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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



• A group of molecules that work 
together to coordinate a response

• The pathway works as a cascade of 
signals

• The first molecule of the pathway 
receives the input and starts a 
cascade of events that produces 
output (response)
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Alberts et al., Molecular Biology of the Cell, 7th ed



Input and Output are coordinated
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Input

Output

Input A

Output
Input B



Signal can coordinate multiple responses
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Response can be context dependent
C

AN
C

ER
 B

IO
LO

G
Y 

/ F
R

EQ
U

EN
TL

Y 
AL

TE
R

ED
 P

AT
H

W
AY

S 
IN

 C
AN

C
ER

6

Signal A

Signal A

Block of proliferation

Cell death

Difference in response can be linked to mutations in the pathway 
and parallel signals



Complex circuits
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KEGGs is a database with a collection of the pathways



• Ras Signaling

• AKT Signaling

• Notch Signaling

• Hedgehog Signaling

• TGF-b Signaling

• WNT Signaling

• Cell Death Signaling

Major signaling pathways in cancer
C

AN
C

ER
 B

IO
LO

G
Y 

/ F
R

EQ
U

EN
TL

Y 
AL

TE
R

ED
 P

AT
H

W
AY

S 
IN

 C
AN

C
ER

8



Where does the signal (=input) come from?
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• Endocrine signaling (long distances)

• Paracrine signaling (local mediators)

• Autocrine signaling

• Gap junction signaling (contact-
dependent)

• Synaptic signaling (in neurons)

Alberts et al., Molecular Biology of the Cell, 7th ed



Paracrine signals
The signal molecule (e.g. interleukins, hormones) is produced by different cell types
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Autocrine signals

The signal molecule is produced by the same cells that received the signal
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An example
of autocrine signaling in 
successive sections of an 
invasive human breast 
carcinoma.

Weinberg, The Biology of Cancer 2nd ed.
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Autocrine molecules



One ligand can bind to multiple receptors
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Receptor Tyrosine Kinases

§ Cell growth
Epidermal growth factor

Fibroblast growth factor

Platelet-derived growth factor

Vascular endothelial growth factor

Insulin growth factor
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Receptor Tyrosine Kinases dimerization
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PI3K activity is controlled by PTEN
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PTEN: Phosphatase and tensin homolog



PI3-kinase activates Akt
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PI3K/Akt pathway is frequently altered across tumors
C

AN
C

ER
 B

IO
LO

G
Y 

/ F
R

EQ
U

EN
TL

Y 
AL

TE
R

ED
 P

AT
H

W
AY

S 
IN

 C
AN

C
ER

Zhang et al., 2017

LAML, Acute Myeloid Leukemia; ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; LGG, Brain Lower Grade Glioma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical 
adenocarcinoma; CHOL, Cholangiocarcinoma; CRC, Colorectal adenocarcinoma (combining COAD and READ projects); ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous cell carcinoma; 
KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; DLBC, 
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; 
SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THYM, Thymoma; THCA, Thyroid carcinoma; UCS, Uterine Carcinosarcoma; UCEC, Uterine Corpus Endometrial 
Carcinoma.

https://www.sciencedirect.com/topics/medicine-and-dentistry/acute-myeloid-leukemia
https://www.sciencedirect.com/topics/medicine-and-dentistry/adrenal-cortex-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/transitional-cell-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/ganglioglioma
https://www.sciencedirect.com/topics/medicine-and-dentistry/invasive-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/cholangiocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/colorectal-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/x-ray-photoelectron-spectroscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/esophagus-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/glioblastoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/head-and-neck-squamous-cell-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/clear-cell-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/papillary-renal-cell-carcinomas
https://www.sciencedirect.com/topics/medicine-and-dentistry/lung-adenocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/squamous-cell-lung-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/mesothelioma
https://www.sciencedirect.com/topics/medicine-and-dentistry/mucinous-cystadenocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/pancreas-adenocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/paraganglioma
https://www.sciencedirect.com/topics/medicine-and-dentistry/pheochromocytoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/prostate-adenocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/sarcoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/cutaneous-melanoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/stomach-adenocarcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/germinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/thymoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/thyroid-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/carcinosarcoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/endometrium-carcinoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/endometrium-carcinoma


Hot-spot mutations

AKT

PI3K
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PTEN is deleted or mutated in several cancers
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PI3K/Akt pathway

§ Survival & Translation

PIK3CA, PIK3R1, 
PTEN

AKT1

MTOR
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The Wnt pathway
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§ Important during development (patterning 
decisions).

§ 19 ligands (Wnt members)
§ More than 15 receptors: Frizzled, LRP5, LRP6, 

RYK,… 
§ Canonical and non-canonical signaling.

§ Roles in cancer:
• Cancer stem cells: e.g. self-renewal, TERT 

expression. 
• Invasion and metastasis through EMT.

CTNN1
K14
DAPI



The Wnt pathway
C

AN
C

ER
 B

IO
LO

G
Y 

/ F
R

EQ
U

EN
TL

Y 
AL

TE
R

ED
 P

AT
H

W
AY

S 
IN

 C
AN

C
ER

Weinberg, The Biology of Cancer 2nd ed.



Canonical Wnt signaling
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Bugter et al., 2021



Alterations of the Wnt pathway in cancer
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Bugter et al., 2021

Distribution in all TCGA 
Pan-Cancer studies

Consensus molecular 
subtypes of TCGA 
CRC samples



The TGFb pathway
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§ Controls: cell cycle, metastasis, invasion, angiogenesis, wound healing, 
cancer stem cells,…

§ Cell- and context-dependent.

§ Integrated in many other signaling pathways (Wnt, Notch, Ras, etc).

§ Pleiotropic effects: can exert cytostatic and tumor-suppressive effects in 
early stage tumors, but can also induce proliferation, invasion, and 
angiogenesis in advanced tumors.



The TGFb pathway
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Weinberg, The Biology of Cancer 2nd ed.



The TGFb pathway
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A case of pleiotropism: The TGFb pathway
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Seoane & Gomis, 2017



TGFb target genes
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The TGFb pathway
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The TGFb pathway
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The TGFb pathway
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The TGFb pathway: mutations in cancer
C

AN
C

ER
 B

IO
LO

G
Y 

/ F
R

EQ
U

EN
TL

Y 
AL

TE
R

ED
 P

AT
H

W
AY

S 
IN

 C
AN

C
ER

Seoane & Gomis, 2017



Metabolic alterations

• Change the use of metabolites (associated with cancer 
cell proliferation)

•  Synthesis of new metabolites (associated with 
mutation in some genes)

C
AN

C
ER

 B
IO

LO
G

Y 
/ F

R
EQ

U
EN

TL
Y 

AL
TE

R
ED

 P
AT

H
W

AY
S 

IN
 C

AN
C

ER



Metabolic alterations

Cancer cells have a different diet compared to the normal cells

C
AN

C
ER

 B
IO

LO
G

Y 
/ F

R
EQ

U
EN

TL
Y 

AL
TE

R
ED

 P
AT

H
W

AY
S 

IN
 C

AN
C

ER



The Warburg effect

Heiden et al., 2009

C
AN

C
ER

 B
IO

LO
G

Y 
/ F

R
EQ

U
EN

TL
Y 

AL
TE

R
ED

 P
AT

H
W

AY
S 

IN
 C

AN
C

ER



The Warburg effect
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Weinberg, The Biology of Cancer 2nd ed.

PET-CT

de
te

ct
io

n
af

te
r t

re
at

m
en

t



Production of new metabolites

Associated with gene mutations

Mutation of IDH1 and IDH2 genes

IDH1 R132X (predominant in glioma; arginine R at position 132 
is replaced by another amino acid, giving a missense mutation)

IDH2 R140X (predominant in leukemia; arginine R at position 140 
is replaced by another amino acid, giving a missense mutation)
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Production of new metabolites: 2-hydroxyglutarate (2-HG) 
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Cairns et al., 2011



Production of new metabolites:
 2-HG influence DNA methylation
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Many pathways are interconnected (network)
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Multiple signals

Converge 
intracellular signaling

Readout

proliferation cell survival
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Multiple signals

Converge 
intracellular signaling

Readout

promote
proliferation

promote
cell survival

Transcription factors

Metabolism

Epigenetics
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A master regulator: MYC

MYC family proteins include c-MYC, N-MYC, L-MYC

MYC is an helix/loop/helix protein leucine zipper protein

c-MYC is frequently amplified or overexpressed in multiple cancers
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MYC is a transcription factor and potent oncogene
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MYC regulates all the hallmarks of cancer
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How does MYC control several biological processes?

MYC forms dimer with MAX

MYC/MAX complex binds specific 
DNA sequence (E-BOX)

MYC activates the expression of 
many genes 
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MYC regulates gene expression
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Antagonistic effects of Max partners



MYC targets
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MYC alterations in cancer
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Myc alterations in different malignancies Most common Myc alterations



MYC translocation in Burkitt lymphoma
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MYC amplification (copy number increase) in cancer
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The pathway signal is not linear
but can be supported by feedback activations

Cell proliferation

A

B

C

X

I
Inhibitor
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mTOR re-activates AKT

N
eg
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e 
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Feedback
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How can we analyze a pathway’s activity?

Visualizing the signaling:

Reporter constructs
Protein-protein interactions (FRET)

Understand the signaling connection:

yeast two hybrid screen/affinity purification/mass spectrometry
Mass-cytometry (Cytof)
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Reporter Construct

To understand if a transcription factor regulates the expression of specific genes

Gene Promoter

Reporter Gene
(e.g. Luciferase or GFP)
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Reporter Construct
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Reporter Construct: examples
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Wnt reporter lactate reporter
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FRET (Förster Resonance Energy Transfer)

Used to study (in living cells):
    Protein-protein interactions
    Ligand binding to a receptor
    Molecular dimarization

Broussard & Green, 2017



FRET with specific inhibitors
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How can we analyze the pathways activity?

Visualizing the signaling:

Reporter constructs
Protein-protein interactions (FRET)

Understand the signaling connection:

yeast two hybrid screen/affinity purification/mass spectrometry
Mass-cytometry (CyTOF)
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Yeast two hybrid screen (to discover protein-protein 
interactions)
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Brückner et al., 2009



Yeast two hybrid screen (transcription activation)
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Protein-protein interaction by affinity purification
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sequences. It is involved in cell–cell communi-
cation and in signal transduction from the
cell surface to the nucleus. Application of this
strategy to yeast SH3 domains generated a
phage-display network that contained 394
interactions between 206 proteins and a two-
hybrid network containing 233 interactions
between 145 proteins. Computational analy-
sis identified 59 highly probable interactions
that were common to both networks26.

The success rates of these different large-
scale approaches for studying protein–protein
interactions cannot be compared directly.
However, the smallest common denominator
for these approaches is the need for thorough
bioinformatic analysis. Tong et al.26 identified
key interactions by calculating the intersec-
tion of predicted and experimental networks,
whereas the huge amount of data produced
by large-scale yeast two-hybrid screens in S.
cerevisiae23 gained its meaning through subse-
quent bioinformatic analyses. Possible func-
tions were assigned to proteins on the basis of
the known functions of their interacting part-
ners27; the topological properties of interact-
ing protein networks and their regulatory
genetic network were addressed28; and the
question of how the organization of protein
networks affects the evolution of the proteins
that comprise them was considered29.
Together with sophisticated bioinformatics
analyses, these interaction maps now provide
fundamental biological information in the
context of new approaches to drug discovery.

Methods for the future?
Although 2D-PAGE technology will, for some
time, still be the main technology for protein
display— especially because of the recent
improvements in immobilized narrow pH
gradients — chromatography-coupled MS
approaches and gel-independent techniques
are likely to replace 2D-PAGE technology in
the future.

Yates and colleagues30 have described an
automated method for shotgun proteomics,
which is known as multidimensional protein
identification technology (MudPIT; FIG. 2), that
combines multidimensional liquid chro-
matography with electrospray ionization tan-
dem MS.Analogous to DNA sequencing, they
named this method ‘shotgun’ sequencing
because it can easily be automated and it
improves the overall analysis of proteomes by
identifying proteins of all functional and physi-
cal classes. The multidimensional liquid-chro-
matography method integrates a strong
cation-exchange resin and a reversed-phase
resin in a biphasic column. With this largely
unbiased method, Yates and colleagues
analysed the S. cerevisiae strain BJ5460 that was

(~6,000 protein-coding genes have been pre-
dicted)25, and numerous protein complexes
were identified, which included many new
interactions in various signalling pathways
and in the DNA-damage response24.

Tong et al.26 have developed a strategy that
combines computational prediction of inter-
actions from phage-display ligand consensus
sequences and large-scale two-hybrid physical
interaction tests. They first screened random
peptide libraries by phage display to define
consensus sequences for preferred ligands. On
the basis of those consensus sequences, a
computational protein–protein interaction
network was derived. They then generated a
second network using yeast two-hybrid
screening for all the possible binding partners
for each motif. Finally, the intersection of pre-
dicted and experimental networks was deter-
mined and the key interactions were, once
again, experimentally tested for relevance.
The Src-homology-3 (SH3) domain is a small
conserved sequence of ~60 amino-acid
residues, which binds to proline-rich

including 1,143 human orthologues of rele-
vance to human biology, and purified 589
protein assemblies. The key to their work was
tandem-affinity purification (TAP; FIG.1; BOX 2).
A cassette that encoded a so-called TAP tag,
which consists of a calmodulin-binding pep-
tide, a specific enzyme cleavage domain and
Protein A from Staphylococcus aureus, was
inserted into the cells being studied, and a
tagged library was generated. The resulting
fusion proteins, together with their binding
partners, were then isolated from total cell
lysates by their tag under mild conditions.
Bioinformatic analysis of these assemblies
defined 232 distinct multiprotein complexes
and proposed new cellular roles for 344 pro-
teins, which included 231 proteins with no
previous functional annotation4.

Beginning with 10% of predicted yeast
proteins as bait, Ho et al.24 detected 3,617 pro-
teins that associated with the bait, using high-
throughput mass spectrometric protein 
complex identification. This number corre-
sponds to more than half of the yeast ‘proteome’

Figure 1 | Tandem-affinity purification. The tandem-affinity-purification (TAP) tag consists of three
components: a calmodulin-binding peptide, a tobacco etch virus (TEV) protease cleavage site and Protein
A as an immunoglobulin G (IgG)-binding domain. Cells or organisms are generated that contain TAP-
tagged protein(s). Extracts are then prepared under mild conditions and TAP is carried out. The first
column consists of IgG beads. TEV protease cleaves the immobilized multiprotein complexes. Another
round of binding is carried out on a second column that consists of calmodulin beads. The native complex
is then eluted by chelating calcium using EGTA.
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Frequently altered pathways in Cancer

https://www.pnas.org/content/pnas/105/2/692.full.pdf
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