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Lecture	
  overview

• What	
  are	
  oncogenes	
  
• How	
  do	
  oncogenes	
  function	
  in	
  cancer	
  cells?	
  
• How	
  are	
  oncogenes	
  “turned	
  on”?	
  
• What	
  are	
  tumor	
  suppressor	
  genes?	
  
• How	
  do	
  TSG	
  function	
  in	
  cancer	
  cells?	
  
• How	
  is	
  TSG	
  function	
  lost?



Oncogenes	
  and	
  Tumor	
  Suppressor	
  genes

Oncogenes	
  
Promote	
   cell	
   growth	
  
and/or	
   motility	
   which,	
  
when	
   upregulated	
   or	
  
deregulated,	
   imbue	
  
c e l l s	
   w i t h	
   t h e	
  
cancerous	
   properties	
  
of	
   unregulated	
   growth	
  
and	
  motility

Tumor	
  suppressor	
  genes	
  
Normally	
   suppress	
   cell	
  
growth	
   and/or	
   motility	
  
which	
   are	
   frequently	
  
downregulated	
  in	
  
tumor	
   cells,	
   allowing	
  
for	
  unchecked	
  	
  
growth/motility



Oncogenes

• The	
  term	
  “oncogene”	
  was	
  coined	
  in	
  1969	
  by	
  R.	
  
Huebner	
  &	
  G.	
  Todaro	
  

• Genes	
  that	
  have	
  the	
  potential	
  to	
  cause	
  cancer	
  
(proto-­‐oncogenes)	
  

• Transform	
  healthy	
  cells	
  –	
  cause	
  them	
  to	
  gain	
  
“hallmarks	
  of	
  cancer”	
  

• First	
  discovered	
  in	
  viruses,	
  later	
  in	
  cells



Peyton Rous 
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Oncogenic Transformation by RSV:	
  
Loss of contact inhibition (focus formation) and 

normal cell morphology



Acute vs. Chronic Transforming Retroviruses

Robinson, Rev. Infectious Diseases, 1982.  



Acute Transforming 
Retroviruses: 	
  
-“extra gene” not encoding 
Gag, Pol or Env.	
  

tsRSV: 	
  
-causes transformation at the 
permissive temp. (35ºC) but 
not at the non-permissive 
temp. (39.5ºC).  First proof of a 
transforming gene 
(“oncogene”) not required for 
virus replication.  

Robinson, Rev. Infectious Diseases, 1982.  

Acute vs. Chronic Transforming Retroviruses, con’t.
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Src: The Prototypic Oncogene



Src	
  –	
  the	
  first	
  (proto)oncogene

v-­‐Srcc-­‐Src c-­‐Srcmut



Growth 
factors 

 

Transcription 
factors 

Membrane 
receptors 

Signal 
molecules 

sis,/PDGF 
int-2/FGF-F 
hst (KS3) 
int-1/GF 

bZIP: fos, jun 
bHLH: myc,  
  N-myc, L-myc 
  lyl-1, fal, scl 
ZF: myl/RARA, 
  erb-A, vav, gli-1 
HD: pbx, Hox-2,  
Other: myb, rel,  
  est-1, est-2,   
  spi-1 

RTK:     
  erb-B/EGF-R 
  Neu, ROS,   
  Fms/CSF-1  
 
Non-RTK:  
  mas 

src 
yes 
fps 
abl 
met 
mos 
raf 
ras 
crk 

 

 



Activation of a proto-oncogene into an oncogene:  generally involves 
a gain-of-function mutation. 	
  

Three major mechanisms for activation of proto-oncogenes:	
  

1) Point mutations in a proto-oncogene that result in a constitutively - 
acting protein product	
  

2) Localized reduplication (gene amplification) of a DNA segment that includes 
 a proto-oncogene, leading to overexpression of the encoded protein	
  

3) Chromosomal translocation that brings a growth-regulatory gene under 
 the control of a different promoter: unregulated gene expression 

Mechanisms to Activate the Oncogenic Functions of Proto-Oncogenes
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Activation	
  of	
  proto-­‐oncogenes

Proto-­‐oncogenes	
  are	
  tightly	
  regulated	
  in	
  healthy	
  cells	
  

• Mutation	
  
– H-­‐ras,	
  K-­‐ras,	
  N-­‐ras	
  
– EGFR	
  

• Gene	
  amplification	
  
– Myc	
  
– ErbB2/HER2	
  

• Chromosomal	
  translocations	
  
– Myc	
  
– Bcr/Abl



Robert	
  Weinberg

Identification	
  of	
  non-­‐viral	
  
oncogenes	
  by	
  transfection



Activation	
  of	
  Ras	
  by	
  mutation

GTG GTG GGC GCC GGC GGT GTG GGC

GTG GTG GGC GCC GTC GGT GTG GGC

Glycine	
  à Valine	
  
(G12V)	
  

H-­‐Ras:	
  bladder	
  cancer	
  
K-­‐Ras:	
  pancreatic	
  	
  &	
  lung	
  cancer

Common	
  point	
  mutations	
  found	
  
in	
  oncogenic	
  Ras:	
  
• aa	
  12	
  
• aa	
  13	
  
• aa	
  61

8 15



The	
  effect	
  of	
  oncogenic	
  point	
  mutations	
  on	
  
Ras	
  signaling

• Ras	
  is	
  a	
  GTPase	
  –	
  binds	
  
to	
  and	
  hydrolyzes	
  GTP	
  

• In	
  the	
  GTP-­‐bound	
  form,	
  
Ras	
  is	
  active	
  

• Hydrolysis	
  of	
  GTP	
  kills	
  
Ras	
  activity	
  

• G12V	
  mutant	
  Ras	
  loses	
  
GTPase	
  activity,	
  remains	
  
active

Ras GTP

Ras GDP

Active





Fusion Proto-oncogenes,	
  
Chromosome Rearrangements 

BCR-Abl

PAX8-PPARγ

AML1-LAF4

Childhood T-cell ALL  with t(2;21)(q11;q22) 



Truncation 	
  
Proto-oncogenes:	
  

Generally growth-
factor receptors.  
Truncations à CA



Oncogene	
  activation	
  by	
  gene	
  amplification

• Multiple	
  copies	
  of	
  Myc,	
  
Her2à greater	
  
expression	
  

• Pro-­‐growth	
  advantage	
  
of	
  tumor	
  cells	
  with	
  
greater	
  expression

Breast	
  ca	
  survival	
  based	
  on	
  Her2/neu	
  
expression	
  (Slamon	
  et	
  al,	
  1987)

Fluorescence	
  in	
  situ	
  Hybridization	
  (FISH)

CMYC	
  	
  FISH





Oncogene        Function/Activation Cancer*

abl Promotes	
  cell	
  growth	
  throughtyrosine	
  kinase	
  activity Chronic	
  myelogenous	
  leukemia

Af4/hrx Fusion	
  affects	
  the	
  hrx	
  transcription	
  factor/methyltransferase.	
  	
  hrx	
  is	
  also	
  called	
  	
  
MLL,	
  ALL1	
  and	
  HTRX1

Acute	
  leukemias

akt-­‐2 Encodes	
  a	
  protein-­‐serine/threonine	
  kinase Ovarian	
  cancer
alk Encodes	
  a	
  receptor	
  tyrosine	
  kinase Lymphomas
alk/npm Translocation	
  creates	
  fusionprotein	
  with	
  nucleophosmin(npm) Large	
  cell	
  lymphomas

aml1 Encodes	
  a	
  transcription	
  factor Acute	
  myeloid	
  leukemia
aml1/mtg8 New	
  fusion	
  protein	
  created	
  by	
  translocation Acute	
  leukemias
axl Encodes	
  a	
  receptor	
  tyrosine	
  kinase Hematopoietic	
  cancers
bcl-­‐2,	
  3,	
  6 Block	
  apoptosis	
  (programmed	
  cell	
  death) B-­‐cell	
  lymphomas	
  and	
  leukemias

bcr/abl New	
  protein	
  created	
  by	
  fusion	
  of	
  bcr	
  and	
  abl	
  triggers	
  unregulated	
  cell	
  growth Chronic	
  myelogenous	
  and	
  acute	
  lymphotic	
  leukemia

c-­‐myc Transcription	
  factor	
  that	
  promotes	
  cell	
  proliferation	
  andDNA	
  synthesis Leukemia;	
  breast,	
  stomach,	
  lung,	
  cervical,	
  and	
  colon	
  
carcinomas;	
  neuroblastomas	
  and	
  glioblastomas

dbl Guanine	
  nucleotide	
  exchange	
  factor Diffuse	
  B-­‐cell	
  lymphoma
dek/can New	
  protein	
  created	
  by	
  fusion Acute	
  myeloid	
  leukemia
E2A/pbx1 New	
  protein	
  created	
  by	
  fusion Acute	
  pre	
  B-­‐cell	
  leukemia
egfr Cell	
  surface	
  receptor	
  that	
  triggers	
  cell	
  growth	
  through	
  tyrosine	
  kinase	
  activity Squamous	
  cell	
  carcinoma

enl/hrx Fusion	
  protein	
  created	
  by	
  a	
  translocation	
  t(11;19). Acute	
  leukemias

erg/TLS Fusion	
  protein	
  created	
  by	
  t(16:21)	
  translocation.	
  	
  The	
  erg	
  protein	
  is	
  a	
  	
  
transcription	
  factor.

Myeloid	
  leukemia

erbB Cell	
  surface	
  receptor	
  that	
  triggers	
  cell	
  growth	
  through	
  tyrosine	
  kinase	
  activity Glioblastomas,	
  and	
  squamous	
  cell	
  carcinomas

erbB-­‐2 Cell	
  surface	
  receptor	
  that	
  triggers	
  cell	
  growth	
  through	
  tyrosine	
  kinase	
  activity;	
  	
  
also	
  known	
  as	
  HER2	
  or	
  neu

Breast,	
  salivary	
  gland,	
  and	
  ovarian	
  carcinomas

ets-­‐1 Transcription	
  factor Lymphoma
ews/fli-­‐1 Fusion	
  protein	
  created	
  by	
  	
  t(11:22)	
  translocation. Ewing	
  Sarcoma
fms Tyrosine	
  kinase Sarcoma
fos Transcription	
  factor	
  for	
  API Osteosarcoma
fps Tyrosine	
  kinase Sarcoma
gli Transcription	
  factor Glioblastoma
gsp Membrane	
  associated	
  G	
  protein Thyroid	
  carcinoma
HER2/neu overexpression	
  of	
  signaling	
  kinase	
  due	
  to	
  gene	
  amplification Breast	
  and	
  cervical	
  carcinomas

hox11 Transcription	
  factor Acute	
  T-­‐cell	
  leukemia
hst Encodes	
  fibroblast	
  growth	
  factor Breast	
  and	
  squamous	
  cell	
  carcinomas
IL-­‐3 Cell	
  signaling	
  molecule Acute	
  pre	
  B-­‐cell	
  leukemia
int-­‐2 Encodes	
  a	
  fibroblast	
  growth	
  factor Breast	
  and	
  squamous	
  cell	
  carcinomas
jun Transcription	
  factor	
  for	
  API Sarcoma
kit Tyrosine	
  kinase Sarcoma
KS3 Herpes	
  virus	
  encoded	
  growth	
  factor Kaposi's	
  sarcoma
K-­‐sam Fibroblast	
  growth	
  factor	
  receptor Stomach	
  carcinomas



Lbc Guanine nucleotide exchange factor Myeloid leukemias
lck Tyrosine kinase T-cell lymphoma
lmo1, lmo2 Transcription factors T-cell lymphoma

L-myc Transcription factor Lung carcinomas

lyl-1 Transcription factor Acute T-cell leukemia

lyt-10 Transcription factor.  Also called NFκB2 B-cell lymphoma

lyt-10/C alpha1 Fusion protein formed by the (10;14)(q24;q32) translocation of lyt-10  next  
MYH11/CBFB New protein created by fusion of transcription factors via an  

inversion in chromosome 16. Acute myeloid leukemia

neu Tyrosine kinase.  Also called erbB-2 or HER2 Glioblastomas, and squamous cell carcinomas
N-myc Cell proliferation and DNA synthesis Neuroblastomas, retinoblastomas, and lung carcinomas
ost Guanine nucleotide exchange factor Osteosarcomas
pax-5 Transcription factor Lympho-plasmacytoid B-cell lymphoma
pbx1/E2A Fusion protein formed via t(1:19). Transcription factor Acute pre B-cell leukemia
pim-1 Serine/threonine kinase T-cell lymphoma
PRAD-1 Encodes cyclin D1.  Involved in cell cycle regulation. Breast and squamous cell carcinomas
raf Serine/threonine kinase Many cancer types
RAR/PML Fusion protein caused by t(15:17).  Retinoic acid receptor. Acute premyelocytic leukemia
rasH G-protein. Signal transduction. Bladder carcinoma
rasK G-protein. Signal transduction Lung, ovarian, and bladder carcinoma
rasN G-protein. Signal transduction Breast carcinoma
rel/nrg Fusion protein formed by deletion in chromosome 2.  

Transcription factor.
B-cell lymphoma

ret Cell surface receptor. Tyrosine kinase Thyroid carcinomas, multiple endocrine neoplasia type 2
rhom1, rhom2 Transcription factors Acute T-cell leukemia
ros Tyrosine kinase Sarcoma
ski Transcription factor Carcinomas
sis Growth factor Glioma, fibrosarcoma
set/can Fusion protein formed by rearrangement of chromosome 9.   

Protein localization
Acute myeloid leukemia

src Tyrosine kinase Sarcomas

tal1, tal2 Transcription factor.TAL1 is also called SCL Acute T-cell leukemia

tan-1 Altered form of Notch (a cellular receptor) formed by t(7:9) Acute T-cell leukemia

Tiam1 Guanine nucleotide exchange factor T-lymphoma

TSC2 GTPase activator Renal and brain tumors

trk Receptor tyrosine kinase Colon and thyroid carcinomas



Chial, Nature Education, 2008

Oncogenes and Human Cancer



• Scientists	
  expected	
  
oncogenes	
  to	
  be	
  
genetically	
  dominant	
  

• BUT	
  –	
  fusion	
  of	
  
cancer	
  and	
  normal	
  
cells	
  create	
  non-­‐
tumor	
  forming	
  hybrid

Normal	
  cell Cancer	
  cell

Fused	
  cell

Inject	
  into	
  mouse

NO	
  TUMOR!



Results	
  of	
  fusion	
  studies

• Tumor	
  phenotype	
  is	
  recessive	
  to	
  normal	
  
phenotype	
  

• Normal	
  cells	
  have	
  properties	
  which	
  suppress	
  
tumorigenesis	
  

• Tumor	
  suppressor	
  genes



Additional	
  support	
  for	
  TS	
  theory:	
  	
  
Retinoblastoma

• Familial	
  
– Parent	
  previously	
  had	
  
the	
  disease	
  (carry	
  one	
  
disease	
  allele)	
  

– More	
  likely	
  to	
  get	
  
sporadic	
  “second	
  hit”	
  

– Presents	
  in	
  both	
  eyes

• Sporadic	
  
– Requires	
  two	
  hits	
  per	
  
cell	
  (one	
  per	
  allele)	
  

– Less	
  frequent	
  
– Presents	
  in	
  one	
  eye

Hit	
  1 Hit	
  2Hit	
  1

Alfred	
  Knudsen:	
  “2-­‐hit”	
  hypothesis-­‐	
  need	
  gain	
  2	
  events	
  (gain	
  of	
  oncogenes	
  and/or	
  loss	
  of	
  TS)	
  



How	
  to	
  TSG	
  get	
  lost?

• Direct	
  inactivating	
  mutations	
  
– Rare	
  (10-­‐6	
  per	
  cell	
  generation)	
  
– 2	
  alleles	
  à even	
  more	
  rare	
  (10-­‐12	
  per	
  cell	
  
generation)	
  

• Mutations	
  during	
  mitosis	
  
– Not	
  all	
  that	
  rare	
  
– Loss	
  of	
  heterozygosity	
  (LOH)



(S	
  phase)

Cell	
  with	
  1	
  
mutant	
  allele

Normal	
  cell

Normal	
  mitosis

Abnormal	
  mitosis

Loss	
  of	
  
Heterozygosity



Loss	
  of	
  Heterozygosity

2	
  separate	
  mutations	
  
(rare)

1	
  mutation	
  +	
  LOH	
  
(more	
  likely)



Mechanisms	
  of	
  TSG	
  inactivation

• Gene	
  deletion	
  
• Direct	
  mutation	
  
• Loss	
  of	
  Heterozygosity	
  
• Epigenetic	
  silencing	
  (promoter	
  
methylation)



Promoter	
  hypermethylation
• Promoters	
  rich	
  in	
  the	
  sequence	
  cytosine-­‐guanosine	
  (CpG)	
  
• Cytosine	
  gets	
  methylated	
  
• HDAC	
  protein	
  complexes	
  recognize	
  methyl-­‐CpG	
  
• HDAC	
  removes	
  histone	
  acetylations	
  
• Histones	
  instigate	
  “closed”	
  DNA	
  conformation	
  
• à turn	
  off	
  transcription



NF1	
  as	
  a	
  tumor	
  suppressor

NF1	
  
• Lost	
  in	
  neurofibromatosis	
  
• A	
  GTPase	
  Activating	
  
Protein	
  (GAP)	
  
– induces	
  hydrolysis	
  of	
  GTP	
  
àinactives	
  Ras	
  

• Deletion	
  of	
  NF1	
  
functionally	
  mimics	
  
hyperactivation	
  of	
  RasRas GTP

Ras GDP

Active

NF1







Genetic	
  changes	
  à Cancer

Oncogenes	
  
• Gene	
  amplification	
  
• Insertion	
  of	
  powerful	
  
(viral)	
  promoters	
  

• Activating	
  mutations	
  
• Fusion	
  genes

Tumor	
  suppressors	
  
• Gene	
  deletion	
  
• Silencing	
  mutations	
  
• Loss	
  of	
  heterozygosity	
  
• Promoter	
  
hypermethylation


