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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.

e 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
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Genetics of cancer

Both
Inherited germline mutations = 5-10% of all cancers Inherited ‘
« TP53, BRCA1, BRCA2, PTEN... . ‘

Somatic mutations

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

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

* Genes
* Oncogenes / tumor suppressors
* Other (regulatory elements, epigenetic modifiers, ...)

TRENDS in Motecular Medicine:

Trends in Molecular Medicine



Genomics In cancer

e Clinical & translational:
* Early diagnosis =2 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



Mutation Frequencies in Common Cancers
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Liquid Biopsy

Secretion

Minimal residual disease

Resistance mutations

Initial genotyping when no tissue available
Early detection/screening

Research of heterogeneity

Initiation of targeted therapy (EGFR)

' c . : Relapse
' ( l Tumons W ,\ KRAS/MET/NRAS
~ & Blood vessel ' ° \ i
Structural changes .ﬁ 2
mutation v Jlati or rearrangements -— 3
Methylation Copy number g9 3 \ 2
.141‘.1!"‘!, H, : variations ‘ 5
Circulating ~ =1 BN AN

tumor cells MicroRNA
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Exosome

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

Autologous CAR T-Cell Therapy Process

1 )INTHE CLINIC
The white blood cells, | Blood is
including T cells, are :""ke"'he
separated out, and p:"".: ki
the rest of the blood :
is returned to the
tient.
= The receptors The CART cells identify the cancer
) N are attracted to cells with the target antigens and kill
| Teells targets on the them. CART cells may remain in the
| | 4 are sent surface of the body for some time to help prevent
to the ) cancer cells. the cancer cells from returning.
i fab. aﬁ‘d
o b @ IN THE CLINIC
- 3 g CART cells are put back into the patient’s
e K . H bloodstream, typically after chemotherapy is
Molecular Profiling g Prognostic Markers oy H ﬂ ﬁ given to make space, and continue to multiply.
Markers predictive of drug¢.. N
sensitivity/resistance @ IN THE LAB/MANUFACTURING FACILITY \)
Ly 3 T cells are engineered to find and kill cancer cells.
Markers predictive of €.
adverse events ‘
@ W 'y |
An inactive virus is The genes cause the T cells Modified T cells (now called
used to insert genes to make special receptors, CART cells) are multiplied
into the T cells. called CARs, on their until there are millions of
© Fran Milkar 2017 surfaces. these attacker cells.
pct.mdanderson.org

Fran Milner



Not just coding genes

A Tobacco smoke

B Ultraviolet light

E Alkylating agents

Wc-a
Bc=-c
Mc-T
| REY
WTs-c
BT-G

C APOBEC activity /

F BRCA repair deficiency

D POLE proofreading deficiency

G Mismatch repair deficiency

Figure 2. Several mutational signatures identified so far have important clinical or epidemiological implications. Some signatures, such as those associated
with tobacco smoke (A), ultraviolet light (B) and alkylating agents (E), can serve as markers of previous mutagenic exposure. Signatures associated with altered
DNA damage response including deficiency in POLE (D), BRCA (F) and mismatch repair pathways (G) may serve as markers for prognosis and efficacy of

certain types of therapy.

A C Enhancer
de nove MYB binding site Codon GTG = GAG

' ' Promoter

'ACGGTT A 'GAG UTh

1 t
2bp insertion V600E
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‘ ‘ Intron

¥ ¥ . ¥

de novo ETS binding site Splicing mutations miRNA seed region
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R
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-124C>T T125T  Intronic G=>C 3" UTR mutation

Figure 3. Several mechanisms have been discovered which can result in driver mutations, within both coding and non-coding regions of the genome.
Enhancer mutations (A) may induce the binding of regulatory factors that either promote or inhibit gene expression. Promoter mutations (B) can similarly
create or destroy binding sites that affect transcription. Coding mutations (C) can have many effects, such as altering critical amino acids, causing constitutive
protein activation or disrupting protein folding. Splice site mutations (D) alter the splicing of genes. UTR mutations (E) can have various effects, including
allering miRNA largeling,

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



Epigenetic state of normal cell-of-origin

% <— Mutation Density
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Variation in mutation density of tumor reflects
epigenetic state of cell-of-origin

Non-coding sequence changes can alter
epigenetic state of the tumor cell

Mutations

Rearrangements

wild-type

Sample 1

Sample 2

Mutations in regulatory elements
can alter gene expression

wild-type

gene fusion

Rearrangements in non-coding regions
can alter gene expression

B[] Coding Exon

[l [ ]Promoter
[ enhancer
Esutr

£Mutation

Cuykendall et al. Non-coding genetic variation in cancer



Wild type _&_a_ Disease Affected gene Enhancer Refs

a Enhancer deletion B-Thalassaemia B-globin genes LCR 3,4
b Disruption TF binding site HPE SHH SBE2 36
¢ Insertion TF binding site PDD2 SHH ZRS 35,122

d Enhancer duplication _‘&_a Lung adenocarcinoma MYC 3’~450kb SE 124
e Enhancerintroduction _&—a—a— T-ALL TAL1 NA 121

f Promoter introduction ( Gene | Gc a-Thalassaemia a-Globin genes o-Globin enhancers 46

. .
R« Gere |
h Enhancer hijacking -*/ /h@— Burkitt lymphoma MYC IgH enhancer 116,117

Figure 3 | Erroneous regulatory wiring between enhancers and target genes causing disease. Erroneous regulatory

g Promoter deletion (E(3 o-Thalassaemia* o-Globin genes/NME4  a-Globin enhancers 44

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



Data analysis
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Clustering

Hierarchical
* Agglomerative - 1-
* Divisive
* 2 Neighbor joining, UPGMA...

Height

Partitioning -
 Centroid = K-means, PAM... . anln rdf__\iy’f‘;ﬁﬂ Hﬁiﬁﬁ;
~£25 2 288 =°  §
Partitioning with outliers ; ;
» Density-based > DBSCAN, OPTICS : f

Overlapping clustering e f
Graph clustering 3 |
Spectral clustering




DLBCL
- Germinal centre B

NI. lymph node/tonsil
Activated blood B

l i
—':5_ Resting/activated T
Transformed cell lines
]

FL
Resting blood B
CLL

I Pan B cell

| Germinal Centre
' B cell

B Tcel
B Activated B cell

Proliferation

Lymph node

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



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

Leukemia




OPTICS

Birch

GaussianMixture

MiniBatchKMea®éfinityPropagation MeanShift SpectralClustering

Ward AgglomerativeClusteringDBSCAN

" 1.54s

.03s

.01s

scikit-learn.org



Supervised methods
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Case study:

TET2+FLT3-ITD or IDH2+FLT3-ITD
double mutant AML



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

DNA
Methylation

Chromatin
State

Mutation Type Cytogenetic Risk Group
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Adverse Outcome in AML Patients With
Mutations In Epigenetic Modifiers

Overall Survival

0.4

0.6

Intermediate—risk cytogenetics
with favorable mutational risk

+
. SRS

A s

Intermediate-risk cytogenetics
with intermediate mutational risk

Unfavorable cytogenetics += = > ofe o4

Intermediate—risk cytogenetics
with unfavorable mutational risk

*+=+4 -+ Favorable cytogenetics

+

|
20

40 60
Months

|
80

(p<0.001)

TET2, ASXL1,

DNMT3A, MLL

mutations

Patel et al. NEJM 2012
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TET2/FLT3 interaction causes disproportional epigenetic
changes compared to the single mutants

# of DMRs
Differentially Methylated Regions
TET2+FLT3
B Hypo
i Bl Hyper
v
1512 2 ]
()
62
91 ’
s 115 il
64 Tet2™ FH3™ Tet2+

FLT3 FIt3'T®



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

DMCs
DMRs
T2F3
FLT3
TET2
WT

Relative Gata2 Expression

GATA2
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GATA?2 re-expression restores differentiation
and attenuates leukemogenesis

~= MIGRL1 —= Gata2
100 . ' : I
100 mm REC 1
E & B Macl i
E R ! L “ 4’-’9’ d
- H: F s
¥ (D = E
@ 50+ * i E ' 3
é % 20~ T °
_|| 0=
th MIGR1 Gata2 MIGR1 Gata2  6R1 Gata2
: 3wks 9wks 9wks
| ! L
0 100 200 300

Days from transplant

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
GATAZ2 developed lethal AML
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AzaC reverts methylation of GATA2 to WT
levels

22 kb

O . i | e . e | P . e | e . e | e | e
Refseq genes =il | . | ——
TET2+FLT3 vs WT DMR | | [ ]
TET2+FLT3 vs WT DMC I I i I | I
TET2+FLT3+AzaC I 1l | | I I [} I A Il Ll
TET2+FLT3+vehicle 2 | 1l (- ([ e | Ll
TET2+FLT3+ac220 | [ il I | |
TET2+FLT3+vehicle i | | MR | 1N N |
TET2+FLT3 1 il IR I
FLT3 I | (. L[] IO o Iy
TET2 I 1 N [ [[]] | I Il T
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* 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

% of WBC

kiul

% Blasts

a0

204

yVhite Blood Cell Count




* AzaC therapy normalizes Restores Long-term HSC Compartment
differentiation in TET2-mutant AML

LT-HSCs

Vehicle Azacytidine

L

% LSK
i

--'LT—Hsc
0.20

Meg-Erythroid Progenitors
155

" I

% oflin- kit+




AzaC treatment in TET2+FLT3 causes
differentiation response

Ter119+ CD71+ spleen cd45.2+ mac gr

aci
0 404 acl+
30= T

20+

% BM

10+

Monocytes, Mac+Gr- are reduced



Overlap in Epigenetic Signature in TET2 &

IDH2 + FLT3
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| \/L methyltransferase \(kl\j
N "0 /J\
H N 0

§ a-ketoglutara
Cytosine 5-Methylcytosine g

TET1 \ L e WT

Y

TET2

151 2-hydroxyglutarate
on NF. Mutant

B
N’l“o
}1

5-Hydroxymethylcytosine

Figueroa, Abdel-Wahab, Lu et
al, Cancer Cell 2010
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GATA2 Hypermethylation in IDH2/FLT3
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23 Wb
......
Refseq ganes = - - - .- - - - ..:_;.a[g.j e P e——
WT i 1l | nini A | 1
TETZFLT3 veh 1] i
TETZFLT3 | Hy |
TET2 i 1Im [l nui A | 1]
FLT3 I : 1] [ i
IDH2 FLT3_veh I Il ] L1000
IDH2_veh l ] i

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

 Similar signature to TET2/FLT3



Relative 2ZHG

IDH2 Inhibitor

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

2,07

1.59

1.0

0.5-

0.0-

(CFU1 cell measurement)

2HG after 7Tday Rx

Relative # of Colonies

1.0+

0.54

0.0<

CFU treatment assay

B CFU1
B Cru2
BN CFU3
N CFU4

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



GATA2 (275 CpGs)
TET2+FLT3

40%

w

<]

3°
\

N

3

o~
1

3
®

% Methylation Difference with WT
3 3
&~ o~

-20%

-30% A

0 100 200
CpG Index

60%
50%
Sample Type = 40%-
|—|TET2+FLT3 =
|—|TET2+FLT3 + Ac220 = 30%
|—|TET2+FLT3 + AzaC 3 °
|—|TET2+FLT3 + Combo e
o 20%
CpG Annotation o
|®|Upstream_5k B 4 nos |
=|uTRs g 19%
|'®:|Exon T
|'®|Intron ;:-. 0%
[ |uTR3 T
|"|Downstream_5k Eo -10%
[®|Intergenic &
-20%
-30%

GATAZ (275 CpGs)
IDH2+FLT3

h A

LTI

g

0 100 200
CpG Index

IDH2+FLT3 Combo Drug Synergy
Reversal of hypermethylation in CDS regions, SD >= 0.5

IDH2.FLT3 ag221.ac220

IDH2.FLT3_ag221

Type

IDH2.FLT3_ac220

IDH2.FLT3_veh

i

Luid
gledry
zZeen -

gdebuyiy |

LigdAo
BSZZU-IE':I

TFITIEgg0ePezprazzzos
283328553438 35aRagI3L
a3 0x3580XR 2GS XV =
ko= =00 AWOgT SMREG =
=3 o= o n —~®g8oc
o (4]
Gene

€047
beus -

OTNMUOURZZNOAANAN
mcrﬂ.~<ng'a'a'\>m§@-a*00
f’i%'uﬂ-x:rno—'_.n_mzw
:_.nggmgn.g ocoamI
E ) =1 ™)
— o N a

o

2

)

=

Methylation Difference - _

Compared to Wildtype 03

%0k
%02
%0€

ample Type

IDH2+FLT3
IDH2+FLT3 + Ac220
IDH2+FLT3 + Ag221
IDH2+FLT3 + Combo

G Annotation
Upstream_5k
UTR5

Exon

Intron

UTR3
Downstream_5k
Intergenic



AG221 reatment does not significantly
alter IDH2-mut allele frequency

IDH2 variant allele frequency

I FRE
M POST-Response

BN POST-Relapse

frequency




AG221 treatment in IDH+FLT3 model causes
differentiation changes

PB monocytes spleen monocytes
30+ 20+
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Press Release

= View printer-friendly version << Back
FDA Grants Approval of IDHIFA®, the First Oral Targeted Therapy for Adult Patients with Relapsed/Refractory Acute Myeloid Leukemia and

an IDH2 Mutation

IDHIFA is the first and only oral targeted inhibitor of IDH

FDA approval of IDHIFA was based on results from the phase [/l AG-221 AML-001 study including safety. rate and duration of complete responss (CR)

or CR with partial hematologic recovery (CRh) and rate of conversion to transfusion independence!
Relapsed and refractory AML is a debilitating disease with a significant unmet medical need?

SUMMIT, M., & CAMBRIDGE, Mass —-(BUSINESS WIRE)-- Celgene Corporation (NASDARCELG) and Agios Pharmaceuticals, Inc. (NASDAQ:AGIO) today
announced that IDHIFA® (enasidenib) was granted approval from the U5, Food and Drug Administration (FDA) for the treatment of adult patients with
relapsed or refractory AML (R/R AML) with an isocitrate dehydrogenase-2 (IDHZ2]) mutation as detected by an FDA approved test.1 IDHIFA, an oral

targeted inhibitor of the IDHZ enzyme. is the first and only FDA-zpproved therapy for patients with R/R AML and an IDHZ mutation, which represents
petwesn 8 and 19 percent of AML patients.3

This Smart Mews Release features multimedia. View the full release here: htio:/fvewrw businesswire com/news/home /2017080100528 en/



Cancer evolution

Cancer evolution precursor lesion

imperfect
DNA replication

driver gene
/@) mutations are
< acquired

organ development initiation progression

Darwinian evolution

Time

Sarah Haurin, Duke university
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Inferring trajectories using dyno

The dyno package offers end. sac lete T1 pipeline. It features:

P PP

® a uniform interface to 59 Tl methods,

© an interactive guideline tool to help the user select the most appropriate method,
e streamlined interpretation and visualisation of trajectories, including colouring by gene expression or clusters, and

® downstream analyses such as the identification of potential marker genes.

For information on how to use dyno, check out the installation instructions, ials and doc ion at dynverse.org
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Epigenetic clonality

a
CpG site

Traditional methylation: 0.2
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Xu et al. Cellular heterogeneity—
adjusted clonal methylation
(CHALM) provides better prediction
of gene expression
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Smc3 deficiency accelerates malignant transformation of GC B-cells and is linked to inferior outcome of

DLBCL patients
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Smc3 deficiency accelerates malignant transformation of GC B-cells and is linked to inferior outcome of
DLBCL patients
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Centrocyte (CC) RNA-seq
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Contacts by Distance
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CC, All TADs +- 1*TAD length, stretched to same size
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a One gene, multiple enhancers, one tissue

" Gene |

b One gene, multiple enhancers, more tissues

¢ Gene competition for a shared enhancer: winner takes all
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g Or
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d Gene competition for a shared enhancer: we are all winners

And And
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Gene Gene Gc

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