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Communication of cells is necessary for
normal function of every multicellular
organism!

Communication: target cell

sending and receiving
of signals

signaling cell
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Signals . Callagers minin:

- from the external
environment N
(extracellular matrix) At el e,

- informations - multiple signals at the same
exchanged between time — contradictory?
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- signals - first messengers
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* Chemical substances e e
(mo | ecu I CS) Cytosol Change in electr%cal properties of cell

- hormones (peptides, steroids),
- cytokines,
- growth and differentiation hormones,

- chemokines




chemical signal - information depends on
physico-chemical parameters of first
messenger:

* three-dimensional structure - ability to
interact with other chemical agents

First messenger -

inappropriate 4—
shape for receptor
L]

First messenger iz zood

' fit for receptor
and bindsto it

O




chemical signal = first messenger = ligand
- interacts with and binds to a receptor

cell surface 1
receptors , N

The nature and structure \
of the ligand determines -)‘ |
the location of the hydrophitic
receptor signal o
_ hydrophobic
cell s.ur'face receptors T
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- intracellular receptors carier
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MESSAGE (first messenger, ligand)

]

{ Intracellular Response W

v Binding of ligand - receptor -
activation (conformational
CELL REACTION change, oligomerization) -
transduction of signal (into
the cell)
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PHOSPHORYLATION AND DEPHOSPHORYLATION
OF PROTEINS

KINASES AND PHOSPHATASES

off (8

@® .
PHOSPHHE’ASE = eﬂzymes,
- structural proteins

01'5‘.-‘_"‘)“ - transcription

:§ factors




SERINE-THREONINE KINASES

Ca’" /CaM-dependent kinase
Kinase A
Kinase G
Kinase C
Ceramide-dependent kinase

TGFB receptor family

TYROSINE KINASES

Src kinase family
Jak/ Tyk kinase family
EGF/insulin receptor family

SERINE-THREONINE PHOSPHATASES

Ca’" /CaM-dependent phosphatase
Ceramide-dependent phosphatase

TYROSINE PHOSPHATASES

CD45 receptor family

Leukocyte common antigen-related family
Human tyrosine phosphatase a family
Human tyrosine phosphatase B family

BISPECIFIC KINASES

Mitogen-activated protein kinase kinase (MAPKK)




TYROSINE

and SERINE/THREONINE
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What activates protein kinases and phosphatases?

ligand (first messenger)

\ /A

receptor
CELL MEMBRANE

transduction

enzyme responsible for
second messenger

?
E
synthesis
é second messenger

protein
kinases/phosphatases




* G-protein-linked
receptors

+ Catalytic
receptors -
receptors with
tyrosine kinase
activity

G Protein-Coupled Receptor (GPCR)

; Ligand binding to
[‘ ‘/[D/Lngand M receptor initiates
LL U signaling
> Receptor -
| ( Extracellular (T\(7\
‘ o Enzyme . Active
- P& W P )& s
U I |
Heterotrimeric
" Cytoplasm
G Protein Second
oDay Messengers
Signal-molecule
a-helix inthe ~ Pinding site
membrane Plasma
membrane

kinase
region of

protein Inactive proteins

Tyrosine-kinase receptor
proteins (inactive monomers)



G-protein-linked receptors

- seven-pass transmembrane protein

- trimeric 6TP-binding protein - G protein
G protein

- three pr'o’rein subunits: oc,B and vy

Ligand binding to the receptor

Active G protein
GDP

Tn unstimulated receptor o subunit binds GDP. After
ligand binding - GDP exchanged for the GTP - activation



First messengers: hormones,
neurotransmitters

55 O Signaling
@ molecules

Extracellular space
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Activated G-

protein

- many tissues (cardiomyocytes), but over 90% in the
brain (neurons of CNS)

Cytoplasm



G protein can activate membrane-bound enzymes

- Adenylyl cyclase - converts ATP to cyclic
AMP - second messenger - cAMP

Extracellular
fluid Norepinephrine/epinephrine T

Adenylate cyclase

 — - X
( Protein kinase |

s

v

Phosphorylate protein

v

Response

Cytosol



Types of G proteins

- different G proteins - various enzymes - different

second messengers - different kinases

TRANSDUCING SECOND

FACTOR ENZYME MESSENGER KINASE

IP;, AV or- T Ca’*/CaM-dependent
kinase
Gs/i protein Adenylate cyclase PKA
G, protein PLC B
G protein? PLD
G; protein PDE

? Guanylate cydase

Second messengers - Cyclic AMP, Cyclic GMP,
Inositol Triphosphate(IP3), Diacylglycerol(D&), and
Calcium




- stimulatory 6s protein
- inhibitory 6i protein

Stimulatory

G, protein
complex

G protein

Stimulating
hormone A

¢

A

e

Adenylyl

GDP

Inhibiting

Somatostatin

Y

/ G.B Go.

2

ATP
cAMP

GDP

} Adenylyl cyclase

Inhibitory
G protein

__J complex



Cyclic AMP phosphodiesterase (PDE) converts
cAMP to the AMP - elimination of signal

Adenylyl
cyclase
(active form)
Adenine Adenine
o) (o) o)
o [ [
S
o)
OH OH OH
ATP Cyclic AMP
Adenine
Phospho-
diesterase

H,0

OH OH
AMP
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cAMP - second messenger - function

- hormones (glucagon), adrenaline
- protein kinase A (PKA) - cAMP-dependent
protein kinase - requlation of glycogen, sugar,
and lipid metabolism
cAMP-signaling pathway

Cell membrane CAC:) AC: adenylate cyclase
In:

- adipocytes (enhance lipolysis)
- hepatocytes (stimulate

glycogenolysis) cAMP
- skeletal (stimulate
glycogenolysis) l

ardiac muscle
Wik PKA PKA: protein kinase A




Messenger riracellar e PKA - CYCIiC'AMP-dependenT

Adenylate

cyclase pr'OTein kinase

Wl - phosphorylation of proteins

' (a serine/threonine protein
kinase - phosphorylates the
OH group of serine or
threonine)
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Adrenaline
)
Adrenergic
Q receptor
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- neurotransmiters, hormones, growth factors
- Phospholipase C - second messengers -inositol
trisphosphate (IP3) and diacylglycerol (DAG)

Extracellular
fluid

1/ Norepinephrine/
epinephrine

Phospholipase C

1P, + DAGW

PN

Protein kinase C)

I ‘:\_//\,_.-”’v/

G, Y

2+
Ca Phosphorylate
* Endoplasmic protein
Response reticulum *

Cytosol Response



G protein activates phospholipase C

- cleaves the phospholipid phosphatidylinositol
bisphosphate (PIP,) into diacyl glycerol (DAG) and
inositol trisphosphate (IP,).

EXTRA-
CELLULAR Signaling molecule
FLUID (first messenger)

& G protein

; W; - ) — D;XSG
Phospholipase C PIP,

G protein-coupled
receptor

1P,
(second messenger)

IP;-gated /
calcium channel

< o 9 \
Endoplasmico, - 5o o © Various / Cellular
reticulum (ER) o Caz*—é_—» 0 o O = proteins —3 ., onses
e o o activated \
Ca?+

AN (second
SN \\ . CcYTosoL messenger
A x




DAG - bound to the membrane

- IP3 - released into the cytosol

- IP3 diffuses through the cytosol to bind to IP3
receptors (calcium channels in the smooth endoplasmic
reticulum).

Phosphollpase C
Extracellular PIP2 DAG
%

gg —> —> § —> §§
Intracellular .
Proteln

K Kinase C

Phosporylation

IP5; Sensitive of Substrates
T

Ca?* Channel

IP5 “-.%.

Endoplasmic
Reticulum




- calcium ions - a cascade of intracellular changes and
activity

- calcium and DAG together activate protein kinase C -
phosphorylation other molecules - cellular activity

Phosphollpase C

Extracellular PIP2

DAG
§§—> —> ?% —> %%
Intracellular

@ . ! 1
.
.
Phosporylation
IP; Sensitive of Substrates
Ca?* Channel

Endoplasmic
Reticulum

Proteln
Kinase C

|P3\,




Protein kinase C - serine-threonine kinase

- phosphorylation of hydroxyl groups of serine and
threonine amino acid residues on proteins

e s
BIOCARTA

- activated by

calcium ions
(Ca2+) and
diacylglycerol
(DAG)
- a multiplicity
R © of functions -
"' RN b

induces NF-kB



Inducing— | protein

NF-xB SIgnE kinase C
/ IKK
- a protein complex - o
controls transcription R proteolysis

of DNA(acts as o P
transcription factor) Cytoplasm NF-«B ‘2,/3 &5

———
// o &

ol R
/ Nucleus N

( Transcription >
\ %mmmm
o %

~ __ _Active NF-xB__ =

- NF-kB - in cytosol with the mhlbn‘ory protein IkB.
- After phosphorylation - IkB dissociates and is degradated
by the proteasome.
Qe achva’red NF-kB - translocated into the nucleus - binds
o DNA - franscription of genes.




Cell adhesion

- innate response

VCAM, ICAM,

complement,
defensins,

Bcl2, Bcel-xL, SOD,
cFLIP, IAPs, IkB,

selectins, MMPs

COX-2, CRP growth factors

Inflammation Apoptosis and
\ / Cell survival

B7, IL-2,
AgR, MHC, |« Gene Expression »( CyclinD1 ’
_Foxp3, ROR

Cell-cycle

Immunity

- antigen presentation

in acquired response - promotes the activity

of the cells

- involved in the immune response to infection
- cytokine production and cell survival




Gq protein-coupled receptor

Calcium ions

phospholipase C

phosphatidylinositol bisphosphate

— l l ; pﬂ) activated

- second messenger
(bound by

calmodulin -
CalmOdU“ﬂ- GDP kinaseC ™ pK-C
kinases (CaM - dePe".de".*
. protein kinases
klﬂGSCS) free

< Ca2+ A

enzyme = phosphorylated
enzyme




Ca 2+/Calmodulin-dependent protein kinase (CaM-
kinases) - serine-threonine kinase

- in nerve cells - neurotransmitter synthesis and release
- learning and memory (dysregulation of CaM-kinases -
Alzheimer's disease?)

- - 3 S . .l . b
Voltage sensitive Ligand gated Phosphoinositide-
Ca™ channel receptor channel linked receptor

Differ. \ } a *—11’3
signal Ca*/C \1

Binding a

Prulun\ /

{CaM Kinase 11 ~ Neurotransmitter synthesis

3 Neurotransmitter release

Protein lon channel and receptor function
phosphorylation Calcium homeostasis
Cytoskeletal function

chu]u(i()n of —P Gene C.\[.)[‘C‘-&\i()ll

nerve functions N e

VRV
(sene exp.
Splicing

lerning and memory




Enzyme-linked receptors (catalytic receptors)

@) @ Signaling
o) molecules

\

O

Inactive

Activate
enzyme enzyme
Substrate

- Receptors tyrosine kinase (growth factors,
cytokines, and hormones)

- cell growth, proliferation or differentiation,

cancers

Extracellular space



Receptors with intrinsic tyrosine kinase activity

- tfransmembrane proteins
- extracellular - ligand-binding domain,
- cytoplasmic domain (with tyrosine kinase activity)

Ligand binding domain
& ©
'\ 'domain

Tyrosine Kinase TkD

Domain ¥ i’f Tyrosine
T T residues




Receptors for some cytokines (interleukins),

hormones (prolactin, growth hormone)

- do not possess their own tyrosine kinase activity

- Form complexes (activate) nonreceptor tyrosine
kinases

ligand

. . tyrosine kinase

receptors




- RECEPTOR TYROSINE KINASES

- NONRECEPTOR (membrane) TYROSINE KINASES
SRC (sarcoma) family (Src, Fyn, Lck...)

- CYTOPLASMIC TYROSINE KINASES
JAK (Janus kinase) - STATs phosphorylation

(N tyrosine kinase

—aEE i)} '
Abl & [ ] pseudo-kinase
2ap70 e e e @ su3
Jak [ — ] - | ] @D sH2
& ¥ inmtegrin bindin
Btk < —a—{ * s
focal adhesion binding

Fak QD> S =

@ ona binding
S —a >

. F-actin binding

csk -
Fes =D

<> pleckstrin homology

B Jak homology




Cytokine receptors - have no intrinsic enzyme activity

- complexes with cytoplasmic tyrosine kinase -JAK
(Janus kinase)

- JAK phosphorylates the transcription factor STAT
(Signal Transducer and Activator of Transcription)

- STAT to the nucleus - stimulation of gene transcription
(cytokine-inducible genes)

plasma membrane




Receptors tyrosine kinase

signal molecule in form of a dimer

@

O

INACTIVE
receptor tyrosine kinase

( > tyrosine

kinase
domain

O
ENANS

) ) phosphorylated
tyrosine

kinase activity
stimulated

EXTRACELLULAR

) ( pl;‘sma

0 Q membrane
/@) B

ACTIVE

receptor tyrosine kinase

SPACE
'\ CYTOSOL
M intracellular

M ~ gignaling proteins
G 0 _— bound to
phosphorylated

ACTIVE tyrosines

SIGNAL RELAYED INTO
THE CELL'S INTERIOR

1. Dimerization of receptors (kinase activity
stimulation)

2. Phosphorylation of the tyrosine in the
cytoplasmic portion of receptor monomer

. Binding intracellular signaling (adaptor) proteins

\\\\\\



Adaptor proteins
- SH2, SH3 highly conserved domeins (Src homology)
- Initiation of signal transduction pathways




Receptor tyrosine kinase and Ras protein

Ligand binding, dimerigation Multiprotein complex Activated Ras
and autophosphorylatior assembles a the SH2|site recruits Raff

EGFR %

Outside

A
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Inside

Inactive
Ras

Ras protein - monomeric 6TP-binding
protein
- resembles a subunit of G protein




active Ras activates
MAP-kinases cascade GTP

Activated RAS

Activated MAP kinase kinase kinase Raf

MAP-kinase - Mitogen-

activated protein kinase 0,0 e MEK
- phosphorylates = '
structural proteins and “ Dl
transcription factors
- pr'olifer'a‘rion, gene Q?CtivatedMAPkinase ERK
expression,
differentiation, i) l
mitosis, cell survival,
and apoptosis. { | | !
6 Q (0 )
Protein X ProteinY  Transcription Transcription

regulator A regulator B



Ras activation - cell growth and proliferation -
mutations, in which the protein is still active - cancer

Normal cell Cancer cell

Receptors

\ Receptors

¢ Negative
— feedback
loop
Transcription t Proliferation

~ T he mutant protein Ras is not inhibited by the negative
feedback mechanism - cancer



Catalytic receptors also stimulate Phosphatidyl-
inositol 3-kinase (PI 3-kinase)
- phosphorylates inositol phospholipids of plasma
membrane (PIP2 to PIP3)
- PIP3 - activation of protein kinase B (PKB)

S~

PKB
—_— Other .
* effectors PI 3-kinase
lnﬂamination Survival
Arthritis

Lupus



Protein kinase B - kinase Akt
- a serine/threonine-specific protein kinase

Protein Glycogen
synthesis synthesis

\ /

Cell survival <—— pkp/Akt —> Cell growth

/\

S . : tumor
| Transcription ANGIOgENESIS gevelopment




Akt kinase in cancer

- aberrant activation of Akt (mutations of Akt,
inactivation of PTEN) - glioblastoma, ovarian,
pancreatic and breast cancers

Activated

:;f'f)[s):l(l): PTEN - phosphatase -
kinase dephosphorylation of PIP3 -
inhibition of AKT
Loss of

expression

Cell growth, proliferation, and survival




&) Insulin decreases the concentration

%Y isuln of glucose in the blood - insulin
pecootor |72 receptor - the activity of tyrosine OUTSIDE OF CELL
=P Kinase
Plasma A
membrane |8 B f

|

o \
Actlvates C GLUT4

Glucose | gransporter
inserted in
membrane

Activated Glycogen

PI 3-kinase i
Insulin receptor substrate1 (IRS-1) \ activated

- recruitment of GRB2- activation of Ras pathway
- or actlvatlon of PI3 kinase - Akt




Steroid receptor signaling

Nuclear-initiated steroid signaling (NISS)

- Intracellular receptors - lipophilic substances -
steroid hormones (androgens, estrogens,
glucocorticoids, progesterone, vitamins A and D) -
act as ligand-activated transcription factors - bind

to DNA - regulate the expression of genes
Nucleus

Cytoplasm Complex binds
to receptor

sites on chromatin,

. activating mRNA
Steroid transcription
receptor G /
'\, . o
Steroid O % i
hormone

Hormone-receptor
complex enters nucleus



Steroid hormone-receptor complex binds to the
hormone-response element (HRE) in the
promoter (or enhancer) region of the gene

- tfranscription

\\\
Hormone i . —
\\‘
\‘\
\\\
Cytoplasm

\ e ‘\SR/
/,,," R ‘] \
/
’/ f \.’
/ <3 \
( /"’iL/ Nucleus \\.
R Y-
\\ /' (:Nactors Co-fact rs
\ ( ‘S SR] FKB/AP1
\ \ ‘ “”‘Vﬁ*@"}'@“ mr DDA
NFKB/AP1
Transactivation Transrepressnon 4




Membrane-initiated steroid signaling

- Repid effect (within seconds) of steroid hormones

- G-protein-linked receptors, catalytic receptors....

- Protein kinase activation (phosphorylation of
proteins), Ras protein activation....

/
/
/
/
| §
\ ¢

by Ken Beauchamp J. Ciin. Invest.






CELL CYTOPLASM
WALL

Binding of ligand -
receptor -activation

OReception —> eTransduction — QResponse

(conformational change, - > —> > —> el
oligomerization) - & -\ I
transduction of signal oo
(in'ro -l'he Cell) FHIELS Plasma membrane
S0
Agonist - a ligand capable of Naturﬁgand
activating a specific receptor _ @3'
. il T
Antagonist - a ligand capable of Agonist

binding to a specific receptor _ . (S :,|
does not activate it -




The antagonist - blocks the binding of ligand and the

receptor (tfreatment of diseases)

- RANITIDINE - a histamine H2-receptor
antagonist - inhibits stomach acid production

- PROPRANOLOL - beta blocker - blocks the action

of p-adrenergic receptors

Histamine H, Antagonists Decrease Acid Output 7"

® > adrenaline
o 0O

~ | P '\ PROPRANOLOL
< I T ' H* - beta blocker
A | o

_ p-adrenergic
Parietal cell ~ .cceptors

Histamine

/

Cardiac cell




RANITIDINE - peptic ulcer disease and
gastroesophageal reflux disease

HC-NO,

/—\ CH,-S-(CH,),-NH:-C-NH-CH,
/ Differences
\/ i ns i d e /CH3

HISTAMINE chains only T Now,
RANITYDINE
Peptic Ulcer Disease (H2 receptor antagonist)

Esophagus ?

Mucosa
Submucosa

Muscle

Peptic Ulcer Disease




PROPRANOLOL - high blood pressure, heart
dysrhythmias, heart problems in patients with angina
or previous heart attacks.

HO
CH,
HO CH-CH,-NH-CH;, 0O-CH,-CH-CH2-NH-CH
OH oH CH,
ADRENALINE PROPRANOLOL

(B2 receptor antagonist)

@) BETA-BLOCKERS

RECEPTORS

BLOCKED
€) HEART RATE

NORMAL

s Beta-Dockers enter Beta-blockers prevent Heart rate stays
\ n the bloodstream E adrenaline from attaching B normal; fight-or-
through gastro- to the receptors on the flight reactions
intestinal tract. heart’s cells. do not ocour.




Intercellular communication - mode of signal
spreading and range

Hormone Travels in Bloodstream
Throughout Body

1. information should be
available for many different
cells in the body

- endOCl‘ine sirc]:?;gir?;;il:e target cells with
Communica,',ion into the bloodstream. hormone receptors
' ' Target cell
(peptide and steroid o
hormones, vitamins) - { Q

2. information acts locally  secreting — O 35— Secretory

cell

. e vesicle
- paracrine IRy - 2 SR
communication . ‘/ = / @
okmes eikozanoids) ... euntor

diffuses through
extracellular fluid



Intercellular communication - mode of signal
spreading and range

3. synaptic communication
(neurotransmitters)

4. metabolic connections
(gap junction) (ions,
metabolites)

lons and
small

0 molecules
Q
(®)

Cell 1 Cell 2

Direct communication through gap junctions



INTERCELLULAR COMMUNICATION - signal origin

1. paracrine o? %o
. . o
CommunlcaTlon - Target Cell;ﬂ : ® B SEeee)
. . Paracr ineCeII.
signaling molecules T ekl
produced by one cell act

on the target cells

2. autocrine communication - cell

secretes the signal that binds to the /@ Receptor
receptor on the same cell e
cyopis Ao
3. juxtacrine .
Communica-l-ion _ membr ane of target cell

rmemkr ane of
effector cell

on1'ac1' dependent

cytoplasm

membr ane-hound factor



Cell membrane
depolarization - ion
channels

Change of cell shape
- cytoskeleton
rearrangement and
change of cell
adhesion

(adhesion molecules)

Change of cell
metabolism -

(a) Resting state (cytosolic face negative)

Exterior
150 MM 4 mM

VA I UTUTw

12 mM 140 mM

Cytosol K* channel Na* channels

(open) (closed)
(b) Depolarized state (cytosolic face positive)

Exterior K+
OmM 4 mM

VA 00000

Cyitoas] Na* Na+* Na*
K* channel Na* channels
(open) (open)
eeeeeeee B Ve:
!l Lumen
.E%; _gGesy
g ¥ 2. i
© % ? <y + e » e hd
77777777777 endothelium § . j,_»- ' -.®. ' -’ l“‘ )
~ - : - 4 :.. X J 5
o & o e -
GAGs with =
Kine - ;
aaaaaaaa — N\ - \.: _/E(E
Extravascular — —/. 5 Chemokine
o

glucose O
Co O 1
C o 3
o

\.__ ___._-(

glycogen ‘/2-" Q%Q O
O, é A ’-\
- ’\ /ny acids

pyfuvate



Classification of receptors

- ionofropic receptors - cell membrane
depolarization
- metabotropic receptors - change of cell

metabolism
- modification of structural proteins - a change

of cell shape
- change of cell metabolism - enzymatic activity
- change of gene expression - transcription

factors




TONOTROPIC RECEPTORS
LIGAND- OR VOLTAGE-GATED ION CHANNELS

- Ligand - neurotransmitter
- Change of membrane potential
- typically composed of several different subunits

gniration O membrane depolarization

\ :
»}}:a\\ 04!



Nicotinic acetylcholine receptor - ligand-gated

- Na+ and K+ ion channel

- five subunits - around a central pore (two of the five
subunits - ability to bind acetylcholine)

st a2t o
Y
,{ binding of
. - acetylcholine -
- o receptor updergoes
S mg 2ok , [firer]  conformational
i el i = changes - the opening

of the channel and the

‘ |
v {i‘f???f?% 'gi f:e.e flow of Na+ and
: \ ggg K Ions

plasma  °
b .
Ai - \ "}'/"\ A\ J
o cell interior > -

- ohannel closed e . wchannelopen




Frizzied & wnt signaling pathway
RARARAM Extracellular

| | - activated by binding a
Cytoplasm wnt-protein ligand to a
B catenin Frizzled receptor

dcgrada\liun QSSOCiGTed Wl'rh
= S Dishevelled protein
o A% - accumulation of p-
> < catenins in the

\:ﬁ - cytoplasm -
o translocation into the

oy
> Nucleus . .
LEF/T(jF@ nucleus - activation of

1 - transcription factors
¥ \f/ B-_qu,tjn,",] TCF/LEF
. LEF/TCF : .
- - cell proliferation

- -~ = AN AW
Transcription

LR~ -



Frizzled &
protein

S Wnt signaling pathway
- without Wnt signaling -
b-catenins degraded

B-catenin  (destruction complex

degradation

- & APC/Axin/p-catenins).

/\xinQ - mutations in APC, b-

catenins, - colorectal,
breast and prostate
cancer)

S
| Nucleus
LEF/TCF - APC - tumor suppressor

[5 catenin gene (pr'even’rs the

b ersrer  uncontrolled growth of
~avaANvAS cells)

Transcription

LSRR N, e

Cytoplasm




Notch signaling pathway - juxtacrine signaling

(contact-dependent) - ligand - delta protein

- cleaved Notch intracellular domain migrates to the
nucleus - transcription factor

- neurogenesis, embryo polarity (anterior-posterior
polarity and left-right asymmetry)

Signaling cell

Notch receptor

Notch ligand
delta
protein

\ .
\
N\
N
~
LHANNTRNRRRR AR ~. @494 -

Receiving cell

Nuclear -
translocation p

/




Proapoptotic receptors -
Death Receptors

- ligands: TNF, Fas
ligand, TRAIL

- activation - apoptosis
- death domain (DD) Pro Caspase 8
- activation of caspases Autocatalytc
(cysteine proteases) actvaion |
- apoptosis (programmed 832?‘)2%8
cell death)
'

Executioner caspases
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TGF -B receptors - serine/threonine kinase receptors!!

form dimers and phosphorylate transcription
factors SMADs
SMADs regulate transcription of genes

an exception!

| TGF-p Receptor-mediated Signaling Pathway
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