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The complex “sub pathway world” 
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The EGFR family 



The complex “sub pathway world” 



Injections to newborn mice of crude submaxillary gland preparation 
cause premature eyelid opening /  precocious tooth eruption 

(Stanley Cohen -1960)1 

1. Cohen, S. (1960) Proc. Natl. Acad. Sci. USA 46, 302-311 

http://nobelprize.org/nobel_prizes/medicine/laureates/1986/cohen-lecture.pdf 
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Injections to newborn mice of crude submaxillary gland preparation cause 
premature eyelid opening /  precocious tooth eruption 

(Cohen, S -1960)1 

1. Cohen, S. (1960) Proc. Natl. Acad. Sci. USA 46, 302-311 

http://nobelprize.org/nobel_prizes/medicine/laureates/1986/cohen-lecture.pdf 

EGF directly stimulated the proliferation of epidermal cells in organ 
cultures of chick embryo skin 

(Cohen, S -1965)2 

2. Cohen, S. (1965) Dev. Biol. 12, 394-407. 

Fibroblasts in culture responded to EGF with enhanced DNA synthesis 
(Armelin, H -1973)3 

3. Armelin, H. (1973) Proc. Natl. Acad. Sci. USA 70, 2702-2706. 

EGFR is membrane-bound 
(Carpenter, G and Cohen, S -1976)4 

4. Carpenter, G. and Cohen, S. (1976) J. Cell Biol. 71, 159-171. 

EGFR is a Tyrosine-Kinase 
(Ushiro, H and Cohen, S -1980)5 

5. Ushiro, H. and Cohen, S. (1980) J. Biol. Chem. 255, 8363-8365. 

Aminoacid sequence / Homology to the Erb-B … 
(Yarden Y, et al -1984)6 

6. Yarden, Y., et al. (1984) Nature 309, 418-425 



1. Cohen, S. (1960) Proc. Natl. Acad. Sci. USA 46, 302-311 

http://nobelprize.org/nobel_prizes/medicine/laureates/1986/cohen-lecture.pdf 

2. Cohen, S. (1965) Dev. Biol. 12, 394-407. 
3. Armelin, H. (1973) Proc. Natl. Acad. Sci. USA 70, 2702-2706. 
4. Carpenter, G. and Cohen, S. (1976) J. Cell Biol. 71, 159-171. 
5. Ushiro, H. and Cohen, S. (1980) J. Biol. Chem. 255, 8363-8365. 

Nobel Prize (1986): Stanley Cohen 
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Adapted from: 
Ciardiello F, et al. N Engl J Med. 2008;358:1160-1174. www.clinicaloptions.com 



HER/erbB family  

Salomon DS, et al. Crit Rev Oncol Hematol 1995;19:183–232 
Woodburn JR. Pharmacol Ther 1999;82:241–50 
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www.clinicaloptions.com 
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EGFR mutations in human cancer 
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Paez JG, et al. Science 4 June 2004: 1497-1500  



EGFR mutation +ve NSCLC: 
different epidemiology 

  Majority of mutations are exon 19 
deletions or L858R point 
mutations in exon 21 
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EGFR in NSCLC: two distinct pathways 
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Sordella, et al. Science 2004 

ATP ATP 

  Greater signalling through the MAPK 
pathway producing excessive cell 
proliferation 

  Higher affinity for ATP than mutant 
receptor, so greater competition with 
EGFR TKIs for binding sites; higher 
concentrations needed to inhibit 

  Successful inhibition of wild-type 
EGFR reduces proliferation and 
halts tumour growth 

  Higher incidence of stable disease 
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EGFR in NSCLC: two distinct 
pathways 
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ATP 

  Preferential signalling through the 
PI3K-mediated anti-apoptotic 
pathway – ‘oncogene addiction’ 

  Reduced affinity for ATP means EGFR 
TKIs have less competition for 
binding sites; lower concentrations 
sufficient to inhibit 

  Successful inhibition of mutated 
EGFR produces ‘apoptotic shock’ 

  Higher incidence of complete or 
partial response 
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Ras 

HRAS 

KRAS 

NRAS 

  Kirsten Ras 
  1960’s 
  NIH 

  Neuroblastoma Ras 
  1982 

  Cancer research UK 

  Harvey Ras 
  1960’s 
  NIH 

Rat sarcoma (181 – 189 aas, p21) 
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www.clinicaloptions.com 
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B-RAF mutations in human cancer 
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K601E 
skin, colon, 

thyroid 
K601N 

skin, leukemia 
K601Q 
colon 

W604G 
skin 

W604S 
skin 

W604del 
colon 

S605G 
skin 

 S605N 
skin 

 S605F 
skin 

G606E 
skin 

G606L 
lung 

G606R 
colon 

H608R 
skin 

S614P 
skin 

Q612X 
thyroid 

S616F 
pancreas, 

ovary 
S616P 

skin 

G615R 
skin R682R 

uterus 



Proliferation Apoptosis Resistance Transcription 

TGFα Interleukin-8  
bFGF VEGF 

Metastasis Angiogenesis 

Shc 

PI3K 

B-Raf MEKK-1 

MEK MKK-7 

JNK ERK 

Ras 

mTOR 

Grb2 

AKT 

Sos-1 

EGF Pathway – Unscathed in mutant B-
raf 

www.clinicaloptions.com 



    

Inhibition of MAPK signaling in BRAFV600E melanoma of 
patients treated with PLX4032 

Baseline 

pERK 

cyclin D 

Ki67 

Day 15 

Cyclin D 

B-RafV600E 

MEK 

ERK 

P 

P 

Cell cycle 
(Ki67) 

PLX4032 



The role of MEK1/2 

SHC 
Grb2 

SOS1 
P 

P 

P 

Raf1 
P 

MEK2 
P 

ERK2 
P 

P 

ERK1 P 
P 

MEK1 
P 

Transcription factors 
Grb2, growth factor receptor-bound 
protein 2; SRF, serum response factor 

Ras 

SRF SRF 
Transcription 



MEK1/2 inhibition 

SHC 
Grb2 

SOS1 
P 

P 

P 

Raf1 
P 

MEK2 
P 

MEK1 
P 

Ras 

MEK1/2 inhibition 

ERK2 

ERK1 



Targeting the EGFR pathway 

Adapted from Roberts Der. Oncogene 2007 

B-Raf mutation: 
• CRC (10%) 
• Melanoma (70%) 
• Papillary thyroid cancer (50%) 

Ras mutation: 
• CRC (40%) 
• Pancreatic cancer (90%) 
• Papillary thyroid cancer (60%) 
• NSCLC (30%) 

EGFR overexpression: 
• CRC (27–77%) 
• Pancreatic cancer (30–50%) 
• Lung cancer (40–80%) 
• NSCLC (14–91%) 

EGFR mutation: 
• NSCLC (10%) 
• Glioblastoma (20%) 

MAPK 

MEK 

Raf* 

Ras* 

TGF-α 

Grb2 

Sos 

*Mutated in human cancers 

EGFR* 



HER2 



Breast Cancer 

Ovarian Cancer – 
Survival 
according to 
HER2 expression 

Slamon D, et al. Science 12 May 1989: 707-712  



Stepwise Her2/Her3 activation and tyrosine phosphorylation Y1146 Crossphosphorylation 
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Her2/Her3 
Active heterodimer 
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JM 
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L1 
Her2 

CR1 

L2 

CR2 

L1 
Her3 

NRG 

Trastuzumab MOA 



Specificity of BCR-ABL and RTK inhibitors 

TK TK 

ErbB1 

TK TK 

ErbB2 

TK 

TK 

TK 

TK 

FLT3 

TK 

TK 

TK 

TK 

cKIT 

TK 

TK 

TK 

TK 

PDGFRα 

TK 

TK 

TK 

TK 

VEGFR1/2 

Imatinib 
Gleevec  

Nilotinib 
Tasigna 

Dasatinib 
Sprycel 

Erlotinib 
Tarceva 

Gefitinib 
Iressa 

Lapatinib 
Tykerb 

Semaxinib  
SU5416 

Vatalanib 
PTK-787 

Sunitinib 
Sutent 

Sorafenib 
Nexavar 

Bcr Abl Imatinib- 
resistant Bcr Abl 

Src 

TK TK 

IGF-R 

OSI-PQIP 

c-Raf 



HER2 

  Breast Cancer: Overexpression in 20% 

  Gastric Cancer: Overexpresion in 10-15% 



Other signal transduction 
pathways 



54 

HGF/SF

c-Met

Gab1

PI3K
PIP2

AKT/PKB

SurvivalPIP3

c-MET as a target 

C-MET signaling mediates a number of normal cellular functions: proliferation, survival, 
migration and invasion 

Disregulation of HGF/SF: c-MET has been associated with a number of human malignacies 

C-MET inhibition represents a novel therapeutic approach 

MET and EGFR inhibition are sinergistic in NSCLC cell lines 
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BCC 
Medulloblastoma 

 

CML 
SCLC 

Pancreatic cancer 
Breast cancer 

Glioma 

Pancreatic cancer 
Colon cancer 
Lymphoma 

Prostate cancer 
 

Type I 
Mutations 

Type II 
Autocrine signaling 
(tumor or stem cell) 

Type III 
Paracrine signaling 

(stromal involvement) 

Mechanisms of Hedgehog (Hh) Pathway Activation 



Targeting Notch pathway: RO4929097 

 The notch signaling pathway 
is involved in cel l fate 
decisions during normal 
development and has also 
oncogenic function in several 
solid tumors 

 γSecretase is a large 
intramembrane protease 
complex which is a key 
med ia to r i n t he no t ch 
signaling pathway 

 B y p r e v e n t i n g N o t c h 
a c t i v a t i o n , γs e c r e t a s e 
inhibitor may inhibit tumor 
growth 
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Several	  strategies	  are	  being	  acAvely	  tackled	  in	  CML…	  
May	  WE	  prevail!	  

Evading	  
apoptosis	  

Self-‐sufficiency	  in	  growth	  
signals	  

Tissue	  invasion	  
and	  metastasis	  

Limitless	  replicaAve	  
potenAal	  

InsensiAvity	  to	  anA-‐growth	  
signals	  

Cancer	  	  
cells	  

Adapted	  from	  Hanahan,	  et	  al.	  Cell	  2000	  	  

Sustained	  
angiogenesis	  

TKIs	  +	  FTI	  combinaAon	  
-‐	  AnA	  LSC	  therapy	  

Omacetaxine	  mepesuccinate	  
HSP90	  inhibitors	  

NiloAnib	  &	  other	  TKIs	  
Dual	  Aurora	  Kinase	  /	  ABL	  inhibitors	  

RAC	  GTPase	  inhibitors	  

?	  ?	  



VEGF (Angiogenesis) 





Angiogenesis is the process of new blood 
vessel formation from existing vasculature 

Sturk, Dumont. In: Basic Science of Oncology 2005 

      



Physiologic versus pathologic angiogenesis  

  Physiologic 
–  longitudinal bone growth 
–  wound healing 
–  secondary sexual 

development 
•  corpus luteum formation 

–  intermittent, localized, 
tightly regulated 

–  vessels well-formed,  
grid-like 

  Pathologic 
–  tumor growth 
–  rheumatoid arthritis 
–  psoriasis 
–  retinopathies 
–  age-related macular 

degeneration 
–  sustained, localized 
–  vessels tortuous, leaky 
–  growth factor/s dependent  

Generation of new blood vessels from existing vasculature 



Sustained angiogenesis is a hallmark of cancer 

Evading 
apoptosis 

Self-sufficiency in 
growth signals 

Tissue invasion 
and metastasis 

Limitless replicative 
potential 

Insensitivity to anti-
growth signals 

Sustained 
angiogenesis 

Cancer  
cells 

Adapted from Hanahan, et al. Cell 2000  



Key landmarks in understanding angiogenesis 
and its role in tumor development 

1. Ferrara. Nat Rev Cancer 2002; 2. Folkman. NEJM 1971; 3. Senger, et al. Science 1983 
4. Ferrara, Henzel. Biochem Biophys Res Commun 1989 

Angiogenesis first described  
by Dr John Hunter 1787 

Several German pathologists observe that some human tumors 
are highly vascularized, leading to the suggestion that the new 

vessels have an important pathogenic role in the cancer 
process1 

1800 

Landmark publication: Judah Folkman proposes  
that tumor growth is angiogenesis dependent2 

1971 

1990s 

Discovery of vascular permeability  
factor (VPF)/VEGF by Harold Dvorak 

and colleagues3 and Napoleone Ferrara 
and colleagues,4 probably the most 

important angiogenic factor 

1983 & 
1989 



Angiogenesis is essential to tumor 
development 
  An independent blood supply is required for a tumor to grow beyond 2mm 

in diameter1,2 

  Larger tumors rely on their vasculature for survival and further growth1,2 

1. Ferrara, Henzel. Biochem Biophys Res Commun 1989; 2. Folkman. NEJM 1971 

Small avascular tumor 
Tumor 

Blood vessels 

Large, highly 
vascularized tumor 

Growth 
factors 



Visualizing the angiogenic switch  
The images below depict neovascularization in a rat tumor 

model over 12 days following implantation of a tumor  

Non-angiogenic  
tumor 

Initial 
vascularization 

Post-angiogenic 
switch 



Angiogenesis is involved throughout tumor 
formation, growth and metastasis 

Stages at which angiogenesis plays a role in tumor progression 

Premalignant 
stage 

Malignant 
tumor 

Tumor 
growth 

Vascular 
invasion 

Dormant 
micrometastasis 

Overt 
metastasis 

(Avascular 
tumor) 

(Angiogenic 
switch) 

(Vascularized 
tumor) 

(Tumor cell 
intravasation) 

(Seeding in 
distant organs) 

(Secondary 
angiogenesis) 

Adapted from Poon, et al. JCO 2001 

Tumour growth depends on angiogenesis 



Tumor angiogenesis is complex: many cell 
types and many factors are involved 

Ferrara, et al. Nature 2005 

BMC 

PDGF-B 

Other 
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such as bFGF 

VEGF-A BMC BMC VEGF-A 

Other angiogenic 
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TGFα 
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PDGF-A 
PDGF-C 

TGFβ	


Pericyte 

C Capillary bud 

Endothelial cells 

A 
Tumor cells 

B 
Stromal cells 



  Also known as vascular permeability 
factor (VPF) 

  aka: VEGF-A; related molecules are 
VEGF-B, C, and D 

  Central mediator of angiogenesis 
  Mitogen for endothelial cells 
  45KDa heparin binding homodimeric 

glycoprotein 
  Regulates angiogenesis 
  Promotes survival of immature 

vasculature 
  Binds to membrane receptor tyrosine 

kinases 
  Four molecular species arising from 

the same gene 
–  VEGF121, VEGF165*, VEGF189, 

VEGF206 
*Predominant molecular species 

VEGF is at the center of the angiogenic pathway 

 1. Ferrara, et al. Biochem Biophys Res Comm 1989 
2. Leung, et al. Science 1989; 3. Keck, et al. Science 1989  



The VEGF family of isotypes and receptors 

Angiogenesis Lymphangiogenesis 

     VEGF-A, -B, PlGF 

VEGFR-1 VEGFR-2 

VEGF-A, -C, -D 

VEGFR-3 

VEGF-C, D 

Disulfide bonds 

Adapted from Hicklin, Ellis. JCO 2005 



Functions of the VEGF family of receptors 

VEGFR-11,2 
 
 
 

 

Crucial to embryonic angiogenesis 
Does not appear to be critical in pathogenic 
angiogenesis. Present on activated vascular endothelial 
cells, dendritic cells, HSCs, leukemic tumor cells 

VEGFR-21,3 
 
 
 

 

Most important VEGF receptor in tumor angiogenesis 
Mediates the majority of VEGF angiogenic effects. 
Present on vascular endothelial cells, circulating 
endothelial precursors, dendritic cells, leukemic cells 

VEGFR-31,4 

 
Found only in lymphatic endothelial cells 
Associated with lymph node metastasis 

1. Hicklin, Ellis. JCO 2005; 2. Olofsson, et al. Proc Natl Acad Sci USA 1998         
3. Ogawa, et al. J Biol Chem 1998; 4. Dumont, et al. Science 1998 



Tumor characteristics and environment 
promote VEGF expression  

EGF 

IGF-1 PDGF 

IL-8 

bFGF 

Hypoxia ↑ 
COX-2 ↑ 

NO ↑ 
Oncogenes ↑ 

VEGF release 
Binding and activation 

of VEGFR 

H2O2 

Proliferation Survival Migration 

ANGIOGENESIS 
Permeability 

Increased expression 
(MMP, tPA, uPA, uPAr, 

eNOS, etc.) 

–P 
–P 

P–  
P–  

Adapted from Ferrara, et al. Oncologist 2004 and Ferrara, et al. Nat Med 2003 



Kerbel, Folkman. Nat Rev Cancer 2002 

Cancer-causing genes implicated in  
tumor angiogenesis 

  Activated oncogenes 
–  Ras 
–  Src 
–  ErbB2/HER2 
–  EGFR 
–  HPV16 
–  Bcr-Abl 
–  n-myc; c-myc 

  Mutated/inactivated tumor suppressor 
genes 
–  p53 
–  PTEN 
–  VHL 
–  p16 

  Effect 
–  VEGF↑ bFGF↑ TSP-1↓ 
–  VEGF↑ 
–  VEGF↑ TSP-1↓ 
–  VEGF↑ IL-8↑ bFGF↑ 
–  VEGF↑ 
–  VEGF↑ 
–  VEGF↑ TSP-1↓ 

 
 

–  VEGF↑ TSP-1↓ 
–  VEGF↑ 
–  VEGF↑ 
–  VEGF↑ 



Large tumor  
  Vascular 
  Metastatic potential 

Overexpression of pro-angiogenic signals, such 
as VEGF, enables tumors to progress 

Adapted from Bergers, et al. Nature 2002 

Angiogenic switch 
Results in overexpression 
of pro-angiogenic signals, 
such as VEGF 

Small tumor (1–2mm) 
  Avascular 
  Dormant 



VEGF 
VEGF 
bFGF 

TGFβ-1 
VEGF 
bFGF 

TGFβ-1 
PIGF 

VEGF 
bFGF 

TGFβ-1 
PIGF 

PD-ECGF 

VEGF 
bFGF 

TGFβ-1 
PIGF 

PD-ECGF 
Pleiotrophin 

VEGF is the only angiogenic factor 
present throughout the tumour life cycle 

Folkman. Cancer. In: Principles and Practice of Oncology 2005 
Bergers, et al. Nat Rev Cancer 2003; Jain, et al. Nat Clin Pract Oncol 2006 

Inoue, et al. Cancer Cell 2002 

“VEGF expression can be triggered during early stages of 
neoplastic transformation by environmental stimuli or by 
genetic mutations and persists during progression.” 

Tumour life cycle 



Yuan, et al. PNAS USA 1996 

Regression of tumor vasculature: 
decreased vascular volume 

  Decreased tumor vascular volume was observed in a colon 
adenocarcinoma xenograft model after administering an  
anti-VEGF mAb 
–  by day 7 small vessels were not visible (right) 

Control (saline) Anti-VEGF mAb 



Antiangiogenic Therapy in Cancer 

  Metastatic Colo-rectal cancer 

  Metastatic Non-Squamous NSCLC 

  Glioblastoma 

  Ovarian Cancer 

  Advanced Cervix Cancer (GOG 240, 2013) 

  Renal Cell Carcinoma 

  Hepatocellular Carcinoma 

  Breast Cancer (FDA approved withdrawn due to political 
reasons) 

  Neuro-Ectodermal Tumors 

  GIST 



EVADING APOPTOSIS 



T Cell Activation by TCR and  
Co-stimulation Through CD28   

Dendritic 
cell T cell 

MHC 

B7 

TCR 

CD28 

Antigen 

CTLA4 



CTLA4 Receptors Are Up-Regulated Following 
T-Cell Activation  

Dendritic 
cell T cell 

MHC 

B7 

TCR 

CD28 

Antigen 

CTLA4 



Dendritic 
cell T cell 

MHC 

B7 

TCR 

CD28 

Antigen 

CTLA4 

CTLA4 Negatively Modulates 
T-Cell Activation  



Dendritic 
cell T cell 

MHC 

B7 

TCR 

CD28 

Antigen 

CTLA4 

Blocking Antibodies to CTLA4 Allow Positive 
Signaling from Costimulatory Molecules to T Cells 

Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996;271:1734-1736. 



Ipilimumab: Mechanism of Action 

T cell 

TCR CTLA4 

APC 

MHC 
B7 

T-cell  
inhibition 

T cell 

TCR 

CTLA4 

APC 

MHC B7 

T-cell  
activation 
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blocks 
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CD28 CD28 



Anti CTLA-4 therapy 

  Malignant Melanoma 

  Possibly 
  Prostate Cancer 
  NSCLC 







Novel Potent HSP90 Inhibitors 
•  HSP90 is a chaperone protein 

which is involved in the folding of a 
large number of client proteins  

•  Key oncogenic client proteins 
include: 
–  Transcription factors (e.g. estrogen 

receptor, androgen receptor)  
–  Signaling kinases and their mutated 

forms (e.g. ErbB2, Akt, Ras, Raf, 
IKK, Bcr-Abl, FAK, IGF-1R, NPM-
Alk, etc.) 

•  Upregulated and in a more active 
state in cancer cells 

Inhibition of HSP90 leads to simultaneous 
inhibition of multiple pathways resulting 

in an anti-tumor effect 

INCREASED 
APOPOSIS 

c-KIT 
HER-2 VEGF 

Steroid 
Hormone 

STEROID 
RECEPTOR 

HSP90 HSP90 
HSP90 

HSP90 HSP90 

HSP90 
HSP90 

RAF 

HIF-1α 

AKT 

DECREASED 
PROLIFERATION 

Brough PA, Aherne W, Barril X, et al. J Med Chem. 2008;51:196-218.  



HSP90 is a chaperone protein to “client proteins” 
which are involved in all 6 hallmarks of cancer 

 Every protein in red is an 
HSP90 client 

 
•  Growth factor independence 
•  Inhibition of apoptosis 
•  Resistance to anti-growth 

signals 
•  Tissue invasion and metastasis 
•  Sustained angiogenesis 
•  Unlimited replicative potential 

Banerji (2009) Clin Cancer Res 15(1) 9-14 



Key Client Proteins of HSP90 and 
Associated Diseases 

Cancer indication Key HSP90  
client proteins 

Additional  
client proteins 

Breast  HER-2, estrogen and  
progesterone receptor 

EGFR, Akt, VEGFR,  
IGF1R, Raf-1 

Stomach HER-2, C-Met, Akt EGFR, VEGFR, TS, PDGFR,  
HIF-1a 

NSCLC EGFR, C-Met VEGFR, K-Ras, AKT 
Pancreas K-ras, IGF-1R, VEGFR, ERK Akt, EGFR, HIF-1a, IL-6R 
Myeloma IGF1R, IL-6R, IKK Raf, Akt 

Glioblastoma EGFR, VEGFR, PDGFR HER2, PI3K, C-Met, NF1, Akt, 
K-ras etc 

Brough PA, Aherne W, Barril X, et al. J Med Chem. 2008;51:196-218.  




