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Morte Celular

v’ Carl Vogt em 1842
v' 1972: Kerr, Wyllie e Currie — apoptose

Kerr et al. Apoptosis: a basic phenomenon with wide-ranging implications in
tissue kinetics. Br. J. Cancer 26: 239-257, 1972.

v’ apoptose = falling off (folhas caindo de uma arvore)




Diferentes nomes para morte celular

Immunogenic cell death

G. Kroemer Oxeiptosis
Lysosomal cell death _ _ A. Pichimair
J. Franko NETosis Entosis Ferroptosis
A. Zychlinsky J. Brugge B. Stockwell
Apoptosis _ Alkaliptosis
J. Kerr Pyroptosis N P Parthanatos N D. Tang
A. Wyllie Btockaon ecroptosis V. L. Dawson Autosis

A. Currie T J. Yuan T B. Levine

w1972 == 2000 == 2001 == 2004 == 2005 == 2007 == 2009 == 2012 == 2013 == 2018 ===
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CELL DEATH
SUBTYPES

REGULATED
CELL DEATH

PROGRAMMED FISIOLOGICA

CELL DEATH

mecanico, térmico, quimico
INSULTO EXTREMO 4 Inevitavel e irreversivel
Nao depende de uma ‘maquinaria’ molecular

Essential versus accessory aspects of cell death: recommendations of the NCCD 2015

http://www.nature.com/cdd/journal/v22/n1/full/cdd2014137a.html?foxtrotcallback=true



Principais tipos de morte celular, de acordo com o NCCD 2018 :
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Morte Celular Programada (PCD)

* Forma particular de morte celular regulada
gue ocorre em situacoes fisiologicas.

* NAO ocorre em decorréncia de perturbacdes
da homeostase.




Morte celular no desenvolvimento

(A) (B) ' '




Morte celular no desenvolvimento

apoptotic

nerve cells nerve cells

nerve

cell

vody CELL DEATH
nerve ADJUSTS
cell NUMBER OF
axon NERVE CELLS

TO SIZE OF .
‘ é \ TARGET é
target cells survival factor
released by target cells




camundongos
camundongos (eficientes em

selvagens caspase-9

E10,5

E13,5
membranas
interdigitais
nao diferem

E16,5

Kuida K et al, 1998. Reduced Apoptosis and Cytochrome c—Mediated Caspase Activation in Mice Lacking Caspase 9.Cell, 94: 325-337



Morte celular no “controle de qualidade” de
células do sistema imune
(eliminacado de células T autoreativas)

precursor cell

DIVERSIFICATION OF T CELL RECEPTORS (TCRs)

P

no TCRs TCRs with no TCRs with strong TCRs with weak
expressed  recognition of recognition of recognition of
self MHC + self MHC + self MHC +
self peptide self peptide self peptide

DEATH BY DEATH BY NEGATIVE SELECTION
DEFAULT DEFAULT (signaled death)

' ' SURVIVAL
and
MATU RATION

apoptotic cell @ @ * *
95% das células sao eliminadas !

to peripheral lymphoid organs

Figure 25-64 Molecular Biology of the Cell 5/e (© Garland Science 2008)



Controle do tamanho dos orgaos e eliminacao de
células que nao sao mais necessarias:

morte \_.

celular

Glandula mamaria jovem Lactante



Nessa aula

* Apoptose

* Autofagia
* Necroptose



Stress

Danger
N =NO iqnalli
Intracellular Mp Systemic
adaptive response ~—> adaptive response

l l

Cellular adaptation Organismal N

l adaptation
N
Y
I'HC_ _“_ _l _____________ | Danger
. Cellular senescence | - :
Cellular homeostasis : — signalling
. Regulated cell death
» Organismal homeostasis :‘ o )

Lorenzo Galluzzi L, Yamazaki T & Kroemer G, 2016. Linking cellular stress responses to systemic homeostasis. Nat Rev Mol Cel Biol, 19: 731-745



apoptose

Células encolhem

Colapso do citoesqueleto
Rompimento do envelope nuclear
Fragmentacao da cromatina
Formacao dos corpos apoptoticos

Células apoptodticas sao fagocitadas (B)

B) .
10 pm engulfed dead phagocytic
cell cell
Figure 18-1 Molecular Biology of the Cell 5/e (© Garland Science 2008)



linfocito

Células Hela

‘-\

apoptose

Figure 9-18b The Biology of Cancer (© Garland Science 2007)

1Y x
Figure 9-18f The Biology of Cancer (© Garland Science 2007)

Figure 9-18e The Biology of Cancer (© Garland Science 2007)

Figure 9-18d The Biology of Cancer (© Garland Science 2007)



Como as celulas apoptodticas sao
experimentalmente detectas?



“escada” de DNA em gel de eletroforese

time (hr)
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TdT-mediated dUTP nick end labeling (TUNEL)




TdT-mediated dUTP nick end labeling (TUNEL)

TdT = terminal desoxinucleotidil transferase
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Permeabilidade da membrana




Exposicao de fosfatidilserina
Na Su perfl'cie da célula (deteccao precoce da apoptose)

Cell membrane

extracellular ?W?
RS 4 Induction of umé)

apoptnsis

Exposure of
phnsphatldylserme (PS)

» Incubation of cells with ;

Annexin-V-Fhos

;5;5;5;5

///;@;*:fV/

Analysis with fluorescence microscope:
® viable cells (no labeling)
@ apoptotic cells (Annexin-V-Fluaos)
) necrotic cells (Propidium indide)




Caspases
(Cysteine-Aspartate-Specific ProteASES)

* Enzimas responsaveis pela protedlise
intracelular da apoptose

 Milhares de substratos, a maioria é
desconhecido



procaspase activation active

by cleavage caspase
/ large
subunit small
) '\'IHZ _ I\l"-lz ij subunit
P = . /]
cleavage
sites
CLEAVAGE Y
/1 1\
COOH COOH 4 active
inactive caspase

prodomains
procaspases

Figure 18-5a Molecular Biology of the Cell 5/e (© Garland Science 2008)



caspase cascade

one molecule of
active initiator caspase

I\

/N

I\ NN NN
many molecules of executioner caspases

/ \
/N N\
e/ !
q

e

cleavage of cleavage of
cytosolic protein  nuclear lamin

Figure 18-5b Molecular Biology of the Cell (© Garland Science 2008)



DOIS TIPOS DE CASPASES:

Iniciadoras: caspases 1, 2, 8, 9, 10

Executores: caspases 3,4,5,6,7,11a 17



Ha 2 vias de sinalizacao
gue ativam as caspases

e \ia extrinsica

e Viaintrinsica



Via extrinsica

killer lymphocyte
Fas ligand

targetcell Fas death receptor

Wity

activated

adapt?r death effector

protein domai |
death effector '
domain

procaspase-8 or 10

FADD I: death domain

caspase-8or 10

-

i,

—_— —

TN

!

—s  apoptotic

PosEhBly ACTIVATION AND target cell
OEBISE CLEAVAGE OF
PROCASPASE-8, -10,
OR BOTH

FAAD=Fas-associated  DISC = death-
death domain induced signaling
complex



Exemplo tipico de
inducao de apoptose
pela via extrinsica

Figure 9-31c The Biology of Cancer (© Garland Science 2007)



Via intrinsica

?—CARD domain

Apaf1i
W P procaspase-9
CARD domain
& o O/
f assembly of i

release of ] ® activation o

recruitmentand @,
cytochrome ¢

activation of
procaspase-9

Apaf1 by apoptosome triggered
cytochrome ¢ by release of dADP
and hydrolysis of in exchange for
bound dATP to dADP dATP (or ATP)

caspase-9 cleaves and
thereby activates
executioner procaspases

P cytochrome ¢ 1
in intermembrane
Space CASPASE CASCADE
LEADING TO APOPTOSIS
& APOPTOTIC
STIMULUS

mitochondrion

Apafl = apoptotic protease activating factor-1
CARD=caspase recruitment domain



Caspases iniciadoras (recapitulando..)

prodominios

NH

Ay
cleavage

sites
B

COOH

H,

COOH

adaptor-
binding
domain

protease
domain

cleavage

s sites
|

inactive monomers

CARD domain

procaspase-9

-

CARD=caspase recruitment domain



(A) CONTROL

cytochrome-c-GFP mitochondrial dye

| I |
(B) UV TREATED 10 pm

cytochrome-c-GFP anti-cytochrome ¢

25 pm

Figure 18-7 Molecular Biology of the Cell (© Garland Science 2008)






A familia Bcl-2

* Originalmente detectadas em linfoma folicular de células B (B-cell
lymphoma)

* controlam a liberacao de citocromo C
*anti-apoptoticos — bloqueiam a liberacao de cyt C @
*pro-apoptoticos — estimulam a liberacao de cyt C @

per2 @ bax p53

Upregulates bax

CELL ACCUMULATION

APOPTOSIS

NORMAL




Membros da familia Bcl2

(A) anti-apoptotic BH4 BH3 BH1 BH2

(B)

(C)

BH =

Bcl2 protein @
(e.g.,Bcl2,Bcl-X,) . . —
I Anti-apoptotic
pro-apoptotic
BH123 protein N EFETORES ()

(e.g., Bax, Bak)
t Pro-apoptotic

pro-apoptotic

BH3-only protein . @
|

(e.g.,Bad, Bim, :
Bid, Puma, Noxa)

Bc2 protein

anti-apoptotic = pro-survival

atencao! . : .
pro-apoptotic = pro-death = anti-survival

Bcl-2 homology



Como os pro-apoptoticos BH123 atuam?

inactive APOPTOTIC

BH123 protein STIMULUS aggregated
active BH123

proteins

intermembrane |
space

cytochrome ¢

other proteins in
intermembrane
space



Como os anti-apoptoticos Bcl2 atuam?

INACTIVE INTRINSIC PATHWAY

active anti-apoptotic
Bcl2 protein

© sam:
P <
inactive ‘ J— |

BH123
protein

cytochrome ¢

other proteinsin
intermembrane
space



Membros da familia Bcl2

(A) anti-apoptotic BH4 BH3 BH1 BH2

Bcl2 protein @
(e.g., Bcl2, BCI-XL) . . =
l Anti-apoptotic
(B) pro-apoptotic
BH123 protein . 2 CrETC
(e.g., Bax, Bak)

; Pro-apoptotic
(C) pro-apoptotic

BH3-only protein . @

(e.g.,Bad, Bim, : I
Bid, Puma, Noxa) Bc2 protein




Os BH3 RECEBEM OS ESTIMULOS APOPTOTICOS

ACTIVATION OF INTRINSIC PATHWAY

inactivated released intermembrane
| anti-apoptotic proteins
| Bcl2 protein

aggregated
active BH123
proteins

activated
BH3-only protein

cytochrome c

Figure 18-11b Molecular Biology of the Cell (© Garland Science 2008)



genotoxic

[
I damage, death :
: hypoxia cytokine anoikis, receptors, |
: 1 deprivation uv GranzymeB ! jnsultos
I [ 2+ I :
p53 1 1 Ca flux, 1
: steroid . taxol, UV I
I _ i 1 :
[ 7\ I
I I

I AL “a lf
I ax/Baq.:. ______ 1
Sy |
|

1 .

|

activated = — — — — — — -

caspases
Figure 9-27a The Biology of Cancer (© Garland Science 2007)



Chipuk & Green, Nat Rev Mol Cel Biol, 2005, 6:268-275

A via intrinsica ‘ajuda’ a extrinsica

Intrinsic pathway

Cellular stress (for example,
DMA damage)

Flasma mambrana |
1

Extrinsic pathway

Death receptors (for example,
TNFR, CD25/FAS)

!

Pro-apoptotic BCLE protein
activation via BH3-only proteins

\ fmmmmmaEe e memmmm=
A
/ﬂltochond rial
A permeability

Cytochrome-c
release

Apoptosome | + APAFT
formation + procaspase-9
+ dATP

Activation of
exacuUtioner caspases

BID cleavage

Death-receptor ligation
Adaptor recruitment
Procaspase-8 recruitment

Caspase-8 activation

Activation of
executioner caspases




Nature Reviews Cancer 2; 647-656 (2002)




Estudos in vivo indicam que esse o
Equilibrio é complexo... Dele.g:ao de l{M alelo
de bim-2 (pro-

apoptose) basta para
reverter o fendtipo

Rim normal Anti-apoptose |
bcl-27-,5wk  bcl-27~bim-2*"-,5 wk
% \ T e ‘ R

Figure 9-26 The Biology of Cancer (© Garland Science 2007)



Apoptose

Visualizacao simultanea de citocromo, fosfatidilserina e DNA

https://www.youtube.com/watch?v=rs1Je-8Y3Po



https://www.youtube.com/watch?v=rs1Je-8Y3Po

Resumo..

e Avia extrinsica pode ativar a intrinsica para

amplificar a cascata de caspases. Isso é feito atraves

da BH3 Bid

e Caspase 8 —>clivagem de Bid —tBid transloca para a

mitocondria e induz agregacao dos BH123

 Bim, Bid e Puma (entre outros) sao capazes de inibir

TODOS os membros ANTI-apoptoticos



|APs e anti-lAPs

* |AP = inhibitors of apoptosis
 “Equivalentes” as proteinas Bcl2 em mamiferos

INACTIVE INTRINSIC PATHWAY
) procaspases
7 anti-lIAP ~ cytochrome

SPONTANEOUS
A4 ACTIVATION

-
prodomains
T APs

blocked
caspase

inactive BH123 proteins



Na presenca de um estimulo apoptotico a
mitocondria libera ANTI-IAPs

ACTIVATION OF INTRINSIC PATHWAY

7 @
APOPTOTIC STIMULUS @ -~ SN
$ Y X R0\

o) %
apoptosome + L‘ —> APOPTOSIS
activated 7
caspase-9 activated
executioner
caspase







lack of uv ionizing oncogene

blockage of

nucleotides radlatlon radiation signaling transcription

L

cellcycle DNA block of
arrest repair angiogenesis

l or \
return to
proliferation

Figure 9-8 The Biology of Cancer (© Garland Science 2007)

apoptosis

senescence



Como p53 promove a apoptose?

FasL

IGF-1/2
IGFBP-3 ‘

Fas

\‘mu/

o |
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‘ %f Yinp. m’ PI3 kinase
t %\f Akt/PKB
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Figure 9-33 The Biology of Cancer (© Garland Science 2007)

IGFBP-3- insulin-like growth fator binding protein



Fatores de Sobrevivéncia

Lembrando da aula de sinalizagao..
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Sinalizacao dos fatores de sobrevivéncia
segue a mesma regra ....

molecula extracelular fator de sobrevivéncia
F receptor

Moléculas de sinalizacao intracelular

Proteinas Bcl2a

L
A
v

/ I\

x . @===@ proteinas efetoras




(A) increased production of (B) inactivation of pro- (C) inactivation of anti-IAPs

anti-apoptotic Bcl2 protein apoptotic BH3-only Bcl2
protein
survival factor survival factor survival factor

activated
receptor

activated
receptor

activated
receptor

20 VT
activated T .
_~gene regulatory v active

protein Akt kinase
inactive . active
Bcl2 Y Bel2 i

NUCLEUS ‘ ) ¥ o
\/ y s active Hid inactive Hid
RNA

active \/
/ Bad p g IAPs
—
‘ inactive




(A) increased production of (B) inactivation of pro- (C) inactivation of anti-IAPs

anti-apoptotic Bcl2 protein apoptotic BH3-only Bcl2
protein
survival factor survival factor survival factor

activated
receptor

activated
receptor

activated
receptor

20 VT
activated T .
_~gene regulatory v active

protein Akt kinase
inactive . active
Bcl2 Y Bel2 i

NUCLEUS ‘ ) ¥ o
\/ y s active Hid inactive Hid
RNA

active \/
/ Bad p g IAPs
—
‘ inactive




Como as células mortas sao
eliminadas?
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Phagocyte Apoptotic cell

Step 1

Recruitment/attraction to
‘find-me’ signals

Step 2

Recognition of newly
exposed ‘eat-me’ signals
and engulfment of corpse

Step 4 Step 3
Post-engulfment Processing and
consequences degradation of corpse
(e.g. release of anti-

inflammatory cytokines)

Ravichandran KS, 2010. Find-me and eat-me signals in apoptotic cell clearance: progress and conundrums. J. Exp. Med. Vol. 207 No. 9 1807-1817



Doencas associadas a morte celular

*Huntington
*Alzheimer
*Parkinson

eCancer

*Doencas auto-imunes

eInfartos e derrames



Table 9.5 Examples of anti-apoptotic alterations found in human tumor cells

Alteration

CASP8 promoter methylation
CASP3 repression
Survivin overexpression?

ERK activation

ERK activation

Raf activation

PI3K mutation/activation
NF-kB constitutive activation®
P53 mutation

p14°FF gene inactivation
Mdm2 overexpression
IAP-1 gene amplification
APAF1 methylation

BAX mutation

Bcl-2 overexpression
PTEN inactivation

IGF-1/2 overexpression
IGFBP repression
Casein kinase Il

TNFR1 methylation
FLIP overexpression

Akt/PKB activation

Stat3 activation
TRAIL-R1 repression
FAP-1 overexpression
XAF1 methylation®
Wip1 overexpression®

Mechanism of anti-apoptotic action

inactivation of extrinsic cascade
inactivation of executioner caspase
caspase inhibitor

repression of caspase-8 expression
protection of Bcl-2 from degradation
sequestration of Bad by 14-3-3 proteins
activation of Akt/PKB

induction of anti-apoptotic genes

loss of ability to induce pro-apoptotic genes
suppression of p53 levels

suppression of p53 levels

antagonist of caspases-3 and 7

loss of caspase-9 activation by cytochrome ¢
loss of pro-apoptotic protein

closes mitochondrial channel

hyperactivity of Akt/PKB kinase

activates PI3K

loss of anti-apoptotic IGF-1/2 antagonist

activation of NF-xkB

repressed expression of death receptor

inhibition of caspase-8 activation by death
receptors

phosphorylation and inactivation of
pro-apoptotic Bcl-2-like proteins

induces expression of Bcl-X;

loss of responsiveness to death ligand

inhibition of Fas receptor signaling

loss of inhibition of anti-apoptotic XIAP

suppression of p53 activation

Types of tumors

SCLC, pediatric tumors

breast carcinomas

mesotheliomas, melanomas, many
carcinomas

many types

many types

many types

gastrointestinal

many types

many types

many types

sarcomas

esophageal, cervical

melanomas

colon carcinomas

~ of human tumors

glioblastoma, prostate carcinoma,
endometrial carcinoma

many types

many types

many types

Wilms tumor

melanomas, many others

many types

several types

small-cell lung carcinoma

pancreatic carcinoma

gastric carcinoma

breast and ovarian carcinomas,
neuroblastoma

aSurvivin is an inhibitor of apoptosis (IAP) in gastric, lung, and bladder cancer and melanoma in addition to the mesotheliomas indicated here.
The expression of a number of IAP genes is directly induced by the NF-«kB TFs.

bInduces synthesis of c-1APs, XIAP, Bcl-X,, and other anti-apoptotic proteins.

°XAF1 (XIAP-associated factor 1) normally binds and blocks the anti-apoptotic actions of XIAP, the most potent of the IAPs.

9Wip1 is a phosphatase that inactivates p38 MAPK, which otherwise would phosphorylate and stimulate the pro-apoptotic actions of p53.

Table 9-5 The Biology of Cancer (© Garland Science 2007)



Nessa aula

* Apoptose

* Autofagia

* Necroptose




Autofagia

* Processo através do qual macromoléculas e
organelas sao degradadas e recicladas

* A autofagia é ativada para proteger a células
de alguns tipos de estresse: falta de
nutrientes, de hormonios, de fatores de
crescimento, estresse de , infeccdes, alta
demanda energética

* PORTANTO, a autofagia é primariamente um
mecanismo de sobrevivéncia




Autofagia
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Morte dependente de autofagia
(ADCD - autophagy-dependent cell death)

 De acordo com as diretrizes do Comité de
Nomenclatura de Morte celular (NCCD), a morte
celular dependente de autofagia depende da
maquinaria de autofagia e nao envolve vias
alternativas de morte celular



Morte celular dependente de autofagia (de acordo com a ACCD):

A Excessive autophagy

Autophagosome Autolysosomal
induction degradation

@ Autophagosome @O Autolysosome [ Swollen PNS

B Excessive mitophagy

Autophagosome Autolysosomal
induction degradation

Stress lr ATP
# Mitochondria

Bialik et al, 2018. Autophagy-dependent cell death —
where, how and why a cell eats itself to death J Cell Sci, 131, jcs215152. doi:10.1242/jcs.215152



Autofagia como mecanismo de
ATIVAR OUTRAS VIAS DE MORTE CELULAR:

Stalled autophagy

Autophagosome Autolysosome formation
induction degradation
t X
Stress J \

Apoptosis Mecroptosis
.Autuphagnsnme @Autulysnsmne

Selective autophagic degradation

Autophagosome Autolysosomal
induction degradation

/ Ferroptosis

sl Apoptosis

Necrosis
\ Necroptosis
@ Protein cargo  / Cargo-specific receptor

Bialik et al, 2018. Autophagy-dependent cell death —
where, how and why a cell eats itself to death J Cell Sci, 131, jcs215152. doi:10.1242/jcs.215152



Necroptose

Termo genérico para definir morte celular
independente de caspases

Ganho de volume da célula e ‘inchaco’ das
organelas

Nao ha clivagem do DNA e sim descondensacao
da cromatina

Lise celular e extravasamento do seu conteudo
Reacao inflamatoria

Quando ocorre: infarto, AVC, aterosclerose,
infeccao viral
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engulfed dead phagocytic
cell cell
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APOPTOSE —NECROSE necroptose
Células encolhem

Colapso do citoesquelelo
Rompimento do envelope nuclear
Fragmentacao da cromatina

Formacgao dos corpos apoptoticos
Células apoptodticas sao fagocitadas (B)

rompimento da membranas plasmatica
Extravasamento do conteudo celular
Resposta inflamatéria



OPINION

A fate worse than death:
apoptosis as an oncogenic process

Gabriel Ichim and Stephen W. G. Tait

Abstract | Apoptotic cell death is widely considered a positive process that both
prevents and treats cancer. Although undoubtedly having a beneficial role,
paradoxically, apoptosis can also cause unwanted effects that may even promote
cancer. In this Opinion article we highlight some of the ways by which apoptosis
can exert oncogenic functions. We argue that fully understanding this dark side
will be required to optimally engage apoptosis, thereby maximizing tumour cell
kill while minimizing unwanted pro-tumorigenic effects.

Gabriel Ichim G & Tait SWG, 2016. A fate worse than death: apoptosis as an oncogenic process. Nature Rev Cancer, 16: 539-548



A fate worse than death:
apoptosis as an oncogenic process
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Gabriel Ichim G & Tait SWG, 2016. A fate worse than death: apoptosis as an oncogenic process. Nature Rev Cancer, 16: 539-548



WHAT WE DON'T KNOW

* How many forms of programmed
cell death exist? What are the
underlying mechanisms and benefits
of each?

¢ Thousands of caspase substrates
have been identified. Which ones
are the critical proteins that must
be cleaved to trigger the major

cell remodeling events underlying
apoptosis?

¢ How did the intrinsic pathway of
apoptosis evolve, and what is the
advantage of having mitochondria
play such a central role in regulating
apoptosis?

* How are “don't eat me” signals
eliminated or inactivated during
apoptosis to allow the cells to be
phagocytosed?

Molecular Biology of the Cell, Bruce Alberts 62 edicao
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Abstract

Ower the past decade, the Nomenclature Committee on Cell Death (NCCD) has formulated guidelines for the definition and
interpretation of cell death from morphological, biochemical, and functional perspectives. Since the field continues to
expand and novel mechanisms that orchestrate multiple cell death pathways are unveiled, we propose an updated
classification of cell death subroutines focusing on mechanistic and essential (as opposed to correlative and dispensable)
aspects of the process. As we provide molecularly oriented definitions of terms including intrinsic apoptosis, extrinsic
apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, terroptosis, pyroptosis, parthanatos,
entotic cell death, NETotic cell death, lysosome-dependent cell death, antophagy-dependent cell death, immunogenic cell
death, cellular senescence, and mitotic catastrophe, we discuss the utility of neologisms that refer to highly specialized
instances of these processes. The mission of the NCCD is to provide a widely accepted nomenclature on cell death in support
of the continued development of the field.

https://www.nature.com/articles/s41418-017-0012-4
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