Smith and King teams)

" In cOV434 cells:

. Etoposide Cisplatine
- Extracellular and intracellular FGF1 ~.

protects COV434 cells from

etoposide- and cisplatin-induced P53
. activation
apoptosis.
} — FeF1wT
Etoposide
Cisplatine

1|_ . u Loss of Ay,
prmm—
@ p53-dependent I} Cﬂ:f;i;(iiﬁ 3)

apoptosis

I Apoptosis

Manousakidi et al. 2018
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Etoposide

In COV434 cells:

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

Pifithrin-a

Pifithrin-p

Loss of Ay,

v

Caspase
activation

¥
pifithrin-o ¢ — rifithrin-u

Manousakidi et al. 2018

Etoposide

In COV434 cells:

- FGF1 does not regulate
p53 transcriptional activity.

@]
Cytochrome ¢
o yt

- FGF1 inhibits: « )\ ‘L

> mitochondrial modifications Q_ | C:_spa:e
» cytochrome c release activation
> caspase activation \l

V

Manousakidi et al. 2018
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Etoposide

In COV434 cells:

- FGF1 inhibits p53 translocation to
mitochondria.

T
Y
@, {2
Loss of Ay, o & T
C
> New intracrine FGF1 pathway. ac:isfaat?sn I_ O

V v
}— rifithrin-u

Manousakidi et al. 2018
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