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Non-linear Career Path of a Physician-Scientist
BA: Princeton (1998-2002), Molecular 
Biology and Biophysics

PhD: Harvard (2002-2008), Human 
pluripotent stem cells and pediatric bone 
marrow failure syndromes, Advisor: Dr. 
George Daley

MD: Harvard (2007-2011)

Pediatric Residency and 
Hematology/Oncology Fellowship: UCSF 
with post-doctoral research with Dr. Trever 
Bivona (2014-2017)

2017-2022: Assistant Professor in 
Pediatric Hematology/Oncology and 
started my own lab as part of the UCSF 
Physician-Scientist Scholar Program

Current: Assistant Member, Tow Center for 
Developmental Oncology, HOPP, and 
Pediatrics

“I’m leaving my job so I can spend time with another job.”



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 biology



The genetic origins of cancer

1866 – French surgeon Paul Broca described breast CA in a family



Chromosome theory of cancer



Peyton Rous and his chickens



Retroviral oncogenes?



Doll and Hill – smoking and cancer



Causality



Causality
2 cups -> 

20% reduction in dementia risk

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





V-Src: The first oncogene



This article is dedicated to Harry Rubin. 
His pioneering work started the field.

Most oncogenes that have predominant
roles in human cancer were first recognized 
in retroviruses. This includes the receptor 
tyrosine kinase epidermal growth factor 
receptor (EGFR), the small GTPase RAS, 
the phosphoinositide 3-kinase PI3K and the
transcriptional regulator MYC. The dis-
covery of retroviral oncogenes during the
past four decades has set in motion an era
of progress that has culminated in our cur-
rent view of cancer as a genetic disease 
(TIMELINE) — a view that guides and inspires

therapeutic innovations. It currently seems 
to be attractive to look back to the origins
of the oncogene field, as they illustrate
the first principles that are still valid and
applicable to the legions of oncogenes 
encountered today.

There are slightly more than 30 retro-
viral oncogenes, which have been identi-
fied almost exclusively in avian and rodent 
viruses. Their products can be grouped into 
eight functional classes (TABLE 1). The unify-
ing functional assignment of these genes
and proteins is signalling in the control of
cellular replication. From this list, I discuss a
few oncogenes that best illustrate the history

of experimental and theoretical break-
throughs but that also have crucial roles in
human disease.

Thesrcparadigm
The first retroviral oncogene to be dis-
covered was src: this was no accident. 
Preparations of Rous sarcoma virus (RSV), 
the avian sarcoma virus that carries the
src gene, induce readily visible oncogenic 
transformation within a few days in primary 
fibroblasts. RSV can be accurately titrated in
cell culture, with a focus assay developed
in 1958 (REF. 1). In this assay, the focus num-
ber is directly proportional to the amount of
virus, hence a single RSV particle can fully 
transform a host cell, and no cooperation 
between complementing viruses is required. 
Soon, methods for the biological cloning of
RSV particles were developed, which were 
the fruit of extensive studies devoted to
a replication-defective variant of RSV2,3. A
procedure for assaying non-oncogenic but
actively replicating avian retroviruses by
interference with RSV focus formation was
also devised4. In the 1960s, these were power-
ful quantitative cell biological tools, and the
avian sarcoma viruses were the only retro-
viruses for which such tools were available. 
This technological advantage was decisive in
the discovery of the first oncogene.

Our knowledge of src and of its protein 
product is the culmination of a long and
complex evolution with stepwise, successive 
contributions from genetics, biochemistry,

TIMELINE 

Retroviral oncogenes: 
a historical primer
Peter K. Vogt

Abstract | Retrovirusesare the original sourceof oncogenes. Thediscovery and
characterization of these genes was made possible by the introduction of
quantitative cell biological andmolecular techniques for the study of tumour
viruses. Key features of all retroviral oncogeneswere first identified in src, the
oncogene of Rous sarcoma virus. These include non-involvement in viral
replication,codingforasingleproteinandcellularorigin.TheMYC,RASandERBB
oncogenesquicklyfollowedSRC,andthesetogetherwithPI3Karenowrecognized
ascrucialdrivingforcesinhumancancer.

Timeline |Retroviral oncogenes: 50 years of discovery
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Focus
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of src14,16
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to EGFR126,127

MYC–MAX
dimerization58

Cancer-specific
mutations in PI3K168

Src is a tyrosine
kinase33

Insertional
activation of
cellular Myc178
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Provirus • srcRNA defined16 Discovery • Discovery of ras70 • MYC translocated in Discovery Discovery
hypothesis26 • Discovery of reverse of the Src • Discovery of Burkitt’s lymphoma64 of jun143 of pi3k145

transcriptase19,20 protein30 erbB109,110 • Oncogenic RAS in
human cancer102–104

Theboxes outlined in black refer to discoveries that have shaped the research on oncogenic retroviruses. Theboxes outlined in red mark the years in which important
oncogenes were identified. EGFR,epidermal growth factor receptor; RSV,Rous sarcoma virus.
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From proto-oncogene to oncogene: 
Recurrent RAS mutations



From proto-oncogene to oncogene: 
MYCN overexpression



From proto-oncogene to oncogene: 
Chromosomal rearrangements (BCR-ABL)



The genomics revolution in cancer biology



The genomics revolution in cancer biology

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



The genomics revolution in cancer biology



A lot of alterations in cancer: 
What defines an oncogene?

Armenia et al. Nature Genetics 2018



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



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

Biopsy Chemotherapy

Ewing’s Sarcoma

Radiation/Surgery

Rhabdomyosarcoma

Osteosarcoma



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)?

Still a molecular black box….



What is the biologic basis of a 
therapeutic window?

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
BRAFV600E 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

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



Mok et al, NEJM 2009

EGFR in lung cancer





What is a cancer dependency?

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. 

 

Asparaginase vs bleach/ribosomal proteins

OncogeneOncogene



How to (critically) read a paper

1. 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. 

2. 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.

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

4. 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!

5. Conclusions – this is the hardest part. Assess the totality of the 
evidence. 



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



DSB

cNHEJ

LIG4
NHEJ1

Accurate 1-4 nt 
deletions

End-resection

CtIP
MRN

BRCA1
PALB2
RAD51

HR

Error-free repair

alt-EJ

PARP
LIG3
POLQ

Micro-homology annealing

Larger insertions/deletions

Cancer dependency/synthetic lethality
Example 1: Hereditary Breast Cancer and BRCA1



Synthetic Lethality: 
BRCA1 loss and PARP

Bryant et al., 2005



So this brings up a key question…

How do you test whether a cancer dependency 
is real? 

These data suggest BRCA2 
mutant cancer cells are 
synthetic lethal with PARP 
inhibitors/dependent on 
PARP. Are they?



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??

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….



NEJM 2009, Fong et al.

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



Clinical Outcomes

Mateo et al, NEJM 2014

Robson et al, NEJM 2017

Breast CA

Prostate CA



Resistance as proof of dependency

BRCA mutant patients develop reversion 
mutations after PARPi therapy

Race is on to identify 
mediators of PARPi resistance 
– can actually serve as clues to 
the real mechanism



Can the PARPi/BRCAmut dependency 
be extended? 

“Correlation + Plausibility 
does not equal causation”



FET fusions in cancer: Ewing sarcoma

• Pediatric bone tumor

• EWS-FLI1 sole genetic driver

• “Melts like snow”
   (DNA repair defect?)

EWS-LCD RGG-rich 
LCDNative EWS

EWS FLI1

FLI1 TA FLI1 DBDNative FLI1



The EWS-FLI1 inhibitor

EWS-FLI1 binds to RNA helicase -> ”needed” for transformation

Drug blocks EWS-FLI1::RNA helicase interaction



The EWS-FLI1 inhibitor



The EWS-FLI1 inhibitor

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. Reproducibility vs Robustness

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

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



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? 



3. Multiple Hypothesis Testing

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

The Reproducibility Crisis



Example 2: RAS and cancer



RAS signaling
RAS structure/processing

Plasma Membrane



Blocking Farnesylation of RAS

Hancock et al, 1989 Kohl et al, 1995



Clinical Trials

Rao et al, JCO 2004



What happened? 
De-novo resistance to FTIs



The new RAS inhibitors: 
1st trials in KRAS-G12C lung CA



Combination therapy



Moving beyond oncogenes…



Non-oncogene addiction

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



Identifying new dependencies

Tsherniak et al, 2017 Cell



700 dependencies across 500 cell 
lines – where to go from here?



Challenges for Future Cancer Research

1. Understand residual disease

2. The problem with Cell Lines (p53 as an example)
 - design better systems, heterogeneity
 - organoids, PDX, mouse models…

3.  More basic cell biology – how do oncogenes work?

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

5. Study and understand existing dependencies

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

7. Think hard about necessity vs. sufficiency

8. 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

gRNA library

MOCK
      
        

Low dose Drug

High Dose Drug

Drop-outs = Essential Genes

Drop-outs = Sensitizers

Enriched = Resistance
 



Blind Spots of RNAi based screens

1. Very sensitive to levels of DICER, other 
siRNA processing enzyme

2. Incomplete knockdown/too good of a 
knockdown

3. Off-target effects
4. Inflammatory/stress response



Blind Spots of CRISPR/Cas9 screen

1. Amplified genes!
2. Extent of single/double cutting
3. Off-target effects
4. Not good for studying DNA repair
5. Not all guides work well in all cell lines 

(SNPs)



Blind Spots of CRISPRi screen

1. Alternate promoters
2. Not all guides work well in all cell lines 

(SNPs)
3. Epigenetic regulators?
4. Incomplete knockdown/too good of a 

knockdown


