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Cancer

• All cancers derive from single 
cells that have acquired the 
characteristics of continually 
dividing in an unrestrained 
manner and invading surrounding 
tissues.

• Cancer cells behave in this 
abnormal manner because of 
changes in the DNA sequence of 
key genes, which are known as 
cancer genes. Therefore all 
cancers are genetic diseases.

Human melanoma cell undergoing cell division
Paul Smith & Rachel Errington,  Wellcome Images 

Mira Grigorova and Paul Edwards, 

www.path.cam.ac.uk/~pawefish/BreastCellLineDescriptions/HCC38.html

yourgenome.org, Wellcome Sanger

http://www.path.cam.ac.uk/~pawefish/BreastCellLineDescriptions/HCC38.html


Genetics of cancer

• Inherited germline mutations → 5-10% of all cancers
• TP53, BRCA1, BRCA2, PTEN…

• Somatic mutations

• Mutations:
• SNVs, Insertion-deletions, Structural variants and rearrangements
• Missense, nonsense, frameshift, splicing site

• Region:
• Coding regions/exome
• non-coding regions

• Genes
• Oncogenes / tumor suppressors 
• Other (regulatory elements, epigenetic modifiers, …)

Somatic

Inherited
Both

Trends in Molecular Medicine



Genomics in cancer

• Clinical & translational:
• Early diagnosis → liquid biopsy, cfDNA/ctDNA, exosomes
• Detection & characterization for optimal therapy →WGS, WES, …
• Personalized treatments, precision medicine
• …

• Research
• Mechanism
• Evolution
• Emergence of therapy resistance
• → Novel therapies



Cancer Genome Group, Broad Institute

Mutation Frequencies in Common Cancers



Liquid biopsies: genotyping circulating tumor DNA.
Diaz LA Jr, Bardelli A. J Clin Oncol. 2014 Feb 20;32(6):579-86.

Minimal residual disease

Resistance mutations

Initial genotyping when no tissue available

Early detection/screening

Research of heterogeneity

Liquid Biopsy



Faderl, S. et al. N Engl J Med 1999;341:164-172

The Translocation of t(9;22)(q34;q11) in CML
Chronic Myeloid Leukemia

⚫Target for inhibition: Tyrosine kinase

⚫Aim: to design a small chemical compound that would compete with 
ATP for its binding site in the kinase domain.

⚫By blocking the ATP site, no phosphate groups would be transferred to 
tyrosine residues on the BCR-ABL substrate → unphosphorylated 
substrate protein would not be able to undergo a conformational change 
to allow it to associate with downstream effectors → the downstream 
reactions would then be impeded → interrupting transmission of the 
oncogenic signal to the nucleus.

http://cinjweb.umdnj.edu/sites/molmdweb/documents



pct.mdanderson.org
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Not just coding genes

Piraino et al. Beyond the exome: the role of non-coding somatic mutations in cancer



Cuykendall et al. Non-coding genetic variation in cancer



Regulation of disease-associated gene expression in the 3D genome, Krijger et al



proteomics

gene expression

non-coding RNAs

point mutations
and in/dels

copy number

rearrangements

epigenetics

Data analysis

DNA modifications
Chromatin modifications
Chromatin structure and 
accessibility

Bulk
Single-cell
Spatial
Spatiotemporal



Clustering
• Hierarchical

• Agglomerative
• Divisive
• → Neighbor joining, UPGMA…

• Partitioning
• Centroid → K-means, PAM…
• Distribution

• Partitioning with outliers
• Density-based → DBSCAN, OPTICS

• Overlapping clustering
• Graph clustering
• Spectral clustering
• …



Alizadeh et al. Distinct types of diffuse large B-cell lymphoma identified by gene expression profiling, 
Nature 2000



Figueroa et al. DNA Methylation Signatures Identify 
Biologically Distinct Subtypes in Acute Myeloid 
Leukemia



scikit-learn.org



Supervised methods

towardsdatascience.com



Case study: 
TET2+FLT3-ITD or IDH2+FLT3-ITD
double mutant AML



TCGA AML NEJM 2013

DNA
Methylation

Chromatin
State

Genomic Analysis of AML Identifies Mutations in Genes 
Which Regulate DNA Methylation and Chromatin State



(p<0.001)

Patel et al. NEJM 2012

TET2, ASXL1, 

DNMT3A, MLL 

mutations

Patel et al. NEJM 2012

Adverse Outcome in AML Patients With 
Mutations in Epigenetic Modifiers 





# of DMRs
Differentially Methylated Regions

TET2/FLT3 interaction causes disproportional epigenetic 
changes compared to the single mutants



GATA2

DMCs
DMRs
T2F3
FLT3
TET2
WT

Gata2: transcription factor, regulator of gene expression in hematopoietic cells, associated with AML

TET2 and FLT3-ITD mutations in LSKs led to significant 
decreased levels of Gata2 RNA compared to wild type or single 
mutants 



GATA2 re-expression restores differentiation 
and attenuates leukemogenesis

Gata2 expression, but not expression of vector control, 

resulted in a progressive reduction in the proportion of c-

kit+ AML cells, consistent with disappearance of the AML 

clone in vivo 

mice expressing vector alone succumbed 

to leukemia, whereas no mice expressing 

GATA2 developed lethal AML
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AzaC reverts methylation of GATA2 to WT 
levels

• Complete reversal of aberrant hypermethylation at FLT3/TET2 synergistic target loci, including GATA2, MN1, HOXA3 
which are aberrantly methylated in FLT3/TET2-mutant AMLs

• See synergistic activity with FLT3 targeted therapies (dose, sequence matter)
• What about inhibition of mutant IDH1/2?



• Azacytidine therapy results in clearance 
of AML cells from peripheral blood
• Marked reduction in white blood cell count, 

blast percentage

• Reduction in spleen size

• Reversal of anemia/thrombocytopenia with 
normalization of hematocrit/platelet counts White Blood Cell Count

% Blasts



LT-HSCs

Meg-Erythroid Progenitors

• AzaC therapy normalizes 
differentiation in TET2-mutant AML

Restores Long-term HSC Compartment

SLAM

CD48

Vehicle Azacytidine



AzaC treatment in TET2+FLT3 causes 
differentiation response

Monocytes, Mac+Gr- are reduced



Overlap in Epigenetic Signature in TET2 & 
IDH2 + FLT3

IDH2 + FLT3

TET2 + FLT3
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Figueroa, Abdel-Wahab, Lu et 

al, Cancer Cell 2010



GATA2 Hypermethylation in IDH2/FLT3

• IDH2/FLT3 shows hypermethylation/silencing of GATA2 not present in IDH2-
only mutant mice

• Similar signature to TET2/FLT3



IDH2-inhibition Inhibits FLT3/IDH2-mutant Replating

No effect on TET2-mutant cells consistent with 
mutant-specific effects on 2-HG and self-
renewal in vitro

IDH2 Inhibitor

• AG221 - orally available, selective, potent inhibitor of the mutated IDH2 
protein





AG221 reatment does not significantly 
alter IDH2-mut allele frequency



AG221 treatment in IDH+FLT3 model causes 
differentiation changes





Cancer evolution

Sarah Haurin, Duke university

Venkatesan et al. Tumor Evolutionary Principles: How Intratumor Heterogeneity 
Influences Cancer Treatment and Outcome



Ding et al. Clonal evolution in relapsed acute myeloid leukaemia revealed by whole-genome sequencing











Epigenetic clonality

Xu et al. Cellular heterogeneity–
adjusted clonal methylation 
(CHALM) provides better prediction 
of gene expression

Li et al. Dynamic evolution of clonal epialleles revealed by methclone





Chromatin Structure



Genome 



Genome 



Three-dimensional chromatin packing and 
positioning of plant genomes
Dogan et al.



Organizational principles of 3D genome architecture
Rowley et al



Cohesin in chromatin structure and gene regulation, Erasmus MC

Regulation of disease-associated gene expression in the 3D genome, Krijger et al



DNA loop extrusion by cohesin

DNA loop extrusion by human cohesion
Davidson et al. Science 2019



SMC3

• Structural Maintenance Of 
Chromosomes 3

• Part of cohesin complex
• Important for 

• regulation of gene expression 
(enhancer/promoter interactions, 
insulators)

• cell cycle (separation of sister 
chromatids

• etc

• Abnormal copies (heterozygous) 
were found in myeloid and lymphoid 
cancers and more

Cohesin in cancer: chromosome segregation and beyond, Nat Rev Cancer 2014



Smc3 deficiency accelerates malignant transformation of GC B-cells and is linked to inferior outcome of 

DLBCL patients



Smc3 deficiency accelerates malignant transformation of GC B-cells and is linked to inferior outcome of 

DLBCL patients





Chris Chin









Regulation of disease-associated gene expression in the 3D genome, Krijger et al




