


GENOMIE:

THE FUTURE IS NOW




Exploration often gives
a different perspective

Earthrise from Apoldlo 11, 1969
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A Disease of the Genome
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Challenge in Treating Cancer:

» Every tumor is different
» Every cancer patient is different




EriidnuLoAoyia Tou Kapkivou

Figure 3. Leading Sites of New Cancer Cases and Deaths - 2018 Estimates

Male Female
Prostate 164,690 19% Breast 266,120 30%
" Lung &bronchus 121,680 14% Lung & bronchus 112,350 13%
@ Colon & rectum 75,610 9% Colon & rectum 64,640 7%
S Urinary bladder 62,380 7% Uterine corpus 63,230 7%
3 Melanoma of the skin 55,150 6% Thyroid 40,900 5%
z Kidney & renal pelvis 42,680 5% Melanoma of the skin 36,120 4%
g Non-Hodgkin lymphoma 41,730 5% Non-Hodgkin lymphoma 32,950 4%
g Oral cavity & pharynx 37,160 4% Pancreas 26,240 3%
< Leukemia 35,030 4% Leukemia 25,270 3%
w Liver & intrahepatic bile duct 30,610 4% Kidney & renal pelvis 22,660 3%
All sites 856,370  100% All sites 878,980  100%
Male Female
Lung &bronchus 83,550 26% Lung & bronchus 70,500 25%
Prostate 29,430 9% Breast 40,920 14%
- Colon & rectum 27,390 8% Colon & rectum 23,240 8%
% Pancreas 23,020 7% Pancreas 21,310 7%
8 Liver & intrahepatic bile duct 20,540 6% Ovary 14,070 5%
b Leukemia 14,270 4% Uterine corpus 11,350 4%
o Esophagus 12,850 4% Leukemia 10,100 4%
.g Urinary bladder 12,520 4% Liver & intrahepatic bile duct 9,660 3%
4 Non-Hodgkin lymphoma 11,510 4% Non-Hodgkin lymphoma 8,400 3%
Kidney & renal pelvis 10,010 3% Brain & other nervous system 7,340 3%
All sites 323,630 100% All sites 286,010 100%

Estimates are rounded to the nearest 10, and cases exclude basal cell and squamous cell skin cancers and in situ carcinoma except urinary bladder. Ranking is based on
modeled projections and may differ from the most recent observed data.

©2018, American Cancer Society, Inc., Surveillance Research



EriidnuLoAoyia Tou Kapkivou

Figure 3. Leading Sites of New Cancer Cases and Deaths - 2023 Estimates

Male Female

Prostate 288,300 29% Breast 297,790 31%

Lung & bronchus 117,550 12% Lung & bronchus 120,790 13%
§ Colon & rectum 81,860 8% Colon & rectum 71,160 8%
S Urinary bladder 62,420 6% Uterine corpus 66,200 7%
5 Melanoma of the skin 58,120 6% Melanoma of the skin 39,490 4%
z Kidney & renal pelvis 52,360 5% Non-Hodgkin lymphoma 35,670 4%
E Non-Hodgkin lymphoma 44,880 4% Thyroid 31,180 3%
£ Oral cavity & pharynx 39,290 4% Pancreas 30,920 3%
':I_IE Leukemia 35,670 4% Kidney & renal pelvis 29,440 3%

Pancreas 33,130 3% Leukemia 23,940 3%

All sites 1,010,310 All sites 948,000

Male Female

Lung & bronchus 67,160 21% Lung & bronchus 59,910 21%

Prostate 34,700 11% Breast 43,170 15%
" Colon &rectum 28,470 9% Colon & rectum 24,080 8%
% Pancreas 26,620 8% Pancreas 23,930 8%
2 Liver & intrahepatic bile duct 19,000 6% Ovary 13,270 5%
° Leukemia 13,900 4% Uterine corpus 13,030 5%
® Esophagus 12,920 4% Liver & intrahepatic bile duct 10,380 4%
E Urinary bladder 12,160 4% Leukemia 9,810 3%
it Non-Hodgkin lymphoma 11,780 4% Non-Hodgkin lymphoma 8,400 3%

Brain & other nervous system 11,020 3% Brain & other nervous system 7,970 3%

All sites 322,080 All sites 287,740

Estimates are rounded to the nearest 10, and cases exclude basal cell and squamous cell skin cancers and in situ carcinoma except urinary bladder. Estimates do not include
Puerto Rico or other US territories. Ranking is based on modeled projections and may differ from the most recent observed data.

©2023, American Cancer Society, Inc., Surveillance and Health Equity Science



Table 1. Estimated Number* of New Cancer Cases and Deaths by Sex, US, 2023

Estimated New Cases Estimated Deaths
Both sexes Male Female Both sexes Male Female
Al sites 1,958,310 1,010,310 948,000 609,820 322,080 287,740
Oral cavity & pharynx 54,540 39,290 15,250 11,580 8,140 3,440
Tongue 18,040 13,180 4,860 2,940 1,950 990
Mouth 14,820 8,680 6,140 3,090 1,870 1,220
Pharynx 20,070 16,340 3,730 4,140 3,260 880
Other oral cavity 1,610 1,090 520 1,410 1,060 350
Digestive system 348,840 194,980 153,860 172,010 99,350 72,660
Esophagus 21,560 17,030 4,530 16,120 12,920 3,200
Stomach 26,500 15,930 10,570 11,130 6,690 4,440
Small intestine 12,070 6,580 5,490 2,070 1,170 900
Colon & rectumt 153,020 81,860 71,160 52,550 28,470 24,080
Colon 106,970 54,420 52,550
Rectum 46,050 27,440 18,610

Anus, anal canal, & anorectum 9,760 3,180 6,580 1,870 860 1,010
Liver & intrahepatic bile duct 41,210 27,980 13,230 29,380 19,000 10,380
Gallbladder & other biliary 12,220 5750 6,470 4,510 1,900 2,610
Pancreas 64,050 33,130 30,920 50,550 26,620 23,930
Other digestive organs 8,450 3,540 4,910 3,830 1,720 2,110
Respiratory system 256,290 131,150 125,140 132,330 71,170 61,160
Larynx 12,380 9,900 2,480 3,820 3,070 750
Lung & bronchus 238,340 117,550 120,790 127,070 67,160 59,910
Other respiratory organs 5,570 3,700 1,870 1,440 940 500
Bones & joints 3,970 2,160 1,810 2,140 1,200 940
Soft tissue (including heart) 13,400 7,400 6,000 5,140 2,720 2,420
Skin (excluding basal & squamous) 104,930 62,810 42,120 12,470 8,480 3,990
Melanoma of the skin 97,610 58,120 39,490 7,990 5,420 2,570
Other nonenithelial skin 7.320 4,690 2.630 4.480 3.060 1.420
Other nonepithelial skin 7,320 4,690 2,630 4,480 3,060 1,420
Breast | 300,590 2,800 297,790 | 43,700 530 43,170
Genital system 414,350 299,540 114,810 69,660 35,640 34,020
Uterine cervix 13,960 13,960 4,310 4,310
Uterine corpus 66,200 66,200 13,030 13,030
Ovary 19,710 19,710 13,270 13,270
Vulva 6,470 6,470 1,670 1,670
Vagina & other genital, female 8,470 8,470 1,740 1,740

Prostate 288,300 288,300 34,700 34,700

Testis 9,190 9,190 470 470

Penis & other genital, male 2,050 2,050 470 470
Urinary system 168,560 117,590 50,970 32,590 22,680 9,910
Urinary bladder 82,290 62,420 19,870 16,710 12,160 4,550
Kidney & renal pelvis 81,800 52,360 29,440 14,890 9,920 4,970
Ureter & other urinary organs 4,470 2,810 1,660 990 600 390
Eye & orbit 3,490 1,900 1,590 430 240 190
Brain & other nervous system 24,810 14,280 10,530 18,990 11,020 7,970
Endocrine system 47,230 14,340 32,890 3,240 1,560 1,680
Thyroid 43,720 12,540 31,180 2,120 970 1,150
Other endocrine 3,510 1,800 1,710 1,120 590 530
Lymphoma 89,380 49,730 39,650 21,080 12,320 8,760
Hodgkin lymphoma 8,830 4,850 3,980 900 540 360
Non-Hodgkin lymphoma 80,550 44,880 35,670 20,180 11,780 8,400
Myeloma 35,730 19,860 15,870 12,590 7,000 5,590
Leukemia 59,610 35,670 23,940 23,710 13,900 9,810
Acute lymphocytic leukemia 6,540 3,660 2,880 1,390 700 690
Chronic lymphocytic leukemia 18,740 12,130 6,610 4,490 2,830 1,660
Acute myeloid leukemia 20,380 11,410 8,970 11,310 6,440 4,870
Chronic myeloid leukemia 8,930 5,190 3,740 1,310 780 530
Other leukemia¥ 5,020 3,280 1,740 5.210 3,150 2,060
Other & unspecified primary sites¥ 32,590 16,810 15,780 48,160 26,130 22,030

*Rounded to the nearest 10; cases exclude basal cell and squamous cell skin cancer and in situ carcinoma except urinary bladder. About 55,720 cases of female breast
ductal carcinoma in situ and 89,070 cases of melanoma in situ will be diagnosed in 2023. tCases and deaths for colon cancer include appendix. Deaths for colon and
rectal cancers are combined because a large number of deaths from rectal cancer are misclassified as colon. ¥More deaths than cases may reflect lack of specificity in
recording underlying cause of death on death certificates and/or an undercount in the case estimate.
Source: Estimated new cases are based on 2005-2019 incidence data reported by the North American Association of Central Cancer Registries (NAACCR). Estimated
deaths are based on 2006-2020 US mortality data, National Center for Health Statistics, Centers for Disease Control and Prevention.

©2023, American Cancer Society, Inc., Surveillance and Health Equity Science




Figure S4. Epithelial Ovarian Cancer Incidence Rates* by Age and Race, US, 2010-2014
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American Indians and Alaska Natives are not shown due to <25 cases reported for several age groups.
Source: NAACCR, 2017.

©2018, American Cancer Society, Inc., Surveillance Research



Country -to-country comparisons
of cancer incidence

15

cumulative rate by age 75 (%)

.41,

prostate colon (M) stomach (M)  breast (F)
cancer type

Il Osaka 1970-1971 M Hawaiian Japanese 1988-1992
Osaka 1988-1992 M Hawaiian Caucasian 1968-1972
I Hawaiian Caucasian 1988-1992



Geographic variation in cancer
incidence and death rates

Countries showing highest and lowest incidence of specific types of cancer®

Cancer site Country of highest Country of lowest Relative risk
risk H/L®
Skin (melanoma) Australia (Queensland) Japan 155
Lip Canada (Newfoundland) Japan 151
Nasopharynx Hong Kong United Kingdom 100
Prostate U.S. (African American) China 70
Liver China (Shanghai) Canada (Nova Scotia) 49
Penis Brazil Israel (Ashkenazic) 42
Cervix (uterus) Brazil Israel (non-Jews) 28
Stomach Japan Kuwait 22
Lung U.S. (Louisiana, African India (Madras) 19
American)
Pancreas U.S. (Los Angeles, Korean India 1"
American)

Ovary New Zealand (Polynesian) Kuwait 8
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The risks of cancer often seem
to be increased by assignable
influences including lifestyle
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Cancer in Families



Clues to the genetic basis of neoplasia

e Certain types of tumors or groups of
tumors are inherited within families



) — i ) . INVASIVE -
- Self sufficiency of growth - Limitless replication potential CARCINOMA L5

- Insensitivity to anti-growth signals IN SITU CARCINOMA b

- Evade programmed cell death

]

GENETICALLY
ALTERED CELL
HYPERPLASIA DYSPLASIA

Cancer is a disease of the genome

What I mean by this is that all known cancers carry
somatic DNA alterations that make it possible for
the cells to grow without the normal limits.

Cancer risk can be familial, due to inherited mutations that are present
in every cell.



KAnpovopikoTnTa



Heredity plays a role in
10% of cancers




Some types of cancer
can be hereditary:

Prostate Breast
Cancer Cancer




Hereditary breast cancer

Early onset, familial breast cancer

e Observation: women with
early onset breast cancer
sometimes have multiple
affected family members
e After 17 years, identified

BRCA1in 1993 as a
strong genetic risk factor
for breast and ovarian
cancer



Risk of cancer in carriers
of BRCA1 and BRCA2 mutations

Breast cancer: 40%-85% (often early age at dx)

Opposite breast cancer: 40%-60%
Ovarian cancer: 15%-40%

In BRCA2 males, risk of breast cancer is elevated, and
the risk of early prostate cancer may also be elevated.

Begg CB. J Natl Cancer Inst. 2002; 94:1221-1226.
Breast Cancer Linkage Consortium. J Nat/ Cancer Inst. 1993;91:1310-1316.
Ford D, DF Easton, Stratton M, et al. Am J Hum Genet. 1998;62:676-689.

Slide courtesy Judy Garber, ASCO



Mutations in
Cancer Susceptibility Genes: BRCA1

B On chromosome 17 B Protein has role in
genomic stability

B Autosomal dominant B ~500 different
transmission mutations reported
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Data Sharing

The BRCA Exchange

\Drenensive Qlobal rog

s
e ‘.

Credit: BRCA Challenge

BRCA Exchange aggregates data on thousands of BRCA variants
to inform understanding of cancer risk



Li-Fraumeni Syndrome

Mutations identified in p53 in 75% of cases
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Li-Fraumeni syndrome is very rare

But p53 mutations are observed in
a large fraction of sporadic tumors

* Lung 56% = Sarcoma 31%
= Colon 50% » Prostate 30%
» Esophagus 44% = Breast 30%

» Pancreas 44% = Thyroid 13%

= Gastric 41% = Melanoma 9%



P53 Tumor Suppressor Gene:
Guardian of the Genome

e Germline mutations found in the Li-Fraumini
cancer syndrome

e Sporadic mutations found in over 50% of human




Hereditary non-polyposis
colorectal cancer (HNPCC)

* Colorectal carcinoma * Most cases:

In at least 3 relatives mutations in DNA
In 2 or more repair genes MSH1
generations. and MLH1.

— Homologues of DNA

. repair genes first
Age of onset for at identified in E. coll

least one patient less (MutS and MutL,
than 50 respectively)



Degree of aggressive growth

*Benign
*malignant



Architecture of epithelial tissues




Hematopoietic malignancie:

acute lymphocytic leukemia
acute myelogenous leukemia
chronic myelogenous leukemia
chronic lymphocytic leukemia
multiple myeloma

non-Hodgkin’s lymphoma?
Hodgkin’s disease

Myeloid stem cell Lymphoid stem cell
Myeloblast Lymphoblast

Granulocytes / \
4 Basophil
g ¥ o
Rai, S W ; @
IS ¢
Red blood y ” “*’ B lymphocyte @ Natural

cells R Neutrophil !
5 ’t:'@" é \ T lymphocyte killer cell
>0

T
Platelets White blood cells

Multiple myeloma is a malignancy of the B-cell lineage
which are responsible for producing and secreting
antibody molecules,hence, their relative large
cytoplasms. Seen here are plasma cells of MM at various
stages of differentiation (purple nuclei)




Neuroectodermal malignancies

glioblastoma multiforme Astrocytes nonneuronal,supporting cells
astrocytoma of the brain (dark purple, left panel)-are the
meningioma presumed precursors of astrocytomas and
neurinoma glioblastomas (right panel).
retingblastoma Glioblastoma multiforme takes its name from the
neurgbiastoma multiple distinct neuroectodermal cell types that
zz;::z:':rr:;lioma constitute the fumor. The tumor cells are seen

to have nuclei of various sizes (purple).
medulloblastoma o have nuclei of various sizes (purple)

. r.:\‘.,, *

oA v
-




The Nature of Cancer

he tumors arise from normal tissues.
Normal versus neoplastic tissue

The great majority of mutations affecting hume milk duct stroma
are acquired. -

normal

mucosa adenocarcinoma Acquired vs inherited

dysplastic
mucosa




Metastasis of cancer cells
to distant sites

Metastases(white) in the liver often arise in
patients with advanced colon carcinomas. The
portal vein which drains blood from the colon into
the liver provides a route for metastasizing colon
cancer cells to migrate directly into the liver




Multi step Tumorigenesis

Most human cancers develop
over many decades of time
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As a rule, all cancers become more
aggressive over time

Follicular lymphoma (B cell) Diffuse large B cell lymphoma
-median survival: 7-9 year -median survival: ~1 year

Tumor progression is denoted by spread to more sites,
more rapid growth, resistance to therapy



Multi-step tumorigenesis in a
variety of organ sites

MILD MODERATE SEVERE
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NORMAL INITIATED PRE-CANCER CANCER
colon 5-20 years adenoma 5-15 years
head and neck tobacco use 4-10years dysplastic o.ral 6-8 years
leukoplakia
cervix CIN1 9-13 years CIN 3/CIS 10-20 years
lung (smokers) 20-40 pack-years
breast atypical DCIS 6-10 years

hyperplasia
prostate 20 years PIN =10 years latent cancer 3-15years



Melanocytes and melanomas




- W ~ [F A A Y o
milk duct stroma | ° . Fuga.
e v, e

Normal versus hyperplastic
epithelim

The morphology of the normal ductal
epithelum of the mammary gland can be
compared with different degrees of
hyperplasia



Tissue architecture: the ultimate regulator of breast epithelial
function

a Normal cells b Cancer cells

Basement
membrane

Dying cells



Normal breast with lobular
carcinoma in situ (LCIS) in an
enlarged cross section of the
Tobule

s Invasive cancer cells
A @ @ Wall of duct

B lobules

C dilated section of duct to hold milk
D nipple

E fat

F pectoralis major muscle

G chest wall/rib cage

Enlargement:
Anormal lobular cells

B ductal cancer cells

Shossmant mermiised National Cancer Institute

Hyperplasia : too many cells (=look like normal)
Benign tumors-non- aggressive, non-destructive, no potential to spread
Malignant tumor(cancer) aggressive , destructive, potential to spread



Pro-invasive adenomas and
carcinomas

Polyps are here in a photograph (left)

and a micrograph section (righ‘r)




TUMORS ARISE FROM MANY
SPECTALIZED CELL TYPES
THROUGHOUT THE BODY

10 pm



Invasive carcinomas

Invasive ductal carcinomas of the breast, islands of of
epithelial cancer cells are intermingled with stromal
cells.




Transformation usually requires
collaboration between two or more
mutant genes

REMMTV-my Yy G MMTV-ras YV
I |

I cloned genes injected into fertilized mouse eggs | myc

| } .
@ 90

| 70

cells injected into early-stage mouse
embryos (blastocysts) 50

}

}
@ @ 10

Tso =325 days

S

myc+ 1 -168d
s 50 ays

some embryos yield mice carrying transgene Tso =46 days
in all their cells, including gametes 0 100 200
‘ ‘ age in days
—~ ) - Table 11.2 Physiologic mechanisms of oncogene collaboration®
c breed with c = - . -
ncogene pair Cell type Mechanisms of action
one another
$ ras + SV40 largeT  rat Schwann cells ras: proliferation + proliferation arrest
L J large T: prevents proliferation arrest and reduces mitogen requirement
ras +E1A mouse embryo fibroblasts ras: proliferation and senescence
) ( E1A: prevents senescence
erbB + erbA chicken erythroblasts erbB: induces GF-independent proliferati
erbA: blocks differentiation
) TGF-a + myc mouse mammary epithelial cells  TGF-a:induces proliferation and blocks apoptosis
myc: induces proliferation and apoptosis

A v-sea + v-ski avian erythroblasts v-sea: induces proliferation
‘ v-ski: blocks differentiation
bcl-2 + myc rat fibroblasts bcl-2: blocks apoptosis
myc: induces proliferation and apoptosis

mice carrylng mice carrylng mice carrying ras + myc rat fibroblasts ras: induces anchorage independence
7 5, myc: induces immortalization
only MMTV ',ny « both only MMTV r as raf + myc chicken macrophages raf:induces growth factor secretion
transgene n transgenes transgene n myc: stimulates proliferation
all their cells in all their cells all their cells src + myc rat adrenocortical cells src:induces anchorage and serum independence

myc: prolongs proliferation

2In each pair, the first oncogene encodes a cytoplasmic oncoprotein while the second oncogene encodes a nuclear oncoprotein.



The origin of tumor cells
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Cancer development seems to
follow the rules of Darwinian
evolution

initiating mutation
000000F000000000000000

FIRST CLONAL EXPANSION
second mutation

0000GEGGEHG G- 6600000

~106 cells ——»1
SECOND CLONAL EXPANSION

third mutation

000066666 E G - mnnmem 6600000

~106 cells ———>|
THIRD CLONAL EXPANSION

fourth mutation

Ooooggbi@@@ .............. SSOO0000

~106 cells ——»|
/ FOURTH CLONAL EXPANSION
etc.

Darwinian evolution and clonal successions




Monoclonality versus
polyclonality of tfumors

monoclonal tumors polyclonal tumors

0000, 00, O 0000, 00, O

normal behavior
--------------- TRANSFORMATION ===p=ecjeccde e e e ==
cancerous behavior

|




Cancer Genomics informs on

clonal evolution

A Biopsy Sites

R1 (G3) x R2 (G3)

R3 (G4)

10 cm

S

Q ng 9
( metastases
M2a

M2b metastasis

Perinephric
metastasis

M1

C Phylogenetic Relationships of Tumor Regions

M Ubiquitous
Shared primary Rl(RZ
I Shared metastasis R9\Ra " ,553
W Private KDMS5C (missense and frameshift) \Pr op
mTOR (missense) \
e R4b

SETD2 (frameshift) - AN

‘/sua
T —

Normal tissue

VHL
SETD2 (missense)

KDM5C (splice site) M1
M2b

PreM M2a



Tumor Progression and Natural
Selection

Original transformed cell
'/_\“l

s Transformation
/ v
" Proliffration

Primary
@ (@ | epithelial tumor

®) /
L /  Escape from
e /  immune
/ surveillance

/'/ ‘
/ Angiogenesis
v
/ Invasion and
motility

Steps in tumor evolution ,mrav‘asaﬁon
subject to selection |

Survival as
\\ Tumor embolus

Platelet

v
Extracellular \ Adhesion to
matrix \\ vessel wall
\ v
\ Extravasation

\

\ Growth in a new
‘environment




Cancer is an evolutionary process

'®

Distant
metastasis
Time point X: Time point Y:
+ Dstver miutations diagnosis and distant and

treatment initiation  local relapse

Yates and Campbell et al, Nat Rev Genet 2012




Single cell

expression profiling
challenges



Cancer Metastasis and Circulating Tumor Cells

1) Groweh and proliferation

2) Angiogenesis

3) Local imaision

Single cell

>

Dormant

Proliferation

Death

Metastasis is a result of rare cells
migrating from the primary tumor
through the lymphatic or
hematogenous route

Metastasis depends on cross talk
between selected cancer cells
(the seed) and specific organ
microenvironment (the soil)

Correlates but does not depend

on the presence of CTC (CTC
heterogeneity)



Cancer Stem Cells
(CSCs)



Stem Cells

&
Cancer Stem Cells




Stem Cells

Stem Cells: Cells capable (1) of self renewal and
(2) of giving rise to at least one
differentiated cell type

Stem cells are generally a slow dividing
cell type. Often they directly give rise to
an intermediate rapidly dividing cell type




Self renewal of Stem Cells

a) Invarient asymmetric cell division
yeilds one stem daughter and one
which undergoes differentiation

Stem cell b) Stem cell gives rise to daughters that
have finite probabilities of being either
stem cells or committed progenitors

Stem cell



Roles of Stem Cells

Embryogeneis: generation of fetal tissues

Renewing adult tissues: heamatopoietic,
epidermis, hair, small intestine

Regeneration: liver, skin
Adult stem cells exist in specific "niches"

(specific cellular microenvironment in
specific location in a tissue)



Intestinal stem cells

Baserment
Paneth cell «__ —— membrane

- —— Stemcell

— Mesenchyrmal
cell

From Leedham et al., 2004




Tissue
Blood

Brain

Intestine
Skin
Muscle
Germline
Liver
Heart
Blood vessels
Lung
Kidney
Pancreas
Fat

Tissue-specific stem cells

Stem cell
HSC
NSC

ISC

Bulge cell

Satellite cell

Germ cell

Oval cell

Cardiac progenitor
EPC

BASC

?

?

?

Differentiated progeny
All lineages of blood cells

Neurons, glia

Intestinal epithelium

Hair, sebaceous gland, epidermis
Myoblasts, myofibers

QOocyte, sperm

Hepatocyte, bile duct
Cardiomyocytes, smooth muscle,
Endothelium

Alveoli, pneumocytes

Renal tubule
Exocrine/endocrine cells

adipocytes




Cancer Stem Cells
(CSCs)



Cancer stem cells:

Cancers may be viewed as a type of disregulated organogenesis, in which self-renewing

cancer stem cells (CSC) give rise to abnormal differentiated progeny.
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Tumor cells are heterogeneous, but Tumor cells are heterogeneous and only

most cells can proliferate extensively the tumor stem cell subset (TSC; yellow)

and form new tumors has the ability to proliferate extensively
and form new tumors.




What are cancer stem cells (CSCs)?

*immortal tumor-initiating cells that can self-
renew and have pluripotent capacity

°*can generate tumor cells with different
phenotypes, which results in the growth of the
primary tumor and emergence of new tumors.

*Found in multiple malignancies, including
leukemia and various solid cancers (breast,
lung cancer, colon cancer, prostate cancer,
ovarian cancer, brain cancer, and melanoma).



CSC biomarkers

the most common method used to identify
CSCs is fluorescence-activated cell sorting
(FACS) based on cell surface markers or
intracellular molecules.



Cell surface phenotypes of CSCs.

Tumor type Phenotype of CSCs markers

Leukemia CD347CD38 HLA-DR-CD717CD90 CD117 CD123™
Breast cancer ESA+CD44+CD24_'1°WLineage_, A1 py-1high
Liver cancer CD133™, CD49f™, CD90™

Brain cancer CD1337, BCRP1™, A2B5™, SSEA-1”

Lung cancer cD133%, ABCG2ligh

Colon cancer CD133™,CD44™, CD166 , EpCAM ™, CD24™
Multiple myeloma  CD138™

Prostate cancer cD44™, 2p1eR cp133*

Pancreatic CD133™,CD44™, EpCAM ™, CD24™

Melanoma CD20™

Head and neck cancer CD44™



Markers

Colorectal Cancer

CSC Characteristics COVE) RS

Pancreatic Cancer

H.o:mhn:l‘eol
ignancies
CD34+/CD38-

Head and Neck
Cancer




“Cancer Stem Cells”

Old view: All cells of a malignant tumor are dividing
endlessly. New mutations are selected that give some cells
a proliferative advantage in this enlarging target pool

Emerging view: In at least some cases....Most dividing cells
in a tumor are not immortalized. They are equivalent to the
rapidly dividing transient amplifying cells in normal tissue. A
much smaller population of slowly dividing cells within the
tumor act as stem cells

Implication: Traditional chemo and radiation therapy
targets the rapidly dividing bulk of the tumor but may
entirely miss the slow growing stem cells at its root.



Implications of CSC for chemotherapy

Drugs that kill
tumor stem cells Tumor loses its
ability to generate
T @ new cells
Drugs that T
kill tumor cells
but not TSCs \

Tumor shrinks but\ Tumor degenerates

grows back
« AML - Bonnet and Dick, 1997

« ALL - Cobaleda et al., 2000

« Breast cancer - Al-Hajj et al., 2003
* Glioblastoma - Singh et al, 2003

*« CML - Passegue et al., 2004



Cancer Genomics informs on

clonal evolution
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The Genome Gets Personall






Human genome

1.2% 36% 62.8%
I_ Intergenic sequences
/‘ 1152 MB 2000 MB

Coding sequences

48 MB




EVERY

HUMAN BEING




Human Genetic Variation



ATGCCGATCGTACGACACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCATCGTAC
TACTGACTGCATCGTACTGACTGCACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATC
CATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCT
CATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTACGACACATATA
ACTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGC
TCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGT
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCGTAGRGACTGCACATATCGTCATACATAGACTTCGTACTGACTGTCTAGT CTA?Z
CGTACTGACTGT CTAAACACATCCCACTTTACCCATGCATCGTACTGACTGTCTAGTCT
ATCGTACTGACTGTTAGTCTAAACACATCCCAGCATCCATCCATATCGTCATCGTACT GACTG
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCCTAC s T CT A GT CTA 2
CGTACTGACTGTCT. . . . [ACTGACTGT
TATCGTCATCGTAC Single Nucleotide Polymorphisms (SNPs): \TACTGACTG
GCCGATCGTACGAC 1 per 1300 bases "AAACACATC
TGACTGCATCGTAC :
CGTACTGACTGTCTAGTCTAAACACATCCCACTTTACCCATGATATCGTCATCGTACTGACTGT
TATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATAGCCGATCGTACGACACATATCG
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGCCGATCGTACGACACATATCH
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGC2
CGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGAGRGTCTAGTCTAA2
ATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGTCTA TCTA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTYCGACACATATCG
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGACTGCATCGTACTGACTGCA(
GTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAAAC

ATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACACTGTCTAGTCTAAACACATCCA
CGATCGTACGACACATATCGTCATCGTACTGCCOCTACGGGACTGTCTAGTCTAAACACATCCA




How much do genomes vary?

3 . : \
- .5 . - fi- {

«— oneina 1,000 bp — «—one in a 300 bases*

«— onein a 100 bases



Common Variant Important in
Risk of Common Disease

ApoE4 Alzheimer’s disease
Factor V Leiden Venous thrombosis
HFE Hemachromatosis

PPARY Type 2 Diabetes
MTHFR®¢7T Cardiovascular disease
CCR5 HIV resistance
HLA-DQo Type 1 Diabetes




Molecular Basis for biomarkers:
Human genetic variation susceptibility to diseases

Two individuals share 99.9% of DNA sequence

The remaining 0.1%reportedly has an
enormous range of genetic variations and is
responsible for a predisposition to asthma,

diabetes, cancer, heart disease, schizophrenia,
and many other diseases



Human Variom Project 21

Richa;dl éotton
Collection of variable sequences from different individuals

- primary focus on medical application

The FUTURE:
personalized medicine

> ll. 1
THE
HUMAN VARIOME
PROJECT




The human variome:

disease predisposition

Published Genome-Wide Associations through 07/2012
Published GWA at p<5X10-2 for 18 trait categories

NHGRI GWA Catalog
www.genome.gov/GWAStudies
www.ebi.ac.uk/fgpt/gwas/

@ Digestive system disorder

@ Cardiovascular disorder

@ Metabolic disorder

() Immune system disorder

() Neurolcgical disorder

@ Uiver anzyme measuremant

(D Lipid or lipoprotein measurerment
() Inflammatory marker measurement
(@ Hematological measurement

@ 8ody measurement

@ Cardiovascular measuremant

@ Other measurernent

() Chemical compound

@ Bwlogical process

@ Cancer

@ other disease

@ Other trait

() Trar mapping In progress

Fpg) National Human
Genome Research
Institute

EMBL-EBI




Ta CwIKa KUTTapda Ocv OldaipouvTdal
AmePIoOPIoTA

 Mia €€nynon yia Tnv KUTTApPIKN ynpavon civdl Ta TeAopepiodia.
‘OT1av Ta TeAopepidia HIKpUVOUV KATW ATIO EVA OPICHEVO E£MITTEDO,
TOTE TO KUTTApPO Ocv ummopei va diaipeBei ma. Orav amokaBiocrarai
n 0pGon Tng TeAouepAong, TOTE TO KUTTAPO HITOPEI vd YivEl
aldavaro.

s cells expressing telomerase
s cells not expressing telomerase

telomere length

A

M.,

55 60 65 70 30
cell divisions cell divisions

(A) effect on telomere length (B) effect on proliferative potential




Cancer cells need to become
immortal in order to form tumors

telomeric telomeric
DNA body of chromosomal DNA DNA
1

=

successive
cell
Bl generations

ol

[ CRISIS

Shortening of telomeric DNA in
concert with cell proliferation



Ta CwIKa KUTTapa Ogv olaipouvTdal
ATmePIOPIOTA

NORMAL SOMATIC CELLS

early cell intermediate late cell
generation cell generation generation

- telomere

| — cell aging;
no further
cell division

NORMAL GERM CELLS
OR CANCER CELLS

telomerase | \  telomerase i . :
_ L — | — cell immortality;

cell division
continues




accumulated population doublings
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Eternal Life : Cell Immortalization
and Tumorigenesis

phaselll
(senescence)

phase ll

0O 50 90 130 170 210 250 290
days in culture

The proliferative capacity of cells
passage extensively in culture



Cancer cells need to become
immortal in order to form tumors



Marc Rosenthal



Breast Cancer Cell

Brain Canr Cell

N

Cancer Cell Biology

Example of one type of
Normal cell abnormal or cancerous cell




Gene expression patterns
also control phenotype

Global surveys ot gene expression
arrays



Mopdoloyikeg SLadopec HETAEV PUCLOAOYLKOU KOl KAPKLVIKOU KUTTAPOU

NORMAL (ANCER &

Mutation inactivates
Luge mber
. s .m of tumor suppressor gene
(i\ndmg cells

CELLS PROLIFERATE

Large! variable shaped

Small cytoplasmic
volume relative
to nucles Mutation inactivates
DNA repair gene

Variation in cell size
and 5hape Mutation of proto-oncogene
creates an oncogene

Loss of normal
specialized
cell features

Diso:gonired

arrangement
of cells

Mutation inactivates
several more
tumor suppressor genes

Poorly defined
tumor boundary

https:// universe-review.ca/110-90-OncoDiff.png



The Development of Cancer Involves both
‘Loss of Function’ and ‘Gain of Function’
Alterations

N

Uncontrolled Angiogenesis Invasion Extravasation¥ *
proliferation

In general -- two types of alterations:

-‘Gain of function’ alterations that “drive” the specific step

-‘Loss of function’ alterations that inactivate checkpoints that
normally prevent aberrant events



Delicate Balance of “off”’ and “on” Controls

Some proteins
tell promote
cells to
proliferate,
survive, or
move.

halt division or
tell cells to die.

These are over- These are lost or
produced or mutated underproduced in
causing them to always cancer.

ON In cancer.




Cellular Oncogenes



Activation of Proto-oncogenes




Tumor Suppressor Genes

M PHASE

e Tumor suppressor genes encode
proteins that inhibit the proliferation of
cells and/or prevent the accumulation of

mutations that can lead to cancer

1

| mitosis
1 (nuclear
| division)

cytokinesis
(cytoplasmic
~._,division) e

INTERPHASE

SR e Both alleles must be inactivated to
relieve the block in tumor development

S PHASE
(DNA replication)

imposed by

these genes; therefore, mutations in
tumor suppressor genes are recessive



lonizing radiation

T e}
=
ot

Normal cell Ctel: o
e mutations or
loss of p53
DNA damage
p53 activated and 53-dependent genes
binds to DNA E not activate%e
l No csll No DNA
Transcription dependent and cycle arrest | fepain, no
independent effects on targets senescence
‘ * Mutant cells
p21 GADD45 Vo Spenn
(CDK inhibitor) (DNA repair) | addonsl
(apoptosis gene) mutations
G1 arrest
1
| |
Successful repair Repair fails

Normal cells

p53 Tumor
Suppressor Gene:
Guardian of the
Genome

Loss of p53
Function

!

Accelerated
Mutation Rate
(genomic instability)

!

Genetic
Heterogeneity

!

Accelerated
Tumor Evolution




Gene Name Pathways/Function Gain or Loss of Function?
BRAF RAS/RAF/ERK/MEK Gain
NF1 RAS Loss
Kras RAS/RAF/ERK/MEK Gain
AKT/PI3K
Nras RAS/RAF/ERK/MEK Gain
AKT/PI3K
Hras RAS/RAF/ERK/MEKAKT/PI3K Gain
AKT1 AKT/PI3K Gain
AKT2 AKT/PI3K Gain
AKT3 AKT/PI3K Gain
PIK3CA AKT/PI3K/RAS/RAF/ERK/MEK Gain
PTEN AKT/PI3K/RAS/RAF/ERK/MEK Loss
P53 DNA Repair Loss
FBXW7 DNA Repair Loss
ATM DNA Repair Loss
PARP1 DNA repair Loss
PARP2 DNA repair Loss
ERCC1 DNA repair Loss
MLH1 DNA repair Loss
MSH2 DNA repair Loss
NBN DNA Repair Loss
ATR DNA repair Loss
MGMT DNA repair Loss




Tumor suppressor genes and colon
progression

DNA
hypomethylation

activation loss of

f K- 18q TSG
loss of APC © l ras ql loss of p53
normal 1 hyperplastic v early—» intermediate —» late l

itheli theli —» carcinoma — 'MVasion &
epithelium epithelium adenomas metastasis



Cancer Progression

INVASIVE
CARCINOMA
IN SITU
CARCINOMA

GENETICALLY
ALTERED CELL S
HYPERPLASIA DYSPLASIA

. L, 0P

w—
-
]

& o "" —— %\a-ﬂb ﬂ ‘




Checkpoints: @

* Monitor proper progression of cell cycle processes

* Induce cell-cycle delay

» Help activate repair pathways

 Maintenance of cell-cycle arrest until repair
complete

* Re-initiate cell-cycle progression

Examples: ATM,ATR, Chk1,Chk2,BRCA1, Mad, Mre11,Nbs1, p53, p16,
Rb --

Loss of all these is known to cause familiar cancer or clinical
syndromes that are cancer prone and mice lacking these genes show
increased incidence of tumors.



Consequences of loss

checkpoint controls




Programmed cell death

Programmed cell death:
+ ensures that tissues maintain an appropriate cell number
* ensures that aberrant cells are destroyed to avoid pathologic

consequences
* to maintain homeostasis, ~10 billion cells are made each day to
balance cell death

Therefore, programmed cell death can be
considered as significant as cell proliferation.



I Pathways That Protect Cells from Apoptosis \

* Most evidence suggests that cell death is a
default pathway

+ Cells need to actively keep these pathways off in
order to prevent apoptosis

* Many cellular pathways control apoptosis

Integrin
Growth factors Growth factor /
receptors é
B

Cell-cell adhesion receptors



Pathways That Regulate Survival
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Transcription
of Death Ligands l

Transcription of target genes for survivaf/




Pathways That Regulate Survival

Transcription
of Death Ligands

Transcription of target genes for sur'vivd/




CENTER ron CANCER RESEARCH

Kinase oncogene dependence and principles of drug remstance& Eﬁ

Oncogene
Targeted
* Kinase
! Inhibitor

Activated oncogenic
& pathway Y

Inhibition of
oncogenic pathway

Disease response

* v/ \ L
* Oncogene ? BYPASS of Y]

L oncogenlc pathwa
Secondary mutation, ~ @« o, 0
amplification, or \
activation of target

‘h

‘\ }

Reactivation of
oncogenic pathway

1 Activation of
alternate pathway

Disease progression

Wagle N et al. JCO 2011;29:3085-3096

JOURNAL OF CLINICAL ONCOLOGY
©2011 by American Society of Clinical Oncology



Hallmarks of Cancer : Therapeutic

Opportunities
( ‘.i;. ) (e.:..:*m)

Sustaining Evading
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling Suppressors anti-CTLA4 mAb

Selective anti-
inflammatory drugs

s X

( Inhibitors of ) ( Inhibitors of
VEGF signaling HGF/c-Met

This figure illustrates some of the many approaches employed in developing therapeutics targeted to the known and
emerging hallmarks of cancer.

EGFR indicates epidermal growth factor receptor; CTLA4, cytotoxic T lymphocyte-associated antigen 4;

mAb, monoclonal antibody; HGF, hepatocyte growth factor; VEGF, vascular endothelial growth factor;

PARP, poly-{ADP ribose) polymeras=,

Source: Hanahan D, Weinberg RA. Halmarks of cancer: the next gensration. Cell. 2011; 144:646-674, Reprinted with permission.
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Early invasion in primary tumors->recurrence
and metastasis despite surgical therapy

a Primary tumour b Proliferation/ ¢ Detachment/ d Embolism/circulation
angiogenesis invasion

Lymphatics,

venules,
capillaries Interaction with platelets,
lymphocytes and other

blood components

Arrest in organs Transport

KMJ L_j\ f
S Sl lung Heart

|, | Estadishment ofa | e'at»crv / \
\f"&/a{p

microanvironment |

Nature Reviews | Cancer



Cancer genes are dysregulated by
multiple mechanisms

Aneuploidy; Re-arrangement; ~ Methylation or
Translocation histone modification

«~d1

O )’X’( )O”')f e b L DCNCXDOE

xxxxxxx

— . i Gene Splicing Alterations




(a) PoouaTindg ROQUOTVITOS PGUOLO-
Loywov ruttdeov. (f) Kapuotumog
ROQULVIXOV HUTTAQOV OTOV  OJIolo
daivovior OLdpopes uetabeoels ro
eMelppota  ®obmhe %ol avevTho-
eloles. OL YowUoowWrES avmuahies
QITOTEAOVV  TUTUXO Y OLQUXTNOLOTIXO
TWV ROQULVIXOV HUTTAQWV.



Abnormal Chromosome Number




Cancer
A Disease of the Genome
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Challenge in Treating Cancer:

» Every tumor is different
» Every cancer patient is different




So what kinds of information are available to me through
sequencing?

* Qualitative information
— Mutations or changes from a standard reference.

SNPs, insertions, deletions, duplications, inversions.
* E.g. Cancer, heritable disorders

— Pairwise differences. What is it about their genetic makeup
makes sample A and sample B different?
* E.g. Disease resistance, genetic rick factors, morphological differences

— Validation. Did my breeding, genetic modification, or construct
come out as planned?
* E.g. Genetic engineering, agriculture, synthetic biology, cloning
— Time series. How is genetic information changing over time?
* E.g. Evolutionary studies, pathogen monitoring




So what kinds of information are available to me through
sequencing?

* Quantitative information
— Copy number variation N

* E.g. Reproductive health, genetic engineering

— Gene expression T

* E.g. Host/pathogen interactions, novel traits, drug bhin s
response, developmental biology, metatranscriptomes 2 IFET
| i

— Gene regulation

* Small RNA “degradome” sequencing, antisense
expression

— Protein/DNA interactions

* E.g. DNA binding sites, chromatin architecture,
regulatory pathways in cell biology

— Epigenetics

* E.g. DNA methylation
— Metagenomics

* Microbial community profiling, environmental changes ,“ Saidiing




Next Generation Sequencing

> Basic Principle: Sanger Sequencing

v" Base recognition of DNA fragments while
the fragment is re-synthesized

> Massive Parallel Sequencing
v Millions DNA fragments

= DNA Fragments
. Sequencing Reads
| = Reference Genome

gDNA Parallel Sequencing Alignment Sequence



Our Mission
To improve human health by unlocking the power of the genome
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Recent Trends in Sequencing

Sequencing Cost per Genome

$100 million

$10 million

|

$100,000

$10,000

“w
-
.g

4 1 lala!
) $1,000

l‘ﬂ |‘02 |‘03 I‘D‘ I‘.S |'0‘ |'07 I‘“ I'O’ |‘10 I‘" I“l! |‘13 |'14 |

1. National Human Genome Research Institute. DNA Sequencing Costs http.//www genome govisequencingcosts! accessed 10/22/2015.
Updated October 2, 2015.



Cancer Genomics

Arrays

Parallel Sequencing

ACTCAGCCCCAGCGGAGGTGAAGGACGTCCTTCCCCAGGAGCCG
GTGAGAAGCGCAGTCGGGGGCACGGGGATGAGCTCAGGGGCCTC
TAGAAAGATGTAGCTGGGACCTCGGGAAGCCCTGGCCTCCAGGT
AGTCTCAGGAGAGCTACTCAGGGTCGGGCTTGGGGAGAGGAGGA
GCGGGGGTGAGGCCAGCAGCAGGGGACTGGACCTGGGAAGGGCT
GGGCAGCAGAGACGACCCGACCCGCTAGAAGGTGGGGTGGGGAG
AGCATGTGGACTAGGAGCTAAGCCACAGCAGGACCCCCACGAGT
TGTCACTGTCATTTATCGAGCACCTACTGGGTGTCCCCAGTGTC
CTCAGATCTCCATAACTGGGAAGCCAGGGGCAGCGACACGGTAG
CTAGCCGTCGATTGGAGAACTTTAAAATGAGGACTGAATTAGCT
CATAAATGGAAAACGGCGCTTAAATGTGAGGTTAGAGCTTAGAA
TGTGAAGGGAGAATGAGGAATGCGAGACTGGGACTGAGATGGAA
CCGGCGGTGGGGAGGGGGAGGGGGTGTGGAATTTGAACCCCGGG
AGAGAAAGATGGAATTTTGGCTATGGAGGCCGACCTGGGGATGG
GGAAATAAGAGAAGACCAGGAGGGAGTTAAATAGGGAATGGGTT
GGGGGCGGCTTGGTAACTGTTTGTGCTGGGATTAGGCTGTTGCA
GATAATGGAGCAAGGCTTGGAAGGCTAACCTGGGGTGGGGCCGG
GTTGGGGTCGGGCTGGGGGCGGGAGGAGTCCTCACTGGCGGTTG
ATTGACAGTTTCTCCTTCCCCAGACTGGCCAATCACAGGCAGGA
AGATGAAGGTTCTGTGGGCTGCCCCGACCCGCTAGAAGGTGGGG
TGGGGAGAGCATGTGGACTAGGAGCTAAGCCACAGCAGGACCCC



From genome to cell biochemistrys'

total amount of DNA of an organism
haploid DNA content of a cell of an organism

total amount of RNA of an organism
total amount of RNA of a cell

b s w

~ Full proteome: total amount of proteins of an organism

C “_-\{) PROTEOME Cellular proteome: total amount of proteins of a cell
\_y @ J

Cell biochemjsu-y Metabolome, lipome, phosphorylome, methylome, stb.




OMICs - version 1,2

Structural genomics

~ (I

Functional genomics

~

Functional genomics

=

PROTEOMICS

S

Functional genomics

metabolomics, lipomics,
- {-ethylo-ics, phosphorylomics

6a.




o CENTER ron CANCER RESEARCH

Terms/Vocabulary LT Y

- Single Nucleotide Polymorphisms (SNP)

- Variation in single base in DNA in germline,
most common variants in genome (over 50
million identified)

- SNP arrays interrogate the entire genome-uses
DNA from germ-line (blood)

 Used in Genome Wide Association Studies
(GWAS)

- Typically uses SNP arrays to compare
populations (with disease or not)

* Determines risk or susceptibility to some state




> CENTER ron CANCER RESEARCH

Terms (con’t) ) Q*'A&;

- RNA expression profiles-determines global
messenger RNA expression in a sample-using
hybridization of mRNA to a Chip

- Methylation arrarys-determines global
methylation of the genome-an epigenetic
change typically inserts a methyl group at
CpG islands in DNA and alters transcription-
using hybridization of DNA to a Chip

- Massively parallel sequencing-allows for rapid
sequencing of entire exome (WES) on whole
genome (WGS) or cDNA (RNA-seq)



Translating the Cancer Genome



Treatment of Cancer



Targeted Cancer Therapy

o< -2 S
- =,
: : :
= =
Cancer-causing mutations Mutation with no
with drug treatment available drug available

“ &

Radiation and
chemotherapy

Cancer drug

Schema adapted from NY times






Goal of Oncogenomics

Use molecular markers of gene mutations
for early detection of cancer

: = : B
-"{Qun-nm-.- Uso markers of gene mutations 1o classify
which may cause cancer cancers and predict their clinical outcome

: . y,

"\

Improve Diagnosis ]

Therapeutics
Use gene mutations found in cancer
as targets of drug therapy




Cancer Genomics: What for?

® Finding new cancer genes (cancer drivers)
® Finding new therapeutic targets

® |dentify molecular signatures to stratify tumors
® \Move towards personalized cancer treatment



The Rational Treatment of
Cancer



Moving towards personalized
cancer medicine




Inhibitors of Reactivators of
oncogenic kinases mutant p53

4

Sustaining Evading
Aerobic glycolysis proliferative growth Activators of immunity
inhibitors \ signaling suppressors (e.9., aCTLA4, «PD1)
Deregulating Avolding
cellular immune
) . destruction

Proapoptotic R"‘*’:"l"g En;nb;n_; Tolomerase
P ¢ replicative i
BH3 mimetics death immortality Inhibitors
Gen T""‘:f'
mutation
PARP Inducing Activating Agents that inhibit
inhibitors angiogenesis  invasion & or reprogram
metastasis

f

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met




Cancer Genomics Projects

Cancer types: s Glioblastoma Tumour characteristics:
D GATTCATCGTTCCCATC
mutation

Head and —f@

feck Lung Copy-number  CIDGIIIID

Breast— @) (&———adenocarcinoma variation

&-——— Lung -
squamous Gene N/ NINININ'Y
Bladder holih el
Kidne —_ s
Endometrial — 2 Colon methylation
Rectum —==-
& Leukaemia MicroRNA NN
activity NN

Cellular protein
activity
Clinical data ;



Cancer Genomics Projects

8 RERR2RRRRE"
L] Primary tumors

Patient cohort

Expression Copy number Somatic Epigenomic Structural
patterns alterations mutations profiles aberrations

The Cancer Genome Atlas ¢

International
Cancer Genome
w Consortium
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BCR-ABL fusion cause Chronic Myelogenous Leukemia (CML)

Changed chromosome 9

Normal
chromosome 9 Chromosomes break
Changed
chromosome 22
Normal (Philadelphia
chromosome 22 chromosome)

DCr g —

/

o

abl

1985



BCR-ABL: constitutive active ABL kinase activity
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Imatinib inhibits tyrosine-kinase activity of ABL

Imatinib Imatinib

Imatinib



Dramatically improved long term survival rates (95.2%) since

the introduction of Gleevec in 2001
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Kantarjian et al., Blood 2012

ber-abl kinase (green), which &7
causes CML, inhibited by imatinib (red;
small molecule).
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Vemurafenib

Treatment

Growth factor Melanocytes  Melanoma cancer cell
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Personalized medicine / Precision medicine



Promise of Personalize
Vemurafenib MGdICIﬂE

Crizotinib

B Diseise progression [l Stable dsease [0 Partial response [l Complete resporrie

A Percent Change in Tumor Burden
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\ < _‘W tinib, as compared with pretreatment baseline. Numbers along the x axis indicate arbitrarily assigned subject numbe:
from 1 to 79. The bars indicate the percent change in tumor burden from baseline. (B) The results of CT with coron:
1 . — reconstruction in a representative patient at baseline (left) and after two cycles of therapy (right). This patient had ur
dergone previous left lower lobectomy. ©Massachusetts Medical Society. Reprinted with permission from Kwak EL, €

al: N Enal J Med 363:1693-1703. 2010.




&y CENTER ron CANCER RESEARCH

s A2
Example of Vemurafenib % s ,&L_

- 50-60% of melanoma patients have driver
mutations in BRAF (V600E)

- At doses of vemurafenib that inhibit 90% of B-
RAF activity, most patients respond rapidly
with tumor shrinkage

- Median duration of response is less than 12
months due to resistance

 What are the mechanisms of resistance?




CE TER ron CANCER RESEARCH

Example-BRAF (V600E) mutations in
colon cancer ,&l

- Unresponsiveness of colon cancer to BRAF
(V600E) inhibtion through feedback activation

Of EGFR Pranaliad A, et al. Nature Jan 26 2012

- Mechanism-appears to be inhibition of BRAF
leads to inhibition of MEK and ERK, leading to
reduced phosphatase activity of CDC25C,
leading to reduced dephosphorylation of
EGFR, leading to increased activation and
EGFR signaling



Defining Biologically Relevant
Molecular Modules

Hallmarks of breast cancer

Self-sufficiency in
growth signals

Evading Insensitivity to
apoptosis anti-growth signals

Proliferation
~ genes (661)

Response

Sustained Tissue invasion
angiogenesis & metastasis

Limitless replicative
potential

Hanahan D, Weinberg R, Cell 2000



Her2 in breast cancer

A Receptor- speclﬁ:

s 9
Hp; —\ HER], HER2,

-

(EGFR) . e
AR\ ‘3‘

'\\ Wt }
m“‘

HER2

I HER3
HER4 -

1"""" \
.*"‘: v \ kk\\\

Hudis, N Engl J Med 357:39, 2007

One example 1s measurement of Her2 in breast cancer. Her?2 1s a cell

surface receptor that 1s involved in cell proliferation and survival.
Certain tumors express high levels of Her2, while others do not.



Trastuzumab as a threrapy
for Her2+ breast cancer

D|E F
B Trastuzumab 2 |
Antigen binding Immune '
o effector =
Fc ——Humanized S
Trastuzumab
blocks
dimerization Endocytosis

HERIL, HER2,
HER3, or HER4

e cell-mediated |
cytotoxicity
FET P

reaay

Signal-transduction pathways

Hudis, N Engl J Med 357:39, 2007

An antibody that binds to Her2 1s used to target therapy to breast cancer
cells that express Her?2.



HER-2 Protein and Herceptin

* Herceptin (trastuzumab): Made-to-()rder
— Metastatic breast cancer Medi )
— Targets tumor cells that over- :m; Clne
express the human epidermal e )
growth factor receptor 2 (HER2) it ' 3
protein }:.:1:{.;:&'.,“"“

— Best response attained in women :|1';;3.;:3:'!'i?""
who over-express the HER2 :l“ -
protein l,J. ':":"' :

— HER-2 over-expression in breast e
cancer cells should be done .h',,
before patients receive the drug i’



17q genes in chromosomal order ——p
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Cellular Signatures







Leukemias
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Cancer Genomes are different-context is important for developing novel
molecularly targeted therapies

Genome deletion and amplification

Matt Meyerson, Bill Sellers

Gliomas

AR A

4cent, 48 Mb ' -

4q12, 58 Mb o
7p12.1, 53 Mb

7p11.2, 56 Mb



(Sellers, Meyer
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(Sellers, Meyerson)
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Systematic Search for Mutations in Lung

Cancer
Matt Meyerson, Bill Sellers, DFC

Resequencing ~50 Kinase Genes in Tumors |
| | % » ‘
}—

EGFR

:

| R A R A A

[

Epidermal Growth Factor Receptor (EGFR)

Mutations in Tumors: Matches Reponse

Profile of New Drug,

- Japanese » Non-smokers
Iressa

« Women « Adenocarcinomas



Cancer Genetics are accelerating the time from
“target discovery” to clinical Proof of Concept

BCR-ABL inhibition o
1960 1993-1995 199 1
Discovery of the Mechanism of acson: BCR Abl inhibitors Hom. ";SPO"
‘ S I g memh [pahms tied) CML (53 of 54 mﬂm”r:nn i
ERBEB2 inhibition 2
(Herceptin) 13 years r
1985-1987 ag
ERBB2 clonmg & ER882 xpression is d
| 1D of ampit prom of response

IO of BRAF mutations
in cell nes and makgnant
melanoma

PARP inhibition E
(olaparib, iniparib, 15 years ;
MK-4827, others) 1994 2005 2009F @

lDo!lhcrurst famdial Synthetic lethality of | | Responses observed Z O

breast cancer susceplibdity PARP inhibtion with 5

gene BRCA1/2 defects in DNA repair g

BRAF inhibition ?-:

(PLX-4032) =5

5

m 9

8

ALK inhibition
(crizotinib)

2007

Drug repositioning basod on predict
EML4-ALK transiocation in NSCLC] response




Lack of efficacy accounts for about 50% of
failure in clinical trials, 29%Strategic , Safety
(toxic)19%, Efficacy 51%

Need to better understand the
context (cellular and genetic) in
which a target is rate limiting



It is not only about the drug need to
understand How to use it

BRAF Mutations and Monoclonal antibodies
Anti-EGFR Therapy o~ cetuximab or panitumumab

@ Anti-EGFR drugs block receptor
signals thus preventing downstream events
such as BRAF medi

EGFR-Tyrosine Kinase Inhibitors
erlotinib or gefitinib EGFR

@ Celf Cycle Progression
: Cell proliferation, No Response to Drug: Cell cycle
survival, invasion and metastasis progression continues including
signals are blocked. proliferation, survival, invasion and
metastasis.

Right Target (Patient Omics, Validation,function),
Right Drug(molecules,Assays, Biology&
mechanismof action), Right Patient
(biomarkers,Rx comBination, predictive evidence-
based decision) = clinical Success



Cancer Genomics: What for?

® |dentify molecular signatures to stratify tumors



Stratify tumors based on molecular patterns

228 11 1
2S8R S -8 258

Good prognosis Bad prognosis

Increased toxici
Favorable response Unfavorable response ty



Stratify tumors based on molecular patterns

Series of tumours

.

Microarray analysis

Hierarchical clustering

[N

Correlation with outcome and
clinicopathological features

Survival

T W T TR [ [ T
0 20 40 60 80 100 120 140
Months



Stratify tumors based on molecular patterns

One example: Breast Cancer Intrinsic Subtypes

_ ol sRidm s A o b e
a0 “l/ 0 z B
1
k . =+ Basal
[k 8 =i Luminal A
T TPV + Luminal B
' iy e — == Claudin low
illlll. -
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Time (years)



CENTER ron CANCER RESEARCH

Expression profile Identification P
of Breast Tumor Intrinsic Subtypes . ?’g&

m Hum Hﬂﬂm\hn il

.....

g 3383 FRES SL7% 39323 S8 -
R 358 )) 93333 5)1 >)>) 3; $88% 333p f):':‘_‘::,2'_":141):‘_?<_<))?_ 1 ) ) )})) ))1))1 ))) )>.: :_':135) ‘et
‘ 0 - s P ARPOTERARRRA T 4RS et AR AN PR ik ALRCRR §E AT M Rt E A T

Microarray-Based Breast Luminal A Luminal B HER2+/ER- Basal-like
Cancer Subtype's. "7

Normal Breast-like

Immunohistochemical ER+ and/or PR+, ER+ and/or PR+, ER-, PR-, ER-, PR-, HER2-,
Profile HER2- HER2+ HER2+ CK5/6+ and/or HER1+
Gene Expression

{Foid Dvfference Relative to Median Level of Expression Across All Samples)
6 4 28 2 14 1 14 2 28 4 56

Lower Median Higher

Carey, L. A. et al. JAMA 2006;295:2492-2502.

Copyright restrictions may apply..




SOMATIC MUTATION: MOLECULAR
PORTRAITS OF BREAST CANCER AND
PRECISION MEDICINE

The different
molecular subtypes are:
1. ER-positive group is divided into
a. luminal A: PgR high, HER2 negative
b. luminal B: PgR low, HER2 negative
2. HER2 type: HER2 positive (particularly aggressive)
3. Basal like: often referred to as triple negative breast cancer
(TNBC): ER negative, PgR negative, HER2 negative.



Table 1 Gene alterations detected in the patient with HER2 resist-
ance and rekevant therapies to the alterations

Pathway Gene, variant Relevant thera-  Status of develop-
pics ment

ERBB2 ERBB2, amplified Trastuzumab Approved therapy

Ado-trastuzumab

CDK CDKN2A, deleted Palbocichib Unapproved
therapy

CDK CDKN2B, deleted Palbociclib Unapproved
therapy

P53 TP53, T125P Investigational Under development

mTOR STKI1/, deleted  Everolimus Unapproved
therapy

The gene alterations were determined by NGS-based gene panel test
(CANCERPLEX, KEW Inc., MA)



International Journal of Clinical Oncology (2019) 24:131-140 133

Fig. 1 Paradigm shift of breast
cancer treatment. Initially,

Treatment strategies based on “T, N, M classifiation”!

indications for chemotherapy .
e ——————, AJCC Cam;a; s-u_;gmhg Manual Classification Treatment
mined exclusively by tumor T: Tumor Size
size, lymph node metastasis and N: Lymph Node Metastasis * Chemo Tx
distant metastasis. Currently, M: Distant Metastasis
breast cancer is categorized :
by the expression of estrogen
, terone , - - __—
y °°"'°: ;:g;dm ';:“&T::r Treatment strategies based on “subtype classification”?23)

receptor 2 (HER2) protein, and
Ki-67 labeling index, given
the availability and efficacy of

AJCC Cancer Staging Manual Classification Treatment
Immunohistochemistry

specifically tailored theeapies s ‘Estrogen receptor

to cach. More recently, gene A, ; -Progesterone recepior Hormone Tx
assays predict the benefit of EINEDAN = ‘HER2 Anti-HER2 Tx
chemotherapy. Lately, genomic Estrogen  Progesterone *Ki-67 labeling index

test utilizing next-generation receplor receptor

sequencer enabkes one to select . Gene Assay

patients who are expected to e P z

Ad adjuvant; AJCC American —— Kl-67 lobel TPAMSO

Joint Committee on Cancer; Tx HER2 Index

treatment

Classification Treatment
Next-generation sequencer
*Gene panels
*Whole genome sequence * Targeted Tx
*Whole exome sequence
sLiquid biopsy Precision Medicine

(Circulating tumor DNA)

1) Boradonna et o, 1976, N Engl J Mad

2) Perou OM et &, 2000, Natwre

3) Perou CM et &, 1999, Proo N Acad S U SA
4) The canoer Genome Afas Netwark, 2012, Natwre
5) BowerV, 2015 Natwre Biotedhnad




Cancer Genomics: What for?

® \ove towards personalized cancer treatment



Move towards personalized cancer treatment
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YESTERDAY TODAY

Find the right treatment
for the right patient
at the right time

TOMORROW



The Genome Gets Personal



Genomics Help us Look at the Patients
Individual Tumor Biology

Genomics

— Genomics is the study of how genes interact and are
expressed as a whole

« Genomics and gene expression profiling tools focus
on the cancer itself and can help determine

— How aggressive is the cancer (prognosis)

— What s the likely benefit from treatment
(prediction)




Clinical Applications of Cancer
Genomics

Prevention: prediction of disease risk based
on inherited or early somatic changes before
neoplastic transformation

Diagnostic: early disease diagnosis

Therapeutic: identify cancer subtypes likely
to respond; treatment selection-sensitivity or
resistance to an agent

Prognostic: Identify subsets with good or
POOr prognosis




UNDERSTANDING PRECISION MEDICINE

In precision medicing, patients with tumors that share the same
genetic change receive the drug that targets that change, no
matter the type of cancer,

v v v
Using the genetic changes in a
patient’s tumor to determine their

treatment is known as precision

medicine.
Credit: National Cancer Institute



Growing importance of genomic biomarkers
for personalized medicine

« Risk of disease
= e.g. genetic risk factors

= Presence of disease or precursors of disease.
« e.g. detection markers of disease risk (PSA)

« Classifying disease, Sub-typing disease
= e.g. Benign vs. malignant.

« Stage of disease / likely outcome
 e.g. Localized vs. metastatic

» Which drug is best for this tumor (CDx)
 E.g. Her2Neu up-regulation > Herceptin

= Progression, remission, response to treatment

Definitions taken from ‘Guidance for Industry — E15 Definitions for Genomic Biomarkers, Pharmacogenomics, Pharmacogenetics, Genomics Data
and Sample coding categories,” US, FDA



More Diagnostic Microarrays (coming soon...)

* Almac Prognosis using frozen or FFPE tissue and custom DSA expression array

* bioMérieux Detection using expression array

* |psogen Genomic grade and HER2 using tissue and expression array

* Roche Tamoxifen metabolism using blood and custom gene array AmpliChip” CYP450
* Veridex Prognostic using tissue and expression array

* Almac Stage Il chemotherapy decision using frozen or FFPE tissue & custom DSA expression array
* bioMérieux Detection using expression array

* Almac Prognosis using frozen or FFPE tissue and custom DSA expression array
* Epigenomics Metastasis prediction using prostate tissue and a custom PITX2 gene methylation array

* Almac Tissue for adjuvant chemotherapy DSA expression array

* Almac Tissue for adjuvant chemotherapy using frozen or FFPE tissue and custom DSA expression

* Skyline Diagnosis of Acute Myeloid Leukemia (AML) on blood samples using custom expression
array



FDA approves MammaPrint for cancer diagnosis
(February 7, 2007)

Learn how SW\\QPIIUN\" C
Personaliz YOoi
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MMM Llueprinc cargecerine’ cheromons

MammaPrint interrogates all of the critical molecular pathways involved in the breast
cancer metastatic cascade. It analyzes 70 critical genes that comprise a definitive gene
expression signature and stratifies patients into two distinct groups — low risk or high risk
of distant recurrence.

TargetPrint is a microarray-based gene expression test which offers a quantitative
assessment of the patient’s level of estrogen receptor (ER), progesterone receptor (PR) and
HER2/neu overexpression within her breast cancer.

BluePrint is an 80-gene expression signature which classifies breast cancer into Basal-type,
Luminal-type and ERBB2-type cancer

TheraPrint is a microarray-based gene expression panel of 56 genes that have been
identified as potential targets for prognosis and therapeutic response to a variety of
therapies.




The Metastatic Breast Cancer Project
MBCproject.org

Do you want to help
tranSf pgr i l,"‘t; ale
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AANQ YEVETIKA TEOT

KATTOIO YEVETIKA TEOT TTOL SIATIOEVTAI YIA TOV KAPKIVO TOL UACTOL:

e Oncotype Dx

e MammaPrint . To MammaPrint kail To BluePrint sivai
NG idiacg eTaipeiag, TnG Agendia.

e BluePrint

e Prosigna

e bioTheranostics Breast Cancer Index
e Endopredict

e FoundationOne



AANNC YeVETIKA TEOT: Oncotype Dx

Oncotype Dx: leveTIKO TEOT TTOL WE TN XPNon 21 yovisicwv (16 yovidia OXETIKA UE TOV
Kapkivo, 5 reference) ummopei va £xel COUPOLAELTIKO XAPEAKTNEA O€ O,TI APOPA TN
OepaTreia Kal va TIOORAEWEN TNV €TTAVEUPAVION TNG VOOOU.

Auti n Sokun €etalel pa opdda yovidiwy yla va tpoodlopioet tnv mbavotnta
UTTOTPOTIAC TOU KOPKIVOU TOU MAoTOU Kal Ta TilBava odEAN tnS XnUeELoBeparmeiag og mpwLpo
otadLo, BETIKO 0€ OPUOVLKOUC UTIOSOXELG KOPKLVO TOU paoToU.

CANCER RELATED GENES (16) REFERENCE GENES (5)
Proliferation genes: Ki67;, STK15; ACTB (b-actin)
Survivin; CCNB1 (Cyclin B1); MYBL?2 GAPDH

Invasion genes: MMP11 gZITSPO

(Stromolysin 3); CTSL2 (Cathepsin L2) TERC

HER2 genes: GRB2; HER?2

Estrogen genes: ER; PGR; BCL2;
SCUBEZ2

Other cancer related genes: GSTM1;
CD68; BAGT1



AANNC YeVETIKA TEOT: Oncotype Dx

ACOEeVEIC KOTAAANAOI VIO TO CLYKEKQIUEVO TEOT: early stage (uexpl stage llla), ER+
HER2-, node+ N node- (Qpa av £xel TTAEl 1) OXI O& AeUPASEVEQ).
Ta armoTeAeopaTa eppavi(ovTal WS okop amo 1o 1 ¢ 10 100. Ooo LYPNAOTEPO
£ival TO OKOP, TOOO TTIO LYNAN Eival N TTIBAVOTNTA EMAVEUPAVIONGS, AAAQ KAl TO
OPENOC TNG XNUEIOBEPATTEIOC OTOV AoBevn (avTIOETa, £va XAUNAO OKOP S¢eiXVel
MEYAADTEON AVTATTIOKPION O€ OPUOVOBepaTTEIQ).
o Y€ YLVAIKEG AV TRV 50: OKOP HEXE! 25 BewpeiTal XapNAO Kail TTave aTmmo 25
LWPNAO.
o Y€ YLVAIKESG KATW TV 50: péxpl 15 Bewpeital xapnAo, pexe! 20 XaunAo oo
LETOIO, JEXPI 25 PETPIO KAl TTAVE ATTO 25 LYWNAO.
EMITTACOV, £XEl KAl TTOCOTIKES METPNOEIC O€ OKOP (UEow RT-PCR) yia ER, PGR, HER2.
YTrapxel Kai TeoT €161KO yia DCIS, TTou mpoPAeTTel emaveupavion (eite cav DCIS, eite
oQV EMBETIKO KAPKIVWUA), KOBWC KAl avTATTOKPION € aKTIvoBepaTTeia. Eva
OKOP MIKOOTELO ATTO 39 BewPEITAl XAUNAO, HEXPI 54 UETOIO KAl TTAVG ATTO 54
LWPNAO.



AANNQ YEVETIKAO TEOT: MammaPrint

70 yovibla OXETIKA PE TNV ETTAVEUIPAVION TOL KAPKIVOUL.

Evading apoptosis

Behavior of tumor cells:proliferation and oncogenic transformation
FLT1, HRASLS, STK32B, RASSF7, DCK, MELK, EXT1, GNAZ, EBF4, MTDH, PITRM1, QSCN6L1

Self-sufficiency in
growth signals
Behavior of tumor cells:altered
expression of growth factors

ESM1, IGFBPS, FGF18, SCUBE2,
TGFB3, WISP1

Self-sufficiency in
growth signals

Evadmg apoptosis

Behavior of tumor

cells:disrupt
Behavior of tumor cell antigrowth signaling
acquire resistance to \ TGFB3

apoptosis
BBC3, EGLN1

Sustained
anglogenesis

Behavior of tumor cells:
altered metabolism under
hypoxia microenvironment
ALDH4A1, AYTL2, OXCT1,
PECI, GMPS, GSTM3, SLC2A3

Tissue invasion &
metastasis

Behavior of tumor cells:
altered extracellular matrix
adhesion and remodeling

COL4A2, GPR180, MMPS,
GPR126, RTN4RL1

Behavior of tumor cells:
gain motility or actin
filament re-organization

DIAPH3, CDC42BPA, PALM2

Miscellaneous

Behavior of tumor cells:
altered expression of known
angiogenesis effectors
FLT1, FGF18, COL4A2,

GPR180, EGLN1, MMP9

Behavior of tumor cells:
uncontrolled cell cycle

CCNEZ2, ECT2, CENPA, LIN9,
KNTC2, MCM6, NUSAP1,
ORCBL, TSPYL5, RUNDC1,
PRC1, RFC4, RECQLS,
CDCA7, DTL

AP2B1, MS4A7, RABEB

Genes that are known to be
involved in early embryonic
developmentindicate
possible involvement of
epithelial-mesenchymal
transition phenomenon

MMPS, COL4AZ, FLT1,
TGFB3, IGFBPS, FGF18,
WISP1, GPR180, ESM1,
SCUBEZ, PITRM1, EXT1,
EBF4, ECT2

LGP2, NMU, UCHLS, JHDM1D,

LOC100288906 , C90rf30,
ZNF533, C16orf61, SERF1A,
C200rf46, LOCT730018,

LOC100131053, AAS55029_RC




AN YEVETIKA TEOT: MammaPrint

MammaPrint: Auto to teoT aéloloyet tn dpaotnploTNTA EVOC CUVOAOU YovISiwv
Kol TToPEXEL Eva TIPODIA YOVISLWHATIKOU KvSUvVou 1tou mpoBAETEL Tov KivOuvo emavepdaviong
TOU KaPKivou Tou paoTtoU evtog 10 eTwv 0€ YUVAIKEG PE KOPKIVO TOU paoTou Tipwipou otadiou.

e XpNnoluoTTolEiTal O¢ ATOua e Kapkivo stage |, Il f) xeipovpynoiuo i, oo eite dev

EXEI TTAEI O€ AEUPASEVEG €iTe £XEl 1-3 KAl O OYKOG €ival peEXPI 5 ekaTtooTa.

H nAikia Tov acBevoLc bev TTePIoPICEI TO TEOT.

ATTO TNV i61a TNV Agendia TTPOTEIVETAI TO TEOT VA TTPoNYNBE TNC emEURAONG KAl
YEVIKOTEQA VA ATTOTEAECEI BACN TNG OTEOATNYIKNG TN BepaTteiag (emEuPaon kal
UETETTEITQ BepaTTEiql).

e TO evIAPEPOV UE ALTO TO TEOT €ival OTI Sev TTEPIAApPavEl oLTE TO ER, oLTE TO
HER2. Ouwc, 12 ammo auTtd Ta yovidia TTOL £XEl SEIXVOLV EUUECA TNV EKPOACN
TOL ER, O11OTE LTTAPXEI KAI TTANEOPOPIA YIA ALTO.

e H Agendia mapéxel To BluePrint @G TeOT yia TNV KATNYOPIOTTOINCN TOL TOTTOL
TOL KAPKIVOL. ALTO eAEyXel 80 yovidia Kal Ol AOBEVEIC TTOL PTTOPOLY VA TO
KAVOULV TTPETTEl VA TTANPOLY TA iS1a KPITNPIa Ye TO MammaPrint. Ao ta 80
yovidia, Ta 58 ponBovv oTNV KAtNyopIoTToiNoN wc luminal, Ta 28 g triple
negative kai 1a 4 wg HER2-like.



AANNQ YEVETIKA TEOT: Prosigna

EEctaon 50 yovibiwy, yvwotwyv wc PAMS0 gene signature.

Madi ue OANEC KAIVIKEG evEEIEEIC, TTPOPRAETTETAI N TTIBAVOTNTA ETTAVEUPAVIONG
TOL OYKOL pEcA oTa erTopeva 10 xpoOvIa oe aoBeveiC TTOL eival hormone
receptor positive kal o€ apxIKO oTAdIO.

TO TEOT UTTOPEI VA XOPNOIUOTTIOINDE OE YOVAIKEG PETA TNV EPUNVOTTIALON, OETIKEC
O€ LTTOOOXEIC OPHIOVWY, EITE XWPIC Aeppadevec (oTadia | & ), eite pe
Aeppadeveg oe otadia ll & NIIA.

Ta ammoTeAeouaTa xwpidovtal o€ 4 evoYEeVEIG LTTOTOTTOLG: luminal A, luminal

B, HER2-enriched, basal-like.



Luminal A

AANNQ YEVETIKA TEOT: Prosigna

Luminal B HER2-enriched Basal-like

O TPOTTOC EPUNVEIAG TGV
ATTOTEAECUATWY TTROEPXETAI ATTO £VAV
AAYOpIBuo oL Baciletal oto PAMS0
gene signature, Tov evooyevr) LTTOTLTTO,
TO JEYEBOGC TOL OYKOUL, TNV TTAPOLOIA N
OxI Aeppadevay (nodal status) kar o
OKOP TTOAAATTAQCIACHOL (TTOL
LTTOAOYIZETAI HECW YOVISIWY LTTELOLVV
YIQ TOV TTOAMATTAQCIACUO TV

KOTTAPWV).

'ETC1 AOITTOV TTPOKUTTTE £VAC APIBUOGC

armo 1o 1 ¢ 1o 100 1T0oUL S€ixvel TNV
mMOAvOTNTA ETAVEUPAVIONG TOL OYKOL

ueoa ota emmopeva 10 xpovia.



AAN\Q yeveTIKA T€OT: FoundationOne

e FoundationOne: Eykekpluevo ammo Tov FDA TEOT TTOL UTTOPEI VA XPNOIUOTTOINDEI
O€ TTOIKIANIQ CUUTTIAYV OYKWV.

e XPNOIUO VIO TNV EVPECN TNG KOTAOAANANG BeOATTEIAC KAl TNV KOTAVONON
ATTOTEAECUATWV OXETIKQWYV HE TNV AVOEKTIKOTNTA O& CLYKEKPIUEVES OEQATTEIEG.

e [10 TOV KOPEKIVO TOL PJACTOL LTTAPXOLYV Ol €ENG biomarkers:

BIOMARKERS FDA-APPROVED THERAPY{

ERBB2 (HER2) amplification Herceptin® (trastuzumab), Kadcyla® (ado-trastuzumab-
emtansine), or Perjeta” (pertuzumab)

PIK3CA C420R, E542K, E545A, E545D [1635G>T only], Piqray” (alpelisib)
E545G, E545K, Q546E, Q546R, H1047L, H1047R, and
H1047Y alterations




AANNQ YeVETIKO TEOT: FoundationOne

FoundationOne CDx: Auto To OAOKANPWHEVO TECT YOVIOLWUATLKOU TIpodiA avaAvEl
TIOAAQTTIAQ YoVidLa, oupEPAOUBAVOUEVWY EKELVWV TTOU €ival yvwoTO OTL oxetilovtal
LLE TOV KOPKIVO TOU AOTOU, YLOL VOL EVTOTILOEL OTOXEVUEVEC ETILAOYEC Beparteiag

Kol TiLBavr KataAANAOTNTA KAWVIKWY SOKLLLWV.



AAN\Q yeveTIKA T€OT: FoundationOne

L] FOUNDATIONONE" CDx

oo Beast carcinoma (NOS)
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DATE CF BIRTH
X
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RESORT DATE
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Ceocutmoncsonice | ik newanco

PIK3CA Es42¢

Pigray® (Alpelisib)

l For (MSI) results,

OTHER ALTERATIONS & BIOMARKERS IDENTIFIED
Results reported in this Section aré NOt prascriptive or condl)
PVOrsSIonad Services section for additicnal information.
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AAN\Q yeveTIKA T€OT: FoundationOne

PATIENT TUMOR TY#E AESCAT DATE
u FOUNDATIONONE " CDx Breast caranoma (NOS)
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GENOMIC FINDINGS
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AANNQ YEVETIKA TEOT: bioTheranostics
Breast Cancer Index

[EVETIKO TEOT TTOL OXETICETAI E TO PIOKO ETTAVEUIPAVIONG KAPKIVOL 5 Xpovia YETA
Ao TN anti-estrogen Beparreia (To OTToIo eppAVICETAl UE EVA TTOCOOTO), KABWGS
KQI TO TTOCO QLT UTTOPEI VA WPEANTEI PETA ATTO TOCO PMEYAAO XOOVIKO
SlaoTnua..

To &¢iypa mou e€etaleTal Eival ALTO TTOL APAIPEONKE PETA TN SIAYVWON.
ACOEVEIC TTOL YiveTal va €EETACTOLYV E ALTO TO TEOT €ivVAI ATOMA UE KAPKIVO
oTtadiov amo | ¢ A, £xel apaipebei 0 OYKOG. EmmALoy, NTav ER BeTikoi r/Kai
PGR B¢TIkOI Kl £xOLV LTTOPANOEI O OPUOVIKN BeparTreia.

To TeoT Xponolpotole 11 yovidia, petad avtwv Kai Ta yovidia HOXB13 kai IL17BR
yia TNV avaloyia HOXB13/IL17BR..



AMN\Q YEVETIKQ TEOT: bioTheranostics
Breast Cancer Index

Jane Doe BREAST CANCER INDEX"

Patient & Order Information

Nodal Status
Lymph Node-Negative (NO)
Tumor Size (cm): N/A Tumor Grade: N/A

Date of Collection: 8/16/21
Date Received e/
Date Reported 81e/1

Breast Cancer Index Test Results
Extended Endocrine Benefit & Risk of Late Distant Recurrence

PREDICTIVE RESULT
Am | likely 1o benefit from extended endocrine therapy?

PROGNOSTIC RESULY
What is my risk of late distant recumrence?

2.2%

2.2% risk (95% CI: 0.3% - 4.1%) of late distant recurrence
years 5 10) for HR+, lymph node negative patients

Data to support interpretation of the Predictive and Prognostic Results above. including assay
description, applicabiity of results and clincal validation data, are provided on page 2

Additional Comments

Treating Provider

Submitting Pathologist




AANNQ YEVETIKA TEOT:

FeveTtikog EAeyxog BRCAL kat BRCA2: AUTEC oL SOKLUEC ETILKEVTPWVOVTOL
eldLka o petaAagelc ota yovidla BRCA1 kot BRCA2,
TIOU OXETL{OVTOL LLE TO CUVOPOUO KANPOVOLLLKOU KOPKLVOU TOU HOOTOU KoL TWV WoBnKwv.



AANNQ YeEVETIKA TEOT: EndoPredict

Endopredict: Tng Myriad genetics. MNa Tnv e€Etacn 1000 node positve 0o
KAl node negative TTepIoTATIKWY.

Madi e KAIVIKG EuPNUATA LTTOAOYIZETAI TO PICKO PAKPIVAG ETTAVEUPAVIONG
uera amo 10 xpovia.

BonBdgl Toug aocBeVEIC PE XAUNAO PICKO £TAVEUPAVIONG VA ATTOPLYOLY TN
XNUEIOBEQATTEIQ, KABWGS KAl LTTOSEIKVLEI TTOIOI AOOEVEIC EXOLV TTOAD LYPNAO
PIOKO ETTAVEUPAVIONC WOTE VA XopNyNBel cLVSLACTIKN BepaTiEiq.
Xpnoluottolei 12 yovibia cLVOAIKA (8 target genes, 3 normalization genes
& 1 control gene).

Ta 8 yovidia mou eAeyxel: AZGP1, BIRCS, DHCRY, IL6ST, MGP, RBBPS8, STC2,
UBE2C.

Ta 3 yovibia yia kavovikotmioinon: CALMZ2, OAZ1 and RPL37A.



Cancer Genomics:
What Does It Mean for You?

TCGAACTGCA |G
ATCGICGATGA &

£

((GATGACGTCGAA




) — i ) . INVASIVE -
- Self sufficiency of growth - Limitless replication potential CARCINOMA L5

- Insensitivity to anti-growth signals IN SITU CARCINOMA b

- Evade programmed cell death

]

GENETICALLY
ALTERED CELL
HYPERPLASIA DYSPLASIA

Cancer is a disease of the genome

What I mean by this is that all known cancers carry
somatic DNA alterations that make it possible for
the cells to grow without the normal limits.

Cancer risk can be familial, due to inherited mutations that are present
in every cell.



C a n c e r i S a d i s e a s e Of t h e %‘{_CE_NTER ron CANCER RESEARCH
o %8 '&,,\
genome 27 7Y

- Therefore, if we precisely define the cancer
genome, we will understand and cure cancer

» Why we must be cautious about such statements
+ Definitions
- Founder mutations-first genomic mutation

» These are often lesions that lead to
genomic/chromosomal instability (p53, RB, etc.) and
are often not fully transforming

- Driver mutations-these are mutations that are
required for expression of fully transformed
phenotype




®. CENTER ro CANCER RESEARCH

Cancer is a disease of the genome A
(cont) A ¢ (&_!_

 Driver mutations are the mutations we would like to
target and inhibit their function
- Passenger mutations-these mutations are
“collateral damage” resulting from genomic
instability and are not required for
maintaining the transformed phenotype,
therefore are “noise” in the system

- Since most cancers are rapidly evolving
biologic entities, it is a major task to sort out
“drivers” from “passengers”, and these may
change over time




vy CENTER ron CANCER RESEARCH

e s A2
Signaling pathways are not 1-way Sl t&;_

- Driver mutations in signaling pathways
(kinases) are components of highly integrated
“wiring” that is not a one way flow of
information

- Because these are critically important for normal cell
functions, these are highly regulated pathways

- Perturbation of a single component of will
lead to activation of other components due to
feedback activation or loss of feedback
repression




How many of these changes are
meaningful?

How can we exploit these massive data
sets to yield new targets for cancer
therapy?



From cancer genomes to oncogenic
drivers



emerging approaches



computational approaches

-~

Humean tumours NetBox
» Copy number PARADIGM )
alterations
* Mutations N
= Translocations c ARACNE
» Methylation \
alterations » Keytranscriptional
* mRNA MINDy [ regulators
alterations
alterations B
— > Driver missense
_ CHASM mutations
Significant copy
[ GISTIC ] -_— number alterations

NetBox, MEMo, PARADIGM ,each seek to identify pathways that are deregulated in
cancer and that are therefore likely fo contain significant driver genes

ARACNE , MINDy, aim to identify the key transcriptional regulators of oncogenic
programs and and CONEXIC also uses DNA copy number alterations to predict key
transcriptional regulators.

CHASM attempts to predict which missense mutations are likely to drive
tumorigenesis

GISTIC analyses copy number variations across fumour samples to predict which
regions might contain driver genes



Human tumours

150 160 170 180
y s ;'; .

ATTACTTCTTCAGGTTAACCCAACALG

» Copy number alterations
* Mutations

» Translocations

» Methylation alterations
» mRNA alterations

* MicroRNA alterations

BShared
alterations

Mouse
alterations

Corresponding
mouse tumours 150 160 170

ATTACTTCTTCAGGTTAAC

Figure 2 | Cross-species comparative genomic approaches. The central idea behind this approach
is to improve the signal-to-noise ratio by comparing the genetic alterations that occur in a specific
human cancer type with the genetic alterations that occur in a corresponding mouse model, be it
genetically engineered or spontaneous. Passenger mutations are assumed to be randomly selected
and not as likely to be found altered in both human and mouse tumours, whereas driver mutations will

be selected for in both species and are therefore more likely to be shared. This approach has been used

to compare point mutations, copy number alterations and expression changes.
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Regions of conserved synteny: ~95% of genoms

Human
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Triangulation across species and genome
dimensions

Non-metastatic capable
Primary Melanoma

T )

l h-l I .Il ' ”1 |‘ 'ni
Lp u
l'l' 'l ’l Lll .{I n‘

y * R ’.".'.

MURINE

Metastatic capable
Primary Melanoma

Primary Melanoma

1t

Metastatic Melanoma

HUMAN

Metastasis Determinants Signature

295 up-regulated/amplified 65 down-regulated/deleted




Validation of Metastasis
Determinants
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ACP5 drives metastasis in vivo

Primary size (cm)

Met.-free Survival

Kenneth Scott; Chengyin Min




insertional mutagenesis screens

Human tumou
TECEGATTACTTCTT TTAACCCAACAGANG
|
|
» Copy number alterations
* Mutations
» Translocations
* Methylation alterations
» mRNA alterations

* MicroRNA alterations

y° Shared N
\_ alterations /

Mouse
alterations

Corresponding
mouse tumours 150 160 170 180
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MuLV infection of newborn mice

l Virus integration induces mutations
-« R —
R |~
Enhancer insertions
e o
— { &
—
- T |y SSSSSSS— Promoter insertions
— or
- In gene insertions
ﬁ
- -t activating or inactivating
St AAA

by repeated infection

B viral LTR

= Gene l Accumulation of mutations

Nature Reviews | Cancer
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Loss-of-function techniques

Mutagenesis
RNAI



RNA transcripts can modify

gene expression
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Processed double stranded RNAs (siRNA) hybridize to
target genes and downregulate expression

MicroRNAs important in development



RNA transcripts can modify
gene expression
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Antisense RNA



Whole-genome RNA interference screens

Human tumours

:#' Pooled shRNA
# # library

* Copy number
alterations

* Mutations

* Translocations

* Methylation
alterations

* mRNA
alterations

* MicroRNA
alterations

Transduced cancer cells Tumour cell
N population dependencies
doublings - .

Surviving cancer cells

Isolation of genomic DNA and
PCR to recover shRNA sequences

NGS to determine
relative shRNA abundance

Nature Reviews | Cancer



cancer-genome-focused screening

Construct focused
ORFeome library

,,,,,,
D B

s

Transduce Score for enrichment in tumours using
premalignant cells genomic DNA isolation, PCR and NG5

Human tumours

= Copy number alterations
» Mutations

= Translocations

= Methylation alterations
» mRNA alterations

» MicroRNA alterations

Transduce
\ _ cancer cells

Construct
focused
shRNA library

Score for depletion in tumours using
genomic DNA isolation, PCR and NGS



Exploration often gives
a different perspective

Earthrise from Apoldlo 11, 1969




A panoramic view of cancer

The Pan-Cancer Initiative of The Cancer Genome Atlas (TCGA) has now taken the next
step — comparative genomic analyses across the 12 cancer types for which genomic
data have so far been generated.

Ina coordinaTeIg published set of papers in Nature, Nature Genetics and other
journals, the Pan-Cancer group has analysed up to 5,000 individual cancers, including
cancers of the breast, uterus, ovaries, lung, brain, head and neck, colon and rectum,
bladder, kidney and blood. Owing to the large sample sizes, the analyses are
impressively highly powered and provide a range of insights.

focused on point mutations and small insertions and deletions (indels) from 3,281
tumours across the 12 fumour types to identify 127 significantly mutated genes. These
genes are involved in a wide range of cellular processes.



Human Cancer Genome Project

NCI Task Force

Find all genomic alterations significantly associated (5%)
with all major types of cancer

« Genomic loss and amplification analysis

« Mutation detection in all human genes

« Chromosomal rearrangements

« Epigenomic analysis

* For sensitivity and specificity, ~250 tumors per cancer



Cancer Genomics informs on

clonal evolution

A Biopsy Sites
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ARTICLES

A comprehensive catalogue of somatic
mutations from a human cancer genome

Erin D. Pleasance'*, R. Keira Cheetham?*, Philip J. Stephens', David J. McBride', Sean J. Humphray?,

Chris D. Greenman', Ignacio Varela', Meng-Lay Lin', Gonzalo R. Ordéfiez', Graham R. Bignell', Kai Ye?, Julie Alipaz?,
Markus J. Bauer?, David Beare', Adam Butler', Richard J. Carter?, Lina Chen’, Anthony J. Cox?, Sarah Edkins’,
Paula |. Kokko-Gonzales?, Niall A. Gormleyz, Russell J. Grocock?, Christian D. Haudenschild®, Matthew M. Hims?,
Terena James?, Mingming Jia', Zoya Kingsbury? Catherine Leroy', John Marshall', Andrew Menzies',

Laura J. Mudie', Zemin Ning', Tom Royce?, Ole B. Schulz-Trieglaff?, Anastassia Spiridou?, Lucy A. Stebbings’,
Lukasz Szajkowski?, Jon Teague', David Williamson®, Lynda Chin®, Mark T. Ross?, Peter J. Campbell’,

David R. Bentleyz, P. Andrew Futreal' & Michael R. Stratton"’

All cancers carry somatic mutations. A subset of these somatic alterations, termed driver mutations, confer selective growth
advantage and are implicated in cancer development, whereas the remainder are passengers. Here we have sequenced the
genomes of a malignant melanoma and a lymphoblastoid cell line from the same person, providing the first comprehensive
catalogue of somatic mutations from an individual cancer. The catalogue provides remarkable insights into the forces that
have shaped this cancer genome. The dominant mutational signature reflects DNA damage due to ultraviolet light exposure,
a known risk factor for malignant melanoma, whereas the uneven distribution of mutations across the genome, with a lower
prevalence in gene footprints, indicates that DNA repair has been preferentially deployed towards transcribed regions. The
results illustrate the power of a cancer genome sequence to reveal traces of the DNA damage, repair, mutation and selection
processes that were operative years before the cancer became symptomatic.




Cancer possess myriad mutations
that cooperate to maintain tumor
survival

An interactive catalog of genetic mutations
The genetic profile of a given cancer can involve mutations of different genes in
different patients. Dendrix, a powerful algorithm, can search enormous datasets

for associations of genetic mutations, any one of might cause disease.
Credit: Department of Computer Science The Cancer Genome Atlas Research Network

N Engl J Med 2013; 368:2059-2074 | May 30, 2013 |



(A) Circular visualization of the MCF-7 genome obtained using Circos software.
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GENOMES AT A GLANCE

Circos plots can give a snapshot of the mutations within
a genome. The outer ring represents the chromosomes
and the inner rings each detail the location of different
types of mutations.

Interchromosomal

rearrangement Point mutation

Intrachromosomal
rearrangement

Copy-number change

ADAPTED FROM M. R. STRATTON, P. J. CAMPBELL & P. A. FUTREAL




Figure 1| The catalogue of somatic mutations in COLO-829. Chromosome
ideograms are shown around the outer ring and are oriented pter—gter in a
clockwise direction with centromeres indicated in red. Other tracks contain
somatic alterations (from outside to inside): validated insertions (light-
green rectangles); validated deletions (dark-green rectangles); heterozygous
(light-orange bars) and homozygous (dark-orange bars) substitutions

shown by density per 10 megabases; coding substitutions (coloured squares:
silent in grey, missense in purple, nonsense in red and splice site in black);
copy number (blue lines); regions of LOH (red lines); validated
intrachromosomal rearrangements (green lines); validated
interchromosomal rearrangements (purple lines).



Table 2. Selection of databases commonly used in our workflows.

Database Entities Properties

Ensembl Genes, proteins, transcripts, regulatory Genomic positions, relationships between them,
regions, variants identifiers in different formats, GO terms, PFAM

domains

Entrez Genes, articles Articles for genes, abstracts of articles, links to full text

UniProt Proteins POBs, known variants

KEGG, Reactome, Blocana, Gene Ontology Genes Pathways, processes, function, cell kocation

TFacts Genes Transcription regulation

Barcode Genes Expression by tissue

PINA, HPRD, STRING Proteins Interactions

PharmaGKB Drugs, proteins, variants Drug targets, pharmacogenetics

STITCH, Matador Drugs, proteins Drug targets

Drug chinical trials Investigational drugs Diseases or conditions in they are being tested

GEO, ArrayExpress Genes (microarray probes) Expression values

ICGC, TCGA Cancer Genomes Poimt mutations, methylation, TNV, structural variants

dbSNP, 1000 genomes Germline variations Association with diseases or conditions

COSMIC Somatic variations Association with cancer types

doi10.1371/journal pebi. 10028244002

Vazquez M, de la Torre V, Valencia A (2012) Chapter 14: Cancer Genome Analysis. PLOS Computational Biology 8(12): €1002824.

https://doi.org/10.1371/journal.pcbi.1002824

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002824
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The Cancer Genome Atlas @ LndemianongaenonS

to improve cancer care

THE CANCER GENOME ATLAS



The Cancer Genome Atlas (TCGA)

Growing cancer cells (in purple) are surrounded by healthy cells (in pink), illustrating
a primary tumor spreading to other parts of the body through the circulatory
system. Image credit: Darryl Leja, NHGRI.]

The Molecular Characteristics of Breast Cancer

33 cancer types, catalogs all the key genomic changes - the modifications in
DNA, RNA and proteins that cause the uncontrolled cell growth that is the
hallmark of malignant tumors.

Today, the TCGA network published a paper analyzing the molecular
characteristics of breast cancer by African and European Ancestry. This paper
identifies molecular differences by genetic ancestry, most of which can be
captured by known breast cancer subtypes.



International
Cancer Genome
Consortium




Cancer Genomic Projects

International
Cancer Genome
Consortium

The Cancer Genome Atlas @

OBJECTIVE:
Obtain full catalog of genetic alterations in
500 tumors from 50 tumor types

Somatic mutations

Copy Number Alterations
Abnormal expression of genes
Translocations

Epigenetic modifications

etc.




Childhood Cancer Genomics (PDQ°®)

There are examples of genomic lesions that have provided
immediate therapeutic direction, including the following:

NPM-ALK fusion genes associated with anaplastic large cell
lymphoma cases.

ALK point mutations associated with a subset of
neuroblastoma cases.

BRAF and other kinase genomic alterations associated with
subsets of pediatric glioma cases.

Hedgehog pathway mutations associated with a subset of
medulloblastoma cases.

ABL family genes activated by translocation in a subset of
acute lymphoblastic leukemia (ALL) cases.



Acute Lymphoblastic Leukemia (ALL)
Genomics of childhood ALL

The genomics of childhood ALL has been extensively investigated, and
multiple distinctive subtypes have been defined on the basis of
cytogenetic and molecular characterizations, each with its own pattern of
clinical and prognostic characteristics. Figure 1 illustrates the distribution
of ALL cases by cytogenetic/molecular subtype

LYY Others s (T-ALL)
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TAL1 23% *;T,f 0.3%
7%

Others (B-ALL)
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Figure 1. Subclassification of childhood ALL. Blue wedges refer to
B-progenitor ALL, yellow to recently identified subtypes fB -ALL,
and red wedges to T-lineage ALL. Reprinted from Seminars in
Hematology 2, Volume 50, Charles C. Mullighan, Genomic
Characterization of Childhood Acute Lymphoblastic Leukemia,
Pages 314-324, Copyright (2013), with permission from Elsevier.



The Personalized OncoGenomics
Program
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Characterizing Cancer Genomes

(\|[zB) NATIONAL CANCER INSTITUTE

ABOUT CANCER CANCER TYPES RESEARCH GRANTS & TRAINING NEWS & EVENTS WA:leli) g {el]

Home > About NCI > NCI Organization > CCG > Research > Structural Genomics é = f , @
m The Cancer Genome Atlas Program
Program History + The Cancer Genome Atlas (TCGA), a landmark cancer genomics program, molecularly
characterized over 20,000 primary cancer and matched normal samples spanning 33

TCGA Cancers - ) i ;
Selected for Study cancer types. This joint effort between the National Cancer Institute and the National

Human Genome Research Institute began in 2006, bringing together researchers from

Publications by TCCA . . . % . _
diverse disciplines and multiple institutions.

Using TCGA +
Eara Over the next dozen years, TCGA generated over 2.5 petabytes of genomic, epigenomic,
transcriptomic, and proteomic data. The data, which has already lead to improvements in
our ability to diagnose, treat, and prevent cancer, will remain publicly available for anyone
in the research community to use.
v
Patterns
/ﬁ
Processes \
g Pathways
€]
TCGA Outcomes & Impact TCGA's PanCancer Atlas
TCGA has changed our understanding A collection of cross-cancer analyses
of cancer, how research is conducted, delving into overarching themes on
how the disease is treated in the clinic, cancer, including cell-of-origin patterns,
and more. oncogenic processes and signaling
pathways. Published in 2018 at the
program's close.
- — - — — _ - — - L =

National Human Genome
Research Institute

About Genomics Research Funding Research at NHGRI Health Careers & Training News & Events About NHGRI




NATIONAL CANCER INSTITUTE EMAIL UPDATES / CONTACT
Office of Cancer Genomics fa | SEARCH

PROGRAMS / NEWS & PUBLICATIONS / ABOUTOCG / E'L\L.W HELPFUL LINKS

Email  Print
Home » Programs » TARGET How to access multiple datasets —>

TARGET’s Resources have been reorganized into TARGET Resources and TARGET Tutorials. Links to TARGET-related resources have been )
moved to Helpful Links.

TARGET

TARGET: Therapeutically Applicable Research To Generate Effective Treatments VIEW TARGET DATA MATRIX
Overview The Therapeutically Applicable Research to Generate Effective Treatments (TARGET) program applies a

comprehensive genomic approach to determine molecular changes that drive childhood cancers. The goal of the
Research = o . . . . . .

program is to use data to guide the development of effective, less toxic therapies. TARGET is organized into a
Collaborators collaborative network of disease-specific project teams.

Publications

TARGET Resources

Projects The TARGET Data Matrix
Using TARGET Data PN enables the cancer research

L\ I AR E ' community to search and
TARGET Publication download data generated by the
Guidelines Initiative.

TARGET Tutorlals View Using TARGET Data Page

2 {Peoiarric
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Home > About NCI > NCI Organization > CCG > Research AA é ><] f Yy @

_ NCI's Genome Characterization Pipeline

NCI's Center for Cancer Genomics (CCG) coordinates research teams across the United

Cancer Genomics
Oveiiiaw States and Canada to produce rich cancer genomic and clinical datasets for the cancer

research community. CCG implements this collaborative effort through an efficient and

Research
- standardized workflow called the Genome Characterization Pipeline. Learn more about
ructura
Genomics how it works below.
Functional
Genomics ON THIS PAGE
Computational * Tissue Collection and Processing
Genomics

* Genome Characterization
Genome
Characterization * Genomic Data Analysis

Pipeline

+ Data Sharing and Discovery
Funding
Opportunities




0 ViutoBASE

Background
MutaREPORTER
MutaCIRCLES
News

AboutUs
Contact

MulaBASE is a bioinformatics company focusing on human
molecular genetics.

MutaBASE produces [VUizREPORTER, a software lSmclmgo to
retrieve, define and archive DNA variations in human DNA leading
to genetic disease.

MutaBASE organises MulaCIRCLES, groups of genetic labs
offering a particular gene test that share information regarding
that gene test.

Latest News
Apr 7, 2011: Announcing the public release of the Beta version of
MutaREPORTER

The Beta version of the MutaREPORTER software, a software package to retrieve,
define and archive DNA variations in human DNA leading to genetic disease, has
been released to a small number of try-out diagnostic labs. These labs will help to
improve MutaREPORTER and start populating MutaDATABASE with DNA variants.
The release of the commercial version of the MutaREPORTER software is
expected for June,



Translating the Cancer Genome:

The genome will inform the right target
and the right patients for the right
drugs, ONLY when interpreted in
context of the biology



HOW HAS THIS CHANGED
CANCER TREATMENT?



How personalized medicine can
change breast cancer treatment

Landmarks in breast cancer history:

2013: - Deep genomic analysis identified several
genetic mutations that might make promising
targets for new therapies. Every month a

new possible target mutation

Combination of drugs approved for other types of
cancers were tried and found effective to breast
cancer

- there is a movement tfowards re-classification of
cancers based on molecular profile vs traditional
classification based on tissue of origin



How personalized medicine can
change breast cancer treatment
Conclusions:

breast cancer patients
armed with genomic information, may now
feel comfortable forgoing certain treatments
that might not be right for their unique case



How personalized medicine can
change breast cancer treatment

Questions that researchers need to answer the years to
come include:

Why do some cancers react to certain drugs and not to
others?

Why might a cancer become resistant to a drug?
How can we predict these outcomes and changes?

How do we choose a therapy that is just right for a
particular patient?

What's next?



Patient A: metabolizes the drug correctly and has a form of osteoporosis
caused by the disease gene targeted by drug

Patient B: a different disease gene which is insensitive to the drug causes
osteoporosis

Patient C: defective metabolism pathway prevents conversion of the drug
into its active form

Patient A
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SNPs and Drug Interactions

Absorption in
the breast

Drug in
breast tissue

Metabolism
in the liver

Transportation in
the blood

Drug becomes
inactive or toxic

Drug in
bloodstream

Transporter

Excretion in
the kidney




Genome sequencing helps prioritize
cancer treatment options

Blood Sample Tumour Sample

Cancer Genome

% Tumours contain our

J normal genome with

), additional, cancer-causing
L mutations that influence
N, response to

) chemotherapy.

Normal Genome \
DNA we inhereted from
our parents. Our normal )

genome can contain

mutations that may {
influence cancer
development and :
progression. 2%

Cancer Genomics
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Genome sequencing helps
prioritize cancer treatment
options

MO  MDOT  DODOX

No DPYD mutation DPYD mutation in No DPYD mutation
in normal genome normal genome in normal genome

No DPYD mutation in OPYD mutation in DPYD mutation in
the tumour genome the tumour genome the tumour genome

;8 2

5-FU therapy may Toxic response to 5-FU toxicity to the tumour
be effective S5-FU therapy but not the patient

5-Fluorouracil, commonly known as 5-FU, is a drug used for the
treatment of multiple cancer types. For some patients, 5-FU can
lead to toxicity. But by using the power of whole genome
seguencing, scientists have shown that for other patients, 5-FU

may be a potent double-edged sword for the treatment of
cancer.



vy CENTER rorn CANCER RESEARCH
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Conclusions t .&L

- The ability to obtain full genomic data on a
given tumor will allow us to make rational
choices for therapy

- Functional genomics may provide help In
choosing combination therapy
- Combinations will not be easy due to enhanced
toxicities
- Cancer as a chronic disease is not a bad thing
as long as we recognize rapid development of
resistance and clonal evolution




Approaching System Biology

Integration of multilevel genomic data
Information



TCGA Pan-Cancer project

12 tumor types

) Glioblastoma (GBM)

Lung adenocarcinoma

(LUAD)
Breast (BRCA)

{ Ovarian (OV)
Kidney (KIRC)
Endometrial (UCEC)

Thematic
pathways

Platforms

Omics characterizations

Mutation

Copy number

Gene expression

DNA methylation
MicroRNA

RPPA

Clinical data



Integration of clinico-genomic data: Approaching Individualized Medicine
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Cancer Genomics Projects

Cancer types: o Ghoblastoma Tumour characteristics:
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Connectivity Map
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genes with diseases
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treat them
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Connectivity Map: Database of Signatures
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C-map: Type 2 Diabetes

gnatures of Signature:
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C-map: Estrogen response
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Drug-resistant ALL

Scott Armstrong, DFCI
Todd Golub, DFCI

acute lymphoblastic leukemia (n=36)
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Cmap: Drug-resistance ALL
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Rapamycin induces dex sensitivity
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Next Step: Full Connectivity Map
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Table 2. Selection of databases commonly used in our workflows.

Database Entities Properties

Ensembl Genes, proteins, transcripts, regulatory Genomic positions, relationships between them,
regions, variants identifiers in different formats, GO terms, PFAM

domains

Entrez Genes, articles Articles for genes, abstracts of articles, links to full text

UniProt Proteins POBs, known variants

KEGG, Reactome, Blocana, Gene Ontology Genes Pathways, processes, function, cell kocation

TFacts Genes Transcription regulation

Barcode Genes Expression by tissue

PINA, HPRD, STRING Proteins Interactions

PharmaGKB Drugs, proteins, variants Drug targets, pharmacogenetics

STITCH, Matador Drugs, proteins Drug targets

Drug chinical trials Investigational drugs Diseases or conditions in they are being tested

GEO, ArrayExpress Genes (microarray probes) Expression values

ICGC, TCGA Cancer Genomes Poimt mutations, methylation, TNV, structural variants

dbSNP, 1000 genomes Germline variations Association with diseases or conditions

COSMIC Somatic variations Association with cancer types

doi10.1371/journal pebi. 10028244002

Vazquez M, de la Torre V, Valencia A (2012) Chapter 14: Cancer Genome Analysis. PLOS Computational Biology 8(12): €1002824.

https://doi.org/10.1371/journal.pcbi.1002824

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002824
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Cancer Genomic Databases

Teble 2. Datalwises for cancer genomics date

cytogenetic data

Dhatabase Link Data type Type of information Access

ICGC bty /doc scge.ong)/ Levels I-IV Copy number, rearrangement, expression, and Open and conurolled
mutation data

TCGA bty /cancergenome. nib gov/dataportal Lovels 1-H1 Copy numbcer, expression [mRNA and miRNA), Open and controlled
promoter methylation, and mutation sequencing

“NCEUGCAT Bty www.ncba. nim.nih gos | wip Tovels I-0 FaW SCQUENCINE traces, SeCond pencration Conerolled

scueacing BAM files by TCGA

COSMIC biep/ f'www sanger sc.ak/genetics OGP cosmic Levels 111V Somatic mutations and copy number alterations by Open

gene: amino acid position, tumor type, literature

TCICTeRces

Cancer Gene Census http /S www sanger ac. uk/genctics ) CGP/Census Level IV Annotation of mutated or genomically altered genes Open

WSt Cap http://fwww sanger ac.uk/genetics ) CGP/Archive Levels 1-11 First.generation trace archive; SNP genotype Conerolled
praofiles

ECGA http/fwww ebiac.uk/ega Levels 1N Second generation sequencing BAM files generated Conerolled
by WTSI CGP

Tumorscipe http /S www brosdinstitute ongtumorscape Levels 11V Browsable, searchable cancer copy mumber viewer Open
using SNP amay data

Oncomine b/ www oncomine, org Level IV Gene expression and copy number dats in readily Password-protected
scarchable and comparable tashion

GEO hep/fochinlm nh.gov/geo Level 1 Gene expression data Password-protected

caArray http:/fcaarray. neLnih gov Level | Cuene expresscon data Password protected

UCSC Cancer hteps://genome cancer.soe. ucsc.edu Levels -1V Browsable viewer for cancer copy number and Open

Genome Braowser expression data
The cBsxo Cancer btep://cbsoportal org Levels -1V Browsable and scarchable viewer tor cancer copy Open
Genomics Portal number and expressson data

OMIM bttp:/fwww . ncbanlm.nsh gov/omam Inhented syndromes and causative genos for cancer Open
and other discases, with extensive lirerature review

Mitelman bttp )/ fegap nea.mh gov ) Chromosomes/Mitelman Copy number alterations and translocations based on Open

(Level I) Raw, (Level H) noemalized/processed, (Level 1] interpeered, (Level IV summarnized

Chin ¢t al, Genes. Dev. 2011 March 15; 25(6): 534-555
http://www .ncbi.nim.nih.gov/pubmed/?term=21406553

Module 1: Cancer Genomic Databases




