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Wikipedia 
 

Imatinib (originally STI571*) ... is marketed by Novartis as Gleevec ... 

Imatinib is the first of a new class of drugs that act by specifically 

inhibiting a certain enzyme – a receptor tyrosine kinase – that is 

characteristic of a particular cancer cell ...  

 

(*STI = Signal Transduction Inhibitor) 

 

 

Sunitinib (marketed as Sutent by Pfizer, and previously known as 

SU11248) is an oral, small-molecule, multi-targeted receptor tyrosine 

kinase (RTK) inhibitor ... for the treatment of ... imatinib-resistant GIST. 

 

 

Receptor tyrosine kinases are the high-affinity cell surface receptors for 

many polypeptide growth factors, cytokines, and hormones.  
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 What is Signal Transduction?  

 

 What is a Receptor Tyrosine Kinase? 

 

 What is an Inhibitor? 

 

 What does all of this have to do with GIST? 

 

 What are the prospects for newer (better?) drugs for GIST? 
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Signal Transduction: an example 
 

How does the human body respond to changes in blood sugar levels? 
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Suckale J, Solimena M., The insulin secretory granule as a signaling hub, Trends Endocrinol. Metab. 21: 599-609, 2010.  

5 mmol/L 

50 pmol/L 

Insulin is the “well-fed” hormone signal sent out by the pancreas. 

The insulin level is about 100,000,000 times lower than the glucose level! 

blood glucose level  

breakfast 

lunch 

dinner 

time of day 

blood insulin level 
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How can one molecule of insulin push around  

hundreds of millions of molecules of sugar? 

 

Answer: Insulin is a signalling molecule: it triggers a 

cascade of biochemical events that amplify a tiny signal 

(insulin levels) to produce a huge effect (glucose uptake and 

utilization by the liver and the muscles). 
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Receptor response 

The receptors and relay molecules are enzymes – proteins that catalyze chemical 

reactions. Many receptors are tyrosine kinases: enzymes that use ATP to 

phosphorylate other proteins – transferring a phosphate group from ATP to the 

protein. One enzyme molecule can phosphorylate thousands of substrate molecules. 

8 



Examples of signal transduction 
 

Signal   Response 

 

 

Insulin (muscle)  Incoming cake! Liver, make glycogen and fat! 

 

Light (retina)  I see daylight! Eyes, send a signal to the brain! 

 

Thiol (nose)  I smell skunk! Nose, send a signal to the brain! 

 

Growth factor  Cell, we need more cells just like you – divide! 

 

TNF (cytokine)  Cell, we don’t want your kind – disintegrate! 
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KIT pKIT 

RAS pRAS 

MEK pMEK 

RAF pRAF 

ERK pERK 

inactive     active 

At each stage, an active protein (kinase) catalyzes the activation of many 

molecules of the next player in the cascade. The consequence is amplification 

of the signal. After several stages, the initial signal (perhaps just a few 

molecules of hormone) has been amplified by a huge factor. 

10 



Tyrosine kinase: protein/ enzyme that acts on other proteins/ 

enzymes, transferring a phosphate group from ATP to one or 

more tyrosine residues of the protein. 
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inactive 

active 
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The RTK signaling cascade starts when the binding of 

the signal molecule causes the RTK to dimerize and 

phosphorylate itself. 

12 



“There are more than 500 protein kinases encoded in the human 

genome and many members of this family are prominent therapeutic 

targets for combating diseases caused by abnormalities in signal 

transduction pathways, especially various forms of cancer.” 

 

Dixit et al., Sequence and structure signatures of cancer mutation 

hotspots in protein kinases, PLoS One 4: e7485, 2009. 

Manning et al., The protein kinase complement of the human genome, 

Science 298: 1912-1934, 2002  (SUGEN Inc., South San Francisco) 
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Blume-Jensen and Hunter, 2001 

A gallery of human RTKs 
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KIT 

SCF 

SCF binds to KIT protein, which is found on only a few types of cells, 

including “mast cells” (a type of white blood cell) and the “interstitial cells 

of Cajal” (ICC).   

 

 

Pathologists confirm the identity of suspected GIST tumors by testing to see 

whether they express KIT (“KIT-positive”). 

SCF and its receptor, KIT* 
 

“Stem cell factor” (SCF) is a “cytokine” 

signaling molecule that circulates in the blood.  
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*KIT is also known as “stem cell factor receptor” or “CD117” (which is just 

a code number used by immunologists). 



esophagus 

bolus of food 

pushed down 

contracting 

muscle 

ICCs are found all along the GI tract, where they act as 

“pacemakers”, controlling peristalsis (waves of muscle contraction).  

Aberrant ICCs (or their precursors) can develop into GIST. 

17 



Dr. Brian Rubin, Interstitial cells of Cajal: What are they and why should you care? 

www.liferaftgroup.org/news_sci_articles/interstitial_cells_cajal.html 

ICCs in the small intestine 
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The kit gene is an “oncogene” - when mutated, it encodes 

a protein product that instructs the cell to keep dividing: 

a “stuck gas pedal”: aberrant signaling. 

19 



“Mutations in the kit oncogene lead to constitutive ligand-independent 

activation of KIT protein.” 

 

In other words, the aberrant KIT protein in a GIST cell is always “on”  

– it remains active even in the absence of the ligand (SCF). 

20 

Joensuu and DeMatteo, The management of gastrointestinal stromal tumors: a model for 

targeted and multidisciplinary therapy of malignancy, Ann. Rev. Med. 63: 247-258, 2012. 



What can you do if your gas pedal is stuck to the floor? 
 

- Disconnect the pedal: inhibit the kinase. 
-  Disconnect some other component of the drive train. 

-  Slam on the brakes. 

-  Can’t empty the gas tank (ATP). 

 

 

The challenge: Find a drug that inhibits one particular kinase (e.g., 

KIT) without inhibiting all the other hundreds of kinases. 
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Delbaldo et al., Ther. Adv. Med. Oncol. 4: 9-18, 2012. 

TKI: competitive inhibitor of ATP binding 
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ATP TKI 
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Imatinib (Gleevec) is a competitive inhibitor of KIT 



Screening candidate drugs for kinase specificity 
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Kinase SB203580 
1 µM 

SB202190  
1 µM 

% activity remaining 

MKK1 100 100 

ERK1 100 100 

JNK1 100 100 

p38  MAPK 0 0 

PDK1 100 100 

Unattainable ideal 
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Kinase SB203580 
1 µM 

SB202190  
1 µM 

% activity remaining 

MKK1 85 70 

ERK1 89 100 

JNK1 95 83 

p38  MAPK 9 3 

PDK1 81 93 

Reality 



TKI specificity 
 

► perfect specificity is unachievable 

 

► every agent will have a spectrum of “off-target” effects 

 

► dose-dependent side effects should always be anticipated 
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TKI specificity 
 

► unexpected “off-target” effects may be an “added bonus” 

  

“Strange bedfellows” effects 

 

  Imatinib was developed as an inhibitor of BCR-ABL for 

treating chronic myelogenous leukemia (CML); KIT inhibition/ 

efficacy in GIST was an added bonus; 

 

  Sunitinib inhibits VEGFR, KIT, PDGFRA; anti-angiogenic 

activity; renal cell carcinoma (RCC); 

 

  Regorafenib inhibits VEGFR, FGFR, KIT, RET, B-RAF; 

active in colorectal cancer, GIST. 
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KIT and PDGFRA Mutations in GIST 

 

Mutation site 
 

Incidence 
 

Imatinib sensitivity? 
 

KIT exon 9 7% Yes; 800 mg/day rec. 

KIT exon 11 65% Yes 
 

KIT exon 13 1% Variable 
 

KIT exon 17 0.5% Variable 
 

PDGFRA exon 12 1.5% Yes 
 

PDGFRA exon 14 0.1% Yes 
 

PDGFRA exon 18 7% D842V insensitive; most others sensitive 

Wild type  10% 
 

Variable 
 

Adapted from Joensuu and DeMatteo, 2012 

Variants of KIT and PDGFRA produced by mutated kit and pdgfra 

genes have different sensitivities to imatinib. 
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TKI resistance 
 

Secondary KIT kinase domain mutations were found in 82% of patients 

after imatinib or sunitinib therapy ... The secondary imatinib-resistant 

KIT mutations were clustered in two regions, the ATP binding pocket of 

the KIT kinase (exons 13 and 14) and in the kinase activation loop (exon 

17). These findings underscore the complexity of clinically important TKI 

resistance mechanisms.  

 

KIT V654A is the most frequent secondary mutation in patients whose 

GISTs have primary KIT exon 11 mutations and who eventually progress 

during imatinib treatment. Interestingly, the V654A mutation, which is 

sunitinib-sensitive … was found in ∼27% of samples after clinical 

progression on sunitinib. 

 

Liegl et al., Heterogeneity of kinase inhibitor resistance mechanisms in 

GIST, J. Pathol. 216: 64-74, 2008.  (J. Fletcher lab) 



What can you do if your gas pedal is stuck to the floor? 
 

- Disconnect the gas pedal: inhibit the kinase. 

-  Disconnect some other component of the drive train. 

-  Slam on the brakes. 
-  Can’t empty the gas tank (ATP). 
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B-Raf 

MAPK (ERK1/2) 

Ras 

MEK1/2 

PI3K 

PTEN 

AKT 

KIT 

PLX4032 

PD0325901 

RO4927350 

MK2206 

mTOR RAD001 

BEZ235 

Hanrahan, A.J., and Solit, D.B., Lung cancer profiling: Genetic and molecular predictors of MEK-

dependence, Cancer Biol. Ther. 8: 2081-2083, 2009; Jiang, B.H., and Liu, L.Z., PI3K/PTEN signaling 

in angiogenesis and tumorigenesis, Adv. Cancer Res. 102: 19-65, 2009. 

NF1 

GDC0941  

Imatinib etc. 



KIT Signaling pathways 

Mithraprabhu and Loveland, Reproduction 138: 743-757, 2009. 

SCF 

KIT 
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Complexity of signaling pathways 

 

Challenge: GIST cells, under selective pressure from TKIs and other 

drugs, may find “work-arounds” – secondary mutations in KIT or 

PDGRFRA; or, alternative pathways for maintaining cell signaling 

and proliferation, even while TKI remains inhibited. 

 

Opportunity: Downstream and alternative players in cell signaling 

pathways represent potential drug targets. 
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• Imatinib (Gleevec) resistance (immediate or acquired) 

o Dose escalation 

 

• Second line: Sunitinib (Sutent) 

 

• Third line (pending final FDA approval): Regorafenib (Stivarga) 

 

• Fourth line? Many agents under development/ clinical trials 

TKI drug resistance in GIST 



SUGEN was a drug discovery company focused on development of 

small-molecule inhibitors of protein kinases. It was founded in 1991, 

and shut down in 2003, after pioneering protein kinases as therapeutic 

targets and developing the successful cancer therapy sunitinib (Sutent). 

 

Sugen was acquired by Pharmacia in 1999; 

Pharmacia was acquired by Pfizer in 2003. 

 

Pfizer continued the phase 3 trials and development of SU11248, now 

known as Sutent (sunitinib); FDA approval in 2006 for treatment of 

RCC and GIST. 
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Regorafenib 

Nexavar  

Regorafenib  (Stivarga; BAY 73-4506) 

 
Inhibits KIT, PDGFRs, VEGFR, BRAF, Raf-1, RET, TIE-2 



Life Raft Group News Release, Sept. 27: 

 

The U.S. FDA today approved Stivarga (regorafenib) to treat patients 

with colorectal cancer  ... Stivarga is a multi-tyrosine kinase inhibitor 

that inhibits KIT, PDGFRs, all of the VEGF receptors and other 

kinases. It is manufactured by Bayer in a partnership with Onyx. 

   

Stivarga has also extended the progression-free survival times of GIST 

patients in a randomized phase III trial. It has been submitted to the 

FDA for approval as a third-line treatment in GIST. 
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 Crenolanib 

 Dasatinib (BMS-354825, Sprycel) 

 Dovitinib 

 Linsitinib (OSI-906) 

 Masitinib 

 Nilotinib (AMN107, Tasigna) 

 Pazopanib (Votrient) 

 

Some other TKIs in GIST trials 
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(the end) 



Receptor  Tyrosine Kinases 

The activation and catalytic loops exist in an equilibrium between substrate-precluding and 

substrate-accessible conformations. The juxtamembrane region and C-terminal region 

might interfere with substrate access. (Blume-Jensen and Hunter, 2001) 

Ligand-induced receptor 

dimerization and tyrosine 

autophosphorylation 

Unstimulated state:  

kinase activity repressed 
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