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Tumor
An abnormal mass of tissue that forms when cells grow and divide 
more than they should or do not die when they should. 
Tumors may be benign (not cancer) or malignant (cancer). 
Benign tumors may grow large but do not spread into, or invade, 
nearby tissues or other parts of the body. 
Malignant tumors can spread into, or invade, nearby tissues. They 
can also spread to other parts of the body through the blood and 
lymph systems. 
Also called neoplasm.

Wikipedia
Adapted from igure 20-16, Molecular Biology of the Cell 6th

A tumor/neoplasm is a type of abnormal and excessive growth of tissue.
The word tumor comes from the Latin word for swelling.

Tumor/neoplasm can be
- Benign (ex: skin mole)
- In situ (potentially malignant, still in the place where they started)
- Malignant = cancer (focus of oncology)

In situ invasive micrometastasis

Definitions

Intravasation
single or cluster

extravasation

circulating metastasis

primary tumor secondary tumor
dormant 

disseminated
tumor cells - DTCs

circulating tumor cells 
CTCs
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Adapted from Gonzalez-Silva et al, Trends in Cancer,  2020
Ghajar, Nature Cancer Rev., 2015

Lambert et al., Cell, 2016

Intratumoral heterogeneity

Circulating tumor 
cells (CTCs)
single or cluster

Cancer-stem 
cells (CSCs)

Functionally 
diverse cancer 
cells (clones)

Secondary site

Primary site

Blood stream

metastasis : secondary tumordormant disseminated 
tumor cells (DTCs)

Tumor 
vasculature

Perivascular niches
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Adapted from Gonzalez-Silva et al, Trends in Cancer,  2020
Ghajar, Nature Cancer Rev., 2015

Lambert et al., Cell, 2016

intratumoral heterogeneity

Circulating tumor 
cells (CTCs)
single or cluster

Cancer-stem 
cells (CSCs)

Functionally 
diverse cancer 
cells (clones)

Secondary site

Primary site

Blood stream

metastasis : secondary tumordormant disseminated 
tumor cells (DTCs)

Tumor 
vasculature

Perivascular niches

Cause of recurrence ?

Cause of recurrence ?
Cause of death

B. BENOIT, TU n°05, Paris Saclay, 2024-2025



Adapted from Gonzalez-Silva et al, Trends in Cancer,  2020
Ghajar, Nature Cancer Rev., 2015

Lambert et al., Cell, 2016

Circulating tumor 
cells (CTCs)
single or cluster

Cancer-stem 
cells (CSCs)

Functionally 
diverse cancer 
cells (clones)
some invasive

Secondary site

Primary site

Blood stream

intratumoral heterogeneity / tumor 
microenvironment (TME) 

metastasis : secondary tumordormant disseminated 
tumor cells (DTCs)

Tumor 
vasculature

Perivascular niches

Cancer-associated 
fibroblasts (CAFs)

Tumor-educated 
platelets (TEPs)

Tumor-infiltrating 
immune cells

If immuno-suppressive = protumoral
If anti-cancer immunity = antitumoral
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Adapted from Hanahan et Weinberg. Cell 2011

Enabling 
replicative 

immortality

Hallmarks of cancer : related to cell cycle
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Meijer, Oncology, 2003 

Usually 4 phases in eukaryotic cell cycle

START

nuclear envelope
breakdown
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Padgett & Santos, FEBS letters, 2020

Cell cycle variation in different cell types

1h
no transcription

totipotent pluripotent

ESCs

Embryonic stem cells

morula
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Cell cycle control system in normal cells

Padgett & Santos, FEBS letters, 2020

1h

- Orderly sequence of events (4 phases)
- Binary (switches on/off) : complete and irreversible 
- Remarkably robust and reliable
- Adaptable

- Reversible exit possible in G0-quiescence
- Permanent exit : terminal differentiation, senescence, death
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Padgett & Santos, FEBS letters, 2020

Cell cycle regulators : cyclin-dependent kinases

Meijer, Oncology, 2003 

Four classes of cyclin

G1/S G2/M

SG1 MG2

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

B. BENOIT, TU n°05, Paris Saclay, 2024-2025



CDKs are regulated by kinases and phosphatases

Adapted from Meijer, Oncology, 2003 

Phosphatases 
Kinases

CAK

CAK
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CDKs are inhibited by CDKI/CKI/CDIs

Meijer, Oncology, 2003 

cyclin-dependent kinase inhibitors

INK : Inhibitor of CDK
CIP : CDK Interacting Protein
KIP : Kinase Inhibitory Protein

et al., Blood Cancer, 2014 

CAK

CAK
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The cell cycle is regulated by the proteasome

target protein
Degraded
In amino 

acids

Adpated from figure 12-50, Molecular Biology of the Cell 6th
Padgett & Santos, FEBS letters, 2020 ; Meijer, Oncology, 2003 

Ubiquitin ligases
APC/C Cdc20
APC/C Cdh1

SCF Skp2 Ubiquitin-mediated degradation
Nobel Prize in Chemistry 2004, 
Ciechanover, Hershko & Rose
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Figure 20-26, Molecular Biology of the Cell 6th
Ginzberg et al., Science, 2015 

Restriction point in G1 : commitment to division

Animal/organs assess/regulate total cell mass

Limitation number of division
Abnormal proliferation: cell cycle arrest, death
Non dividing state
Cell Proliferation/ growth

Figure 16

DNA integrity
Cell size
Nutrients
Growth factors

Cell size DNA integrity
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Progression through the restriction point
- Cell signaling and transcriptional regulation -

G1/S : Cyc E, Orc1
S : Cyc A

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

https://www.bethyl.com

Restriction point OK

transcription Myc

Toss & Cristofanilli, Breast Cancer Res., 2015

Receptor tyrosine kinase RTK (EGFR, HER2)

Mitogen-activated protein 
kinase (MAPK) pathway

G1

G1/S

Mitogens / growth factors = ligands

GF : Nobel Prize in Physiology or Medicine 1986, Cohen & Levi-Montalcini
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DNA damage prevents cell cycle : 
role of ATM/ATR, p53

Adapted from Meijer, Oncology, 2003 

G2 checkpoint
DNA damage
DNA replicated

G1/S checkpoint
DNA damage

Double-strand 
breaks (DSB)

Cross-
links

Replication 
errors

Alkylation Single-strand 
breaks (SSB)

Recombinational
repair or end-joining

(HR, NHEJ)
BRCA1

Nucleotide 
excision 

repair (NER)

Mismatch 
repair 
(MMR)

Direct 
reversal

Base excision 
repair (BER)

PARP1

DDR : DNA damage repair

Nobel Prize in Chemistry 2015
T. Lindahl, P. Modrich & A. Sancar
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kinases

kinases



Proto-oncogenes / tumor suppressor genes

Initial clonal expansion and 
malignant transformation

ongoing evolution and acquisition of 
aggressive clinical characteristics

Adapted from Ashkenazi et al., Neoplosia, 2008 

Viral 
(sequester 
V-Src

Proto-oncogenes
(EGFR, HER2, Ras, Myc, Akt, BRAF, c-Src …)
Viral proteins (v-Src, E6, E7 …)

Tumor suppressor genes
(Rb, p53, p16/INK4, PTEN, BRCA1…)

go on
stop in cancer

activated

lost

1 mut 2 mut 3 mut

Cancer 
cell

Carcinogenesis
Multi-step mutations 
acquisition Hereditary 

cancer

Sporadic 
cancer

normal

Genomic instability

Tumor 
mutational 
burden
= TMB

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

• Papillomavirus (HPV) cervix cancer (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)

•Papovavirus
•Hépadnavirus
•Hepacivirus
•Herpèsvirus
•Adénovirus
•Rétrovirus

HPV

Akram et al., Viral Immuno., 2016  

HPV / cancer : Nobel Prize in Physiology or Medicine 2008, Harald zur Hausen
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One genome replication per cell cycle

cohesin

sister         chromatids

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

ORC : origin recognition complex
MCM : helicase2012 Pearson Education, Inc

(cdt1)
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DNA replication
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One centrosome duplication per cell cycle

nucleation / 
elongation

maturation 

separation

pericentriolar
material (PCM)

mother 
centriole

MTs

G1

prophase

separation

appendage

daughter 
centriole

STIL
CDK1/

CDK1/CycB inhibits nucleation

SAS-6
= centriole nucleation

PLK4
STIL

PLK4
STIL-P

G1-S

CDK1/CycB

STIL

G2-M

Adapted from Figure 17-26 & 16-66, Molecular Biology of the Cell 6th
Zitpuni et al, Current Biol., 2016B. BENOIT, TU n°05, Paris Saclay, 2024-2025



Meijer, Oncology, 2003 

One mitosis per cell cycle

Adapted from http://cyberbridge.mcb.harvard.edu/

from dad from mum

diploid 2N, 2n
46 chromosomes

diploid 2N, 1n
46 chromosomes

sister chromatids separation

nuclear envelope
breakdown - spindle assembly 

- nuclear envelope breakdown
- (nuclear proteins) 
- chromosomes condensation
- Stop transcription

no transcription

B. BENOIT, TU n°05, Paris Saclay, 2024-2025



Adapted from Figure 17-20, Molecular Biology of the Cell 6th

Y15

T161 T161

Cdk1

Cyclin B

Active Cdk1 / Cyclin B 
= mitosis

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

Binary (switches on/off) : complete and irreversible 
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Panel 17-1 & figure 17-21, 22, Molecular Biology of the Cell 6th

Prophase : chromosomes condensation

centromere

scanning electron 
microscopy of a 

condensed chromosome

scanning electron micrograph of a human 
mitotic chromosome, consisting of two 
sister chromatids joined along their length. 
The constricted regions are the 
centromeres. 

telomere

condensins
I & II

chromatid

2 sister chromatids

DNA MTs
Immunofluorescence

Yu et al., 

Mitotic
depends
the condensin
of the
site, which
the Polo
localize
CAP-D
condensin
Abe et
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Adapted from Ungricht & Kutay, Mol Cell Biol, 2017
Santos et al., Cell, 2012 

Prometaphase : nuclear envelope breakdown (NEBD)

Interphase Prophase Prometaphase

lamina
nuclear envelope / RE

Burke & Ellenberg, Mol Cell Biol, 2002

Nuclear envelope
Lamina A

Nuclear pore 
complexe

NEBD allow 
increased 
recruitment of 
condensin
chromosomes

microtubules - centrosomes

chromosomes

prometa

Cyclin B
DNA 

interphase

Immuno-fluorescence
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Metaphase : mitotic spindle

Figure 17-23, Molecular Biology of the Cell 6th

Figure 17
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Adapted from figure 17-31, 33, 34, Molecular Biology of the Cell 6th

Kinetochores attach sister chromatids to the spindle

Pachis

end-on 
attachment

MTs

hight tension = 
STABLE attachment

centrosomes

Duplicated chromosome

kinetochores
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Adapted from Lara-Gonzalez et al., Current Biol., 2012

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

Mitotic checkpoint complex (MCC): 
Inhibits Cdc20 (APC/C ubiquitin ligase) 

(APC/C Anaphase Promoting Complex/Cyclosome )

Unattached kinetochore

no anaphase until all kinetochores 
are attached
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Figure 17-40, Molecular Biology of the Cell 6th; Uhlmann, Curr. Biol., 2003

Anaphase : pull the chromatids to opposite ends

Clived cohesin

APC/C-Cdc20

Anaphase A Anaphase B

Cyclin B-uuuu / 
cdk1

degradation by 
proteasomeVisintin

Uhlmann, Curr. Biol., 
2003

Active separase
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Telophase : returning to an interphase state

- spindle disassembly 
- formation of nuclear envelope
- import of nuclear proteins 
- chromosomes decondensation
- transcription

Carlton et al., Mol Cell Biol, 2020
Panel 17-1, Molecular Biology of the Cell 6th

Organelles
symmetrically inherited

actomyosin
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Cytokinesis : splitting cytoplasm into 2 cells

Myosin II

Wollrab et al., Nat. Comm., 2015

Taneja et al., BioRxiv., 2019

septin
actin / 
myosin

MT

Menon & Gaestel, J Cell Sci., 2015 Figure 16-2, Molecular Biology of the Cell 6th

midbody

contractile ring
actomyosin

plasma membrane

Immuno-fluorescence

B. BENOIT, TU n°05, Paris Saclay, 2024-2025



The cell cycle checkpoints : prevent genetic errors

Matthews et al., Nature Reviews, Mol Cell Biol, 2022B. BENOIT, TU n°05, Paris Saclay, 2024-2025



Early G1 : preventing precocious re-entry into 
mitosis 

Padgett et Santos, FEBS letters, 2020

Suryadinata et al., Biosci. Rep., 2010
Figure 17-52, Molecular Biology of the Cell 6th

no 
binding

Switch from 
Cdc20-APC/C to Cdh1–APC/C

ubiquitin ligase activity
= total Cyclin B degradation 

anaphase

G1
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TGF-b2 in G1 : preventing a new precocious cycle 

Liu et al., Cyt

Norris & Korc

Wu et al., Cell Cycle, 2016

ON

Transcription 
OFF if TGFb2 

CDKI
SMAD dpt transcription activation

CDKI

G1 G1/S

= G1, G1/S transition

stop G1 progression  
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Lechler & Marina Mapelli, Mol. Cell Biol., 2021 

Spindle orientation and tissue organization

Endothelium
angiogenesis (vascularization)
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Asymmetric division : two different daughter cells
Example of stem cells

Lechler & Marina Mapelli, Mol. Cell Biol., 2021
Majumdar & Liu, AIMS Mol. Sci., 2020

stem cell Stemness differentiationdifferentiated
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Mitotic defects : aneuploidy

Potapova

Cin : chromosome instability
Gin : genome instability

Potapova & Gorbsky, Biology, 2017

HMEC (normal) MCF-7 (cancer)

Karyotype of 
human
breast cell 
lines

Abnormal chromosome 
segregation

Mitotic cell death (Tetraploidy)

Aneuploidy Abnormal genome

cancer
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Breast cancer

Hodgkin's lymphoma

Non-Hodgkin's lymphoma

Germ cell tumor

Stomach cancer

Bladder cancer

Colorectal cancer

Cancer drugs and cell cycle : failure in recent clinical trials

Working but …
- Side effects
- Recurrence

anti-mitotic

salinomycin

Not working

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

Taxanes
Epothilones
Vinca alkaloids

CisplatinEtoposide Doxorubicin5-Fluorouracil
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Derényi

HCC
Breast
Colon
Prostate
Adapted from 

(hematopoietic, muscle, hair follicle, neural)
(differentiated fibroblasts, hepatocytes, lymphocytes)

Cell division in cancer

Proliferation of cancer cells can be lower than 
normal tissues

cell division in tissues

From days to lifetime 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
Neuron lifetime

Side effects on fast dividing tissues and low efficiency in oncotherapy
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G0 / quiescence : reversible arrest of cell cycle

Quiescence / G0

Cell cycle

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

In vitro induction of quiescence from G1
- Serum starvation
- Loss of adhesion to extracellular matrix
- Confluence = cell contact inhibition

Quiescence/G0 : 
- State of reversible cell cycle arrest, with active mechanisms to protect cells from damage. 
- Adult stem cells (hematopoietic, muscle, neural, hair) and differentiated cells (fibrocyte, lymphocyte, hepatocyte)
- Reenter the cell cycle when confronted with the appropriate stimulus (tissue repair, wound healing, immunity).
Long term tissue maintenance and regeneration

G0 quiecsence
Ki-67 negative

Kobayashi et Kageyama, The FEBS J, 2020
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Adapted from Marescal & Cheeseman, Dvpt Cell, 2020

Properties of G0 quiescent cells

- No DNA replication
- DNA methylation

Sensory structure
basal body + axoneme (MTs)
mechano / chemo sensor
Signaling hub

- Low transcription/translation/metabolism/energy/RO
- No proliferation/apoptosis/senescence

- High lysosomes
- High autophagy

- Special histone (centromere integrity)
- Limit DNA damage

Ready to re-enter cell cycle when needed !
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Cancer dormancy and recurrence

Cho et al., Stem cell Reports, 2019

cancer stem cells (CSC)
dormant disseminated tumor cell ( DTC)

Quiescent / slow cycling

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

Sosa et al., Nature Review Cancer, 2014

Relapse

Entry of cancer cells into G0 for decades
- Surviving harsh environment, therapy
- Immune evasion
If cell-cycle re-entry
- Seed new tumor formation

Keep quiescence of stem cells &
dormancy of DTC

Perivascular niches
Bone marrow, lungs, brain, liver

cancer cell 
dormancy

Cancer stem cells
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Possible therapeutic strategies related to DTC

Cho et al., Stem cell Reports, 2019

Ghajar, Nature Cancer Rev., 2015

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

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

Eliminating dormant DTC
to be killed by conventional therapy

healthy 
lifestyle

with (neo)adjuvent therapy

lifetime treatment

Back to cycling

Block chemoresistance
due the niche

Keep in the protective niche

Perivascular niches
Bone marrow, lung, brain, liver

DTC : disseminated tumor cell
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Senescence : a permanent cell cycle arrest

Triggers :
- Telomere shortening (mitotic timer / aging) = replicative senescence
Telomere : Nobel Prize in Physiology or Medicine 2009, Blackburn, Greider & Szostak
- Damages = premature senescence
DNA damage, mitochondrial dysfunction, inflammation, ROS, epigenetic alteration….
In cancer : oncogene or therapy induced senescence (OIS or TIS)

Annika Röhl

senescence
secretory

Senescence :
- State of irreversible cell cycle arrest
- Role in embryonic development, wound healing, host immunity,
tumor suppression
- Immune clearance of senescent cells is possible
- Hallmarks of aging (age related diseases)

Exit = senescence
Ki-67 negative

high

stable

B. BENOIT, TU n°05, Paris Saclay, 2024-2025 Chaib et al, Nature Med., 2022



Hallmarks of senescent cells

Gonzalez-Gualda et al., FEBS J, 2020 

SAHF : senescent-associated 
heterochromatin foci

DNA-SCARS: persistent DNA 
damages + sensors

. SA-b-
(lysosome)
. SASP : secretory phenotype IL6, EMC, GF
. SAHF : heterochromatin foci
. Nuclear lamina alteration
. high p16
. Giant cells
. Ki-67 negative

SASP : senescent-
associated secretory 
phenotype

SA-b-
galactosidase
(lysosomal)

DNA-SCARS
reinforcing
DDR : 

Paracrine senescence

. high p16

. Ki-67 negative

. Giant cell

. Disrupted lamina
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Immune cellsSenescent cells

loss of p16/INK4a 
and/or p53 function 

= most common 
genetic event in 
human cancers 

He & Sharpless., Cell, 2017

Cancer

Senescence and cancer

Senescence prevents 
cancer

Senogenic

Senolytic

Possible therapeutic strategy

normal tumor

apoptose

Induction and 
therapy 
mimicking
as a result
eliminate
treatment

Senescent cell 
clearance prevents 
cancer

Martin et al., Trends Mol Med, 2020

Example of senolytic agents
Cardiac glycosides : inhibitors of Na/K ATPase pump

(treatment of heart failure, cardiac arrhythmia)

loss of senescent 
cell clearance 
promotes cancer
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Figure 20-27, Molecular Biology of the Cell 6th

P53 the guardian of the genome

stress

Cellular stress response
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