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Extracellular signals and cellular response
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Cytokines, integrins

GPCRs (>800)
adrenaline, dopamine,
histamine, prostaglandins,
chemokines, light, taste, ..



Growth factor
receptor
activation
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Receptor tyrosine kinase

OUTSIDE
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binding

Plasma
membrane

CYTOSOL Tyrosine

kinase
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tail

a) Structure of the epidermal
growth factor (EGF) receptor

Image:
https://www.creative-biostructure.com/custom-mempro%E2%84%A2-
receptor-type-kinases-services-55.htm, or
https://www.slideserve.com/lisle/lecture-9-july-13-2001-cell-signaling-
receptor-tyrosine-kinases-no-and-nyc-chapter-15
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Growth factor
receptor
activation

Step 1
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(a) Structure of the epidermal
growth factor (EGF) receptor

...after ligand binding to
its extracellular domain,
the cytoplasmic tail of
the receptor becomes
phosphorylated,;

but how??



Growth factor
receptor
activation

Step 1 +2
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(a) Structure of the epidermal
growth factor (EGF) receptor
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Tyrosine kinase activation

Dimerization and cross-phosphorylation
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(b) Activation of the EGF receptor



Signalling by
activated
growth factor
receptor

Step 2

 Each type of receptor is phosphorylated
at specific tyrosine residues

 Each phosphorylated tyrosine residue is
recognized by cytoplasmic proteins containing
an SH2 domain

« Each SH2 domain recognizes a specific peptide
sequence following the phospho-tyrosine residue

845 YHAE

992 YLIP

STAT3/5
PLC-y Phospho-lipase

Shc
Cbl

1045YSSD

JAK2
O < s Adaptor molecules

STAT3/5
GAB-1

1068 YINQ

1086 YHNK

1148 YQQD

Shc

11 RV Protein phosphatase




Signalling by
activated
growth factor
receptor
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Proteins containing the SH2 domain

can “read” the activation of the receptor
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Examples of SH2 domain-containing proteins

https:/mww.mdpi.com/1422-0067/23/24/15944

Enzymes Btk Tu T™ ‘_l EHEI "_“; SH2 u.‘l"iEHAEE
Adaptors Grb2 SH3 - SH2 — SH3

Docking proteins Shc —{TE/ ' EHE.

Transcription factor ~ Stat . DNABinding —— SH2 — TA



SH2 domain is one example of a protein interaction domain,;
these can ‘read’ molecular changes tiggered in cellular molecules

p-Tyr p-Tyr Ac-Lys Ub,
$ $
Post-translational
» modifications of @ UBA
a protein
NPXY RXXK PXXP ®-COOH
4 L $

Peptide motifs
» within a protein @ SH3

PI(3,4,5)P;
PI(4,5)P, PI(3)P
$ 4

» Phospholipid
modifications PH
Figure 6.10b The Biology of Cancer (© Garland Science 2007)



Signalling by
activated
growth factor
receptor

Step 3

Receptor

plasma-
membrane,
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https://www.slideserve.com/lisle/lecture-9-july-13-2001-cell-signaling-receptor-tyrosine-kinases-no-and-nyc-chapter-15



Signalling by
activated
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receptor

Step 3
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The activation cycle of RAS- iI
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small GTPases

GEFs

.GDP GTP.

inactive active

conformation w conformation

GAPs

A fundamental
molecular switch
mechanism used in cell

signalling

Nuclear-cytoplasmic
transport
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Actin organization
Cell morphology QO
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Cell proliferation

Vesicular trafficking Cell survival

Exocytosis/Endocytosis



Structure
of the GTPase RAS

GTP-binding changes
RAS conformation,
which iIs then recognizd by
binding partners (‘effectors’)




Video animation of the GTP cycle of RAS




RAS Is a proto-oncogene !

Mutation in codons 12 or 13=-GGT-GGC-

Single nucleotide point mutations:
-GTT-GGC=G12V or
-GGT-GAC=G13D

GEFs

=P Signalling
stimulation

p
Mutation

GXPs

constitutively
active

Mutated in around 30% of epithelial tumours
(especially colon, lung and pancreatic cancer)



GEFs

Small

H H
HzN COOH

Glycine (Gly, G)
MW: 57.05

Hydrophobic

kY

H,N” ~COOH

Valine (Val, V)
MW: 99.14

GXPs

Why Is the mutation RAS-
Gly12Val oncogenic?




Three human RAS genes exist with tissue-specific expression

isoform type of malignancy knock-out mice phenotype

H-RAS mutated in 1% of all human cancers
bladder cancer viable
squamous head-and-neck tumours

N-RAS mutated in 4% of all human cancers
haematopoietic malignancies, viable
skin cancer, some colon cancers

K-RAS mutated in 30% of all human cancers

lung, colon and pancreatic carcinomas embryonic lethal
Nanodomains? Plasma membrane
@ = farnesyl
Cytoplasm

\Fa\ \
Pl $YYYYY

- C-C-Omet

H-RASo K-RAS VAVA VAV Vo Ve Ve Ve

-S-0C

Adapted from Shield et al, Trends Cell Biol, 2000



Summary: steps in growth factor receptor signalling

adaptors Step 3

Nature Reviews | Cancer

| Step 4
https://doi.org/10.1038/nrc969
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The
MAP kinase
cascade

Characteristic
double phosphorylation

Pathway characterization
allowed developing
Important research tools

Chrormsatin
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RAF=
effector
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recognizes
RAS-GTP
conformation
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GTPase,
MAP KKK

Transcription
factor




Tools to study
activation of the

GTPase RAS

Pull-down assays

o € 3

pull-down

EGF -

lysate s s total RAS

 # active RAS |,

+

Switch |
Switch |

RAF

effector protein

GTP-binding changes
RAS conformation,
which is then recognizd by
binding partners (‘effectors’)
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Pull-down assays also for other GTPases
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Tools to study
activation of MAPK

anti-phospho ERK

DAPI ERK1+ERK2

CTRL EGF
p-ERK1/2 | —

Untrealed

+ EGF

- - - \. ' i i
Anti-phospho antibodies ,,;qf;i\m Nucleus
as important research tools

anti-total ERK



Active tyrosine kinase receptor

\/

Plasma membrane
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Cell cytoplasm

Updated review:
Progress on Ras/MAPK Signaling Research and Targeting in
Blood and Solid Cancers. Cancers 2021, 13(20), 5059;

https://doi.org/10.3390/cancers13205059
Proliferation, differentiation, survival



27-77% Colorectal Cancer

(" 40-80% Lung Cancer
14-91% Non-small cell Lung Cancer
i 30-50% Pancreatic Cancer

/" 90% Pancreatic Cancer
60% Thyroid Cancer (Papillary)

50% Colon Cancer, Endometrial Cancer
30% Lung Adenocarcinomas
\30% Myeloid Leukemias

@ 70% Melanoma

50% Thyroid Cancer (Papillary)
10% Colon Cancer

E

Most frequent pathway
changes observed In
tumours

9-min video; https://www.youtube.com/watch?v=NIFDea3ig7A



Beyond the MAPK pathway..

Besides Raf, other RAS effectors exist that activate other pathways

vo

.

T ]

RalGDS Tiam1 |
Cell survival Growth Proliferation Proliferation Actin rearrangement | | Apoptosis
Differentiation Anti-apoptosis Motility Cell-cycle arrest
Secretion Protein sorting Microtubule network
Migration Cellular architecture

...shows that RAS operates as a signalling hub;

Erzsébet Ligeti et al. Physiol Rev 2012;92:237-272

...explains why mutant RAS is such a potent oncogene




Four
MAP
Kinase
cascades
exist

: Growth : Oxidative
Stimulus i Integrin e IL-1
: TRAF6-
Activator RasGTP Rac1 Src TAB1/2
MKKK c-Raf1 MEKK1 MEKK2 TAKA1
MKK MKK1 MKK4 MKK5 MKK6
I | I I |
Y Y Y Y Y
MAPK ERK1 JNK1 ERK5 p38
I | I I |
\4 \4 \4 \4 \4
Substrate P9O0RSK c-Jun MEF2 MNK1




Growth
factor

.

RasGTP
c-Raf1
MKK1

ERK1

POORSK

Simplified ‘domino’ model

Versus

Electric circuit model




Signalling dynamics through Cross-talk — integrating complex signals

Growth factor= Cell adhesion=
Signal 1 | Signal 2

MEKK3

EKK1

PRI CE j

.,!:_uu@uﬁﬂ-- L l
S218

355y K
MEK 12228 MKK4 / MKK7

Increased "
affinity e

&

l |

Ets/Tcf AP-1(c-Jun)



Tissue 1

Tissue 2

|
|
|
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Differentiation

The same signal (eg EGF) can have
different outcomes in different tissues

Cells of different tissues may differ:
A) in the downstream signalling molecules

that are expressed,;

B) in the inhibitory or synergistic cross-talk

from other receptors

C) in the amplitude of pathway activation

=) Tumors from different tissue types
have different signalling networks




Examples of
other receptor types
and
other signalling pathways

...to recognize similar logic
and principles




&

intrinsic
enzymatic
activity
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Signalling Pathway of TGF-3

TGF-B
Receptor
Type Il ; {

Tumorigenesis

' 4 Tumor
ﬁw&?ﬁ?&g o Suppression
™
Receptor | G
- . kinase Il :
serine/threonine
pI’OtEin kinase @ V g:::l(\;/lrg;\irlti?y ﬁgcf;ttififmwm
Angiogenesis

TGF-B is a growth-

inhibitory signal for
normal epithelial cells

During later tumour progression,
TGF[3 secreted by fibroblasts induces
an invasive tumour cell phenotype

SIGMA-ALDRICH

modified

Receptor

\

Protein
kinase

\

Transcription
factor
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The JAK/STAT Signalling Pathway
SIGMA-ALDRICH
modified
Cytokines (IL-6)
— IEN-R Receptor
Epo-R
SH I
ﬁb"ﬁé 2855 o0 _cnald @M@M@éj@ﬁﬁ Protein
. e L Y. G el kinase
Tyrosine |
kinase : ‘
Constitutive complex Transcription

. factor

Pathway steps:

-Receptor dimerization

-JAK autophosphorylation in trans
-Receptor phosphorylation on Tyr
-Recruitment of STAT-SH2 to p-Tyr
-STAT phosphorylation by JAK
-p-STAT dimers translocate into nucleus
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T-Cell Receptor (TCR) Signalling

SIGMA-ALDRICH
CcD4 modified
coas Co-receptores y—
TCR ‘
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“ u Protein
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G protein-coupled receptors and cyclic AMP
SIGMA-ALDRICH

N modified
G Protein-linked . . ..
ecemtor | €0 adrfenalm, bradyklr)m, |
serotonin, prostaglandins, chemokines

G-protein T T— Receptor
- / &) -
B GTPase
c ®°*GTPase
Adenylate l Soluble ‘
CyC|ase/'\ second messenger Second

D 2 messenger

g | OB |
@‘ Protein

Kinase

v

Transcription
factor

Clip: http://www.youtube.com/watch?v=2F2_ltzzVbs&feature=related



G protein-coupled receptors and cyclic AMP
SIGMA-ALDRICH
N . ) Total number
O ed | e g: adrenalir of product
serotonin, pre Qe massanger
P binds to one 1
G-protein T receptor '
coupled receptor B | Ll R v R Several .
\_ ) o G proteins 10
are activated
Each G protein l
GDPGTPase ’ activates an 10
Adenylate Adenylate adenylate cyclase
cycl ase/\' cyclase
. <D R l Each adenylate
sighal amplification AP GEESADENGIAEE g0
L hundreds of cAMP
l molecules l
, Each cAMP
Protein kinase A activates a 5000
protein kinase A “
l Each protein .
kinase A 4
Phosphorylated phosphorylates "
protein hundreds of 2,600,000
proteins




Atypical G-
protein coupled
receptor
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a Wnt OFF

/

Default phosphorylation
and proteolytic degradation

Cytoplasm

Nucleus
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b Wnt ON

~Important in adult colon
(wnt)  stem cell niche

..........1 “ .l
@lﬁ*@ﬂ@
IR

CQ

/[

CEl c-MYC c-Jun CCND1 EGFR
LEF | LGR5 CD44 CD133

-\ Wnt pathway controls the transcriptional cofactor p-catenin

Receptor

\

Protein
Kinase
Inhibition

\

Transcription
factor
stabilization




Lecture 3- Some take-home concepts

Secreted growth factors are recognized at the plasma membrane by receptor tyrosine kinases

Receptor activation leads to autophosphorylation at cytosolic tyrosines that recruit SH2 domain proteins

Receptor-recruited factors promote activation of the small GTPase RAS
GTPases cycle between inactive GDP-bound and active GTP-bound conformation

Activation of MAP kinase cascade stimulates proliferation-inducing transcription factors

Signalling proteins undergo cycles of activation and inactivation
Other receptor types may use different cytosolic effector proteins but follow a common logic

Cross-talk is the molecular integration of signals from different receptors by modulating pathway activity



