


MAP kinase (Mitogen activated kinase) signaling cascades
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MAP kinase signaling cascades

Transduce a large variety of external signals, leading to a
wide range of cellular responses, including growth,
differentiation, inflammation and apoptosis. These pathways
are characterized by the following general path:

Stimulus > MAPKKK > MAPKK > MAPK > Response
Where MAPKK is the kinase of MAPK and MAPKKK is the
kinase of MAPKK. In most cases, the MAPKKK is activated

by small G proteins such as Ras, Rac and Rapl.

However, it may also be activated by other enzymes.



Table 1 Phenotypes of MAPKK and MAPK knockout mice
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MAP kinase activation




MAP kinase signaling cascades

Respond to different stimuli by phosphorylating
cytoplasmic components and nuclear transcription factors
depending on the cellular context.

Stimuli 3

Stimuli 1

Activation of MAPK followed by dlﬁemnt extent of localization to nucleus
{Spatial regulators like paxillin, B-arrestin ete)

Different outcomes such as differentiation, prnllferihnn or migration
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transcription nucleus

To identify relevant components in the
signaling pathway

work "down"from the receptor ina
stepwise manner.

start with a cellular event known to be
affected bythe growth factors and to
work “up” toward the receptor.

First substrate identified to
be phosphorylated upon growth
factor stimulation (ribosomal
protein S6).

Cobb, M. H. and Rosen, 0. M. (1983) Novak-Hofer, L and Thomas, C. (1984)
Kozma, S. C., Ferrari, S., Bassand, P., Siegmann, M., Totty, N., and Thomas,
C. (1990)



ERK kinase signaling cascades
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ERK kinase signaling cascades

Ras small G protein
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RAS GTP Cycle
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Ras has multiple downstream substrates

Ras
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Amino acid substitutions in Ras family proteins

amino acid position

Ras gene 12 59 61 Tumor

c-ras (H, K, N) Gly Ala GIn normal cells

H-ras Gly Ala Leu lung carcinoma
Val Ala GIn bladder carcinoma

K-ras Cys Ala GIn lung carcinoma
Arg Ala GIn lung carcinoma
Val Ala GIn colon carcinoma

N-ras Gly Ala Lys neuroblastoma
Gly Ala Arg lung carcinoma

Murine sarcoma virus

H-ras Arg Thr GIn Harvey strain
K-ras Ser Thr GIn Kirsten strain



Incidence of RAS

Head & Neck |

Skin (14% N-ras)
Liver (30% N-ras)

Kidney (10% Ha-ras)
Bladder (10% Ha-ras)

mutations in human cancer

Brain

Thyroid (50% ras)

Breast

N\ Lung (30% ki-ras)
Pancreas (90% Ki-ras)
Colon (50% Ki-ras)

Prostate

Leukemia (30% N-ras)

Ovary




ERK kinase signaling cascades
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Raf is a point of regulation in the MAP kinase pathway

Rap1 activates B-Raf but inhibits c-Raf-1.
Small GTPases

Sur8: | Ras: H-, K4, 48)-, N- Rap Src, PAK and PKC
enhancing (indirectly: Rac, Cdc42, Rho) phosphorylate c-Raf-1
Ras and and activate it.
EGF- Scaffolding // Kinases
stimulated
Raf KSR Src PKA PKA inhibits c-
activity in | Surd PAK Akt Raf-1 activity
C. CNK CAPK SGK
elegans. RKIP PKC ? SGK: serum and
glucocorticoid-
Spred Phosphatases inducible kinase.
//' l '\ PP Homologous to Akt.
Specifically target
14-3-3 PP2A/Sur6 S364 on B-Raf.
MEK-1, -2
RKIP: raf kinase inhibitor protein Sur6: a subunit of PP2A in
Spred: Sprouty-related protein in C. elegans, an activator of
Drosophila. Inhibiting Raf Raf-1.

phosphorylation.



B-RAF activation by mutation
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ERK kinase signaling cascades

pp42 MAP Kinase/MAPK/ErK1/2

Myelin Basic Protein Kinase

Microtubule Associated Protein 2 Kinase
Mitogen-activated Protein Kinase
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Canagarajah et al Cell 90, 859-869 (1997)
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Evolutionary Conservation of
the MAPK Signaling pathway

EGF ,

Proliferation

lin-3

let-23

sem-5
let-341
let-60

lin-45

mek-2

mpk-1

C. Elegans

Chardin et. al. (1993) Science 260: 1338
VanAelst et. al. (1993) PNAS 90: 6213
Han et. al. (1993) Nature 363: 133
Warne et. al. (1993) Nature 364: 352
Vojtek et. al. (1993) Cell 74: 205
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Fig. 3 Biological consequences of the Ras—ERK
pathway activation and the main targets involved

(adapted from D. Hanahan and Weinberg) [19]



ERK, JNK and P38
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NON-THEMATIC REVIEW
Targeting the Ras—ERK pathway in pancreatic

adenocarcinoma

Cindy Neuzillet - Pascal Hammel - Annemilai Tijeras-Raballand «
Anne Couvelard + Eric Raymond




JNK kinase signaling cascades
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JNK kinase signaling cascades

c-Jun N-terminal kinases (IJNKs), also

known as stress-activated protein kinases
(SAPKSs).



http://en.wikipedia.org/wiki/C-Jun_N-terminal_kinases

JNK kinase signaling cascades

KKK ASK1, MLK, DLK,
MAP TAK1, TPL-2, MEKK1

MAPKK MKK4, MKK7
MAPK JNK1, JNK2, JNK3

v

c-Jun, Hk1, p53, c-Myc,
Targets 12, Bel-2 family members

-JNK1 and JNK2 are widely expressed. JNK3 is mainly expressed in neuronal and heart
tissues.

-JNK plays a central role in the regulation of proliferation, differentiation, migration,
transformation, immune and inflammatory responses, and programmed cell death (apoptosis,
autophagy and necrosis).

-Deregulation of the JNK activity has been implicated in many human diseases including
certain types of cancer, cardiac hypertrophy and ischemia, immune disorders, liver injury,
obesity, and neurodegenerative disorders such as Alzheimer’s and Parkinson's diseases.



JNK kinase signaling cascades and apoptosis

Activation of Caspase Cascade

Translocation

&

Transactivation of TFs

/

Expression of
Pro-apoptotic Genes



p38 kinase signaling cascades

p38 isoforms.(p38-a (MAPK14), -p (MAPK11), -y (MAPK12 or
ERK6) and -8 (MAPK13 or SAPK4)) Both JNK and p38 signaling
pathways are responsive to stress stimuli, such

as cyfokines, ultraviolet irradiation, heat shock,

and osmotic shock, and are involved in cell differentiation and
apoptosis.



http://en.wikipedia.org/wiki/P38_mitogen-activated_protein_kinases
http://en.wikipedia.org/wiki/MAPK14
http://en.wikipedia.org/wiki/MAPK11
http://en.wikipedia.org/w/index.php?title=MAPK12&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=MAPK13&action=edit&redlink=1
http://en.wikipedia.org/wiki/C-Jun_N-terminal_kinases
http://en.wikipedia.org/wiki/P38_mitogen-activated_protein_kinases
http://en.wikipedia.org/wiki/Cytokines
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Osmotic

p38 kinase signaling cascades

Stimulus: Cylokines/ Siress Environmental stress:
heat, osmotic and
Rac1, cdc42, PAK oxidative stresses,
Tonizing radiation,
ischemia, inflammation or
cytokine and TNF

MAPKKE: MEEKK, MLE, ASK 1 receptor signaling
MAPEK: I'lrI{ B 3/
M APE: p3f(a, B, v, 5) MKK4 can also phosphorylate p38a

Inflammation

cell cycle regulation (arrest)
cardiomyocyte hypertrophy
Development

_ cell differentiation
Osmorcgulation tumor suppression

Cellular response:  Cell motility
ApOplosEs
Chromatin remodeling



A N /
\@ /@ .

e QD

— O —_ap_—®

Ny 2

M Kinases ™ Cytokines [ Receptors M Transcription Factors Hll G-protein M Functional Ezyme



Targeting RTK-Ras-MAPK signaling
pathways for cancer treatment

- Antagonists

- Monoclonal antibodies
- Small molecule inhibitors

+ Cell-permeable peptide inhibitors (interfere
with protein/ protein interactions).

 Dominant-negative regulators
* Antisense oligonuleotides
+ Small interfering RNA



Development of inhibitors to target MAPK pathways

‘Dominant negative mutants of protein kinases defective in
ATP binding domains, membrane localization or catalytic
activity.

‘Pharmacological inhibitor of MEK1 and MEK2: PD98059,
PD184352 and U0126.

-Small-molecule inhibitors of RAF: sorafenib (BAY 43-
9006) and antisense oligonucleotides of Raf; B-RafV600E
inhibitors (PLX4032, 65K2118432)

‘Inhibitors of JNK pathways: SP600125 inhibits Jun-N-
terminal kinase 2 (JNK2). CEP1347 (KT7515) is an inhibitor of
mixed lineage kinases 1, 2 and 3 (MLK1, 2 and 3)

-Inhibitors of p38 evaluated in clinical trials: Vertex 745
(VX745) and RPR200765A are in clinical trials for rheumatoid
arthritis, whereas SB235699 (HEP689) has been evaluated
for the treatment of psoriasis. SCI0469 is a p38 inhibitor
also in clinical trials for rheumatoid arthritis.



Development of inhibitors to target MAPK pathways

Mitogens Stress/cytokines Mitogens Stress/cytokines
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MAPK Inhactivation

1) Regulation by phosphatases MAPKKK

ClD

A. MAPK phosphatases (MKPs):
Dual Specificity Phosphatases

B. Serine/Threonine phosphatases
PP1, PP2A (substrates: MKK, ERK)

2) Negative feedback
phosphorylation and inactivation of MEK1, C-RAF and SOS by ERK



Cell fate determination by the MAPK Pathway

How is specificity of MAPK signaling determined ?



PC12 pheochromoytoma cell line

Day 1
NGF

EGF triggers neuronal differentiation of PC12 cells that overexpress the EGF receptor
rg/10.1016/S0960-9822(00)00154-8



https://doi.org/10.1016/S0960-9822(00)00154-8

A avaliagdo de células individuais € importante para se compreender o tipo de resposta
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Figure 15-26 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Cell fate determination by the MAPK Pathway

Regulators Differences in ERK activity Cellular responses
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Muclear
targets

Cell fate determination by the MAPK Pathway
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Diferentes concentragoes do primeiro mensageiro podem
induzir diferentes respostas
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REVIEW

A threshold model for receptor tyrosine kinase signaling
specificity and cell fate determination [version 1; referees: 4

approved]

Allen Zinkle, Moosa Mohammadi

Department of Biochemistry & Molecular Pharmacology, New York University School of Medicine, New York, NY, USA
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the extracellular
ligand binding
domain of the RTK
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Dimerizacdo de RTK

3. A-loop transphosphorylation
activates the kinase in an
allosteric fashion, leading to
secondary transphosphorylation
of tyrosines in the kinase insert,
juxtamembrane, and C-terminal
regions of the kinase domain

. upon ligand binding, the

RTK monomers form a
dimer, juxtaposing the
kinase domains such that
transphosphorylation of
one or more tyrosine
residues on the A-loop
can occur

ligand

. secondary transphosphorylation

allows for the recruitment of
intracellular substrates,
initiating a downstream
signaling cascade




Estabilidade do dimero altera a resposta

Ligand-Induced RTK Dimerization Strength

>

Stable Dimer
Fast On-Rate
Slow Off-Rate

Transient Dimer
Slow On-Rate
Fast Off-Rate

.

anti-apoptosis metabolism proliferation differentiation chemotaxis
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Estabilidade do dimero altera a resposta

FGFR
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Estabilidade do dimero altera a resposta
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Frequency modulation of ERK activation dynamics
rewires cell fate

Hyunryul Ryu™?, Minhwan Chung?, Maciej Dobrzyfski®, Dirk Fey®, Yannick Blum®, Sung Sik Lee®,
Matthias Peter®, Boris N Kholodenko™', Noo Ui Jeon™*™ & Olivier Pertz*™™"
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Frequency modulation of ERK activation dynamics
rewires cell fate
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