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What is an oncogene?



What is an oncogene?

An oncogene is an altered form (mutation, overexpression) of a cellular
gene that causes normal cells to become cancerous.

Questions:
1) How do you distinguish between oncogenes and other types of
alterations (tumor suppressor, passenger mutations, polymorphisms)?

2) How do we “prove” that a given oncogene causes cancer?



The genomics revolution in cancer
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The genetic origins of cancer
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1866 — French surgeon Paul Broca described breast CA in a family



Chromosome theory of cancer

Nature Reviews | Cancer
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Peyton Rous and his chickens
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Figure 3.2 The Biology of Cancer (© Garland Sclence 2014)



Retroviral oncogenes?
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Doll and Hill — smoking and cancer

TasLe IV.—Proportion of Smokers and Non-smokers in Lung-

carcinoma Patients and in Control Patients with Diseases Other
Than Cancer
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Causality
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Causality
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Challenges with observational or case-cohort matching studies:
1) Very difficult to properly control away co-variates (Evian)
2) Think about effect size and timing

3) Be skeptical — even for RCTs, think about robustness, study populations, exclusion criteria
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V-Src: The first oncogene

The genome of non-defective

RSV carries an extra gene, src Non-defective
RSV transforms
cells and replicates
Non-defective
RSV
The genome of transformation-
Defective RSV
defective RSV has lost the src gene replicates but does
not transform cells

Transformation-defective RSV
Nature Reviews | Cancer



Timeline | Retroviral oncogenes: 50 years of discovery

Focus (1969-1970) ‘ Cellular origin of oncogenes?’ ‘
assay for Temperature- Insertional ERBBis
RSV sensitive mutants Discovery Discovery Srcis atyrosine activation of homologous MYC-MAX Cancer-specific
of src1415 of srct416 of myc*® kinase® cellular Myc'™ to EGFR@&w dimerization® mutations in PI3K®
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Provirus « srcRNA defined® Discovery - Discovery of ras™ * MYC translocated in Discovery Discovery
hypothesis® « Discovery of reverse ofthe Src + Discovery of Burkitt's lymphoma® of jun™ of pi3k™®
transcriptase 192 protein® erbB109.110 + Oncogenic RASin
human cancer02-104

The boxes outlined in black refer to discoveries that have shaped the research on oncogenic retroviruses. The boxes outlined in red mark the years in which important
oncogenes were identified. EGFR epidermal growth factor receptor; RSV, Rous sarcoma virus.

NATURE REVIEWS | CANCER VOLUME 12 | SEPTEMBER 2012 | 639

© 2012 Macmillan Publishers Limited. All rights reserved



From proto-oncogene to oncogene:
Recurrent RAS mutations

CCCGGG CCGCAGGCCC TTGAGGAGCG

proto-oncogene
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GCCGCCGTCC AGGTGCCAGC AGCTGCTGCG GGCGAGCCCA GGACACAGCC AGGATAGGGC TGGCTGCAGC
CCCTGGTCCC CTGCATGGTG CTGTGGCCCT GTCTCCTGCT TCCTCTAGAG GAGGGGAGTC CCTCGTCTCA

GCACCCCAGG AGAGGAGGGG GCATGAGGGG CATGAGAGGT ACC
Figure 4.9 The Bickogy of Cancer 1 Garkand Science 2096)



From proto-oncogene to oncogene:
MYCN overexpression
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Figure .17 The Buclogy of Cancer |© Garland Science 20M4)



From proto-oncogene to oncogene:
Chromosomal rearrangements (BCR-ABL)
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The genomics revolution in cancer
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The genomics revolution in cancer biology

Welcome to the Pan-Cancer Atlas

From The Cancer Genome Atlas (TCGA) consortium, a large-scale collaboration initiated and supported by the National
Cancer Institute (NCI) and National Human Genome Research Institute (NHGRI).

From the analysis of over 11,000 tumors from 33 of the most prevalent forms of

https://www.cell.com/pb-assets/consortium/pancanceratlas/pancani3/index.html



The genomics revolution in cancer biology
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A lot of alterations in cancer:

What defines an oncogene?
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Terminology

Types of Alterations (tumor intrinsic..):

Mutations (promoters, introns too..)
Insertions/Deletions

Copy Number Changes

Epigenetic alterations (methylation)

Classifying alterations:

Driver mutations (BCR-ABL in CML not ALL, EGFRL858R, KRASG12V...)
Passenger mutations

In-between — the long tail of mutations in cancer

Tumor Suppressor (p53 loss — is this a “driver’?)
Oncogene
Genetic Heterogeneity

Microenvironment/Immune Detection



Back to the beginning: what defines an oncogene?



Classic transformation assay

Transforming genes of human bladder and lung carcinoma cell

lines are homologous to the ras genes of Harvey and Kirsten
sarcoma viruses

(human tumors/transfection/retroviruses)

CHANNING J. DER, THEODORE G. KRONTIRIS, AND GEOFFREY M. COOPER

Sidney Farber Cancer Institute and Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115
Communicated by Baruj Benacerraf, March 22, 1982

ABSTRACT  Blot hybridization analysis indicated that NIH
3T3 mouse cells transformed by high molecular weight DNAs of
a human bladder and a human lung carcinoma cell line con-
tained new sequences homologous, respechvely, to the transformmg
genes of Harvey (ras™) and Kirsten (ras®) sarcoma viruses. The
unique ras sequences were present in multiple independent NIH
cell lines transformed in both primary and secondary transfection
assays and corresponded to ras sequences normally present in
human DNAs. The ras gene product was expressed in NIH cells
transformed by bladder carcinoma DNAs and in the human blad-
der carcinoma cell lines at levels 2- to 4-fold greater than the level
observed in nontransformed NIH 3T3 cells. These results indicate
that the transforming genes of these human tumor cell lines are
the cellular homologs of two retroviral transforming genes.




Back to the beginning: what defines an oncogene?

1. Recurrent mutations in cancer and not normal tissue
- what about tumor suppressors
- what if the mutation does show up in normal tissues (BRAFV600E)

2. Cell Transformation Assays: Normal cells -> cancer
- 3T3 (mouse!) or other colony forming assays
- Ba/F3 — IL-3 dependence

3. Tumors in mice?
- what if it can't? EWS-FLI1. lineage specificity
- transgenic vs xenografts

4. Essential for the growth of cancer cell?
- essential genes
- concept of driver vs passenger.

5. On-target clinical resistance to targeted therapies



If this is the goal of precision medicine...




The reality is more complicated and disease-
dependent.

How we treat pediatric sarcoma
(bone tumors)

NOW Ewing’s Sarcoma
B Biopsy Osteosarcoma Chemotherapy
L A l m Radiation/!urgery

Rhabdomyosarcoma

&L




The concept of a therapeutic window

How does doxorubicin work? DNA damage
How does vincristine work? MT inhibitor
Bortezomib in myeloma?

Why do these drugs show any selectivity for cancer cells?
Why is their histologic variation in response and why do they stop

working (ie resistance mechanisms)?

Once a Molecular Black Box




What is the biologic basis of a
therapeutic window?

Plasma concentrations

Peak of effect Side-effect

Therapeutic window

4 ............................................. > v ..... Desir‘edr‘esponse
Duration of action

Time

Ex: Vemurafenib in BRAF mutant melanoma

But what about DNA-damaging agents??



We need to identify driver oncogenes and
design drugs to target them (maybe?)

Kinase mutations/Fusions:
EGFR in lung cancer

BCR-ABL in CML

BRAFVG600E in melanoma
Crizotinib in ALK fusion cancers
RAS inhibitors

Antibody-based Therapies:
Herceptin in ER-positive breast CA
Brenutximab in CD30+ ALCL
Cetuximab in Head and Neck

| won’t mention immunotherapies (CAR-T, PD1)



EGFR in lung cancer
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What is a cancer dependency?

L-asparaginase

L-asparagine synthetaseJ

Asparaginase in ALL

If there is a classic activating KRAS mutation in a tumor,
is that tumor dependent on KRAS?



What is a cancer dependency?

My definition (too long!....):

Cancers of a certain class or genotype, by virtue of their specific biology,
display selective dependence on a gene/pathway or selective lethality in the
setting of a drug, when compared with “normal” cells.

| |
~-

L-asparaginase

L-asparagine synthetaseJ

Asparaginase vs bleach/ribosomal proteins



How to (critically) read a paper

Understand the scientific question. If not in your field, ideally read
the cited papers AND search the literature yourself. Do not just
accept the authors framing.

For each figure panel, first interpret the data yourself. Think about
the results in the context/limitations of the technique and
approaches (e.g., CRISPR screening). Then, assess the authors
conclusions and see if you agree and/or other explanations are
warranted.

A question to always ask: what is the |east interesting explanation
for this result? What controls are missing that would undermine the
authors conclusions?

When presenting papers in journal club, provide your interpretation
first by discussing strengths of a figure and limitations - do NOT
just read the authors interpretation!

Conclusions — this is the hardest part. Assess the totality of the
evidence.



Figure 1
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Ewing sarcoma cells are dependent on specific HR factors (BRCA1, PALB2) for
survival. Are they?

1. Validity of actual finding
2. Robustness
3. Reproducibility/relevant biology



Cancer dependency/synthetic lethality
Example 1: Hereditary Breast Cancer and BRCA1
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Synthetic Lethality:
BRCA1 loss and PARP
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So this brings up a key question...

How do you test whether a cancer dependency
is real?

a 1 These data suggest BRCA2

mutant cancer cells are
synthetic lethal with PARP
inhibitors/dependent on
PARP. Are they?

Surviving fraction
o

-
A A AALLL
-

0.01-
0O 02 04 06 08 10 12 14 16

NU1025 (mM)




Testing a cancer dependency...

Rescue the phenotype (add back BRCA1)
Orthogonal approaches (genetics)
Cell Lines (how generalizable?)

Xenografts, PDXs — better gauge of
therapeutic window

Clinical Trials (not always feasible)
Resistance Mutations



Mechanism of PARPI/BRCA
synthetic lethality???

B WGR_  Hp
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tumor cell death

Testing cell line findings in orthogonal ways (genetic PARP kd)
Strong cell line-based evidence that HR deficient cells are more sensitive to PARPI

Many mechanisms = we don'’t fully understand....

e ° PARP inhibitor resistance and
tumor cell survival caused by
multiple distinct mechanisms

|

+ Secondary “reversion”
mutations in BRCAL, BRCA2,
RAD51C/D

* Restoration of HRR in

BRCA1 mutant tumor cells via
loss of 53BP1, REV7

« Loss of PARP1 expression

« Pharmacological resistance
e.g. upregulation of
P-glycoprotein pumps



Patient 20,
at Baseline

Patient 41,
at Baseline

53 mm

Patient 20,
at 4 Mo

Patient 41,
at 4 Mo

CA-125 (U/ml)
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12004
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Days of Olaparib Treatment

—— Patient 20
Ovarian cancer
169 Days of olaparib,
100 mg twice daily

—=— Patient 39
Ovarian cancer
533 Days of olaparib,
400 mg twice daily
Patient 40
Fallopian-tube cancer
216 Days of olaparib,
400 mg twice daily
—— Patient 41
Ovarian cancer
331 Days of olaparib,
400 mg twice daily

—— Patient 60
Ovarian cancer
220 Days of olaparib,
200 mg twice daily
—— Patient 61
Ovarian cancer
169 Days of olaparib,
200 mg twice daily

Treatment Duration (wk)

80+

40
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Il Progressive disease  [] Stable disease [ Partial response [l Complete response
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I

NEJM 2009, Fong et al.

First clinical demonstration
of tumor response in BRCA
mutant breast, ovarian,
prostate CA



Breast CA

Prostate CA

inical Outcomes

Progression-free Survival (%)

100~
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Resistance as proof of dependency

A Quantitative Chemotherapy Genetic Interaction
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BRCA mutant patients develop reversion Race is on to identify

mutations after PARPI therapy mediators of PARPI resistance

— can actually serve as clues to
the real mechanism



Can the PARPI/BRCAmut dependenc
be extended?
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“Correlation + Plausibility
does not equal causation”

FDA approved,

Predictive biomarkers of PARP inhibitor sensitivity.

EMA approved ExpenmentaIA
— Somatic, deleterious =
_ mutations in other
Germ-line ') BRCAness genes known
deleterious , to modulate HRR and
mutations Liquid biopsy other DNA repair
in either processess.
BRCAI or BRCA2 Detection of “revertant”
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PARPi resistance
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Clinical assessment of PARPi synthetic lethality.

Breast cancer

Pancreatic cancer

r— Prostate cancer

Ovarian cancer
Substantial fractions of BRCAL BRCA2 mutations and BRCAness alterations
Clinical trials ongoing. Approvals include:

Examples

DNA sequencing of
individual genes implicated
in HRR or “panel”
sequencing of multiple
genes

Immunohistochemical
detection of DNA repair
proteins involved in HRR

Use of deep sequencing or
DNA copy number analysis
to estimate the presence
of chromosomal
rearrangements similar

to those found in gBRCAm
cancers

Substantial fractions of BRCAI, BRCA2 mutations and

BRCAness alterations

Phase 2 and 3 clinical trials on-going

Olaparib has FDA breakthrough therapy designation in
metasatic, castration-resistant prostate cancer

EMA approval for olaparib (2014) monotherapy for the maintenance treatment of adult

patients with platinum-sensitive, relapsed, BRCA-mutated (germline and /or somatic)
high-grade serous epithelial ovarian, fallopian tube, or primary peritoneal cancer who are in
response (complete response or partial response) to platinum-based chemotherapy

FDA approval for olaparib (2014) monotherapy in patients with deleterious or suspected
germline BRCA-mutated advanced ovarian cancer detected by FDA-approved test who have
been treated with >3 prior lines of chemotherapy

FDA approval for rucaparib (2016) monotherapy in patients with deleterious BRCA
mutation (germline and/or somatic)-associated advanced ovarian cancer who have been
treated with >2 prior lines of chemotherapy



FET fusions in cancer: Ewing sarcoma
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The EWS-FLI1 inhibitor
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The EWS-FLI1

Inhibitor
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The EWS-FLI1 inhibitor
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Two approaches for understanding drug mechanism:
1. Mutations that promote resistance
2. Does the drug work when the target is deleted?



The Reproducibility Crisis

1. Reproduciblility vs Robustness

leterogeneity is the norm in cancer and the
ab. Embrace this, even if journal reviewers
do not.

- Ex. 10 of 13 BRCA mutant lines are
sensitive to the new PARPI. Why only 107



The Reproducibility Crisis

2. The problem with “down” assays

Genetic and chemical perturbation can
cause cancer cells to die for numerous
reasons — on and off target.

BCR-ABL driven CML. Drug blocks Abl

kinase. Does that prove this is why imatinib
kills CML cells?



The Reproducibility Crisis

3. Multiple Hypothesis Testing

20,000 genes. At a p<0.01, how many genes
are expected to be essential by chance.



Example 2: RAS and cancer

Five-year cancer survival rates in the USA, All races, total

Percentage of cancer patients surviving at least five years since diagnosis, by cancer type. This data is available to
view by sex and race.
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RAS signaling

RAS structure/processing
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membrane

K-Ras

Mor A, Philips MR. 2006.
Annu. Rev. Immunol. 24:771-800
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Blocking Farnesylation of RAS

Post-translational Processing of H- and N-ras Proteins
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Clinical Trials

1 - i .
0 *\\ Randomization Group
90 - T = R115777

- \L\ ~~~~~~~ PLACEBO

70 - My,

60 - g
50 - A%
40 - s
30 e

% Subjects

___________
1

20 B
10

T T T T T T T T T T T T T T T

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600
Days

Number of Subjects at Risk

R115777 235 225 205 186 168 139 110 93 70 54 36 26 19 13 9 5 2 0 0 0 o0
Placebo 133 131 118 106 95 82 68 55 44 37 28 24 18 13 7 4 3 0 0 0 O
All Treatments 368 356 323 292 263 221 178 148 114 91 64 50 37 26 16 9 5 0 0 0 o

Rao et al, JCO 2004




What happened?
De-novo resistance to FTls

Plasma Membrane

Cytoplasm
Alternative
Rcel prenylation of
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Cytosolic, inactive




The new RAS inhibitors:
15t trials in KRAS-G12C lung CA

A
Sotorasib Docetaxel
Overall response rate (95% Cl) 281(21-5-35-4) 13-2(8-6-19-2)
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Combination therapy
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Moving beyond oncogenes...
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Non-oncogene addiction

The tumorigenic state
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Tumor cell lethality

The therapeutic window: Normal cellular stress buffers that cancer cells
depend on more than normal cells




ldentifying new dependencies

Removal of shRNA
off-target effects

501 genome-scale RNAI
loss-of-function screens
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Gene knockdown Off-target
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Identification of strong
differential dependencies

Models predicting gene dependency
from genomic features
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/00 dependencies across 500 cell
lines — where to go from here?

A Differential dependency No differential dependency B )
769 60 dependencies
§ 60 Dependency
£ 0 1000 score
°
© 20
S @
z | . 8
-0 5 0 5 10 10 5 0 5 10 S 100
MDM4 dependency SDC1 dependency 2
8
)
°
125 S
ﬁ 100 § i Z 1
= =
g 2
S 25 I
z ) | z ,
-0 -5 0 5 10 -0 -5 0 5 10 1
MET dependency TP53 dependency 0.2% 0.4% 1.0% 2.0% 4.0% 10.0% 20.0%
Cell lines harboring each dependency (%)
Sheson
c D dehydrogenase  molecule

reductase \ chaperonin =
Gproten yase
couped recopr D oNadrecied
p translation RNA polymerase
300 \\ factor / pom

ribonuciecprotein
endoribonuclease
gzoo ot it vegide B cxcribonuciesse
£ pidtan calcum- .
= i proter "
§ fon channel Py
g 100 ATP synthase .K ol e ;
aminoacyl-tRN/ -
- synthetase h binding protein
piquit
o - o B
None 19 1049 50+ i
No. 60 dependencies modulator’
per cell line Kinase
activator protein
kinase
m/% A N i
protease kinase
‘nucleotidyltransferase
acelyiransierase
methylransierase
acyiransierase
zine finger transcription factor  transcription cofactor
E F
Druggable 6o =
" o~ ¥
/dependencies & 100%
152 £ 75%
3
O 50%
-
]
617 T 5%
Unclassified 60 g ] - All Druggable
dependencies 8 0%y
0 20 40 54 60 76

Size of set of 60 dependencies



Challenges for Future Cancer Research

Understand residual disease

The problem with Cell Lines (p53 as an example)

- design better systems, heterogeneity

- organoids, PDX, mouse models...

More basic cell biology — how do oncogenes work?

Design better screens and then follow-up the dependencies with biology

Study and understand existing dependencies

Use clinical data and clinical samples to think more about mechanism. Can we move
beyond profiling patient samples and test hypotheses/do experiments?

Think hard about necessity vs. sufficiency

Rescue dependencies in various ways...



Challenges for Future Cancer Research

“There has been a trend, especially in papers in
high-profile journals, towards making far-
reaching claims in an attempt to paint a
seemingly complete picture that incorporates
both new mechanistic insights and the
physiological or clinical relevance of a given set
of findings. The field would be better served if
papers claimed less, but provided more lines of
corroborating evidence in support of their
conclusions. “ — Bill Kaelin



Schematic of Genetic Screen

Parental Cell Line

= High Dose Drug
+ Enriched = Resistance



Blind Spots of RNAI based screens

. Very sensitive to levels of DICER, other
sIRNA processing enzyme

. Incomplete knockdown/too good of a
knockdown

. Off-target effects
. Inflammatory/stress response
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Blind Spots of CRISPR/Cas9 screen

. Amplified genes!

. Extent of single/double cutting

. Off-target effects

. Not good for studying DNA repair

. Not all guides work well in all cell lines

(SNPs)



Blind Spots of CRISPRI screen

. Alternate promoters

. Not all guides work well in all cell lines
(SNPs)

. Epigenetic regulators?

. Incomplete knockdown/too good of a
knockdown



