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Cells in culture

Primary cells : represent the tissue of origin

Difficult to culture and maintain, variability from donors

1917, aseptic and nutrients

Keratinocyte, enterocyte, endothelial cell, myocyte, fibroblast, hematopoietic
stem cells ...

Transformation of primary cells in immortalized secondary cell line
Spontaneous / chemically or virally induced, easy to culture, no variability
Hela, 1951, human cell line, derived from cervix cancer from Henrietta Lacks

Stem cells

Embryonic stem cells (ESCs) : (totipotent) pluripotent

1981 (mouse), 1998 (human)

Induced pluripotent stem cells (iPSCs)

2006 (from mouse, human fibroblasts)

Nobel Prize in Physiology or Medicine 2012 John B. Gurdon & Shinya Yamanaka
Induced multipotent stem cells (ex : induced neural stem cell iNSCs)

2012 (from fibroblasts). Reduced carcinogenic potential compared to iPSCs

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Sakalem et al, Biotech. J., 2020




Cell line in 2D culture

Stationary phase

Death phase

Log phase

Number of cells (log)

Lag phase

Time (days)

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025



2D versus 3D cell culture

Primary cells
Immortal cell lines
Stem cells 2D
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At least one cell type

a.
N
=2
(1}
3.
N
S
-+
)
o

At least one epithelial and
one mesenchymal cell type

Multiplexed models
“on-a-chip”

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Yinet al, Cell Stem Cell, 2016




Spheroid/organoid scaffold-free culture methods

pellet hangine d strirring vessel
anging drop

non adhesive flask 5 @\[—J/@ @\[ /@
\ >
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rotating vessel Microfluidic
(organ on a chip) Magnetic levitation

|
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| MAGNET |
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Rely on cell self-assembly and prevention of cell adhesion to the flask

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025 Ryu et al, Cells, 2019



Scaffolds for 3D culture : natural or synthetic
hydrogel or porous

MDcK epithelial kidney cell (cyst)

Polarized epithelial cell culture

= —

epithelial cell (monolayer) |fi

”
AS A . < Al

porous membrane

hydrogel (collagen)

Artificial skin Microcarrier culture

Keratinocytes Microcarrier

porous
polymer

Fibre mesh Fibroblasts - Adherent cells
biodegradable

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Adapted from Pampaloni et al, Nat. Rev. Mol. Cell. Biol., 2007



Before becoming a drug blockbuster...

Le développement d’un
medicament passe par des étapes
indispensables et obligatoires.

Recherche fondamentale Développement clinique
Etudes in vitro Etudes in vivo chez Phomme

Déeveloppement preéclinique Mise a disposition
Etudes in vivo chez Panimal du traitement

Complex, long, expensive and risked

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025 AFM-Téléthon, Code de santé publique



Cell fate
"N
(@) e @)
™ (®
- = arow» owioe &7
O®

E

D
A
N
B — @ ~ DIFFERENTIATE =
1N
F G

apoptotic

B. BENOIT, UE907, Paris Saclay, 2024-2025 Figure 15-4 Molecular Biology of the Cell 6th




Usually 4 phases in eukaryotic cell cycle

DNA
replication Prophase 4.---°h’dé|([.\a|rEenBvBope
Prometaphase prealdown
Metaphase Mitosis
In'rer'phase Anaphase

Telophase

-
..'
.
e

Cytokinesis

Restriction poin'r"

Mitogenic signals

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025 Meijer, Oncology, 2003



Mitosis : 2 daughter cells with identical DNA content

from dad from mum

Prophase d|p|0|d ZN, 2n
46 chromosomes

sister chromatids separation

Cytokinesis diploid 2N, 1n
46 chromosomes

B. BENOIT, UE907, Paris Saclay, 2024-2025 Adapted from http.//cyberbridge.mcb.harvard.edu/



Cell cycle variation in different cell types

Embryonic stem cells

ES cells

ESCs

Early
embryonic cells

morula

M

no transcription pluripotent
totipotent

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

Somatic cells

1h

Post-mitotic cells

Padgett & Santos, FEBS letters, 2020



Cell cycle variation : endoreplication

M Megacaryocyte (platelet)

@

endomitosis ":{.‘,. |
S
Curr Opi Plant Biol patc?yte

acytokinetic mitosis ¥

<~ L S S S P¥eng] : \
DeAgostini/Getty Images  Miko et al., Biologia, 2017

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




Cell cycle variation : meiosis (gametes formation)

from dad

Prophase |

from mum diploid 2N, 2n
46 chromosomes

/r Anaphase |

\ﬁJ/

Cytokinesis
— Meiosis ||

haploid 1N, 2n
23 chromosomes

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

haploid 1N, 2n

‘ Prophase |l

| | Metaphase I

. | Anaphase I

sister chromatids separation

Telophase |l

haploid 1N, 1n

Cytokinesis |

Adapted from http.//cyberbridge.mcb.harvard.edu/
Atlas of human enbryology, fig 37
Nussdorfer et al., Bosnian J Basic Med Sci, 2019




Cell cycle control system

Somatic cells
1h

.

----- ~G0 - Orderly sequence of events (4 phases)

- Binary (switches on/off) : complete and irreversible
- Remarkably robust and reliable

- Adaptable

- Reversible exit : possible in GO-quiescence
- Permanent exit : terminal differentiation, senescence, death

B. BENOIT, UE907, Paris Saclay, 2024-2025 Padgett & Santos, FEBS letters, 2020




Cell cycle regulators : cyclin-dependent kinases CDK

Four classes of cyclin

C clm A c
'..(:) CyclinB
K g CyclinE ();dk1
C clm B o
O
c
Cyclin E ? S
G1/S G2/M

Nobel Prize in Physiology or Medicine 2001, Hartwell, Nurse and Hunt

Padgett & Santos, FEBS letters, 2020

Meijer, Oncology, 2003

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




CDKs are regulated by kinases and phosphatases

1
Cyclin H)
|Cgc|in A

a\

CDC25A

C clin E

\ Phosphatases
/ MATL Kinases
CDC25B
CAK

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Adapted from Meijer, Oncology, 2003



CDKs are inhibited by CDKI / CKI / CDIs

cyclin-dependent kinase inhibitors

CAK

, CDC25A
| p21 CIP1 | CDC25B
| p27 KIP1| CDC25C
(p57 KIP2| P’ _@\
CDC25A
\@/
*(p16 INK4A) 1
'p15 INK4B|
(p18 INKA4C| INK : Inhibitor of CDK
KIP : Kinase Inhibitory Protein
[p19 INK4D]J CIP : CDK Interacting Protein
CDC25B

CAK

B. BENOIT, UE907, Paris Saclay, 2024-2025 Meijer, Oncology, 2003




The cell cycle is regulated by the proteasome

Ubiquitin ligases

— polyubiquitin chain

APC/C Cdh1
SCF Skp2 Ubiquitin-mediated degradation
Nobel Prize in Chemistry 2004,
— fe Ciechanover, Hershko & Rose
\.4" & degraded
target protein / ' B
proteasome
(cdes ] (Weell
G1 S G2 M
APC/C Cdh1 APC/C Cdc20
= SCF @\
z SCF Skp2 Fv (Gycina ]
= (Cyclin €]  Cyclin 8 ]
5 (G E) gy
J ~‘,"
APC
Time
(CyclinD ]

Adpated from figure 12-50, Molecular Biology of the Cell 6th
B. BENOIT, UE907, Paris Saclay, 2024-2025 Padgett et Santos, FEBS letters, 2020 ; Meijer, Oncology, 2003




Restriction point in G1 : commitment to division

DNA integrity

mitogen growth factor Cell size
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/N /\
®q0

activation activation
needed to needed for

0 2,0

09,09
O SL
=
ceucydw%

Slow growth
_— Gl exit
Ve

Cell size

drive the nutrient uptake
cell cycle  and utilization

CELL GROWTH AND PROLIFERATION

Fast growth

——— Gl exit

SECURITY
CHECK

period during which

cells are responsive :
ﬁ ﬁ Gl exit
o

to mitogenic GFs

Figure 20-26, Molecular Biology of the Cell 6th
Ginzberg et al., Science, 2015

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




Progression through the restriction point
- Cell signaling and transcriptional regulation -

Mitogens / growth factors = ligands

Receptor tyrosine kinase RTK (EGFR, HER2) Rb o .
Restriction point OK

P P
i PTEN " % G1/S:CycE, Orcl
SN \ / S:CycA

W . AKT

/
4
Kk
ﬁay l
\?y

 mTORC1

Cell growth
Protein synthesis
Angiogenisis

MEK1/2

Erk1/2

) transcription @
XO00O(

Toss & Cristofanilli, Breast Cancer Res., 2015 https://www.bethyl.com/content/The-Rb-E2F-Switch-Regulation-of-
Cellular-Quiescence ; Lim & Kaldis, Dvpt, 2013

GF : Nobel Prize in Physiology or Medicine 1986, Cohen & Levi-Montalcini

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




DNA damage prevents cell cycle :
role of ATM/ATR, p53

DDR : DNA damage repair DNA damage
(UV, HY, (Ionizing radiations,
replication errors) ds DNA breaks)
l l ATR ATM

G2 checkpoint

INT XD lll llll.. |,||| DNA damage
l l T><? DNA replicated
DC25A

Recombinational Nucleotide Mismatch Direct Base excision

repair or end-joining  excision repair reversal repair (BER)
(HR,NHEJ)  repair (NER) (MMR) PARP1 . < ‘
BRCA1l
Nobel Prize in Chemistry 2015 DNA damage . Ry
T. Lindahl, P. Modrich & A. Sancar “““ checkpoints § ‘
"p21 CIP1 |
P14 ARF |«—{p14 ARF)
‘_ H ________ - N
D[:ID( ....... ..'-. p53 P U P
G1/S checkpoint ST
DNA damage SECURITY
T CHECK
DNA damage, hypoxia,

o J

heat shock etc.

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Adapted from Meijer, Oncology, 2003




Proto-oncogenes / tumor suppressor genes

in cancer

Tumor suppressor genes
(Rb, p53, p16/INK4, PTEN, BRCAL...) lost

Proto-oncogenes

(EGFR, HER2, Ras, Myc, Akt, BRAF, c-Src...) activated
Viral proteins (v-Src, E6, E7 ...)

c-Src : Nobel Prize in Physiology or Medicine 1989, J. Bishop & H. Varmus

normal 1mut 2mut 3 mut

i i Sporadic Tumor
Carcinogenesis umo
cancer

Cancer :
Multi-step mutations mutational

) cell
acquisition Hereditary burden
cancer =TMB

Genomic instability

. BENOIT, UE9S0Q7, Faris Saclay, 2024-2025

Adapted from Ashkenazi et al., Neoplosia, 2008



Oncoviruses

* Papillomavirus (HPV) cervix cancer (uterus) (DNA virus)
* Hepatitis B (HBV) liver cancer (DNA virus)
* Hepatitis C (HCV) liver cancer (RNA virus)
* Epstein-Barr (EBV) lymphoma (DNA virus)
* HIV kaposi sarcoma (RNA virus)
* HTLV leukemia/lymphoma (RNA virus)

genome

v | A

HPV [integrated o~

genome E7

B z : <V) . /E7\ h Cell cycle activation,
o ?\ ) cellular proliferation,

+
genome \)\ malignant transformation
tor

Host % Tumor suppression
- ps53 degradation > by p53 is blocked

(E2F transcription fac
bounded Retinoblastoma)

E2F unbinding

HPV / cancer : Nobel Prize in Physiology or Medicine 2008, Harald zur Hausen

B. BENOIT, UE907, Paris Saclay, 2024-2025 Akram et al., Viral Immuno., 2016




One genome replication per cell cycle

Cdk and geminin Licensing

inhibit licensing system =
. @
system active (cdtl) DNA €
(o]
o
AV T gle
Y 0 mewm o
®® Helicase time
Ioaders cohesin
DNA repllcatlon
:O: / Pre-replication complex
’
2012 Pearson Education, Inc MCM : helicase .
sister chromatlds

Figure 17-19, Molecular Biology of the Cell 6th

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




One centrosome duplication per cell cycle

maturation
. G1-S G2-M
nucleation / — —
elongation Er o 2
. PLK4 ™
separation /4 ot &b o
daughter _— sAs-6 || CDK1/CycB
mother centriole = centriole nucleation

CDK1/CycB inhibits nucleation

centriole G

>I N MTs %&
appendage

separation

Adapted from Figure 17-26 & 16-66, Molecular Biology of the Cell 6th
B. BENOIT, UESO7, Paris Saclay, 2024-2025 Zitpuni et al, Current Biol., 2016




One mitosis per cell cycle : conventional microscopy

DIC microscopy Fluorescent microscopy
anaphase
,"
Y
prophase
-/‘::' - 2 \:I{
telophase
w :5';,:'»” e =
cytokinesis telophase
’\‘_; :
metaphase metaphase

B. BENOIT, UE907, Paris Saclay, 2024-2025 From https.//qgifer.com/en/MZus




Cdk1-cyclin B activation at G2/M :
kinase / phosphatase

POSITIVE
— FEEDBACK
inactive
phosphatase
Cdc25
inhibitory POSITIVE
S phosphate ) FEEDBACK
y P }
Cdk-inhibitory Cdc25
kinase ——p
2rid
o activatin . .
Cdkactivating ——s Shosphate Active Cdk1 / Cyclin B

= mitosis

Cdk1

Binary (switches on/off) : complete and irreversible

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Adapted from Figure 17-20, Molecular Biology of the Cell 6th




Prophase : chromosomes condensation

microscopy of a
condensed chromosome

Immunofluorescence

: C‘ Q (:) Q :Condensin scanning electron
|

2 sister chromatids

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Panel 17-1 & figure 17-21, 22, Molecular Biology of the Cell 6th




Prometaphase : nuclear envelope breakdown (NEBD)

Interphase G2 end Prophase Prometaphase

. lamina
\:  chromosomes

W

I

microtubules - Burke & Ellenberg, Mol Cell Biol, 2002

Immuno-fluorescence

Lamina A
Cdk1/cyclin B relocalization
Lamin A / |

(CDK1) ——~
Adapted from Ungricht & Kutay, Mol Cell Biol, 2017
. BENOIT, UESQ7, Paris Saclay, 2024-2025 Santos et al., Cell, 2012




Metaphase : mitotic spindle

spindle pole replicated kinetochore motor
chromosome protein
centrosome (sister chromatids)

astral microtubules kinetochore microtubules interpolar microtubules

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Figure 17-23, Molecular Biology of the Cell 6th




Kinetochores attach sister chromatids to the spindle

plus end of microtubule

end-on

CEEEE S
attachment '555555

Ndc80
complex

7
kinetochore

Duplicated chromosome

hight tension =

STABLE attachment y\ kinetochores

[

.__-I-

/ \ centrosomes

—

B. BENOIT, UE907, Paris Saclay, 2024-2025 Adapted from figure 17-31, 33, 34, Molecular Biology of the Cell 6th




Spindle assembly checkpoint (SAC)
Chromosome / spindle attachment : a big deal

Prometaphase

Mitotic checkpoint complex (MCC):

(APC/C Anaphase Promoting Complex/Cyclosome )

STOP

SECURITY
CHECK

no anaphase until all kinetochores
are attached

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Adapted from Lara-Gonzalez et al., Current Biol., 2012



Anaphase : pull the chromatids to opposite ends

Active separase

Separase Cyclin B-uuuu /

cdk1 U
. ~Uhlmann, Curr. Biol., degradation by
Drowing from Visintin 2003 proteasome

=\ m
NS // NS\

Anaphase A \ ‘ Anaphase B

N VNV
70 W //\\_//\\

Figure 17-40, Molecular Biology of the Cell 6th; UhImann Curr. Biol., 2003

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025



Telophase : returning to an interphase state

set of daughter chromosomes
at spindle pole

- spindle disassembly

- formation of nuclear envelope
- import of nuclear proteins

- chromosomes decondensation
- transcription

contractile ring
starting to
contract

interpolar centrosome

microtubules nuclear envelope reassembling

around individual chromosomes

G o Golgi and Golgi-
derived vesicles

Organelles

=Z E;?fuﬁha;m'c symmetrically inherited

9@ Endosomes

gg Mitochondria

Carlton et al., Mol Cell Biol, 2020
B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Panel 17-1, Molecular Biology of the Cell 6th




Cytokinesis : splitting cytoplasm into 2 cells

Immuno-fluorescence
Myosin Il

Taneja et al., BioRxiv., 2019

MT

Menon & Gaestel, J Cell Sci., 2015

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

Actin

Wollrab et al., Nat. Comm., 2015

contractile ring

actomyosin
\/,
N— 3\
(\* Ny
midbody

Figure 16-2, Molecular Biology of the Cell 6th



The cell cycle checkpoints : prevent genetic errors

DNA damage DNA damage Spindle assembly

®
@
(WEED)

¥
¥

o
@

CDK2 \,
= - APC/C

Decision Decision
window S phase window Metaphase Anaphase

L _- M pha»

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Matthews et al., Nature Reviews, Mol Cell Biol, 2022



Early G1 : preventing precocious re-entry into
mitosis

anaphase .
P Switch from

Cdc20-APC/C to Cdh1-APC/C
ubiquitin ligase activity
= total Cyclin B degradation

APC/C complex

Cdc20-APC/C activity
[ \
APC/Ccomplex M-cyclin level Cdh1-APC/C
activity
M Gy

Suryadinata et al., Biosci. Rep., 2010
B. BENOIT, UESO7, Paris Saclay, 2024-2025 Figure 17-52, Molecular Biology of the Cell 6th




TGF-B2 in G1 : preventing a new cycle

TGF-R2

/ J. \ SMAD dpt transcription activation

L & P L

C.\ @/

= I
= 000000000

BB Transcription

& orFif TGFR2

P

= G1, G1/S transition

stop G1 progression

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Wu et al., Cell Cycle, 2016



Spindle orientation and tissue organization

Maintenance of
a simple epithelium

® <= 0 —0 0 0 ° Endothelium

angiogenesis (vascularization)

— Future tip cell

Sprouting
Stratification AN

. . ) b — Future stalk cell

ANN

f |
- B | T |
® . O o 00 S

Basement membrane

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Lechler & Marina Mapelli, Mol. Cell Biol., 2021




Asymetric division : two different daughter cells
Example of stem cells

Nz

(ﬁ(‘entrosgn;e

= t N/ ° v L]
[ ’( ﬁ
\V}

:w‘/ == N ¢
g- "L == \;\r\\;ﬁ
ECM contact Cell—cell contact Chemical/mechanical Polarized fate
gradient determinant
Extrinsic alsymmetry Intrinsic asymmetry
ste%ell differentiated differentiation
-> >
> > > >
[> - i
L > >
> -
NA

cues  asymmetry factors

Lechler & Marina Mapelli, Mol. Cell Biol., 2021
B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Majumdar & Liu, AIMS Mol. Sci., 2020




Mitotic defects : aneuploidy

. - L7 T)
> - /i
e 2N+1 d ' 4
1
\/"“~/\
a—— Cell death

® ..

'

Checkpoint arrest \ Aneuploidy '\ < '
l \ Senescence

e |
e \ —3 4N . .
\ , ) , cancer
\ )

St L S

NV
Mitotic cell death - Proliferation
HMEC (normal) MCEF-7 (cancer)
olll . N} M
arvotype of tan 1t aby 1100
breast cell il N i N
lines

'"0 "‘l L L1 "I

Potapova & Gorbsky, Biology, 2017

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




FDA-approved chemotherapeutics with
clinically significant impact
(many are prodrugs)

A

Cancer drugs and cell cycle : failure in recent clinical trials

anti-mitotic

|

Antimetabolites Topolsomemseknt:::":or Microtubule inhibitors DNA damaging (nonspecific)
itabi A . antibiotics . Methylating agents .
Gemcitabine  g.Thioguanine T, Epothiolones iy B : \A’

Cytarabine Capeci?abine Topotecan Bleomycin P:::t: :: *1—“ =None Procarbazine Nitrogen mustards Orkl ng bUt .o
-Fluorouracil Hydroxyurea Irinotecan Doxorubicin Docetaxel  Vinca alkaloids Dacarbazine Cyclophosphamide S d ff t
TGreate erapoputne Etoposide omyein nab-Pacital VincHne - — Temozlomide  Hosfamide - Side effects

Trimetrexate salinomycin Cabazitaxel  Vinblastine Platinum based LZ:::::;;T
Fludarabine Vinorelbine Cisplatin - ReCLI rrence
Ethin pepaaniy
Taxanes Oxaliplatin Chlorambucil
5-Fluorouracil Etoposide | Doxorubicin Epothilones Cisplatin
Vinca alkaloids
S G M C
2 .
DNA and RNA Checkpoint for Microtubule Cell division
synthesis DNA errors and spindle assembly
cell division
| —p—
ATR - PLK21 AuroraA, C Egs/KIFaa TTK
Pan-CDK CHKa CDK1 L ) e KIF4A g5/KIf )
Flavopiridol AZD6738  Prexasertib R547 ngosert_lb I SB743921 Is.p|nes{b Empesertib .
Milciclib BAY1895344 MK-8776 Dinaciclib Volasertib s -02007 Filanesib BAY 1217389 Not Worklng
TG02 VE-822 GDC-0575 Z':IM‘°8°3° 9 Litronesib  CFl-402257
Dinaciclib AZD6738 "400945

|

Stalled clinical trial-stage
Mitotic kinase inhibitors
(none are prodrugs)

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

Adapted from Yan et al., Trends in Cancer, 2020




Proliferation of cancer cells can be lower than
normal tissues

cell division in cancer

( =—>

spreads to
g Q — bones, liver,

% / ! lungs, etc.)
/ 200 days vear -

cancer
beginn AVERAGE DOUBLING TIME = 100 days N

X

10 years

. 2 years
6 years

lcm \ e &

(one billion cells) 1mm

(one million cells)
J Surg Oncol. 1997 Aug;65(4):284-97

cell division in tissues

From days to life time depending on tissue
Small intestine 2-3 days

Lung 8 days
Platelets 10 days
Epidermis 10-30 days
Hepatocyte 1/2 year
Fat cells 8 years
Neurone lifetime

Side effects on fast dividing tissues and low efficiency in oncotherapy

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




Intratumoral heterogeneity : slow cycling /
quiescent cells

Primary site

Tumor
vasculature

Blood stream

7 | Circulating tumor
cells (CTCs)
single or cluster

Cancer-stem
cells (CSCs)

Cause of recurrence ?

Cause of recurrence ?
Secondary site

Functionally
diverse cancer
cells (clones)

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

dormant disseminated

tumor cells (DTCs)

— _noot
| (1 o = o ENE
'Endothelial cell

e 1 =

Perivascular niches

Cause of death

metastasis : secondary tumor

T
\ o
AN
/4 °) o

Adapted from Gonzalez-Silva et al, Trends in Cancer, 2020

Ghajar, Nature Cancer Rev., 2015
Lambert et al., Cell, 2016



GO / quiescence : reversible arrest of cell cycle

Quiescence/GO :

- State of reversible cell cycle arrest, with active mechanisms to protect cells from damage.

- Adult stem cells (hematopoietic, muscle, neural, hair) and differentiated cells (fibroblasts, hepatocytes, lymphocytes).
- Reenter the cell cycle when confronted with the appropriate stimulus (tissue repair, wound healing, immunity).

Long term tissue maintenance and regeneration

GO quiecsence
Ki-67 negative

In vitro induction of quiescence from G1
- Serum starvation

- Loss of adhesion to extracellular matrix (ECM)
- Confluence = cell contact inhibition

21 A @

DKils

16 Quiescence / GO

279 [V,
CDK 2

CYCLINE Rb

https://www.bethyl.com/content/The-Rb-E2F-Switch-Requlation-
of-Cellular-Quiescence

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025




Properties of GO quiescent cells

- Low transcription/translation/metabolism/energy/ROS

Primary Cilium
- Prevent differentiation/apoptosis/senescence

| Mitochondria
| Metabolism

I Nuclear pore size

Sensory structure

basal body + axoneme (MT)
mechano / chemo sensor
Signaling hub

| Proliferation

| High lysosomes
| Differentiation/Apoptosis
r-' t Protection

High autophagy

No DNA replication
DNA methylation

Special histone (centromere integrity)
Limit DNA damage

Ready to re-enter cell cycle when needed !

B. BENOIT, UE9SOQ7, Faris Saclay, 2024-2025

Adapted from Marescal & Cheeseman, Dvpt Cell, 2020



Cancer dormancy and recurrence

ng::: amn:;s cancer stem cells (CSC)
dormant disseminated tumor cell ( DTC) Entry of cancer cells into GO for decades
slow cycling / quiescent - Surviving harsh environment, therapy
Proliferation ||| Apoptosis M O - Immune evasion
- If cell-cycle re-entry
&2 o1 cancer cell - Seed new tumor formation
dormancy
S

Perivascular niches

L. Pre-invasive stage Invasive stage Minimal residual disease and metastatic stage
Bone marrow, lungs, brain, liver A A

A

© © | Treatment | Rel
(O elapse
0 7 : e
O @ 0 | - d
0o e © £ : ll : : 5%%9
' . : = : | : Loy !
2 : | : 8@ o
S : : ’ l’ ,l
_ — - ¥ | Premalignant or ! : o % 0? K
undetectable lesion ! ; - o Pl
Keep quiescence of stem cells & ! e s s e e LU CILLL
dormancy of DTC Years? . Years * Months Years Decades
9&& oaQ 1 Accumulation of early and late DTCs
@9 oo in secondary organs over time
_Early DTCs Late DTCs

Sistigu et al., Front. In Immuno, 2020
Ghajar, Nature Cancer Rev., 2015

B. BENOIT, UESO7, Paris Saclay, 2024-2025 Sosa et al., Nature Review Cancer, 2014




Possible therapeutic strategies related to DTC

Perivascular niches

Bone marrow, lung, brain, liver

DTC : disseminated tumor cell

Lock-in strategy = keep sleepy DTC
Long term toxicity ?
Ex : tamoxifen breast cancer

b

Stay in
quiescence

Lock-out strategy = awakening DTC
to be killed by conventional therapy

d

Exit from
quiescence

Eliminating dormant DTC
to be killed by conventional therapy
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Senescence : a permanent cell cycle arrest

Senescence : mw
- State of irreversible cell cycle arrest
- Role in embryonic development, wound healing, host immunity, sdRores C |
tumor suppression Trvesho ----- 1
- Immune clearance of senescent cells is possible u 8. 20ng obesity, 1o
- Hallmarks of aging (age related diseases) A U |
Chromosome tips
without telomerase  CELL DIVISION
Triggers : = B O
- Telomere shortening (mitotic timer / aging) = replicative senescence ' &
Telomere : Nobel Prize in Physiology or Medicine 2009, Blackburn, Greider & Szostak B ) | / \
- Damages = premature senescence 2 5» ® é
DNA damage, mitochondrial dysfunction, inflammation, ROS, epigenetic alteration.... ' i‘l I i \
In cancer : oncogene or therapy induced senescence (OIS or TIS) n CCOCCLO
F ’ Annika Rohl
—{ p21 CTP1 ]—|;| \@ | Rb
Exit = senescence
stable p Ki-67 negative @
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Hallmarks of senescent cells

Cy,
9\(&?@ '90444 ” SAHF : senescent-associated
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Senescence and cancer

Onco-mutation Onco-mutation

Possible therapeutic strategy

normal :‘;./ tumor

7
l Oncogenic signals

Anticancer

Anticancer therapies .
therapies

Aging

Senescent cell ‘ Senogenic
\
|

Senescence prevents

clearance prevents
cancer

cancer

Senolytic |

N, o/
apoptose

loss of p16/INK4a e N\
. Inhibition Increased
and/or p53 funCtlon |OSS Of senescent of tumor initiation \ fitness
= most common cell clearance
. . Improvement Decreased
genetic event In promotes cancer of anticancer therapies inflammation
human cancers and reduction of side effects and fibrosis

Cell autonomous Paracrine

Example of senolytic agents
He & Sharpless., Cell, 2017 Cardiac glycosides : inhibitors of Na/K ATPase pump
(treatment of heart failure, cardiac arrhythmia)

Martin et al., Trends Mol Med, 2020
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P53 the guardian of the genome

HYPERPROLIFERATIVE DNA TELOMERE

St SIGNALS DAMAGE SHORTENING 1 YPOXIA
v »
N

stable, active p53

\J
Cellular stress response CELL-CYCLE ARREST SENESCENCE APOPTOSIS

B. BENOIT, UE9O7, Paris Saclay, 2024-2025 Figure 20-27, Molecular Biology of the Cell 6th




