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Principles and Techniques of 
Tissue Regeneration

Tissue regeneration cycle



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

Struttura del corso

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. 



Come?

üLezioni Frontali

üVideo

üCommenti di Articoli

üSchede tecniche



Moodle+MsTeams

üPresentazioni PPT (PDF) di 
ogni lezione

üVideo-lezione registrata in 
audio e video



Testi consigliati

ü B. Alberts et al – Molecular Biology of the Cell–
Garland Publishing

üPer le lezioni che tratteranno argomenti particolarmente 
innovativi e non sufficientemente descritti nei libri di testo, 
sara’ fornito agli studenti opportuno materiale didattico.



Esame

üColloquio orale

üCommento e/o interpretazione
articoli scientifici

ü Interpretazione di dati sperimentali



The basic mechanism of 
Intra-cellular signal transduction

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.
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Receptors that after engaging 
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 
modification 
(phosphorylation, proteolysis) 
of cytoplasmic proteins. 
A series of protein-protein 
interactions then relay the 
signal to the nucleus, 
whereupon the activity of 
transcription factors is 
altered.



Key concepts



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



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

Key concepts
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Tyrosine Kinase Receptors



Factor Principal 
Source

Primary Activity Comments

PDGF platelets, 
endothelial 
cells, placenta

promotes proliferation of connective 
tissue, glial and smooth muscle cells

two different protein chains form 3 distinct 
dimer forms; AA, AB and BB

EGF submaxillary 
gland, Brunners 
gland

promotes proliferation of 
mesenchymal, glial and epithelial 
cells

TGF-a common in 
transformed 
cells

may be important for normal wound 
healing

related to EGF

FGF wide range of 
cells; protein is 
associated with 
the ECM

promotes proliferation of many cells; 
inhibits some stem cells; induces 
mesoderm to form in early embryos

at least 19 family members, 4 distinct 
receptors

NGF promotes neurite outgrowth and 
neural cell survival

several related proteins first identified as 
proto-oncogenes; trkA (trackA), trkB, trkC

Erythropoietin kidney promotes proliferation and 
differentiation of erythrocytes

TGF-b activated TH1
cells (T-helper) 
and natural killer 
(NK) cells

anti-inflammatory (suppresses 
cytokine production and class II 
MHC expression), promotes wound 
healing, inhibits macrophage and 
lymphocyte proliferation

at least 100 different family members

IGF-I primarily liver promotes proliferation of many cell 
types

related to IGF-II and proinsulin, also called 
Somatomedin C

IGF-II variety of cells promotes proliferation of many cell 
types primarily of fetal origin

related to IGF-I and proinsulin

Growth Factors



Non-receptor Tyrosine Kinases



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



1986



Ligand 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.

1. Inactive cluster 2. Active cluster 3. Ligand bound active  
cluster



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.

RECEPTORS EMPLOY DIFFERENT CLUSTERIZATION
STRATEGIES



In a living cell…



Ligand-receptor binding



















Enzyme regulation by modular binding domains

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.







Key concept: 
combinations of a small number of 
domains produce an enormous range 
of cellular responses 



Which are the molecules binding to P-Y?

Enzymes
Transcription factors

Adaptors

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



ADAPTOR PROTEINS
GRB-2

Shc



The activation of Ras by RTKs

SOS

g



Ras (RAT-sarcoma) is a 
monomeric GTPase

• Ras is a G protein (guanosine-nucleotide-binding protein), a small GTPase

• The first two ras genes, HRAS and KRAS, were first identified from the Harvey 
sarcoma virus and Kirsten sarcoma virus, by Scolnick and colleagues at (NIH) in 1982. 
In 1982, activated and transforming human ras genes were discovered in human 
cancer cells. A third ras gene was subsequently discovered and named NRAS, for its 
initial identification in human neuroblastoma cells.

• Anchored at the plasma membrane owing to its prenylation and palmitoylation (HRAS 
and NRAS) or the combination of prenylation and a polybasic sequence adjacent to
the prenylation site (KRAS). 

• The C-terminal region of Ras first gets farnesylated at its Cys residue in the cytosol, 
allowing Ras to loosely insert into the membrane of the endoplasmatic reticulum and
other cellular membranes. 

• The three human ras genes encode extremely similar proteins made up of chains of 
188 to 189 amino acids, designated H-Ras, N-Ras and K-Ras4A and K-Ras4B (from 
alternative splicing).



• Ras has an intrinsic GTPase
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
GTPase

SOS



RTK Activation of Ras
EGF binding causes receptor 
clusterization and autophosphorylation
on cytosolic tyrosines. 

In Step 2, the adaptor protein GRB2
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 
complex. 

The C-terminus of Sos inhibits its
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.



Ras Activation of MAP Kinase

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.



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. 





• 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
genes can cause 
unintended and overactive 
signalling inside the cell and 
ultimately to cancer

• Ras is the most common 
oncogene in human cancer 
- mutations that 
permanently activate Ras
are found in 20-25% of all 
human tumors and up to 
90% in certain types of 
cancer (pancreatic cancer). 



• 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/


• 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.

Oncogenes vs proto-oncogenes





Rasosomes move within cortical 
actin cages.

Ras-osomes move within distinct 
areas, rasosomal ‘hotspots’, near 
the PM.



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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c-Raf



Kinase 
suppressor of 

RAS 

Viral oncoproteins have 
N-terminal truncations and are 
fused to the N-myristoylated
(N-myr) viral Gag protein 



• 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.



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. 

Regulation of c-Raf activity



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) 
• They usually work as dimers
• They bind to peptides, usually containing  a phosphorylated serine or threonine 

residue
• 14-3-3 proteins are a major class of molecular chaperones, with more than 200 

proteins that have been shown to be targeted.





The activation cycle of mammalian c-Raf



The activation cycle of mammalian c-Raf

In quiescent cells, Raf-1 is 
phosphorylated on both 14-3-3 binding 
sites (by PKA?) and 14-3-3 maintains the 
Raf closed inactive conformation



Phosphatases PP1 or PP2A are co-recruited to 
the plasma membrane and de-phosphorylate 
the inhibitory residues; 14-3-3 proteins are 
released in the cytoplasm.



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!!

Chiave di lettura…



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!!

Chiave di lettura…



The Kinase Suppressor of RAS (KSR-1) was originally identified in genetic 
screens in Drosophila and Caenorhabditis elegans designed to isolate 
mutations in genes that modify the phenotypes associated with oncogenic 
RAS alleles. 

In mammalian cells, KSR-1 acts as a molecular scaffold to assemble a 
macromolecular complex of MAPK pathway components to facilitate 
efficient signal transmission and is required for mutant RAS-mediated
cellular transformation. 

In quiescent cells, KSR-1 is phosphorylated on S297 and S392 by C-TAK1
and held in an inactive state in the cytosol by 14-3- 3 proteins. 

RAS activation stimulates the dephosphorylation of KSR-1 on S392, 
resulting in its translocation to the plasma membrane where it potentiates
MAPK signaling (Ory et al., 2003).

(KSR-1) 



Steps involved in KSR regulation often 
parallel those defined for RAF proteins

Inactive KSR proteins are 
kept in the cytosol through 
interaction with inhibitory 
14-3-3 proteins in their 
N-terminal region. KSR and 
MEK proteins form 
constitutive complexes

The dephosphorylation of 
Ser406 allows 14-3-3 
release and plasma 
membrane anchoring of 
KSR proteins via conserved 
area 1 (CA1) and CA3. 

KSR proteins 
heterodimerize with other 
RAF proteins, leading to 
RAF transactivation and 
MEK–ERK signalling. 

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 
CASCADE

KSR1 has a number of conserved 
domains, and a kinase domain 
that resembles that of Raf, but 
lacks an essential lysine and is 
therefore inactive.

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.



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. 

REGULATION OF THE MAPK SIGNALING CASCADE

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.



Paradigms for activation of RTKs
signaling 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

• 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.



Composition of inositol lipids before 
and after phosphorylation 

by PI 3-kinase. 



Lipids formed by PI3Kinase

• 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)



PKB (AKT)

• Akt/PKB, the cellular homologue of the viral oncogene v-Akt/PKB.
• Akt1 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)

Signaling downstream of PI 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. 



• PDK1 is a master kinase, crucial for the activation of AKT/PKB and many other kinases 
including PKC. 

• 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. 

Phosphoinositide-
dependent kinase-1 
(PDK1) 



Bcl-2
Bcl-2

The PI3K pathway to regulate 
cell survival



• PLC-gamma is recruited to receptor tyrosine kinases or to adaptor proteins through 
the interaction between its SH2 domain 

• 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.

PLCg





G-protein-coupled receptors (GPCRs) signal to PLC-b via activation of G proteins. 
PLCs transform PIP2 to DAG and inositol (1,4,5)-triphosphate. IP3 activates the IP3R to cause 
Ca2+ release and Ca2+ entry.





PK-C ACTIVATION

Inactive conformation by intramolecular
interactions between the N-terminal region and the 
kinase domain



P

- 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)



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

• 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. 

Phosphoinositide-
dependent kinase-1 
(PDK1) 



P

- 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)



Mechanisms for Attenuation & 
Termination of RTK Activation

1) Ligand antagonists
2) Receptor antagonists
3) Phosphorylation and dephosphorylation

4) Receptor endocytosis
5) Receptor degradation by the ubiquitin-proteosome

pathway

DEFINITIVO

TRANSITORIO



Classification of Protein Tyrosine Phosphatases

Non-transmembrane PTPs Receptor-like PTPs

Andersen et al., Mol Cell Biol, 21, 7117, 2001



C-terminal
- ER targeting
- Proteolytic cleavage
Proline rich segment
- SH3 binding sites
Alternative splicing
- Nucleus vs Cytoplasmic

Functional Diversity Through 
Targeting and Regulatory Domains

SH2 domains
- Plasma membrane 
signaling complexes

- Auto-inhibition

Cellular retinaldehyde 
binding protein-like
- Golgi targeting
- Secretory vesicles

- Putative lipid-binding domain

FERM domain
- Subcellular targeting
(e.g. cytoskeletal proteins) 

PDZ domain(s)
- Protein-Protein interactions

PEST domain
- Protein-Protein Interactions
BRO1 domain
- Functionally uncharacterised; 
(Found in a number of signal 
transduction proteins) 

- Vesicle associated
His-domain
- Functionally uncharacterised



PTEN Tumor Suppressor    Mutated in various human cancers. Cowden disease  

DEP1 Tumor suppressor Colon cancer susceptibility locus Scc1 (QTL in mice)

PTPk Tumor Suppressor Primary CNS lymphomas

SHP2 Noonan Syndrome Developmental disorder affecting 1:2500 newborn
Stomach Ulcers Target of Helicobacter pylori

Cdc25 Cell Cycle Control Target of Myc and overexpressed in primary breast cancer

PRL-3 Metastasis Upregulated in metastases of colon cancer

FAP-1 Apoptosis                  Upregulated in cancers, inhibits CD95-mediated apoptosis

PTPs and Cancer



- Activated EGF receptors are 
recognized by Cbl which either 
binds directly through a 
phosphotyrosine-binding motif 
or by interaction with the SH3
domain of Grb2. Cbl causes 
mono-ubiquitylation of the EGFR
and this acts as a sorting signal 
directing the receptor into the 
lysosomal pathway for 
degradation. 

- The receptor-Cbl complex is 
recognized by CIN85 and 
endophilin which couple the 
receptor to a complex of 
proteins that includes the key 
endocytic adaptor AP-2. 

TERMINATION OF THE SIGNAL

The complex then recruits clathrin monomers. As a result, active EGFRs accumulate in 
clathrin-coated membrane pits which then pinch off from the plasma membrane as 
endocytic vesicles. Within the intracellular network of vesicular transport pathways, the 
receptors are sorted into a pathway that takes them via the early and late endosomes 
towards the lysosome. They are thus destroyed.



c-Cbl
c-CBL (Casitas B-lineage Lymphoma) is an E3 ubiquitin-protein ligase 
involved in cell signalling and protein ubiquitination. 

c-Cbl has several regions encoding for functionally distinct domains:
• N-terminal tyrosine kinase binding domain (TKB domain): 

determines the protein which it can bind to
• RING finger domain : recruits enzymes involved in ubiquitination
• Proline-rich region: the site of interaction between Cbl and cytosolic 

proteins involved in Cbl's adaptor functions
• C-terminal ubiquitin-associated domain (UBA domain): the site of 

ubiquitin binding. This domain structure and the tyrosine and serine-
rich content of the protein product is typical of an "adaptor molecule" 
used in cell signalling pathways



CIN85
CIN85 (Cbl-interacting 
protein of 85 kDa) is an 
adaptor protein. 



Endophilins

Clathrin-coated intermediates labeled with antibodies 
against endophilin (B) and dynamin (C)

Ø Endophilin localizes in the vesicle pool at rest and in spirals at the necks of clathrin-coated pits 
(CCPs). Endophilin and dynamin colocalize at the base of the clathrin coat. 

Ø Tubulation efficiency and the amount of dynamin recruited to lipid tubes are dramatically increased 
in the presence of endophilin. 

Ø Blocking the interactions of the endophilin SH3 domain in situ reduces dynamin accumulation at the 
neck and prevents the formation of elongated necks observed in the presence of GTP�S. 

Ø Endophilin recruits dynamin to a restricted part of the CCP neck, forming a complex, which 
promotes budding of new synaptic vesicles.





Cytokine Receptors and Receptor Tyrosine 
Kinases Share Many Signaling Features

• Ligand binding to both cytokine 
receptors and receptor tyrosine 
kinases triggers formation of 
functional dimers/oligomers

• In some cases, the ligand induces 
association of two monomeric 
receptor subunits diffusing in the 
plan of the plasma membrane; in 
other cases, the receptor is a dimer 
in the absence of ligand and ligand 
binding alters the conformation of 
the extracellular domains of the two 
subunits

• In either cases, formation of the 
functional dimeric receptor causes 
the cytosolic kinases to 
phosphorylate the second kinase

Autophosphorylation



Cytokine Receptor Signaling

• Similar to Receptor Tyrosine 
Kinase signaling

• Receptor clustering
• Cytokine receptors do NOT 

have any enzymatic activity, but 
bind cytosolic kinases

• Phosporylation and activation of 
JAK kinases

• Binding of STAT to p-Receptor via 
SH2 domain

• Phosphorylation of STAT by JAK
kinase

• Translocation of p-STAT into 
nucleus

• Activation of transcription
• Feedback regulation: SHP1 and 

SOCS



The JAK-family of tyrosine kinases
• Family members

• JAK1 (135 kDa)
• JAK2 (130 kDa)
• JAK3 (120 kDa)
• Tyk2 (140 kDa)

• Common feature
• C-terminal kinase + pseudokinase
• ≠ RTK by lacking transmembrane domains and SH2, SH3, PTB, PH
• several regions homologous between JAK-members
• Associated with cytokine receptors (type in and II)

• Function
• Associated with cytokine receptors in non-stimulated cells in an 

inactive form



• STAT3 - involved in response to several cytokines including IL6. It activates several genes 
involved in acute phase response

• Important in growth regulation, embryonic development & organogenesis
• Activation of STAT3 correlated with cell growth, link to cancer, binds c-Jun

• STAT4 - involved in IL12-response

• STAT5a & 5b - involved in response to several cytokines including prolactin, IL-2, and regulates
expression of milk proteins in breast tissue in response to prolactin

• STAT6 - involved in IL4-response

• STAT1 - involved in IFNa/b- and 
IFNg-response

• STAT2 - involved in IFNa/b-
response. Mainly acting as 
partner for STAT1/p48

STATs: Signal Transducers
and Activators of
Transcription



• SH2-domain
• Three important functions in STATs:

• important for recruitment of STAT to receptor
• important for interaction with the JAK kinase
• important for dimerization of STATs to an active DNA-binding form

• Tyr-701
• conserved key Tyr residue located just C-terminal to SH2
• essential for dimerization to an active DNA-binding form
• function: TyrP binding for SH2 in partner

• DNA-binding domain
DBD located in the middle of
the protein
Unique motif - All DBDs bind 
similar motifs in DNA 
symmetric inverted half sites. 

STATs - structure and function



Several signalling pathways linked
• STATs may also be Tyr-phosphorylated and hence activated by other receptor

families
• receptor tyrosine kinases (RTKs) may phosphorylate STATs

• EGF stimulation ® activation of STAT1, STAT3
• non-receptor tyrosine kinases such as Src and Abl may also

phosphorylate STATs
• G-protein coupled 7TMS receptors such as angiotensine receptor (?)

• STAT may also be modified by Ser-phosphorylation
• DNA-binding reduced (STAT3)

• JAKs may activate other signalling pathways than STATs
• TyrP will recruit several protein-substrates and lead to phosphorylation

and activation of other signalling pathways
• e.g. JAK activation ® activation of MAP-kinases
• e.g. substrates: IRS-1, SHC, Grb2, HCP, Syp, Vav



Through their SH2 domains, 
STAT1a and STAT1b bind to the 
tyrosine-phosphorylated 
receptor and become 
phosphorylated. They then form 
a dimer, (called a Sis-inducible 
factor, SIF) which translocates to 
the nucleus, where it binds to a 
Sis-inducible element (SIE) within 
the fos promoter.

Direct phosphorylation of STAT transcription factors.



Negative Regulation of the JAK-STAT pathway 



Signaling from Cytokine Receptors Is Modulated by  
Negative Signals

SHP1 Phosphatase

v Mutant mice lacking SHP1 phosphatase 
die because of producing excess 
amount of erythrocytes and other blood 
cells. SHP1 negatively regulates 
signaling from several types of cytokine 
receptors in several types of progenitor 
cells

v Binding of an SH2 domain SHP1 to a 
particular phospho-tyrosine in the 
activated receptor unmasks its 
phosphatase catalytic site and brings it 
near the phosphrylated tyrosine in the 
lip region of JAK2

v Removal of the phosphate from this 
tyrosine inactivates the JAK kinase



Signaling from Cytokine Receptors Is Modulated by  
Negative Signals

CIS proteins act in two ways to negatively 
regulate cytokine receptor stimulated 
signaling:
u The SH2 domain in several SOCS

proteins bind to phosphotyrosines on 
an activated receptor, preventing 
binding of other SH2-containing 
signaling proteins and thus inhibiting 
receptor signaling

u SOCS-1 can bind to critical 
phosphotyrosine in the activation lip of 
activated JAK2 kinase thereby 
inhibiting its catalytic activity

u All SOCS proteins contain a SOCS box 
that recruits components of E3 ubiquitin 
ligases.  As a result of SOCS-1 binding, 
JAK2 becomes polyubiquitinated and 
then degraded in proteasomes and thus 
terminate the signaling permanently

STAT proteins induce a class of small proteins termed SOCS proteins. 
These negative regulators are also known as CIS proteins





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.

Integrins







The expression and function of major integrins and their 
related cancer types and metastatic sites





Integrins are 
heterodimers containing 
two distinct chains, 
called the α (alpha) and 
β (beta) subunits. 
The α and β subunits 
each penetrate the 
plasma membrane and 
possess small 
cytoplasmic domains.

Domain architecture of integrins



Integrin dimers are in a "bent" 
conformation which  prevents them 
from interacting with their ligands. 
Therefore, integrin dimers must be 
'unbent' in order to allow their 
binding to the ECM. 

In cells, the priming is accomplished 
by talin, which binds to the β tail of 
the integrin dimer and changes its 
conformation. 

Talin binding alters the angle of tilt 
of the β3 chain transmembrane
helix which primes integrins. 
Moreover, talin proteins are able to 
dimerize and thus are thought to 
trigger the clustering of integrin 
dimers which leads to the formation 
of a focal adhesion. 

Integrins activation



Talin
Talin is a 270kDa cytoskeletal protein concentrated at regions of cell–substratum contact. 

It is a structural platform for the initial linkage between the contractile cytoskeleton and 
integrin/fibronectin adhesion

• Integrin binding occurs via the F3 phosphotyrosine binding (PTB) domain via a unique 
interaction with the 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. 

• The rod contains an additional integrin-binding site (IBS2), actin-binding sites (ABD) and 
several vinculin-binding sites that are exposed by stretch in response to force. 



Talin activation and membrane recruitment

• Talin is in an autoinhibited form in the cytosol due to the intermolecular 
association between the F3 subdomain and a helical bundle in the rod region. 

• Activation likely involves binding to membrane phospholipids such as 
phosphatidylinositol 4,5-bis-phosphate (PIP2), vinculin and F-actin.

• This enhances talin’s affinity for the β-integrin subunit by revealing binding sites.



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, Rap1 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.



Rap-1 (Ras-proximate-1 or Ras-related protein 1)

It is a small GTPase which belongs to Ras-related protein family.
Rap1 plays a unique, Ras-independent role in eukaryotic cells. 

Activated by virtually all receptor types and second messengers, Rap1
controls adhesion-related functions such as phagocytosis,cell-cell 
contacts and functional activation of integrins through inside-out 
signalling.



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





Sequence and structural analysis reveals 4 distinct domains: 
① an N-terminal FERM domain; 
② a centrally located catalytic tyrosine kinase domain; 
③ a C-terminal focal-adhesion targeting (FAT) domain (a four-helix bundle); 
④ and an unstructured proline-rich region between the catalytic and FAT domains

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.

Talin







The corresponding proteins span 
a wide variety of cellular 
functions, such as polarity, actin 
remodeling, adaptors, kinases,
phosphatases, and guanine 
exchange factors/GTPase
activating proteins and are 
modulated by tyrosine 
phosphorylation following c-Src
activation.



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. 

Focal-adhesion size is linked to Src-
dependent dynamic regulation

FAK and v-Src co-localize 
at focal adhesions



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 complex



Phosphorylated focal adhesion kinase (FAK) is a binding site for 
Grb2. This interaction recruits the Ras guanine exchange factor 
Sos, leading to activation of Ras. 
Ras-GTP initiates the activation of the Raf-ERK pathway, necessary 
for initiation of the cell cycle. 

The focal adhesion 
site promotes cell 
proliferation through 
activation of Ras



Phosphorylated focal adhesion kinase (FAK) binds the SH2 domain of the 
regulatory subunit (p85) of PI 3-kinase. Subsequent production of PIP3
provides a binding site for PKB (and PDK1). After its activation PKB
phosphorylates a large number of proteins that directly or indirectly deal 
with cell death. 

The focal adhesion site promotes cell 
survival through activation of PKB



Adhesion-mediated cell cycle control

In epithelial cells, integrin α6β4, 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. 


