Hallmark: Resisting cell death

Specific barrier: Outlaw cells normally are eliminated
by one or another form of ‘programmed’ cell death
(most commonly apoptosis)

Resisting
cell death

Acquired capability:
* inactivation of proapoptotic regulators

(e.g. p53 is mutated in 25% of all cancers)
* activation of specific survival signals

Outline

1. Apoptosis as one form of Regulated Cell Death (RCD)

Distinctive features of apoptosis, and the role of caspases

2. Tumor suppressive role of apoptosis

3. Anti-apoptotic cell survival signaling of Akt

4. Cell survival signaling by mTOR complexes
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APOPTOSIS: A BASIC BIOLOGICAL PHENOMENON WITH WIDE-
RANGING IMPLICATIONS IN TISSUE KINETICS
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Contributes to tumor shrinkage by therapies 3

‘Programmed’ cell death during development
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living cell dead cell

» Elimination of supernumerary cells
» Sculpting tissues&organs (digits, metamorphosis, hollow structures...)
+ Homeostasis (e.g. negative selection of >95% of all T- & B-lymphocytes)

* Quality control (of stressed cells after DNA damage, infection...)




Disclaimer: There is not only apoptosis
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Distinctive features of apoptosis

Apoptosis

"Budding"
(cell shrinks, chromatin condenses)

Apoptotic Bodies
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Morphological characteristics of apoptosis
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Executioner caspases and their regulation

(cysteine-aspartic proteases)

Proapoptotic signals
(diverse)
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Executioner caspases and their regulation

(cysteine-aspartic proteases)

Proapoptotic signals Inhibitor of apoptosis (IAP) bound
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Outline
Apoptosis as one form of Regulated Cell Death (RCD)

«  Extrinsic versus intrinsic (mitochondrial) apoptosis
+  Techniques to detect apoptosis

Tumor suppressive role of apoptosis

Anti-apoptotic cell survival signaling of Akt

Cell survival signaling by mTOR complexes




Two classes of apoptotic stimuli (intrinsic & extrinsic)
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Cytotoxic T lymphocytes (CTL) can activate
a death receptor in infected or cancerous cells

killer lymphocyte
Fas ligand

targetcell Fasdeath receptor (trimeric)

death domain

1) Caspase 8,10

(initiator) \
2) Caspase 3
(effector)

N

apoptotic 13




Two classes of apoptotic stimuli (intrinsic & extrinsic)
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Mitochondrial (intrinsic) pathway: Caspase-9

anti-apoptotic
pro-apoptotic (survival) signals
Apaf-1 (death) signals :
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The intrinsic pathway also inhibits IAPs
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Detection of apoptosis: How?

Arrow: Example of an apoptotic hepatocyte




Immunostaing of activated Casp3 marks apoptotic cells

* Normal human mammary epithelial cells (MECs) grown in
suspension as spheres form a basal lamina (red: laminin 5)

» Cells that fail to adhere to the basal lamina undergo apoptosis
(marked by cleaved Caspase-3 staining, green)
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Figure 9.22 The Biology of Cancer (© Garland Science 2014)

Changes in apoptotic cells induced by
Executioner Caspases
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Phagocytosis of apoptotic bodies is induced
by specific ‘eat-me’ signals

Healthy cells: Apoptotic cells:
« translocate all phosphatidyl-serine to the * externalize PS

inner leaflet of the plasma membrane - complexes of PS with

» display ‘Don’t eat-me’ signals, e.g. CD31 Annexin |, and other factors
act as 'Eat-me’ signals
Phagocyte

Ca2+ > Annexin |

Orrenius et al. 2003 Nat Rev Mol Cell Biol 20

Four widely used methods to detect apoptosis

1. Immunostaining of activated caspase-3

2. Annexin V labelling of externalized phosphatidylserine:
Annexin V /‘- '

Plasma
Membrane

= D
Phosphatidylserine

3. Gel electrophoresis of the genomic DNA
Characteristic fragmentation by Caspase-dependent nuclease (CAD) Contrasts the DNA smear
180 bp ‘ladder’: of necrotic cells (%):

time (hr)

~
xtracellular | *
igestion




4. TUNEL assay
Terminal deoxynucleotidyl transferase dUTP-mediated Nick End Labelling
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4. TUNEL assay
Terminal deoxynucleotidyl transferase dUTP-mediated Nick End Labelling
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Distinct apoptotic and necrotic features

Phagocytosis Debris of lysed cells Apoptotic bodies engulfed
ingested by macrophages by variety of cells

Inflammatory response  significant no

Occurrence pathologic pathologic and physiologic

Cell size swelling shrinkage

Plasma membrane breaking up blebbing, but largely intact

Organelles lysosomal leakage retained in apoptotic
bodies

Chromatin released condensed

DNA fragmentation random 180 bp ladder
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Apoptosis — Concepts to remember

« Extrinsic (Fas) or Intrinsic (mitochondrial proteins) stimuli
activate distinct ‘initiator Caspases’

« ‘Executioner Caspases’ act downstream by cleaving
specific cytoskeletal and other proteins, incl. ICAD

» Inactivation of ICAD by Casp3 activates the DNA
nuclease CAD to triggers DNA fragmentation (180 bp
ladder)

» Extrusion of phosphatidylserine and other specific "Eat-
me” signals trigger phagocytosis of ‘apoptotic bodies’
without inflammation

26




Outline

2. Tumor suppressive role of apoptosis

Dual regulation of intrinsic apoptosis by the Bcl-2 family

27

Impact of cell death on tumor volume

In normal adult tissue homeostasis (e.qg. liver), unknown mechanisms
balance cell death and proliferation:
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Impact of cell death on tumor volume

Knockout mice lacking individual caspases are not cancer-prone

Nevertheless, caspases are frequently lost or downregulated in human cancers:

Table 1 Mutations and imbalances of caspase expression reported in human tumors and cell lines

Caspase Mutation Protein expression Cancer Frequency Reference
CASP8 Promoter methylation Low/absent Childhood neuroblastomas 11/42 Teitz et al.*
CASP8 Nonsense NA Advanced gastric 13/122 Soung et al.*’

Missense

Frameshift

Deletion
CASP8 Nonsense NA Invasive colorectal 5/98 Kim et al.®

Missense

Frameshift
CASP8 Missense NA Head and neck 11 Mandruzzato et al®
CASP8 Frameshift NA Hepatocellular 9/69 Soung et al.*’
Caspase-8 NA Low/absent Lung and breast tumor cell lines 6/55 Kischkel et al.*®
Caspase-10 NA Low/absent Lung and breast tumor cell lines 31/55 Kischkel et al.*®
Caspase-2 NA Low/absent Gastric 78/120 Yoo et al.>®
Caspase-9 NA Low/absent Colorectal 12/26 Palmerini82
Caspase-6 NA Low/absent Gastric 57/120 Yoo et al.>®
CASP7 Nonsense NA Colorectal 2/98 Soung et al.®'
CASP7 Missense NA Esophageal 1/50 Soung et al8!
CASP7 Missense NA Head and neck 1/33 Soung et al®'
Caspase-7 NA Low/absent Colorectal 22/26 Palmenm’32
Caspase-7 NA Low/absent Gastric 81/120 Yoo et al.%®
Caspase-3 NA Low/absent Breast 23/31 Devarajan et al.%®

Abbreviation: NA, not analyzed

Olsson & Zhivotovsky, 2011, Cell Death and Differentiation 18:1441-1449 29

Direct evidence for the tumor-promoting role of anti-death signals:
B cell ymphoma 2 (Bcl-2) drives follicular lymphoma formation

CHROMOSOME 14

B-cell tumors in lymph
nodes arising from Bcl-2
translocations to IgH
gene (=> strong
expression in B-cells)

Bcl2

Centromere Breakpoint
IgH enhancer l
Human / ! = /
chromosome 14 ﬁ//—07// //——
\——“V —
Immunoglobulin heavy
chain gene (IgH)

Human — Not active in B lymphocytes

chromosome 18 ﬁ//LQ%
T bel-2 gene

l Rejoining Breakpoint

of breakpoints

— Active in B lymphocytes
Translocatlon NNNNNN.

e S —
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Blockade of apoptosis induces lymphoma (only) if...

(A)
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Role of Bcl-2 in sustaining
mitochondrial membrane impermeability

Therapy? —
I

anti-apoptotic
pro-apoptotic (survival) signals
(death) signals :
Mitochondrial outer membrane

il L. channel closed

— _

channel €0 ¢ ¢
©

©e
(3] %)

cytochrome ¢

inner mitochondrial
membrane

outer mitochondrial
membrane
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Distinct classes of BH domain proteins
Inhibit or promote apoptotis, respectively

‘prossurvival| (i.e. anti-apoptotic)

Bcl-2 family BH2 ™ | Bcl-2,
| | Bcl-x;, A1,
receptor domain Bcl-W, Mcl-1

Bax family BH2 TM Bax,

“BH123” proteins BCL-2 antagonist killer 1 (BAK) Bak, Bok
BCL-2 associated X protein (BAX)

| BH3, | Bid

BH3_‘°n|y BH3-interacting domain death agonist (BID)
family )
W— ™ Bim,
_ﬁ_—l Bik, Bad,
BCL-2 interacting mediator of cell death (BIM) Bmf, Hrk,
Bcl-2-associated death promoter Noxa,

Puma
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Figure 9.23 The Biology of Cancer

Intrinsic apoptosis is controlled by the ratio between
pro- & anti-apoptotic BH domain proteins

[BHa, B Bz T pro-apoptotic proteins
anti-a pOptOtiC sequestered/inactivated by
(Bcl-2, Bel-X,, A1, Bcl-W, Mcl-1) anti-apoptotic proteins
BCI"XL
Bcl-2 cytochrome ¢

cell
survival

pro-apoptotic (Bak, Bax)
ﬁ n BH2 T™M

Bim

pro-apoptotic
(BH3 only)

after Fig. 9.23 The Biology of Cancer




Under stress conditions, pro-apoptotic BH3-only proteins
overwhelm anti-apoptotic factors

BH4 BH2 ™

k BH3. BH1 BH2 TM

» BH3 _ BH1 BH2 T™M |
BH3, BH1 BH2_ TM

P

0® cell

©e — death

Cytochrome C and
other mitochondrial
proteins released
into the cytosol

after Fig. 9.23 The Biology of Cancer

Testing the role of a BH3-only protein

* Bim mediates anoikis
(= apoptosis induced by loss of ECM attachment of integrins)

 Example:
Lumen formation by mouse mammary epithelial cells
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BH3-only proteins sense diverse stress signals

genotoxic
damage, loss of
hypoxia cytokine anchorage,
l deprivation uv
APOPTOTIC , .
- p53 Ca“* flux, hypoxia,
STIMULUS steroid taxol, UV cytokine
deprivation,
( 1 genomic stress
'
activated . Noxa Bad Hrk Bim Bmf  Bik
BH3-only protein

* partial functional overlap
e tumor suppressive L L l | | I l
/ \
Puma: p53 upregulated modulator of apoptosis Bcl-2/Bcl-X
(pro-survival)

Noxa: Latin for damage J.
Bad: Bcl-2-associated death promoter Bax/Bak v
Bim: Bcl2L11 (pro-apoptosis) ‘

apoptosis

Figure 9.25A The Biology of Cancer 37

Induction of apoptosis by BH3-only mimics

Navitoclax Venetoclax Sonrotoclax

Mirzotamab
Clezutoclax

Venetoclax
Lacutoclax

Sonrotoclax
ABBV-453 N -

S55476/S65487 Zamzetoclax
ABBV-467

Ig)B(ggg:?SIFCN 338 / FRII9 f

* BH3-mimics that bind BCL2-like proteins: <\ sz | HICPEE AY
. Lisaftoclax N
> Among the first small molecules used to R S

K

=3

successfully target a protein-protein interface
Navitoclax (blocks BCL-2 and —X|): Unacceptable on-target toxicity

Venetoclax (selective for BCL-2): FDA-approved
in chronic lymphocytic leukemia (CLL) & acute myeloid leukemia (AML)

» Sonrotoclax (higher affinity): Clinical trials ongoing

Vogler et al. 2025, Sig Transduct Target Ther 10:1-31 38




Development of BH3-only mimics

Table 1.  BH3-mimetics in clinical development

| clinical Testing ](___Clinical Routine ] 1.,
Venetoclax / ABT-199 BCL2 FDA approved 32
Start clinical Sonrotoclax / BGB11417  BCL2 Phase Ill 338
trial MCL1 inh S FUIFDA approvel Lisaftoclax / APG-2575 BCL2 Phase Il 527 .
i ABBV-453 BCL2 Phase | unpublished
First clinical trials 1st FDA approval BCL2 inh ABBV-623 BcL2 Terminated ;‘Szp“b"Shed
with BH3-mimetics venetoclax $55746 / BCL201 BCL2 Phase |
BULED s 565487 / VOB560 BCL2 ;:mplft(ehdl d) 337
Discove Description of for venetoclaxin 2se | (halte
o ABT-7‘:'5y7 vene::)clax CLL (chemo-free) FCN-338 / LOXO-338 BCL2 Phase | 346
| | BGB21447 BCL2 Phase | unpublished
s 7 ZN-d5 BCL2 Phase I/Il 344
05 07 13 Lacutoclax / LP-108 BCL2 Phase I/Il 350
| | | | | | | TQB3909 BCL2  Phase I unpublished
— Navitoclax / ABT-263  BCL2/  Phase Il 7
| | | BCL-X,
AZD4320 and AZD0466  BCL2/ Terminated 438
2005 2010 2015 2020 BCLX,
Pelcitoclax / APG-1252 BCL2/ Phase | 365
BCL-X,
Mirzotamab Clezutoclax /  BCL-X, Phase | (halted) 441442
ABBV-155 (ADC)
ABBV-637 (ADC) BCL-X,  Phase | (halted) **
MIK665 / S64315 MCL1 Phase | (halted) 37°
AZD5991 MCL1 Phase | 39
Tapotoclax / AMG176 mcL1 Phase | (halted) *7
Murizatoclax / AMG397 MCL1 Terminated 378
Zamzetoclax/ GS9716 MCL1 Phase | 378
ABBV-467 MCL1 Terminated e
PRT1419 MCL1 Terminated 37
Vogler et al. 2025, Sig Transduct Target Ther 10:1-31
tumor recurrence and drug resistance
Selection of cells:
* loss of pro-apoptotic factors, or
Uncontrolled . . .
disease * upregulation of anti-apoptotic factors
(e.g. as part of the EMT program)
No therapy
1
B Chemotherapy/ e
{ radiation therapy LC
— 2N, —3 Uncontrolled
P d % .
\ ¥ b [+ e
X O . Wiw +), scurten® disease .
Immunotherapies ~ and 1 drug resistance
Cancer
cell death

Trials: Combo therapies, e.g.

BH3-only mimetics + chemo
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Outline

1. Apoptosis as one form of Regulated Cell Death (RC
2. Tumor suppressive role of apoptosis
3. Anti-apoptotic cell survival signaling
» Inactivation of p53 and/or its target genes
*  Phosphoralytion by Akt inactivates multiple pro-apoptotic signals
+  Examples: Upstream regulators of Bcl-2 and p53
4. Cell survival signaling by mTOR complexes

Discovery of mTOR and Rapamycin-like inhibitors (Rapalogs)

D)
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Figure 9.36 The Biology of Cancer (© Garland Science 2014)
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Ways how cancer cells

increase survival signals:

upregulate Bcl-2 or IAPs

or hyperactivate the
transcription factor NF-kB
or Akt acting upstream

IGF-1
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Figure 9.36 The Biology of Cancer (© Garland Science 2014)

Centrality of Akt for survival

p53

NF-kB

Both p53 and NFkB are
regulated by Akt
(indirectly):
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Centrality of Akt
(and downstream effectors) for survival

Ras
« Akt directly phosphorylates Bad
to release the survival factor Bcl-2: .
PIP,
7
inactivated Bad Akt /lpKB Rh)-GEFs
(BH3-only) active Akt ‘ l 1 l
\‘ Bad l GSK-38
inhibition stimulation
PHOSPSSSY:AT'ON : ofapoptosis ~ mTOR of cell
inactive apoptosis- " ‘\ St'm“lat'fm Jproliferation
inhibitory protein of protein
Bcl-2 INHIBITION OF synthesis
APOPTOSIS \ (cell growth)J
+ Akt indirectly stimulates mTOR
(and thus mRNA translation)
45
Outline

Cell survival signaling by mTOR complexes

Discovery of mMTOR and Rapamycin-like inhibitors (Rapalogs)

46




A m eta bo I | C SWltCh qucge glucose transporter
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(Q Ce” S|Ze) cytosol isoprenoids

mitochondrion membrane biosynthesis ‘
required for cell growth
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Figure 20-39b Molecular Biology of the Cell (© Garland Science 2008)

(mammalian) Target Of Rapamycin (m)TOR

FK506-binding protein:

¥ Bolivia T
\
' 7 parag ;
ile i, <5
{ RS 4
fu

Rapamycin

mTOR:

Benjamin et al. 2011 y
Nat Rev Drug Discov s/ |

CbLL LR 'lﬂ-'l".‘lf-‘lﬂ.‘

Not only the origin of
HEAT repeats FAT FRB  Kinase domain FATC “KopfStelnpﬂaSter” @

TOR :

« 1975: Rapamycin isolated as an antifungal antibiotic of Streptomyces in
soil from Rapa Nui (Easter Island)

» 1988: FK506 (Tacrolimus) isolated from another Streptomyces strain
* 1991: Recruitment of FKBP12 by Rapamycin allosterically inhibits TOR
>1999: Rapamycin for organ transplant recipients (immune suppression)




Survival signaling by three mTOR complexes

mTORC1 mTORC2

llelzd Serine/threonine kinase ullesy Serine/threonine kinase

@ Scaffold protein regulating the assembly

@ Scaffold protein regulating the assembly,
and substrate binding of mMTORC2

localization, and substrate binding of mTORC1
Raptor: Rictor:
Regulatory-associated protein of mMTOR rapamycin-insensitive companion of mTOR
/ Growth factors
- e

mTORCT mTORC2
Glycolysis Glutaminolysi:
4

/

= [embolem] < 1 T [Calrsurvival

Macromolecule /
biosynthesis ‘
Ribosome Autophagy Cytoskeletal
biogenesis Cell cycle organization
progression
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MTOR promotes cancer in multiple tissues

In Cancer Stem Cell
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Son et al. 2024, Cell Death & Disease 9:1-18




MTOR inhibitors to reduce cancer recurrence?

In Cancer Stem Cell

&— Cancer

Self- -

mTOR-targeting
anti-cancer therapy

. o Radio/chemo-sensitivity
Cancer stem cell viability/ability 'r in cancer stem cell

SSECOLINE

Son et al. 2024, Cell Death & Disease 9:1-18

Number & size of tumor *bere.v
=22

zh

1st generation mTORC1 inhibitors (rapalogs)
¢

mTOR-
binding

FKBP12-
binding
region

Sirolimus ‘Everolimus Temsirolimus
(=rapamycin)

Improved bioavailability 'and pharmacodynamics

Table 1. Rapalogs and approved indications from the FDA and EMEA

Compound Approved indication Agency References
Sirolimus Prophylaxis of organ rejection in renal transplant patients FDA/EMEA 39
Everolimus Refractory advanced renal cell carcinoma FDA/EMEA 54
Temsirolimus Poor-prognosis untreated advanced renal cell carcinoma FDA/EMEA 53
Refractory mantle-cell lymphoma EMEA 55

Vilar et al. 2011 Mol Canc Ther 52




Rapalogs induce immune tolerance
by promoting immunesuppressive Treg cells

(=4
= =
o

bl T

- =~\ <))
LPs a= 250 LPSefeuoo
i -

r. > -
- 93 OQ‘VD Virus
- O
[ N

Suppress clonal
TLR7 expansion of pDC
effector T cells

TLR9 ; E
Proinflammatory Decreased antiviral

response ,nduce Treg response
program s N
IL 12 l IFN-0and IFN-B
Proinflammatory
P t: . .
”_ 10 response T 1'2?? 1e7 \ T Stimulation of Tregs
lnﬂammatlon Promote
T NO production IL 12 tolerance l IRF7 translation
L / and phosphorylation
>

IL1O

Janes & Fruman 2009, Sci Signal 67:pe25

Rapalogs showed only modest efficacy as
anti-cancer drugs: Why?

Rapamycin and its analogs:

j
r  have pro- and anti-inflammatory effects
' oF which overall promote immune tolerance

L(:@:)J « they poorly inhibit mTORC2
v Y * they only incompletely inhibit even mTORCA1:

Other targets . .
< ‘ elF4 remains active!

S6K1 » Paradox: Rapalogs hyperactivate
PI3K/mTORC2/Akt signaling due to loss of of
gnaiing

: S feedback inhibition by ribosomal protein S6
e Partial mTORC1 inhibition
ODecreased translation kinase (S6K)

e PI3K activation
¢ Increased survival

Zoncu et al. 2011 Nat Rev Mol Cell Biol
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Strategies to improve mTOR inhibition

2nd generation inhibitors:

» mTOR catalytic inhibitors
» Dual specificity inhibitors
> Issues:

* increased toxicity

« mTOR mutations that
can confer resistance

mTORC2
Other targets
mTORC1

( -
56K1 | elF4E
mIOR

e FullmTORC1 and mTORC2
inhibition

e Decreased translation

® PI3K activation

e Akt function impaired

Zoncu et al. 2011 Nat Rev Mol Cell Biol

PDK1

e FullmTORC1, mTORC2
and PI3K inhibition

e Decreased translation

e Akt function impaired

® Increased toxicity?

—
‘4 P|3|<’_ﬂ

mTORC2
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Overcoming mTOR resistance mutations
with 3rd-generation inhibitors

1st generation

Rapalogs (allosteric inhibitors)

FKBP12
Rapamycin
RAPALOGS

Kinase
Domain

2nd generation
ATP analogs (kinase inhibitors)

Kinase
inhibitor

Kinase
Domain

KINASE INHIBITORS

-

~

3rd generation
Rodrik-Outmezguine et al. 2016, Nature 534:272-276
rapamycin linker ATP analog
é,J’ Vn’\,\d .
I e kinase ™
g N
FKBP12 10 rf) inhibitor
-binding N
RapaLink-1
emmn) fise

Still problematic: Effects on anti-tumor immunity?
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Rapal.ink-1 efficacy in preclinical models

in vitro in vivo (xenografts)
(immunedeficient mice!)
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=> mTOR regulates aging, metabolic diseases (diabetes, obesity) and cancer
Laplante & Sabatini 2012 Cell 149:274-293 58




Outline

4. Cell survival signaling by mTOR complexes

«  Remaining hurdles for 2" and 3" generation mTOR inhibitors
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Autophagy instead of apoptosis: Distinct outcomes

nadamage, — Autophagy is an alternative stress response:

ROS, ER stress...

/ » Degradation & recycling of defective organelles
(e.g. mitochondria)

\’)'\/‘r r-’ Response to nutrient starvation
»A‘f‘/i‘/

* Leads primarily to cell atrophy

(death only follows after prolonged starvation)

Autophagy | Apoptosis

induction: induction:

Removal of damage Death of damaged cells
N ~
\’J %
- ' V

~ ;f o

Tumor
Suppression

Fimia et al. 2013 Oncogene 60




Autophagosome formation

engulfed cytosol
O\ and organelles

’\
- o \@
CLOSURE FUSION
TP 0O O\_/

donor autophagosom

organelle nucleatlon J
/ and extension acid hydrolases <
[AM P]high —|— lysosome
[ATP]low

mTORC1 ([ATP]niah)

* Membrane engulfment of entire organelles

» Degradation of cargo (e.g. p62) requires fusion with lysosomes

» Autophagy is induced by stress (e.g. starvation),
but suppressed by Akt/mTORC1 signaling
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Figure 13-43 Molecular Biology of the Cell (© Garland Science 2014)

Dual role of autophagy in cancer

DNA damage,
ROS, ER stress...

: . @
/ No Apoptosis "
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Autophagy
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Tumor
Autophagy | Apoptosis Initiation
induction: induction:
Removal of damage Death of damaged cells
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Apoptosis and autophagy initially restrain tumor growth

Fimia et al. 2013 Oncogene 62




Dual role of autophagy in cancer

DNA damage,
ROS, ER stress...

/
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* However, autophagy later is essential for energy supply
in nutrient-deprived conditions during metastasis

=> Implications for therapeutic strategies that target mTOR?
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Key concepts about apoptosis

 What is apoptosis, how can it be discerned, and what is its

physiological role?

* How is it induced: Stimuli? Types of caspases and their roles?

* Roles of death receptors, Bcl-2 family members, mitochondria

* How do p53 and Akt regulate apoptosis? (at least a basic notion

of mechanisms)

«  mTOR inhibitors (classes & what they can achieve)

+ Reasons why mTOR targeting proved to be more complicated
than expected (feedback regulation, incomplete inhibition,
three different mTOR complexes, autophagy activation...)
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