
Cancer Biology I

Part-II

Week 12



AGENDA
Nov 5th:  Cancer genomics- mutations

Nov 11th: Cancer genomics-copy number alteration, heterogeneity, evolution 
(recording)

Nov 18th: Cancer Epigenetics- chromatin 3D structure, cell plasticity

Nov 25th: – Major signaling pathways leading to cancer

Dec 2th: Cancer Therapies – chemo and targeted therapies

Dec 9th: Introduction to immunotherapies – 

Dec 16th: questions for the exam

Dec 18th: Exam 1.30 PM-3.30 PM



Did we improve cancer treatment in the 
past  20-30 years?



HOW DO WE TREAT CANCER?

<1900 1950 1980 2010 2016

SURGERY

IMMUNO
THERAPIES

Physical Removal of the tumor 

High-energy particles or waves, such as x-rays, gamma rays, electron beams, or 
protons, to destroy or damage cancer cells. 
Developed at the beginning 1900s for the treatment of different diseases

Use chemical substances to treat cancer
     Developed in the 1970s

CHEMOTHERAPIE/HORMONOTHERAPIES

TARGETED THERAPIES

RADIOTHERAPIE



HOW DO WE TREAT CANCER?

SURGERY

IMMUNO
THERAPIES

CHEMOTHERAPIE/HORMONOTHERAPIES

TARGETED THERAPIES

RADIOTHERAPIE

Single or combine approaches
Curative 

LOCALIZED DISEASES 

METASTATC  DISEASES 

Single or combine 
approaches
Palliative  



TUMOR GROWTH

1 clone à 109 cells à 1012 cells

Regulated by the length of the cellular cycle, which controls the 
number of cells and the size of the tumor

Compare to normal cells: 
• Duration is similar 
• The growth fraction (proportion of cells in the cycle) is larger

– Very variable in different tumors
– Dictate the doubling time of the tumor which influences the type and 

timing of treatment 



SENSITIVITY OF VARIOUS TISSUE TO CHEMO



CHEMOTHERAPIES

Cytotoxic agents 

Block cell proliferation and induce cell death

MITOSIS DNA DAMAGE ACTIVATE THE 
IMMUNE SYSTEM

DNA 
DUPLICATION

Alkylating agents

Toipomerase inhibitors

Anti-metabolites
Microtubule 
poisons



TUMOR GROWTH

Antimetabolites
Toipomerase inhibitor 

Vinca-alkaloid

Taxoid

Alkylating agent

Some act during all the cycle
Some are specific to a certain phase



CHEMOTHERAPIES

About 20 molecules classified in 5 mechanisms of actions
Represent 95% of anti-cancer prescription 

For info only

*
*



BLOCK CELL DIVISION:MITOSIS

VINCRISTINE/VINBLASTINE

MICROTUBULES POISONS:

PACLITAXEL/TAXOLO



MICROTUBULES



VINCRISTINE/VINBLASTIN

VINCA ALKALOIDS:
Inhibit the microtubules assembly/polymerization
Arrest mitosis in metaphase  

NORMAL MITOSIS CELLS TREATED WITH VINBLASTINE

DNA Red
Microtubules Green

DNA blue/Centromeres red
Microtubules green



PACLITAXEL or TAXOLO

TAXANE:
Stabilize microtubules and protect from disassembling
Block mitosis progression and trigger apoptosis

NORMAL MITOSIS CELLS TREATED WITH TAXOLO

DNA Red
Microtubules Green

DNA blue/Centromeres red
Microtubules green





INDUCING DNA DAMAGE

TOPOISOMERASE

REGULATE DNA SUPERCOIL / UNWINDING DNA

https://www.youtube.com/watch?v=EYGrElVyHnU#

TOPOISOMERASE 1: Single strand breaks and repair

TOPOISOMERASE 2: Double strand breaks  and repair

https://www.youtube.com/watch?v=EYGrElVyHnU


TOPOISOMERASE INHIBITORS

Topoisomerase I: e.g. Camptothecin   

Topoisomerase II: e.g.  Etoposide
       Doxorubicin

Intercalating DNA agents that prevent DNA re-ligation and
 therefore cause DNA damage and activation of apoptotic program

How they work:

INDUCING DNA DAMAGE



p53 is a 
KEY PLAYER



ANTI-METABOLITES:  similar structure of purine and pyrimidine

2 categories: Purine analogs (adenine and guanine analogs)
       Pyrimidine analogs (cytosine and thymine and uracil analogs)

Activation by cellular enzymes
Block Synthesis
Incorporation in DNA, creating stereo-hindrance and inhibition of DNA synthesis
 
     

INHIBITION OF DNA SYNTHESIS



ANTIMETABOLITES:  Inhibits production of Thymidine.

5’ FLUOROURACIL: inhibits  the enzymes (thymidylate synthase (TYMS))
required to generate thymidine for DNA synthesis

ANTIMETABOLITES : Anti-Folate  (METHOTREXATE)

Folic Acid is the B-vitamin is essential for several body function

Human body needs Folate to DNA synthesis and DNA repair.

Methotrexate inhibits dihydrofolate reductase (DHFR) interrupting folate metabolism. 
This compromises thymidine synthesis, but also interferes with purine synthesis

INHIBITION OF DNA SYNTHESIS



INHIBITION OF DNA SYNTHESIS



CHEMOTHERAPIES IN COMBINATION



LIMITATIONS

CHEMOTHERAPIES• Side Effects
 Chemotherapies kill other proliferating cells in the body
 High and Effective doses are toxic

• RESPONSE AND RELAPSE

• RESISTANCE



PROLIFERATING CELLS IN OUR BODY

Chemotherapies are not cancer specific but 
they affect other proliferating cells



PROLIFERATING CELLS IN OUR BODY: SIDE EFFECT

TOXICITY/INTESTINAL PROBLEM

ANEMIA/RISK OF INFECTIONS

LOSS OF HAIR



NEW PROMISING THERAPIES: 
ANTIBODIES DRUG CONJUGATES (ADCs)



NEW PROMISING THERAPIES: 
ANTIBODIES DRUG CONJUGATES (ADCs) 

Mechanism of action



New promising therapies that will be 
developed over the next years



RESPONSE AND RELAPSE



RESISTANCE

How does the tumor become resistant to therapies?



Lowe et al. 1993: p53 modulates apoptosis and cytotoxicity
of Anticancer Agents in vitro

p53

Irradiated cells Irradiated cells



Lowe et al. 1993: p53 modulates apoptosis and cytotoxicity
of Anticancer Agents in vitro



Lowe et al. 1994: p53 status and the efficacy of Cancer 
therapy in vivo



Aas et al. 1996: p53 mutations associated with resistance to 
doxorubicin in breast cancer patients



TARGETED THERAPIES



GENOMIC ANALYSIS TO DESIGN NOVEL THERAPIES

CHEMOTHERAPIES TARGETED 
THERAPIES

INDUCE DNA DAMAGE AND
ACTIVATE THE APOPTOTIC PROGRAM

BLOCK THE ACTIVITY OF AN 
ONCOGENIC PROTEIN ALTERED 

IN CANCER



THE DESIGN OF ANTI-CANCER DRUGS

Disease specific:

• Leukemia
• Lymphoma
• Melanoma

Pathway specific:

• APOPTOSIS
• CELL CYCLE
• PI3K/mTOR

SYNTHETIC LETHAL INTERACTION

• BRCA1/2 and PARP inhibitor (Breast and Ovarian cancer)



FIRST TARGETED THERAPY
BLOCK BCR-ABL in CML



Chromic Myeloid Leukemia (CML)

Genomic:    95% of the cases have 
t(9;22)(q34;q11)



Figure 16.24b The Biology of Cancer (© Garland Science 2007)

BCR-ABL



BCR-ABL

NEJM, 2003



IMATINIB/GLEVEC: First successful example of target 
therapy

Charles Sawyers

Gleevec has been approved in the clinic in 2001



IMATINIB/GLEEVEC



Initial response to therapy 
but then tumor relapse

Normal blood Tumor CML

Initial response to gleevec Tumor relapse



RANDOM MUTAGENESIS SCREEN

triple mutant for DNA 
repair pathway

BCRABL

several mutated copies of 
BCRABL

Introduce random mutations in the gene sequence using a strain of bacteria
deficient in three of the primary DNA repair pathways 



DISCOVER MECHANISM OF DRUG RESISTANCE IN THE LAB

BCR-ABL mutagenize library



Several mutations are associated to Imatinib resistance



Several mutations are associated to Imatinib resistance
cause protein conformation change

http://www.hhmi.org/biointeractive/gleevec-resistant-form-kinase-bcr-abl









Multiple inhibitors to prevent resistance to therapy 



LYMPHOMA AND LEUKEMIA
B-CELL RECEPTOR SIGNALING DEPENDENCIES

B-Cell Lymphomas

Occur in the lymphonodes
Several subtypes

Chronic Lymphocytic Leukemia
(CLL)

The most common type of Leukemia
Increase the number of B-cells

Transform in aggressive lymphoma



IBRUTINIB: BTK INHIBITION

IBRUTINIB: IRREVERSIBLE KINASE INHIBITOR

Approve for the treatment of B-cell malignancies in 2013-2014





DISCOVER DRUG RESISTANCE IN THE LAB-2



MELANOMA: EXAMPLE 3

SKIN TUMOR

~70000 new cases every year

 Resistant to chemotherapies



COMMON GENOMIC LESIONS

V600E



©2012 by American Association for Cancer Research

RAS/RAF and MAPK



RAS AND BRAF V600E MUTATIONS 
IN METASTATIC MELANOMA



Approve for the treatment of melanoma in 2011





DISCOVER DRUG RESISTANCE IN THE LAB-3

Poulikakous et al. Nature, 2011



MECHANISM OF RESISTANCE



SUMMARY of MECHANISMs OF RESISTANCE

ACQUIRED NOVEL MUTATIONS (BCR-ABL and BTK)

EXPRESS DIFFERENT SPLICING VARIANT OF THE PROTEIN (BRAF)

HOW TO IDENTIFY MECHANISM OF RESISTANCE?

Library screening of mutated protein
Sequencing resistant patients
Generating resistant cell, using high doses of the drug.

Genetic screen to predict resistance to therapy



SIMULTANEOUSLY GENETICALLY MODIFY MULTIPLE GENES

GENETIC SCREEN

Crispr Screen (introduce mutations in the gene sequence)
siRNA or shRNA screen (block gene expression, act on the mRNA)



https://www.neb.com/tools-and-resources/feature-articles/crispr-cas9-and-targeted-genome-editing-a-new-era-in-molecular-biology

Gene editing by engineered CRISPR/Cas9

=> Cas9 can induce DNA repair by 
NHEJ or HDR in all species 
examined:

=> repair enzymes of the host either generate 
small insertion/deletion mutations (‘indels’) 
or integrate homologous ‘donor DNA’ 
at specific loci that match the design of the 
guide RNA

=> Cas9 induce DNA double-strand 
breaks



CRISPRs SCREEN

GENERATE A LIBRARY OF sgRNA targeting the genes of interest

Each gene is targeted by multiple sgRNA to increase reproducibility

Library can be designed to target few genes or the whole genome

It is possible to study the function of non coding region
 

STEP 1



CRISPRs SCREEN
generate a sgRNA library

Gene-1

sgRNA-1 sgRNA-2 sgRNA-3

Genes in human are ~ 20000 = library has at least 60000 sgRNA

Target only gene with specific function (e.g. kinases) 
500 genes  =  library with at least 1500 shRNA



CRISPRs SCREENSTEP 2

GENETICALLY MODIFY THE CELLS TO EXPRESS THE Cas9 

Cas9YFP

YFP-Cas9

Use a lentiviral vector 
to transduce the cell 
and express Cas9

Select YFP positive cells



CRISPRs SCREEN

STEP 3: Transduce the cells with sgRNA library and check for the phenotype 

Negative Screen

Positive Screen= drug resistance



CRISPRs SCREEN

Use high throughput sequencing to know how many sgRNA proportionally
were present in initial and final population

STEP 4: Extract the DNA for the cells and sequence (e.g Illumina platform)

100 cells expressing sgRNA-1

50 cells expressing sgRNA-2

5 cells expressing sgRNA-3

etc….

Initial population Final population

40 cells expressing sgRNA-1

55 cells expressing sgRNA-2

1001 cells expressing sgRNA-3

etc….
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CRISPRs SCREEN
STEP 4: Extract the DNA for the cells and sequence (e.g Illumina platform)

GENE-1 (9 sgRNAs)
GENE-2 (7 sgRNAs)
GENE-3 (9sgRNAs )

Negative screen
Positive screen



THE DESIGN OF ANTI-CANCER DRUGS

Disease specific:

• Leukemia
• Lymphoma
• Melanoma

Pathway specific:

• APOPTOSIS
• CELL CYCLE
• PI3K/mTOR

SYNTHETIC LETHAL INTERACTION

• BRCA1/2 and PARP inhibitor (Breast and Ovarian cancer)



COMMONLY ALTERED PATHWAYS

Receptor Tyrosine Kinases

PI3K/mTOR

Cell Cycle

DNA Damage/p53

Ciriello et al. Nature Gen, 2013



PI3K-AKT-mTOR



PI3K inhibitors/mTOR

http://www.nature.com/nrclinonc/journal/v10/n3/pdf/nrclinonc.2013.10.pdf



PI3K inhibitors

IDELASILIB or CAL101:  Approve for the treatment of 
Leukemia and Lymphoma 2014

          
           Inhibit specific isoform PI3Kd



mTOR inhibitor

DRUG= RAPAMYCIN/Sirolimus

Isolated in 1960 from a Bacteria growing RAPA NUI (Easter Island)

mTOR= Mammalian Target Of Rapamycin



mTOR inhibitor

mTOR= Mammalian Target Of Rapamycin



mTOR inhibitor

mTOR= Mammalian Target Of Rapamycin

Figure 16.44b The Biology of Cancer (© Garland Science 2007)

SIDE EFFECT: Immunosuppressant/ cardiac problem



Cell Cycle



Cell Cycle Inhibition

http://www.nature.com/nrd/journal/v14/n2/f
ull/nrd4504.html

CDK4/6 Inhbitor : Palbociclib (PD0332991) approved for breast cancer 2015 



Cell Cycle Inhibition/Resistant Patients



CAN WE TARGET p53?

Can we target tumor suppressor gene?

p53 is one of the most frequently mutated gene in cancer



Proteasome or MDM2 Inhibitors

Proteasome Inhibitor: BORTEZOMIB
Approve in 2003 for the treatment of Multiple Myeloma

MDM2 inhibitor: Nutlins
Block the interaction between MDM2 and p53 
Not approve for clinical use 
 



RATIONAL COMBINATION THERAPIES

Ciriello et al. Nature Gen, 2013

PIK3CA

PTEN

AKT

mTOR

EGFR

Erk

Rb

CCND1-
CDK4-CDK6

CDKN2A PIK3CA

AKT
Rb

CCNE1-
CDK2

Rb

CCND1-
CDK4-CDK6

CDKN2A PIK3CA

AKT

AURKA

Mitosis

BRCA1/
BRCA2

DNA 
double-stranded

breaks repair

Endometrioid, 
colorectal,

ER+ breast cancer

BRD4 BRD4

*

* Indirectly targetable
alterations with PARP
inhibitors

Drug Altered Not altered Activates InhibitsInhibits Inhibits indirectly

Glioblastoma Serous endometrioid,
ovarian cancer

Lung, head and neck
cancer

Serous ovarian,
basal (ER-) breast cancer



UNDRUGGABLE ONCOGENES

MYC

RAS



RAS: Oncogene
Ras is a family of proteins including K-RAS, H-RAS, N-RAS

GTPase protein: use GTP to transmit the signal

H-RAS: Harvey sarcoma virus
K-RAS: Kirsten sarcoma virus

The C-terminal of the protein is lipid-modified 

GTPase 
activating protein

(NF1 protein)

Guanine nucleotide 
exchange factors

(SOS protein)



ATP or GTP 
Kinase transmission signal RAS-GTPase signal



RAS alterations in tumors



RAS hotspot mutations

HRAS

K-RAS mutation G12V

NRAS



RAS hotspot mutations maintains the 
protein in a constitutive active form 



RAS downstream signals



RAS and MAPK signaling



UNDRUGGABLE ONCOGENES : RAS





UNDRUGGABLE ONCOGENES

MYC



Targeting MYC

Currently, no drugs are available

A genetic construct called OMOMYC was developed as a peptide inhibitor



L Soucek et al. Nature 000, 1-5 (2008) doi:10.1038/nature07260



OMOMYC clinical trail



Exercises

https://www.nature.com/articles/s41586-019-1694-1

https://www.nature.com/articles/s41586-019-1694-1

