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Struttura del corso

Parte propedeutica
Basi della segnalazione inter-intra cellulare.

Parte “core”:
Il processo di “"Rigenerazione tissutale” come modello di integrazione e

crosstalk delle diverse vie di segnalazione in organismi modello.

“Golden standards”: rigenerazione degli arti, rigenerazione epatica,
rigenerazione intestinale, rigenerazione cardiaca, rigenerazione polmonare
Applicazione traslazionale, tramite vettori virali, lipidici e bionanovettori.
Modelli cellulari avanzati per lo studio in vitro

Parte “applicativa” (Prof. Sorrentino):
Morfologia/istologia di organi eletti a modello e i principi alla base
dell'ingegneria tissutale e della medicina rigenerativa: analisi critica della

letteratura scientifica piu' recente sull'argomento.
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The basic mechanism of
Intra-cellular signal transduction

EXTRACELLULAR CYTOPLASM
FLUID
Plasma membrane
@ Reception @ Transduction © Response
Receptor

Activation
response
Relay molecules in a signal transduction

G pathway

Signaling A[T]D'Ifl cation

molecule
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Cells have many receptor proteins on their plasma membrane surface, and molecules

that bind specifically to these receptors are called signaling molecules. When bound with
signaling molecules, receptors go through structural changes and are activated, which then
changes the shape, movement and functions of the cell by activating intracellular signal
transduction proteins, and regulates gene expression through the relocation of intracellular
signaling molecules to the nucleus.




NAIe Signalling from the membrane to the nucleus

Signalling from cell-surface receptors
through relay systems .~

j-adrenergic EGH Ny I'NP TNF

Receptors that after engaging T rensine (e T ecagici. ga k. 0N NHNG

N iutamate —@
L : o0

their extracellular ligand
undergo a conformational |
change, which induces them
to oligomerize.

This results in the production
of second messengers (ions,

lipids) or post-translational g{&f#ﬁ”““f
modification Protein ; e

kinase A
hosphorylation, proteolysis ﬂﬂ.ﬁ >~
(phosphory p ysis) e &1:

of cytoplasmic proteins.

A series of protein-protein s

. . ,// ) Y] .'? ('

interactions then relay the NIV
. AV/A\Y/A\V)

signal to the nucleus, = 4 550 :

whereupon the activity of NN, -_

transcription factors is 0’;,@.\ ,,\{:‘

altered. R Gl
\9\./



Signalling from the membrane to the nucleus
RS  Signalling from cell-surface receptors
2 through relay systems .~

1- Seven-transmembrane receptors

Ligand binding to the extracellular domain of 7TM receptors
induces a conformational change, which causes a heterotrimeric
G-protein that is associated with the receptor to dissociate into

an a monomer and a By
dimer. The monomer and the dimer can both induce downstream

signalling events.
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2- Enzyme-linked cell-
surface receptors

These receptors either have intrinsic
enzymatic activity, or they can recruit
proteins having catalytic function. On
binding their ligands, the receptors
undergo a conformational change that
activates or represses their intrinsic
activity, or the activity of the proteins that
they recruit.



NMDA receptor
Glutamate —9
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3- Ligand-gated ion channels

These receptors function as channels that open or close
in response to ligand binding.

When they are open - or in the active state - they allow
the passage of selected ions through the pore. This is a
transient process, as the channels become desensitized.



Steroid
hormone

4- Intracellular receptors

Extracellular
fluid .

@ The steroid hormone
diffuses through the
lasma membrane and
inds an intracellular
receptor.

@ The receptor-
hormone complex
enters the nucleus.

@ The receptor-
hormone complex
binds a specific DNA
region.

(® Binding initiates
transcription of the
gene to mRNA.

| @ The mRNA directs
| protein synthesis.

New protein

© 2013 Pearson Education, Inc.



Enzyme-linked receptors fall into
3 categories:

1- Tyrosine Kinase Receptors ST \
eNot only a receptor NN e
N asubunit dornaing
eAlso an enzyme: Tyrosine kinase
. cC C Sé—ﬂsubunit
Plasma 45 :E EE Z;
membrane < 53 $ $
Tyrosine g
kinase
domain
@ C G C

Cytosol  EGF receptor Insulin receptor PDGF receptor
S A
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Phosphorylation and Dephosphorylation of Proteins

The most important
chemical modification
among the intracellular
signal transduction
mechanisms is the
phosphorylation of the
side chains of tyrosine,
serine and threonine in
proteins.

Phosphorylation is one of
the most effective ways of
changing the structure of
proteins due to the large

size and negative charge of Phosphorylated serine | Phosphorylated tyrosine

the phosphate group; for
the same reason, it is also
effective as a recognition
marker for other proteins.

Al OH
(IIH (I)H
CHy CH—CHj CHy
—NH-CH-CO-— —NH—-CH—-CO-— —NH-CH-CO-
Serine
Serine/ Threonine T l Serine/ Tyrosine T 1Tymsine
phosphatase Threonine kinase phosphatase kinase
0 W W
“0=-P-=0~" “O0=-P-=0" “0-P-=0"
0 0 '
(I:Hz (iTH— CHj
—NH-CH-CO—  —NH—-CH—-CO-—
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—NH-CH-CO-

Phosphorylated tyrosine



Key concepts

The eukaryotic phosphorylation-based network is operated by a modular kinase-
phosphatase-interaction domain toolkit

0 orE SHY
P
& &
S P/

xlx_le‘r't

T ST 13‘12‘11?1 -X

+1- +'.'-.' +4

: =1 0000 pTyr sites
1[:1".r



Yossi Yarden

Schlessinger




1986 1992
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Tyrosine Kinase Receptors
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Growth Factors

Factor Principal Primary Activity Comments
Source
PDGF platelets, promotes proliferation of connective | two different protein chains form 3 distinct
endothelial tissue, glial and smooth muscle cells | dimer forms; AA, AB and BB
cells, placenta
EGF submaxillary promotes proliferation of
gland, Brunners | mesenchymal, glial and epithelial
gland cells
TGF-a common in may be important for normal wound related to EGF
transformed healing
cells
FGF wide range of promotes proliferation of many cells; | at least 19 family members, 4 distinct
cells; protein is inhibits some stem cells; induces receptors
associated with [ mesoderm to form in early embryos
the ECM
NGF promotes neurite outgrowth and several related proteins first identified as
neural cell survival proto-oncogenes; trkA (trackA), trkB, trkC
Erythropoietin kidney promotes proliferation and
differentiation of erythrocytes
TGF-p activated TH; anti-inflammatory (suppresses at least 100 different family members
cells (T-helper) cytokine production and class Il
and natural killer | MHC expression), promotes wound
(NK) cells healing, inhibits macrophage and
lymphocyte proliferation
IGF-I primarily liver promotes proliferation of many cell related to IGF-Il and proinsulin, also called
types Somatomedin C
IGF-lI variety of cells | promotes proliferation of many cell related to IGF-l and proinsulin

types primarily of fetal origin




Non-receptor Tyrosine Kinases

Abl sSH3w "% kinase m A 11130 aa
ACK — N T CB 1036 aa

(Ackl)
CSK

FAK . 1052 aa

FES

FRK

1142 aa

gT ':\\Ii((l) *  FERM  ——— kinase-like :_:

Sre ki - 536 a0
TEC \PH E-EE- SH2- I — 659 «

(Btk)

sk - 0

(ZAP70)

actin binding domain focal adhesion targeting PH  pleckstrin homology

A |
E Btk motif, Zn2+ finger
CB Cdc42 binding domain

Fes/CIB4 homology domain g4y  proline rich region

4.1-protein, ezrin,
radixin, moesin

DNA DNA binding motif orotein fyrosine kinase ~ Elad  Src homology 3

Src homology 2




Common activating mechanism:

The ligand induce a shape change in the receptor,
activating its enzymatic activity in the intracellular portion
of the molecule

(C} ENZYME-LINKED RECEPTORS
signhal maiecule —_
in form of a dimer M

L

N\
\\ \

inactive catalytic active catalytic
domain domain
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Allosteric Regulation of the Epidermal Growth Factor Receptor Kinase

Joseph Schlessinger
Biotechnology Research Center, Meloy Laboratories, Rockville, Maryland 20850
MONOMER OLIGOMER
LOW LIGAND AFFINITY HIGH LIGAND AFFINITY
LOW KINASE ACTIVITY STIMULATED KINASE ACTIVITY

O O = Y
OD

Figure 3. An allosteric oligomerization model for the activation o
the EGF receptor kinase by EGF. EGF receptor is depicted as ¢
biglobular transmembrane molecule as shown in Fig. 1. It is pro
posed that monomeric receptors exist in equilibrium with recepto:
oligomers. It is postulated that monomeric receptors possess low
ligand affinity and reduced kinase activity and oligomeric receptor:
have high binding affinity and stimulated kinase activity. Hence
EGF binding will drive the aggregation process and thus stimulat
the protein tyrosine kinase activity.




Licand binding stabilizes the formation of
activated receptors clusters

Inactive receptor monomers are in equilibrium with inactive or active receptor
dimers. The active receptor dimers exist in a conformation compatible with trans-
autophosphorylation. Ligand binding stabilizes active dimers formation and hence

PTK activation.

o

3. Ligand bound active
cluster

1. Inactive cluster 2. Active cluster



RECEPTORS EMPLOY DIFFERENT CLUSTERIZATION
STRATEGIES

a %PDGFR

a) PDGF forms a ligand dimer of which each growth factor engages one
receptor;

b) EGF has one binding site and its binding reveals a receptor dimerization
motif;

c) insulin has two binding sites and its action somehow must change the
conformation of an existing receptor dimer;

d) FGF has two binding sites but two ligands are needed to bring two
receptors together. Stable dimers only form when two heparin sulphate
oligosaccharides combine with receptor ligand complexes.



In a living cell...

Receptor
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Ligand-receptor binding




Imaging of insulin receptors in the plasma membrane of cells using super-
resolution single molecule localization microscopy

Pavel Ki‘izek', Peter W. Winter”, Zdenék Eivindlj}'ch], Josef Borkovec', Martin Ovesn}'-'], Deborah A.
Roess’, B. George Barisas®, and Guy M. Hagﬁ-n]’w
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Nature Reviews Molecular Cell Biology | AOP, published online 30 September 2015; doi:10.1038/nrm4068
The discovery of modular binding
domains: building blocks of cell
signalling




NATURE | VOL 501 | 12 SEPTEMBER 2013

Anthony James Pawson
(1952-2013)

Biochemist whose vision of cell signalling transformed cancer research.

In the 1980s, early in his career,
Pawson and his team discovered the
Src homology region 2 (SH2). A sub-
unit, or domain, of many proteins,
SH2 directs how proteins interact and
governs how cells respond to external
cues. This finding set a path for all his
future work.

Pawson went on to show that combi-
nations of a small number of domains
could produce an enormous range
of cellular responses. This ‘modular’
vision reshaped scientists’ under-
standing of cellular regulation and
paved the way for the development of
drug classes that interfere with these
protein interactions.




SHZ2 Domains: Properties

Conserved regions of ~ 100 amino acids
Bind tightly to tyrosine-phosphorylated peptides
No binding in the absence of phosphorylation

Mediate protein-protein interactions of effectors with
activated growth factor and cytokine receptors

Regulate non-receptor protein tyrosine kinase activity

R
o

binding site for binding site for
phosphotyrosine  amino acid side chain




Enzyme regulation by modular binding domains

Activity

SRC = SH3 '{ SH2  (dmee{ Catalytic [}E Regulated
e — Catalytic [Jm Constitutive

INACTIVE ACTIVE
ASSEMBLED

kinase domain
N-terminal lobe

SH3 - SH2 - harc—
linker ~ T, Glu 310

Substrate

kinase domain
SRC family non-receptor Tyr kinases contain an SH3, SH2 and catalytic domain, as well as a
regulatory Tyr phosphorylation site at the carboxyl terminus.
The catalytic domain alone is unregulated and has high constitutive kinase activity.
The SH2 and SH3 domains bind intramolecularly to the catalytic domain, locking it in a
catalytically inactive conformation. Dephosphorylation of Tyr527 destabilizes the repressed
conformation, increasing the catalytic activity of SRC.
In the open, active conformation, the SH3 and SH2 domains of SRC can interact in trans with
other proteins.
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amino acid
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o phosphotyrosine
@ pocket
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OF receptor specificity pocket
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Figure 11.7 Recognition of phosphotyrosine and adjacent amino acids by the
SH2 domain. Selectivity of recognition between different targets containing SH2 domains
is conferred by the sequence of amino acids, particularly the third residue immediately
adjacent on the C-terminal side of the phosphorylated tyrosine. As examples:

Pl 3-kinase X-pY-x-x-M-
Grb2 -X-pY-x-N-x-

Src ~X=pY-x-x-|-.



SH3 Domains: Properties

* Compact: ~ 60 amino acids

* Signaling complex assembly and
regulatory functions

* Bind proline-rich target
sequences that form polyproline
type II (PPII) helices:

- Extended left-handed helix
- 3 residues per turn

- Conformationally rigid - provides
stable docking site for SH3 binding

- Rotationally symmeftrical - bind in
N = Cor C = N orientation

Zarrinpar, et al. Science STKE 2003
re8, 2003



Structure

Comprehensive Analysis of the Human SH3 Domain
Family Reveals a Wide Variety
of Non-canonical Specificities
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Key concept:
combinations of a small number of

domains produce an enormous range
of cellular responses




Which are the molecules binding to P-Y?

Adaptors

Adaptors lack intrinsic
catalytic activity, but link
phosphorylated receptors

Enzymes
Transcription factors

with other effector
proteins.

adaptors

Crk-L e e ook

she — 2
SHP-1 -—-.ii-

C-Src

Nek o s PLC- lipase} 1 " 15H3} lipase
Grb2 i Vav aliSH3) " §SH3g
p ki RasGAP Ay SH3gSTF GTPase
~kinase) {mF—{H= o
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' protein interaction \ adaptors/regulators
A domains ) CriL k2 SH2 EXE-
= sH3 E— o
H g | catalytic domains | . | phosphotyrosine interacting domains |
: SH2 guanine nucleotide exchange ] protein tyrosine binding
m GTPase activator (GAP) - Src homology 2
PTB protein tyrosine kinase (PTK)
y PH I phospholipase C (PLC)

protein tyrosine phosphatase




1) Enzymes/transcription factors

C-Src
Syk
ZAP70
SHP-1
PLC-y

Vav
RasGAP
STATI

phosphotyrosine interacting domains

protein tyrosine binding
SH2 Src homology 2

| |

- | catalytic domains |

guanine nucleotide exchange

GTPase activator (GAP)
protein tyrosine kinase (PTK)
".iincie phospholipase C (PLC)

protein tyrosine phosphatase

B




2) Adaptors lack intrinsic catalytic activity,
but link phosphorylated receptors with
other effector proteins.

adaptors
Crk-L e o ™
She S
Nck e
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Signaling Efficiency:
Scaffolding Proteins and Signaling
Complexes

» Scaffolding proteins are large relay proteins to which
other relay proteins are attached

 Scaffolding proteins can increase the signal transduction
efficiency by grouping together different proteins
involved in the same pathway

* In some cases, scaffolding proteins may also help
activate some of the relay proteins



An example of a signaling complex — a protein
relay system using phosphorylation as a signal

(b) — SH2 domain

(c)

GDP

guanine
exchange
factor
(Sos)

GTP

active
GTP
Ras ]

GTPase
activating
protein
(GAP)

@ *pi

GDP
inactive

(a)




Ras (RAT-Sarcoma)

1964: scoperta del virus oncogenico del sarcoma murino di Harvey (H-
Ras)

1967: scoperta del virus oncogenico del sarcoma murino di Kirsten (K-
Ras)

1973: Scolnick e colleghi, in un momento in cui gli strumenti per
dimostrarlo mancavano, affermarono che le proprieta trasformanti di
questi virus del sarcoma erano dovute alla trasduzione dei genomi virali
nelle normali cellule e sequenze nucleotidiche del ratto.

1982: nella linea cellulare umana di carcinoma della vescica EJ/T24,
attivazione molecolare del gene HRAS causata da una singola mutazione
missenso nel codone 12, |a stessa trovata anche in geni HRAS e KRAS
virali.

1983: un terzo gene RAS e scoperto nel DNA di cellule di neuroblastoma
umano ed e stato designato percio NRAS.

Oggi sappiamo che anche il genoma umano contiene tre geni RAS:
HRAS, KRAS, NRAS.



https://www.fondazioneserono.org/glossario/vescica/
https://www.fondazioneserono.org/glossario/mutazione/
https://www.fondazioneserono.org/glossario/acido-desossiribonucleico/
https://www.fondazioneserono.org/glossario/neuroblastoma/

CELLULAR ONCOGENES

® Present in cancer cells

* Contains introns
characteristic of eukaryotic

cells

* Encodes proteins triggering
transformation of normal

cells

VIRAL ONCOGENES

* Present in viruses

* Host cell origin

* Do not possesss introns

* Also called ‘cancer genes’

* Encodes proteins triggering
transformation of normal
cells into cancer cells

VIRAL HUMAN ORIGIN NATURE
ONCOGENE | ONCOGENE

V-sr¢
V-ras
V-myc
V-fes
V-sis

V-mos

C-src
C-ras
C-myc
C-fes
C-sis

C-mos

Chicken
Rat
Chicken
Feline
Simian

Mouse

Sarcoma
Sarcoma
Leukemia
Sarcoma
Sarcoma

Sarcoma



Oncogenes vs proto-oncogenes

An oncogene is a gene that has the potential to cause cancer.

In tumor cells, they are often mutated or expressed at high levels.

The first confirmed oncogene was discovered in 1970 and was termed
src. Src was in fact first discovered as an oncogene in a chicken
retrovirus.

In 1976 Dominique Stehelin, J. Michael Bishop and Harold E. Varmus
demonstrated that oncogenes were activated proto-oncogenes, found in
many organisms including humans (for this discovery Bishop and Varmus
were awarded the Nobel Prize in Physiology or Medicine in 1989).

A proto-oncogene is a normal gene that becomes an oncogene due to
mutations or increased expression.

Proto-oncogenes code for proteins that regulate cell growth and
differentiation. Proto-oncogenes are often involved in signal transduction
and execution of mitogenic signals.

Upon activation, a proto-oncogene becomes a tumor-inducing agent, an
oncogene.



Table 2| HRAS, KRAS, NRAS and BRAF mutations in human cancer

Cancer type HRAS KRAS NRAS BRAF
Biliary tract 0% 33% 1% 14%
Bladder 11% 4% 3% 0%
Breast 0% 4% 0% 2%
Cervix 9% 0% 1% 0%
Colon 0% 32% 3% 14%
Endomedtrial 1% 15% 0% 1%
Kidney 0% 1% 0% 0%
Liver 0% 8% 10% 3%
Lung 1% 19% 1% 2%
Melanoma 6% 2% 18% 43%
Myeloid leukaemia 0% 5% 14% 1%
Owarian 0% 17% 4% 15%
Pancreas 0% 60% 2% 3%
Thyroid 5% 4% 7% 27%

The mutation datawas obtained from the Sanger Institute Catalogue of Somatic Mutations in
Cancer web site™,

* Diversi tipi di cancro sembrano essere associati alla mutazione di una specifica
isoforma RAS. Solitamente i carcinomi (in particolare quelli del colon e del
pancreas) presentano mutazioni di KRAS, i tumori della vescica hanno mutazioni
di HRAS e i tumori emopoietici presentano mutazioni di NRAS.



https://www.fondazioneserono.org/glossario/pancreas/

Ras is a monomeric- Ras has an intrinsic GTPase

GTPase

INACTIVE

ACTIVE

activity: the protein on its own will
hydrolyze a bound GTP molecule
into GDP. However this process is
too slow for efficient function, and
hence the GAP for Ras, RasGAP,
may bind to and stabilize the
catalytic machinery of Ras.

GEFs catalyze a "push and pull"
reaction which releases GDP from
Ras. Because intracellular GTP is
abundant relative to GDP
(approximately 10 fold more) GTP
predominantly re-enters the
nucleotide binding pocket of Ras
and reloads the spring. Thus GEFs

facilitate Ras activation.

The balance between GEF and
GAP activity determines the
guanine nucleotide status of Ras,
thereby regulating Ras activity.



Ras is a monomeric- Ras has an intrinsic GTPase

GTPase

INACTIVE

ACTIVE

activity: the protein on its own will
hydrolyze a bound GTP molecule
into GDP. However this process is
too slow for efficient function, and
hence the GAP for Ras, RasGAP,
may bind to and stabilize the
catalytic machinery of Ras.

GEFs catalyze a "push and pull"
reaction which releases GDP from
Ras. Because intracellular GTP is
abundant relative to GDP
(approximately 10 fold more) GTP
predominantly re-enters the
nucleotide binding pocket of Ras
and reloads the spring. Thus GEFs

facilitate Ras activation.

The balance between GEF and
GAP activity determines the
guanine nucleotide status of Ras,
thereby regulating Ras activity.



EGF V¥V

RTK Activation of Ras Qe

Exterior

EGF binding causes receptor Cytosol @
clusterization and autophosphorylation nectve ss 3

On CYtOSOIIC terSIneS. Binding of hormone causes receptor n\
In Step 2, the adaptor protein GRB2 Bhosphonation of coscs recepor

binds receptor phosphotyrosine residues
via its SH2 domain. GRB2 contains SH3

domains that allow the GEF protein @
known as Sos to bind to the membrane R
complex. shis

. . Lo . Binding of GRB2 and Sos couples
The C-T@I"mlnus Of SOS InhlbITS |.|.s receptor to inactive Ras |

nucleotide exchange activity; binding
of GRB2 relieves this inhibition

Sos converts inactive GDP-ras into active
GTP-ras.




The activated Ras-GTP
complex then dissociates from
Sos, but remains tethered to
the inner leaflet of the
cytoplasmic membrane via a
lipid anchor sequence. The
active form of Ras then
activates the MAP kinase
portion of the signaling
pathway.

GDP< Sos promotes dissociation of GDP
GTP from Ras; GTP binds and active
) Ras dissociates from Sos

Ras

Signaling



Ras Activation of MAP Kinase

Ras activated Active Ras recruits, GTP hydrolysis
by exchange of binds, and activates leads to dissociation
Exterior GDP for GTP Raf of Ras from Raf

R

GDP GTP

Inactlve Ras Actlve Ras
Cytosol
N-terminal
regulator :
gdomanY\ kinase

domain

Ras activates MAP kinases via a
phosphorylation cascade that proceeds
to the serine/threonine c-Raf, to the dual
specificity kinase MEK1 which in turn
phosphorylates ERK2 on a threonine
(T183) and on a tyrosine (Y185). MAP
kinase then dimerizes and enters the
nucleus.

activates (
MEK

MEK

B viex

activates

MAPK
LD
W

MAP kinase

Active MAP kinase translocates
to nucleus; activates many
transcription factors



MAP Kinase Activation of Transcription

In the final steps of RTK-Ras/MAP kinase signaling, MAP kinase
phosphorylates and activates the p90RsK kinase in the cytoplasm.
Both kinases enter the nucleus where they phosphorylate ternary
complex factor (TCF) and serum response factor (SRF), respectively.

The phosphorylated
forms of these TFs
bind to serum
response element
(SRE) enhancer
sequences that
control genes
regulated by growth
factors present in
serum (such as c-fos)
and_propel cells
through the cell cycle.




Genes regulated by RTK/Ras pathway include
early response genes.

s TCF SRF  Nucleus

RE_—- | serum response elements;

-allows for activated transcription
following growth factor (mitogen)
stimulation

-found in genes involved in cellular
proliferation.

Ex: c-fos gene

-c-fos is an early response gene
-required for the induction of delayed

mRNA level

response genes including cyclin D.

Delayed-response genes _

Early-response genes

C-fos transcription factor
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MAP Kinases ° Mitogen-activated protein kinases are
, serine/threonine-protein kinases. They

'(\ regulate proliferation, gene expression,
differentiation, mitosis, cell survival, and
apoptosis.

MAP kinases are found in eukaryotes
only.

“Classical" MAPKs activation requires two
phosphorylation events, both threonine
and tyrosine residues, in order to lock the
kinase domain in a catalytically competent
conformation.

Inactivation of MAPKSs is performed by a
very conserved family of dedicated

.. phosphatases is the so-called MAP kinase
g phosphatases (MKPs), dual-specificity

. phosphatases (DUSPs). They hydrolyze the
[~ phosphate from both phosphotyrosine and
S the phosphothreonine residues.




Once activated, Ras propagates signaling further inside the cell via a kinase
cascade that culminates in the activation of members of the MAP kinase
family.

MAP kinases phosphorylate TFs that regulate genes involved in the cell
cycle, survival and in differentiation.

As a result, mutations in ras @54 it @AP-kinase-kinase-kinasS'"’; CYTOSOL

genes can cause acﬁRas“‘\ K "
unintended and overactive ~ protein ® ® )
signalling inside the cell and ( MAP-kinase-kinase "\:
ultimately to cancer i

Ras is the most common '<

oncogene in human cancer ( MAP-kinase “"'5

- mutations that e
permanently activate Ras '(

are found in 20-25% of all ‘ ; ] ;
human tumors and up to @®protein X @rproteinY| @, 0 | @)} _gere
90% in certain types of e Rl ol

cancer (pancreatic cancer). | | |
changes in protein activity changes in gene expression




Commentary

Visualizing Ras signalling in real-time

Simon A. Walker and Peter J. Lockyer” A
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Rasosomes spread Ras signals from plasma membrane ‘hotspots’
Merav Kofer-Geles, Irit Gottfried, Roni Haklai, Galit Elad-Zefadia, Yoel Kloog *, Uri Ashery *

Department of Neurobiology, The George S. Wise Faculty of Life Sciences, Tel Aviv University, 69978 Tel Aviv, Israel

Original image 'Hot spot' map

GFP-NRas

Ras-osomes move within distinct
areas, rasosomal ‘hotspots’, near Rasosomes move within cortical
V4 ]

the PM. actin cages.



GFP-NRas(G13V)

GFP-NRas expressing cells were labeled with anti-phosphorylated-ERK
Abs. Insets show filtered images of the boxed regions with arrows that
indicate phospho-ERK positive GFP-NRas rasosomes
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(Regulation of RAF protein kinases in
ERK signalling

Hugo Lavoie' and Marc Therrien'?

Ras activated Active Ras recruits,
by exchange of binds, and activates
Exterior GDP for GTP Raf
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> GDP GTP .
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domain kinase
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14 3-3 proteins

Very well conserved in mammals, as well as in plants: they are among the very few
signaling elements that are shared by both animals and plants.

* Family of acidic brain proteins. The name was given based on particular elution
pattern on chromatography (14th fraction)

e They usually work as dimers

* They bind to peptides, usually containing a phosphorylated serine or threonine
residue

e 14-3-3 proteins are a major class of molecular chaperones, with more than 200
proteins that have been shown to be targeted.

Cell signaling -
Insulin signaling@/> & glleta'bollsm - general
mTOR signaling@ /- ycolysis

@&/ Fatty acid synthesis

AMPK signaling (1) @/[Pentose phosphate pathway

MAPK signaling (+)
PKA signaling (-)

(Autophagy &P
(Apoptosis (-)

Metabolism - specialized
Biosynthesis:
Catecholamines
Serotonin/Melatonin




(i) Direct structural change of the target protein

Regulation of enzymatic
activity

14-3-3

Regulation of subcellular
localization

Inhibition of protein-
protein or protein-DNA
interactions

Protein
or DNA

Protection against
Protein \ dephosphorylation or
or DNA / proteolytic degradation

(iii) Scaffolding that facilitates protein-protein interactions

= o do

Protein
B

Stabilization of
multiprotein complexes

14-3-3
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Autoinhibitory Hinge region Protein kinase domain
domain block (highly flexible) (catalytic domain)

(regulatory) A
| 5259

S621

349 | 648
C

14-3-3

164

14-3-3 binding

4 * linear motif binding
motif
Ras binding C1 domain * *
domain (binds lipids:  Kinase domain,  Kinase domain,
(bindsto  e.g.ceramide) N-terminal lobe  C-terminal lobe

GTP-Ras)

» Ras-binding domain: it binds GTP-Ras

« C1 domain: it is a special zinc finger, rich in cysteines and stabilized by two
zinc ions. It interacts with lipids and aids in the recognition of GTP-Ras.
The close proximity of these two domains allows them to act as a single
unit to negatively regulate the activity of the protein kinase domain, by
direct physical interaction.

Between the auto-inhibitory domain block and the catalytic kinase domain, a

long and very flexible region acts as a natural "hinge" between the rigidly

folded autoinhibitory and catalytic domains.

« The C-terminal half of c-Raf folds into a single protein domain, responsible

for catalytic activity.



Regulation of c-Raf activity

Flexible
Jhinge’

* N-terminal
» extension

14-3-3
dimer .- Catalytic site

(occluded)

C-terminal

extension - Autoinhibitory

domain block

*

Kinase
domain

The most important regulatory mechanism involves the direct, physical
association of the N-terminal autoinhibitory block to the kinase domain
of c-Raf. It results in the occlusion of the catalytic site and full
shutdown of kinase activity. This "closed" state can only be relieved if
the autoinhibitory domain of Raf engages GTP-bound Ras.



The activation cycle of

Relief of autoinhibition

Ceramige

Cell membrane

Catalytic

Dimerization

Ceramide Ceramide

Cell membrane

Catalytic

-Oper’ Raf i —- ;
1 stil inactive) = Raf-Raf site
homodimer
. (partallyactve) -
Activation Activation
loop loop

2. When activated small G-proteins (Ras-
GTP) and appropriate lipids are present,
Raf will translocate to the memibrane and
the internal autoinhibitory interactions will be
disrupted But the kinase is not yet active.

active state

Flexible
Jhinge”

Auxiliary proteins
(enforcing ,closure™)

14-3-3
dimer

Kinase

domain Autoinhibitory

domain

1. In the absence of a cellular
stimulus, most Raf molecules
are found in the cytoplasm, in Ri
a monomeric and closed™ phg
autoinhibited) state.

gdlatory
phatases

3. The ,open” Raf kinase domains readily
form homo- or heterodimers (with KSR)
while still bound to the memibrane. This
will force their activation loops to adopt a
partially active conformation via allostery.

Ceramige

Catalytic
Raf-KSR site
heterodimer
Uttt Adtivation
loop

Termination of signaling

9

Feed-back
phosphorylation

7. KSR can recruit ERK1 and ERK2 in order to induce a number of
inhibitory phosphorylations in the hinge regions of Raf and KSR. This
feed-back will lead to the disruption of the dimers, force dissociation
from the memibrane and terminate signaling (though several important
details are still unknown). In the cytoplasm, phosphatases remove all
stimulatory phoshpates, leading to inactivation and domain closure.

mammalian c-Raf

Transphosphorylation

Catalytic

—- site
(partially

active)

Ceramide +Omers?

Phosphorylation of effector proteins

6 ERK1 and 2 will phosphorylate
target substrates of the pathway
(including nuclear proteins, such
as transcription factors). These
are responsible for the cellcycle
promoting effect of Raf pathway:

- —

Cell membrane

P

Phosphoryation

Catalytic
site (fully
active)

4. The Raf-Raf {or KSR-Raf) dimers will phosphoryiate
each other, leading to fully active protein kinases. Other
protein kinases such as PAKY {which is tself activated by
GTP-bound Cdc42) can also provide help at this step, with
additional phosphorylation events near the N-terminal end
of the kinase domain. The phosphorylated activation loops
now permanently lock the catalytic ste into an active
conformation until dephosphorylated.

L o

Phosphoryation

b

Activation loop
(phosphorylated)

MAPK cascade activation

Cell membrane

MAPK activation
(in the cytoplasm)

MAP2K activation
(atthe membrane)

s

5. Now that Raf is fully active, i can phosphorylate its dedicated
substrates, the MKK1 and MKKZ protein kinases. (On the other
hand, KSR is a rather poor enzyme on MKKs.) Once the MKKs
are phosphorylated they become active as well Freely diffusing
in the cytoplasm the main substrate of MKK{ and MKKZ are
ERK1 and ERKZ conpleting the MAPK cascade.



The activation cvcle of mammalian c-Raf
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| Regulation and function of Raf kinases / Matallanas et al.  Genes & Cancer/ vol 2 no 3 (2011)
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Relief of autoinhibition
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2. When activated small G-proteins (Ras-
GTP) and appropriate lipids are present,

Raf will transiocate to the membrane, and
the internal autoinhibitory interactions will be
disrupted But the kinase is not yel active.
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3. The _.open” Rafl kinase domains readily
form homo- or heterodimers (with KSR)
while still bound to the memébrane. This
will force their activation loops to adopt a
partially active conformation via allostery.



Transphosphorylation

Caram i Caramids
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“U’TW':"”’!EF Phosphorylation Fhosphoryiation
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E?tﬂ?[]fm; Activation loop
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4, The Haf-Raf {or K5R-Rafl dimers will phosphorylate
each other, leading to fully active protein kinases.

The phosphonylated activation l'oops
now permanently lock the catalytic site into an active
comformation until cephosphonylated.



* Dimerization
» Activation segment phosphorylation
* Allosteric transactivation

4 | RAF catalytic activation

Membrane binding and RAS nanoclustering augment the effective
concentration of RAF and thereby contribute to RAF dimerization.



MAPK cascade activation

Phosphorylation of effector proteins

MAPK activation
(in the cytoplasm)

6 ERK1 and 2 will phospharylate
target substrates of the pathway
{(inciuding nuckear proteins, such
as transcription factors). These

are responsibie for the cell-cycle MAPZ2K activation
promoting effect of Raf pathway. (at the membrane)
— 5. Now that Raf is fully active, it can phosphorylate its dedicated

substrates, the MEK1 and MKKZ protein kinases. (On the other
hand, KSR is a rather poor enzyime on MERs.) Once the MEKs
are phosphonylated they become active as well Freelyr diffusing
in the cytoplasm  the main substrate of MEK 1 and MKKZ are
ERK1 and ERKZ completing the MAPK cascade.




Inactive state

Flexible

-hinge” Auxiliary proteins

(enforcing _closure™)

14-3-3
dimer

Kinase

domain Autoinhibit ory

domain

Termination of signaling

1. In the absence of a cellular
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a monomeric and closed” phosphatases
Feed-back

(awtoinhibited) state.
. phosphorylation
_ ERK signalling implements a negative feedback loop in which ERK

phosphorylates several inhibitory sites in distinct regions of
activated RAF, causing a release from activated RAS and the
disruption of RAF dimers. In the cytoplasm, phosphatases
remove stimulatory phosphates leading to inactivation and
domain closure




Come e’ possibile che le MAPKinasi, solubili nel citoplasma,
riescano a trovarsi esattamente nei paraggi di Raf attivato in
membrana e subirne la fosforilazione?

Non puo’ essere un evento regolato dal caso!!
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Steps involved in KSR regulation often
parallel those defined for RAF proteins

b * N-region phosphorylation?
* Ser406 dephosphorylation * Dimerization with a RAF family member
* Ser406 phosphorylation * 14-3-3 release * Allosteric transactivation
. N—terr:inal 14-3-3 binding * Plasma mer;lbrane anchoring . RAF—midiated phosphoryl transfer to MEK
1 |Auto-inhibition? 2 |Release of auto-inhibition? ‘ 3 ‘Signaltransmiﬂsiun |

Kinases

ME'Q quK

Inactive KSR proteins are The dephosphorylation of

kept in the cytosol through Ser406 allows 14-3-3 KSR proteins

interaction with inhibitory release and plasma heterodimerize with other
14-3-3 proteins in their membrane anchoring of RAF proteins, leading to
N-terminal region. KSR and KSR proteins via conserved RAF transactivation and
MEK proteins form area 1 (CA1) and CA3. MEK—ERK signalling.

constitutive complexes

RAF+

B

CRD O CA3

CRz @ CA4

Kinase
Kinase domain
domain

RBD O

- KSR

* ERK-mediated phosphorylation
. Disruptic;n of KSR-RAF dimers

4 | Feedback inhibition |

ERK-mediated negative
feedback phosphorylation of
several sites in RAF and KSR
disrupts RAF—KSR dimers,
leading to signal attenuation.




REGULATION OF THE MAPK SIGNALING
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In order to activate the ERK pathway, Ras has not only to recruit C-Raf, but
also to remove IMP, the inhibitor which prevents formation of the Raf-
MEK-ERK signalling cassette.

RasGTP binds IMP and this initiates a series of autoubiquitylations that
mark the protein for destruction by the proteasome.

MEK1 and ERK2, linked to the scaffold protein KSR1, are now able to join
C-Raf, enabling the signal to pass from one kinase to another



REGULATION OF THE MAPK SIGNALING
CASCADE

Zn-(RING)-finger motif

| |
|

992

IMP !

Ub-hydrolase motif
BRCA1 associated protein motif

IMP (impedes mitogenic signal propagation) is an E3-ligase and binds E2-
ubiquitin.

The E3-ligase activity is activated by binding to RasGTP and this results in
the auto-ubiquitylation of IMP, followed by its destruction.
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Paradigms for activation of RTKs
sighaling cascade

As many protein targets of RTKs are located
at the cell membrane, translocation to the

plasmalemma is essential for activation of
many effector proteins



PI3-KINASES

C type IA PI 3-kinase

p110a (p110B, p1103) == p85 === RBD == PI-C2 == i | [ o
(catalytic)

: N p— . D) (P] '-"'"""il 2 (two splice variants p55a, p50«,
p83a m ,BCR./GAP _W 724 aa lacking the first 270/ 300 aa)
P95y __=rrE 2
(regulatory) SH2 m—- 461 aa

« The catalytic subunits all possess a p85- and Ras-binding site.

« They also have a PI-C2 domain to interact with phospholipids.

« The PI 3K accessory domain serves as a spine on which the
other domains are fastened.

« The regulatory subunits, p85a. is particularly versatile: its SH3
domain interacts with proline rich sequences, its BCR/GAP
domain interacts with monomeric GTPases of the Rho family
(Cdc42 and Rac), whereas its SH2 domain interacts with
phosphotyrosines.




Lipids formed by PI3Kinase
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PLC diacylglycerol
phosphatidylinositol Pl 4-phosphate Pl 4,5-bisphosphate
(PI) [PI(4)P] [PI(4,5)P2]

IP3

CATALYZED BY Pl 3-KINASE

% - . )y PKB (AKT)

Pl 3-phosphate Pl 3,4- blsphosphate Pl 3,4,5- tnsphosphate
[PI(3)P] [PI(3,4)P2] [PI(3,4,5)P3]

« The PI 3-kinases phosphorylate the 3-OH-position in the inositol
ring of the phosphatidylinositol lipids.

« The PI 3-phosphate compounds synthesized by PI-3 kinase activate
protein kinase B (PKB).




PKB (AKT)

PKBa/Akt1

PKBp/Akt2 Kinase

PKBy/Akt3 Kinase

Plekstrin Glycine ; 3 Regulatory
Soratn dth Catalytic domain oS

» Akt/PKB, the cellular homologue of the viral oncogene v-Akt/PKB.

e Aktl and 2 are ubiquitously expressed; Akt3 is mainly expressed in the brain and testis

» Akt/PKB is an ~57-kDa serine/threonine kinase containing an N-terminal pleckstrin
homology

* (PH) domain that mediates binding to phosphatidylinositol (3,4,5) P3 phosphate (PIP3) and
a catalytic domain containing a threonine residue (T308 for Akt1/PKB) whose
phosphorylation is necessary for activation of Akt/PKB. Next to the kinase domain there is
a hydrophobic C-terminal tail containing a second regulatory phosphorylation site (S473 in
Akt1/PKB).

* Both phosphorylation events are required for the full activation of Akt/PKB.



Activation of Protein S/T Kinase B (Akt)

Exterior Pl 3,4-bisphosphate

Cytosol .
PI-3 kinase

Pl 4-phosphate

PH domain

3 Kinase
I
cs B Partially T
active PKB Fully active PKB
Inactive PKB
I} Inactive PKB in cytosol |fJ] Formation of ] Fully active PKB
of unstimulated cell Pl-3 phosphates,

PDK2

recruitment and partial
activation of PKB

Signaling downstream of Pl 3-phosphates is driven by PKB.
* Generation of 3-phosphoinositides (PIP3) by PI3K recruits Akt/PKB and PDK1 to the membrane. Akt/PKB is

subsequently phosphorylated at Thr 308 and at Ser 473 by PDK1 and PDK2, respectively.
* Akt/PKB translocation to the nucleus results in phosphorylation of many substrates that control various biological

signaling cascades.



The PI3K pathway to regulate
cell survival

survival signal
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PLC,Y

* PLC-gamma is recruited to receptor tyrosine kinases or to adaptor proteins through

the interaction between its SH2 domain
e PLC-gamma has two SH2 domains, and the one in the NH2-terminal side is

responsible for the recruitment.
* Then, the PLC is phosphorylated on Tyr residues by the RTK, or by a non-receptor

tyrosine kinase associated with the adaptor protein and the phosphorylated
protein becomes active.

Plasma
membrane
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P53




Phospholipase C (PLC) isozymes | =L = il

ww.elsevier.com/locate/advenzreg

On/Off-regulation of phospholipase C-yl-mediated
signal transduction

li @
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PLC-C = — | T—
s PDZ-binding motif
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Dominio PH (Pleckstrin Homology): in grado di legarsi a diversi polifosfoinositidi.

Dominio “a mano EF”: in grado di legare il Ca2+, generalmente in misura di uno ione per
dominio (Tutte le fosfolipasi infatti necessitano del Ca2+ come cofattore per la loro attivita
catalitica).

Dominio catalitico: e costituito dall’associazione dei domini X ed Y, ognuno dei quali va
a costituire una meta di una struttura simile ad un “TIM-barrel” distorto e chiuso.

Dominio C2: rappresenta un modulo proteico, costituito da circa 120 aminoacidi, presente in
copia singola o multipla in numerose proteine, molte delle quali sono coinvolte nella
trasduzione del segnale o nell’interazione con le membrane lipidiche.
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Phospholipase C-v: diverse roles in
receptor-mediated calcium signaling
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G-protein-coupled receptors (GPCRs) signal to PLC-[3 via activation of G proteins.
PLCs transform PIP2 to DAG and inositol (1,4,5)-triphosphate. IP3 activates the IP3R to cause
Ca’*release and Ca?* entry.
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Piu isozimi PKC

Proteine bersaglio della PKC:

Proteine del citoscheletro,
enzimi e proteine nucleari.
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cellulari: funzioni neuronali e
immunitarie, regolazione
della divisione cellulare
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Protein kinase C and other
diacylglycerol effectors in cancer

NATUREREVIEWS | DRUG DISCOVERY
VOLUME 11 | DECEMEER 2012 |

Conventional PKCs:
PKCa, PKCBI, PKCBII, PKCy

Novel PKCs:

PKC3, PKCg, PKCO, PKCn

Erin M. Griner and Marcelo G. Kazanietz
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Isozyme Overall homology (%) C1 domain (%) C2 domain (%) Kinase domain (%)

PKCP
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PKCO
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At a glance

= Protein kinase C (PKC) is a family of serine/threonine kinases that regulates a
diverse set of cellular processes including proliferation, apoptosis, cell survival and
migration, and there is a substantial amount of evidence linking PKC to
tumorigenesis. Studying PKC regulation of these processes and how misregulation
might contribute to tumorigenesis is complicated by the fact that each individual
PKC isozyme has a distinct role in these processes in a cell-type-dependent manner.

» There is a limited number of instances inwhich mutation of PKCs in humans is linked
to a cancer phenotype; however, altered levels of PK.C isoforms can be found in
many types of human cancers. In many cases, altered expression of PKC can also be
linked to disease progression.

PK.Cs were originally thought to be pro-mitogenic kinases, but this effect seems to
be PKC-isozyme-dependent and cell-type-dependent, as many PKCs can also inhibit
cell-cycle progression. Several PKCs have been shown to be anti-proliferative in
various cell types, generally through upregulation of cell-cycle inhibitors.

» PKCe promotes cell survival in many cell types through increased activation of
the Akt pathway and upregulation of pro-survival factors. Furthermore,
PKCe overexpression has been linked to chemotherapeutic resistance in various
cell types.

» PKCé is generally considered a growth inhibitory or pro-apoptotic PKC, and many
types of apoptotic stimuli can induce PKCS translocation to mitochondria, leading
to cytochrome c release, caspase-3 cleavage and generation of a constitutively
active PKCé catalytic fragment that is important for phosphorylation of nuclear
PK.C substrates. Activation of PKC8 can also trigger the autocrine secretion of death
factors and kill cells through the activation of the extrinsic apoptotic pathway.

» Several PKCs have been implicated in invasion and metastasis of cancer cells;
however, knowledge of the molecular mechanisms through which PKC might
contribute to these processes is still vague.

» Emerging evidence indicates that PKC, specifically PKCBII, might be an important
mediator of vascular endothelial growth factor (VEGF)-induced angiogenesis and
have arole in VEGF-induced endothelial-cell proliferation.

» Several other classes of proteins can be activated by phorbol esters or DAG,
including protein kinase D, Ras guanyl nucleotide-releasing proteins, chimaerins,
diacylglycerol kinases and Munc13s. Several of these proteins have also been
implicated in cancer progression.



- PDK1 phosphorylates the activation-loop

- Autophosphorylation leads to stabilization
of the enzyme.

- PKC, ‘primed’ for activation by DAG and
calcium, is released into the cytosol and kept
in an inactive conformation by intramolecular
interactions between the N-terminal region
and the kinase domain.

-On RTK activation, PKC is tethered to the
membrane through calcium binding to the C2
domain, where it interacts with its anchoring
protein, receptor of activated C-kinase
(RACK).

-DAG binding confers a high-affinity
interaction between PKC and the membrane,
leading to a massive conformational change,
allowing for substrate binding,
phosphorylation and the activation of
downstream signalling effectors.

-The short half-life of DAG is probably key for
reversing the activation of PKC, down-
regulated through internalization (caveolae
or ubiquitin—proteasome-dependent)
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Protein kinase C, an elusive

therapeutic target?
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Phosphoinositide-
dependent kinase-1

(PDK]_) \ -“;&Small lobe

HM pocket

Small lobe
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* PDK1 is a master kinase, crucial for the activation of AKT/PKB and many other kinases
including PKC, S6K, SGK.

e Mice lacking PDK1 die during early embryonic development, indicating that this
enzyme is critical for transmitting the growth-promoting signals necessary for normal
mammalian development.

* The structure of PDK1 can be divided into two domains; the kinase or catalytic domain
and the PH domain.

* The PH domain functions mainly in the interaction of PDK1 with phosphatidylinositol
(3,4)-bisphosphate and phosphatidylinositol (3,4,5)-trisphosphate.

* The kinase domain has crucial binding sites: the substrate binding site, the ATP binding
site.

* PDK1 is constitutively active and at present, there is no known inhibitor for PDK1.




Cell, Vol. 103, 211-225, October 13, 2000, Copyright ©@2000 by Cell Press

Cell Signaling by Receptor

Tyrosine Kinases
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Actin filament

Integrins are transmembrane receptors that mediate the attachment
between a cell and other cells or the extracellular matrix (ECM)
components such as fibronectin, vitronectin, collagen, and laminin.

In addition to transmitting mechanical forces across otherwise
vulnerable membranes, they are involved in cell signaling and the
regulation of cell cycle, shape and motility.



Domain architecture of integrins

in'regr'ins B-propeller domain repeats
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each penetrate the
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Integrin dimers are in a "bent”

. - - conformation which prevents them
Integ rins activation from interacting with their ligands.
Therefore, integrin dimers must be
'unbent’ in order to allow their
binding to the ECM.
B In cells, the priming is accomplished
by talin, which binds to the B tail of
22 the integrin dimer and changes its
conformation.
ok Talin binding alters the angle of tilt
of the B3 chain transmembrane

o helix which primes integrins.

© Moreover, talin proteins are able to
i2% > dimerize and thus are thought to
=« trigger the clustering of integrin
dimers which leads to the formation
of a focal adhesion.



Talin

Talin is a 270kDa cytoskeletal protein concentrated at regions of cell-substratum contact and,
in lymphocytes, at cell—cell contacts. It is a structural platform that is required for the initial
linkage between the contractile cytoskeleton and sites of integrin/fibronectin adhesion

Head binds PIP2
F2F3 binds actin, FAK
F3 binds B integrin, layillin, l Vinculin binding site
PIPK ly, talin rod

y
Head ABD I1BS2 ABD

v [ {111 [T 1T 1T |-

Active @ @ e @ ]— Dimerization
domain

Calpain cleavage site

Integrin tail binding occurs via the F3 phosphotyrosine binding (PTB) domain via a unique
interaction with the integrin membrane proximal region, which is sufficient for integrin
activation. The basic patches on all subdomains can dock onto the plasma membrane and
further enhance integrin activation. Specific interactions through basic residues on F3 are
also essential for integrin clustering.

The rod contains an additional integrin-binding site (IBS2), two actin-binding sites (ABD) and
several vinculin-binding sites that are shown to be exposed by stretch in response to force.
Talin also contains numerous potential phosphorylation sites which are suggested to directly
or indirectly regulate the association of talin with other factors



Talin membrane localization and activation by RIAM

Inactive Active
integrin integrin

Inactive

RIAM/Rap1 talin F-actin
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In resting cells, most integrins are kept inactive, possibly owing to conformational constraints in
the cytoplasmic tails. A small proportion of the integrin dimers display the thermodynamically

unfavourable, active conformation and can bind their ligand.

Upon agonist stimulation, Rap1l is transiently converted to the active GTP-bound form and
directly or indirectly brings talin to the integrin cytoplasmic tail, maintaining them in their active

conformation.
Rap1 activity is therefore required for ligand binding and outside-in signalling to take
place, by the anchoring of the ligand-bound integrin to the actin cytoskeleton.



FAK KINASE

PTK2 protein tyrosine kinase 2 (PTK2)/Focal Adhesion Kinase (FAK) is a focal
adhesion-associated protein kinase involved in cellular adhesion and
spreading processes.

With the exception of certain types of blood cells, most cells express FAK.
FAK activity elicits intracellular signal transduction pathways that promote
the turn-over of cell contacts with the extracellular matrix, promoting cell
migration.

FAK is required during development: its KO is lethal



MTOC and
spindle function
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Fig. 2. Major cellular functions of FAK. A migrating cell with the leading
edge (right) and trailing edge (left) 1s shown. Cell-ECM adhesions (red), stress
fibers (green), microtubules (dark blue), the MTOC (grey) and nucleus (blue)
are 1llustrated. Black lines denote cellular targets of FAK signaling.
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Cellular functions of FAK kinases: insight into
molecular mechanisms and novel functions
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Sequence and structural analysis reveals 4 distinct domains:

@ an N-terminal FERM domain;

@ a centrally located catalytic tyrosine kinase domain;

@ a C-terminal focal-adhesion targeting (FAT) domain (a four-helix bundle);

@ and an unstructured proline-rich region between the catalytic and FAT domains

FAT domain

Paxillin, MBD2
and p190RhoGEF
binding

The FERM domain docks with the catalytic domain to autoinhibit kinase activity, but also
interacts with other molecules to control FAK signaling. The FAT domain and proline-rich

region are also docking sites for binding partners that function in localization and

downstream signaling.
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ldentifying the targets of Src

Few Examples

- STAT3: modulates cell-cell adhesion
- p120 catenin: modulates cell-cell adhesion

- Cortactin A: regulates actin polymerization

- Focal Adhesion Kinase: lnvolved in cell-matrix
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Interactions

Mike Schaller, ex-UNC



(A) In the case of inactive src, the focal adhesions are enlarged (at the termini of
stabilized actin cables).

FAK is already at the membrane proximal region (broken arrow) and FAK—v-Src-KD is
localized at the membrane-distal region.

(B) FAK (red) and v-Src (green) co-localize in smaller adhesion structures at the cell
periphery when v-Src is active, and focal adhesions (and the associated actin
filaments) are dynamically regulated. These adhesion characteristics indicate that v-
Src-KD impairs adhesion turnover and that focal-adhesion size is linked to Src-
dependent dynamic regulation



Integrin signaling complex

(a)

F-actin

intfegrin

ligand ligand

The focal adhesion kinase FAK associates with talin. Autophosphorylation of
FAK then generates a docking site for the SH2 domain of Src which
phosphorylates FAK at Y925. Src and FAK next phosphorylate the FAK-
associated docking protein CAS at multiple sites.

An integrin-signalling complex is formed that acts in a manner similar to
growth factor-receptor signaling complexes, i.e. attachment of adaptors and
effectors and tyrosine phosphorylation substrates.



Integrin signaling
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Adhesion-mediated cell cycle control

-cell cycle control,

" (cyclinD, c- -j
, cyclinD, c-myc, c-jun,
c-fos amongst others)

' \
i e i k
ERK2 —_ . -control of cell-cell con'rac/‘r,

%

i
(hemi-desmosome)
B& integrin a6p4

ligand

In epithelial cells, integrin a6B4, forms
a special adhesion complex named
hemi-desmosome. These complexes
are linked to intermediate filaments via
plectin.

ERBB2/3 receptors are recruited into
these complexes leading to
phosphorylation of ERBB2 by Src bound
to FAK.

Src also phosphorylates STAT3 and this
signal is enforced by a second
phosphorylation on serine through
ERK2. Both phosphorylations enhance
its transcriptional activity.

In the case of breast tumor cells, this
pathway promotes cellular invasion.
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