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Chickens and Cancer:

Rous JEM 1911
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Peyton Rous
B.A. (1900) and M.D. (1905) from Johns Hopkins University

1909, Rockefeller Institute in New York City

1966

Rubin, PNAS 2011
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Rous Sarcoma Virus
Transformation in vivo to in vitro

• Partially purified RSV: Bather
– Br J Cancer 1957

– Partially purified RSV

– RNA virus

• Chicken fibroblast transformation: Temin & Rubin 
– Virology 1958; soft agar foci assay

• DNA provirus: Temin
– PNAS 1964

• Isolation of RSV RNA: Duesberg & Vogt
– PNAS 1970 v-Src

• Identification of proto-oncogene in normal avian DNA:

Stehelin, Varmus, Bishop, Vogt
– Nature 1976 c-Src
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Chickens and Cancer: MYC

carcinosarcoma nephroblastoma

Myelocytomatosis

MC29 virus: RNA 

Duesberg, Bister, Vogt PNAS1977

Sheiness & Bishop, J Virol 1979

“The avian carcinoma virus MC29 (MC29V) 

contains a sequence of approximately1,500 

nucleotides which may represent a gene 

responsible for tumorigenesis by MC29V. 

We present evidence that MC29V has 

acquired this nucleotide sequence from the 

DNA of its host.”
Fig. 3. Hybridization of MC29 cDNA with 

RNA from chicken embryo fibroblasts.

Control B77

cDNA

MC29 cDNA
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Chickens and Cancer: 
Cellular Proto-oncogenes to Viral Oncogenes

Harold Varmus & J Michael Bishop

1989
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Pre-Cancer Genomics

Genome Science: AMuLV
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Avian Virus to Human Cancer: 
MYC Oncogenes

Dalla-Favera et al PNAS, Nov & Dec 1982

Taub et al. PNAS, 1982

v-Myc and human genomic DNA phage clone

Hybridization EM

Ryan & Bernie Biochem J 1996
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2-Hit Hypothesis: Tumor Suppressor
Knudson PNAS 1971: 

“Mutation and Cancer:  Statistical Study of Retinoblastoma”
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2-Hit Hypothesis: Tumor Suppressor

1983

Cavenee: 

Ludwig San Diego

1991-2015
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SV40 and Tumor Suppressors

SV40 Large T

p53

1979: Lane, Levine, May

Rb

Livingston

1988

Ludwig Harvard

Center

Lane

LICR 2013-2015
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Multi-step Tumorigenesis
REF

1983

Weinberg

Ludwig MIT Center
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Multi-step Tumorigenesis

Fearon & Vogelstein Cell 1990

Vogelstein

Ludwig Hopkins Center
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Human Genome Project
1990-2003
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Vol 398, 8 April 1999

Expressed Sequence Tags (ESTs)

Courtesy of Andy Simpson

July 20, 2000
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Genes - 3% Non-coding DNA - 97%

Human Genome Sequencing
15 February 2001

Anamaria A. Carmago, .. , Ricardo R. Brentani, 

Andrew J.G. Simpson and Sandro J. de Souza

PNAS 2001
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October 16, 1997
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São Paolo Genome Annotation

February 2000 

Courtesy of Andy Simpson
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Brasilia
March 25, 2000

July 13, 2000

Courtesy of Andy Simpson

Xylella 

fastidiosa

Simpson 

LICR 2007
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Cancer Genome Sequencing

2006: Launch

2010: 20 cancers

2018: Pan-Cancer Atlas

10,000 Tumors

33 Tumor Types

LESSONS: 

Oncogenic Signaling Pathways

Mutations of Epigenetic Modifiers

Role of Non-coding RNAs

Sanchez-Vega Cell 2018
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Cancer Genome: Tumor Boards

UCSF HDFCCC
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Cancer Genome: Precision Oncology

PMO 2016



LUDWIG CANCER RESEARCH

Cancer Genome: Germline Risks

& Interception
Dev Cell 2022
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Cancer Genome: Liquid Biopsy
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MYC & Human Cancers

cBioPortal: MYC

Sanchez-Vega Cell 2018
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MYC Function: MYC:MAX

Dang, MCB 1999

Max

Myc

Nair & Burley Cell 2003 
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MYC Target Genes

Llombard & Mansour eBioMed 2021
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Cancer Metabolism

Lewis et al., MCB 1997

Otto Warburg 1920’s: 

Cancers 
1) aerobic glycolysis

2) defective respiration

1970-1980’s:

Oncogenes (Myc, Ras), 

Tumor Suppressors (p53, Rb)

Cell Cycle

Glucose        Lactate

Rat1a Rat1a+c-Myc
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MYC and The Warburg Effect

Rnase protection

Nuclear Run-on

Slot-blot amplicons

Professor and Crocker Family Chair in Cancer Innovation, Emory 

University

Professor and George F. Booth Chair in the Basic Sciences, University of 

Massachusetts

Nature

Milestones in Cancer #6 

Brian Lewis

Hyunsuk Shim

1997

1997
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Proliferative metabolism

Adapted from 

Dang, CSHL Quant Biol Symp 2013
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Circadian Maintenance Metabolism

Feeding Fasting

Wake Sleep Krishnaia et al. Cell Metab

2017

Weijie & Hogenesch

Liver circadian

metabolome
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Mammalian cell intrinsic circadian clock

CLOCK BMAL1

CACGTG

CRYs    

REV-ERBα

Rhythmic maintenance

metabolism

CLOCK:BMAL

PER2
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Circadian to Proliferative Metabolism

Dang, Cell 2012

CLOCK:BMAL

MYC:MAX
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Oncogenic MYC & the molecular clock

Brian Altman

Annie Hsieh

Aalim Weljie

Sai Krishnaiah

John Hogenesch

CLOCK BMAL1

CACGTG

PERs

CRYs

REV-ERBα Rhythmic metabolism

Homeostasis

Arrhythmic metabolism

Growth

CLOCK BMAL1

CACGTG

PERs

CRYs

REV-ERBα

MYC MYC

MYC MAX

CACGTG

Altman & Hsieh et al. Cell Metabolism 2015
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24  32   40  48  56  64   72  (h)

MYC-ONMYC-OFF

24  32   40  48  56  64   72  (h)

RNAseq (unpublished) Altman, unpublished

Myc alters circadian transcriptome

& metabolome

Mass spec (unpublished)
MYC-OFF MYC-ON
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Maintenance metabolism
Rhythmic metabolism

Homeostasis
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MYC-induced proliferative metabolism
Deregulated metabolism

Growth
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Shim H et al. PNAS 1998;95:1511-1516

Myc-induced glucose and glutamine 

dependency
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Hyunsuk Shim
Yuneva M et al. J Cell Biol 2007;178:93-105
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Myc-driven Metabolic Vulnerabilities
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Tumor-specific Metabolic Vulnerability
IDH1 and IDH2

2008

2009

IDH1 mutation2009



LUDWIG CANCER RESEARCH

MYC, ncRNAs & Cancer

Yoshida  J Exp Clin Can Res 2018

2009

2005

E2F1
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ncRNAs & Cancer
Genome ‘dark matter’ = lncRNA

2018

2015
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ncRNAs & Cancer

2022

ADIRF-AS1

PBRM1 WT (n=272)

ADIRF-AS1

PBRM1 Mutant (n=174)

TCGA: 38% PBRM1 mutations ccRCC
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Cancer Functional Genomics: 

Rx Resistance

Nat Rev Cancer 2020
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Cancer Genomics: scHeterogeneity

NCB 2018
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Cancer Meta-Genomics
2019 CutC TMA lyase: cancer > control

Cell 2015

2022

BLOOD 2020
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Cancer Genome: Sequence to Action

• ctDNA: early detection

• Germline alterations

BRCA interception

Pre-cancer to Cancer

• BCR-ABL

• IDHmut

• Mutant RAS to RAS drugs

• Epigenetic modifier mutations

Epigenetic drugs

• Genomic instability MSI – immunotherapy

• Genome  Proteome  Metabolome

New opportunities: cancer microbiome
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