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A b s t r a c t  

Investigating the Mechanism by which the Platelet-Derived Growth 

Factor Receptor Promotes Metastasis in Medulloblastoma 

Expression of the platelet-derived growth factor receptor (PDGFR) correlates with metastatic 

medulloblastoma and PDGF treatment of medulloblastoma cells activates the pro-survival and 

pro-migratory pathways downstream of the receptor, for instance, increases extra-cellular 

regulated kinase (Erk1/2), Protein kinase B (Akt) and phosphatidylinositide 3-kinase (PI3K) 

activity and decreases phosphatase and tensin homolog (PTEN) expression and activity. 

PDGFR can also heterodimerize with and transactivate the epidermal growth factor receptor 

(EGFR). Our overarching hypothesis was to determine whether targeting PDGFR activity 

effectively inhibits signaling required for medulloblastoma cell migration and invasion and 

whether it blocks PDGFR-induced transactivation of EGFR. To explore this we used Daoy 

and D556 human medulloblastoma cells which we transfected with small interfering RNA 

(siRNA) to PDGFRβ or treated with either Imatinib mesylate (Gleevec®) or Sunitib Malate 

(SUTENT®), specific inhibitors of PDGFR, to block PDGFR expression and activity, 

respectively. Cell migration, survival and PDGFR signaling following PDGF-BB stimulation 

of serum-depleted cells, with and without PDGFR inhibition, was measured. PDGF-BB 

treatment of cells enhanced migration and proliferation after 24 hr; increased PDGFRβ, PI3K, 

Akt and Erk1/2 activity, decreased PTEN activation and transactivated EGFR. Imatinib (1 

uM) treatment of PDGFRβ active cells induced apoptosis at 72 hr and inhibited migration at 

24 hr and invasion at 48 hr after a single dose and concomitantly inhibited PDGF-BB 

activation of PDGFRβ, PI3K, Akt and Erk1/2 but promoted PTEN activity. SUTENT (0.2 
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uM) treatment similarly inhibited short (4 hr) and long-term (24 hr) cell migration and cell 

invasion. PDGF-BB activation of PDGFRβ, PI3K, Akt and Erk1/2 was simultaneously 

inhibited by SUTENT treatment, while PTEN activity was promoted, without any affect on 

apoptosis. siRNA silencing of PDGFRβ similarly inhibited survival, migration and signaling 

and both siRNA and Imatinib or SUTENT treatment inhibited PDGF-BB-induced EGFR 

trans-activation. Inhibition of PDGFRβ in medulloblastoma cells by siRNA or drug treatment 

effectively blocked PDGFRβ signaling and EGFR transactivation and concomitantly inhibited 

cell migration and invasion. These results indicate that PDGFRβ tyrosine kinase activity is 

critical for survival and migration/invasion of medulloblastoma cells, in part by decreasing 

PTEN activity and transactivating EGFR, and thus may represent an important therapeutic 

target for this disease. 
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C h a p t e r  1   I n t r o d u c t i o n  

Medulloblastoma, a primitive neuroectodermal tumour (PNET), arises in the cerebellum and is 

one of the most common malignant and highly invasive brain tumours in children. The major 

concern with this type of tumour is its tendency to proliferate and disseminate, via the 

leptomeninges, throughout the entire central nervous system (CNS) early in its course of 

illness.  Compared to greater than 80% survival rate if the tumour has not metastasized at 

diagnosis, the chances of survival fall below 50% if the tumour has metastasized at diagnosis 

and are close to 0% if the tumour relapses after treatment (1).  

 

Treatment of medulloblastoma involves surgical resection followed by craniospinal irradiation 

and intensive chemotherapy, which carry with them a significant risk of long-term morbidity, 

including auditory, hormonal and neurocognitive impairment (1-4). Furthermore, despite the 

use of such invasive treatments, tumour metastasis remains the major predictor of poor 

outcome and is the primary cause of death, especially in younger children, where aggressive 

treatment is not an option due to the devastating associated neurological side effects (2).  

 

 Therefore, we lack effective treatment for medulloblastoma in infants younger than three years 

of age and the treatment options that exist for the older, lower risk children carry with them a 

high rate of morbidity.  Thus, an alternate, less toxic, tumour-specific therapeutic approach to 

treat this disease is desperately needed. Because metastasis throughout the entire CNS is what 

ultimately leads to treatment failure and death, an ideal target for directed therapy would be 

one that eliminates metastasis in medulloblastomas. 
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 The platelet-derived growth factor receptor (PDGFR) was previously reported by our 

laboratory to be highly expressed in metastatic, versus non-metastatic medulloblastomas (5). 

Whether this is simply a correlation or if PDGFR plays a functional role in promoting 

medulloblastoma metastasis remains to be determined.   

 

       PDGFR, like other receptor tyrosine kinases (RTK), regulates cell division and growth and 

plays a critical role in embryonic development by regulating cell proliferation, differentiation 

and motility of neuronal precursors (5). It is also implicated in cell migration, angiogenesis, and 

tumourigenesis of malignant diseases such as glioma (6), medulloblastoma (5), invasive breast 

carcinomas (7) gastrointestinal stromal tumours (8) and osteosarcomas (9) among many 

others.  In fact, the BB chain of PDGF has been reported to act as an oncogene as it causes 

transformation of non-tumourigenic fibroblasts into malignant cells (10). 

 

PDGFR is one of several growth factor receptors expressed by tumours and has become an 

attractive candidate for therapeutic intervention. Given its role in embryonic neuronal 

development, and its association with adult brain tumours such as glioma, a question arises 

whether or not PDGFR has a causative role in medulloblastoma.  Of particular interest is the 

Beta subtype of PDGFR (PDGFRβ) because, compared to the Alpha subtype of PDGFR 

(PDGFRα), it has been found to be highly expressed in metastatic versus the non-metastatic 

medulloblastomas (5).  
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Hypothesis:  

It is hypothesized that medulloblastoma utilizes the PDGFR-mediated signal transduction 

pathway to promote tumour growth and disease progression.  We specifically hypothesize that 

the PDGFR-mediated signal transduction promotes tumour growth and metastasis via two 

main mechanisms.  The first is by initiating intra-cellular signaling that enhances survival, 

proliferation and chemotaxis.  The second is by modulating the expression of specific genes 

that encode effectors, which augment these processes.  Therefore, we propose that inhibition, 

or down-regulation of PDGFR will significantly inhibit the activation of the signal 

transduction cascade downstream of the receptor, namely the pro-survival targets PI3K and 

Akt and the pro-migratory targets Ras and Erk1/2 and will maintain PTEN expression and 

activation. This inhibition of the pro-survival and pro-migratory targets will subsequently lead 

to decreased survival, proliferation, migration and invasion of medulloblastoma cells in vitro 

and significantly diminish the growth and metastatic potential of medulloblastoma in vivo. 

Specific aims are:   

1. To determine whether we can achieve metastatic medulloblastoma Daoy and D556 

cell lines with PDGFRβ knock-down (K/D) through transient small interfering RNA (siRNA) 

silencing.   

2. To test the hypothesis that PDGFRβ K/D with siRNA and inhibition with specific 

PDGFR inhibitors affects intra-cellular signaling of pro-survival and pro-migratory pathways, 

namely PI3K, PTEN, Akt, Ras and Erk1/2.  

3. To test the hypothesis that PDGFRβ K/D and perturbed signaling affects biologic 

function of medulloblastoma cell lines by inhibiting migration, invasion, proliferation and 

promoting apoptosis.  
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C h a p t e r :  2    L i t e r a t u r e  R e v i e w  

  MEDULLOBLASTOMA  

Medulloblastoma is the most common malignant primary CNS tumour in children. 

Medulloblastomas arise in the fourth ventricle, between the brain stem and the cerebellum.  

The tumour has the tendency to spread throughout the CNS via the leptomeninges and CSF, 

which occurs in 30-50% of patients.  Systemic metastases of this tumour, especially to bone, 

have also been observed.  The usual symptoms associated with this tumour are unsteadiness, 

headaches and vomiting due to hydrocephalus (from blockage of CSF flow).  Since this is a 

fast-growing tumour, it is usually diagnosed within one to three months of the onset of 

symptoms (11).  

 

Although treatment of medulloblastoma has improved in the past two decades and survival 

rates in children with this disease have improved to some extent, treatment-related 

neurological impairment remains unacceptably high. Thus, innovative approaches are 

necessary to overcome this toxicity.  Due to its tendency to spread throughout the entire CNS, 

it is customary to treat all patients with craniospinal irradiation following surgical resection and 

prior to the administration of chemotherapy.  Unfortunately, 20% of children will develop 

severe, sometimes irreversible, neurological problems following such treatment, including loss 

of speech, severe balance difficulties and an average loss of about 20 IQ points (12).  There is 

strong evidence suggesting that medulloblastomas that are only biopsied and not completely 

removed, at the time of surgery are very difficult to control, despite the use of radiation and 

chemotherapy (13).  Furthermore, if upon diagnosis, the tumour has metastasized, the chances 
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of survival drop from 80% in non-metastatic disease to below 50%.  This falls to 25% in 

infants and even less in infants with metastasis (13).   

 

Although the platelet-derived growth factors and their receptors have been implicated in many 

tumours, their precise role in mediating or initiating tumour metastasis remains un-clear (14).  

A more rigorous investigation into the mechanisms by which PDGF and its receptor promote 

tumour growth and metastasis is greatly warranted. 

 

PLATELET-DERIVED GROWTH FACTOR (PDGF) 

PDGF plays a significant regulatory role in embryonic development, cellular proliferation, 

migration and survival (14).  It was initially identified as a potent mitogen for cells of 

mesenchymal origin, including fibroblasts, vascular smooth muscle cells and glial cells (10).  

The first time it was implicated in growth control was when the v-sis oncogene was identified, 

which codes for a protein homolog of the PDGF-B chain.  A plasmid carrying the v-sis 

oncogene was transfected into an immortal, non-tumourigenic human fibroblast cell strain, 

MSU-1.1.  The cells that expressed v-sis mRNA and protein at a high level grew to a very high 

saturation density, replicated in medium lacking exogenous growth factors almost as rapidly as 

with 10% serum, formed large colonies in agarose and, when injected into athymic mice, 

formed tumors that grew rapidly (10).  Such findings indicate that if mesenchymal cells were 

induced to express their PDGF-B gene, this could lead to the formation of benign tumors of 

mesenchymal origin (10).  
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Since then, studies reported the expression of receptors for PDGF in a number of cell types of 

endothelial, epithelial, and neural origin.  Along with its role in development, PDGF is also 

involved in various physiological events such as wound healing and in the pathogenesis of 

various proliferative diseases such as atherosclerosis, fibrosis, inflammatory disorders and 

tumourigenesis (15). 

 

PLATELET-DERIVED GROWTH FACTOR RECEPTOR (PDGFR) 

PDGFR is a tyrosine kinase receptor consisting of two receptor subunits: PDGFRα and 

PDGFRβ; both are transmembrane proteins with intrinsic tyrosine kinase activity.  They both 

contain an extracellular ligand binding domain, a transmembrane domain, a juxtamembrane 

region, a kinase domain with an amino acid kinase insert and a C-terminal tail.  In order to 

dimerize and become activated, the receptor must bind to one of the five homo- or 

heterodimer PDGFs, PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and PDGF-DD.  All 

PDGFs function as secreted, disulfide-linked homodimers, but only PDGFA and B can form 

functional heterodimers (15) 

 

DISTINCT ROLES FOR THE DIFFERENT PDGF  L IGANDS AND RECEPTOR 

SUBTYPES IN DEVELOPMENT  

PDGF was suggested to play a critical regulatory role in embryonic development when it was 

found, along with its receptor, to be expressed in embryos and placentas.  When PDGF 

signaling was disrupted in an embryo, the integrity of mesenchymal cells was affected leading 

to morphogenic defects and embryonic or perinatal lethality (16). 
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Various knock-out studies of PDGF-ligand and receptor subtypes have revealed the distinct 

roles played by the α and β PDGFRs in embryonic development.  For instance, mice 

harboring a null mutation in the PDGF-A chain die early during embryogenesis or shortly 

post-partum due to defective alveolar myofibroblast formation during lung development (16).  

In contrast, mice harboring a null mutation in the PDGF-B chain die perinatally with 

abnormal kidney development due to the absence of mesangial cells in the glomeruli (16).  

Null mutations in the PDGFRα were also lethal due to defects in neural crest cell development 

leading to incomplete cephalic closure (17), whereas mutations in the PDGFRβ were lethal 

due to abnormal kidney development and hematological disorders.  Such distinct phenotypes 

in mice lacking either one of the PDGF chains or receptor subtypes imply that they carry out 

distinct biological functions during embryonic development (18 and 19).  

 

Although the two PDGFR subtypes exhibit distinct biological functions when stimulated, 

there may be some overlap in their functions.  For instance, activation of both receptor 

subtypes triggers mitogenesis. However, PDGFRβ is more efficient in driving cellular 

transformation than PDGFRα (20).  In addition, PDGFRβ can initiate chemotaxis and actin 

rearrangement in certain cells whereas PDGFRα cannot (21, 22).  Furthermore, recent studies 

have demonstrated that Src is required to bind and activate PDGFRβ in order to achieve 

efficient tyrosine phosphorylation of the signal transduction enzymes including Ras, 

phospholypase Cγ (PLCγ) and phosphotyrosine phosphatase, SHP-2. However, with 

PDGFRα, this only phosphorylates a small subset of signaling molecules like Shc (23, 24).  

Moreover, PDGFRα does not bind Ras, whereas PDGFRβ does (25, 26, and 27).  Such 
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evidence indicates that the PDGFRs can interact with different substrates and instigate 

different biological responses within the same cell type and unique to a given cell type. 

 

PDGFR-MEDIATED SIGNAL TRANSDUCTION  

When the dimeric PDGF binds to the PDGFR subtypes (Fig. 1), which encode a single 

ligand-binding domain, dimerization occurs as a result of one receptor binding to each half of 

the dimeric ligand.  Receptor-ligand binding increases the receptor’s kinase activity, which 

involves a reconfiguration of various domains such as the activation loop as well as the 

orientation of the kinase’s upper and lower lobes.  Since tyrosine kinases are often 

phosphorylated in the activation loop, this event possibly contributes to the conformational 

changes that result in kinase activation.  Ligand-induced dimerization brings the kinase 

domains of the receptor into close proximity, facilitating transphosphorylation at the activation 

loop tyrosines (28).  This stably associates them with several SH2 domain-containing signal 

relay enzymes such as the Src family tyrosine kinases, phosphatidylinositol-3-kinase (PI3K), 

PLCγ, SHP-2, and the adaptor molecules Shc, Nck, and Grb2 (29, 30).  Subsequently, the 

propagation of two signal cascades is triggered. The first is through the protein kinase C 

(PKC), Ras, RAF, mitogen activated kinase kinase (MAPKK or MEK) and the extracellular 

signal-related kinase (Erk) leading to chemotaxis.  The second cascade is through the PI3K, 

which triggers the activation of the serine/threonine Akt pathway by phosphoinositide-

dependent protein kinase-1 (PDK1) (31) leading to cell survival.  
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            Figure: 1   PDGFR Signaling Cascade 
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ACTIVATION OF RAS  

Tyrosine phosphorylation of the receptor allows it to recruit a number of signaling enzymes; 

Ras, being one of the signaling proteins activated upon receptor phosphorylation, functions as 

a cofactor for a variety of signaling enzymes.  The exchange of GDP for GTP to activate Ras 

is promoted by the nucleotide exchange factor Sos. However, Ras is a membrane-anchored 

protein, whereas Sos is a constitutively active cytoplasmic enzyme.  Therefore, in order for Sos 

to activate Ras it needs to be brought into its proximity by translocation from the cytoplasm to 

the membrane.  Grb2 is an SH3-SH2-SH3 adaptor protein that mediates the binding of Sos to 

activated receptors.  In resting cells, the Grb2/Sos complex is primarily cytoplasmic.  Once 

tyrosine phosphorylation takes place in the receptor, the SH2 domain of Grb2 stably associates 

with the tyrosine kinase receptors leading to the relocalization of Sos from the cytoplasm to 

the membrane where Ras resides and can associate with it.  Another mechanism by which Sos 

is relocated to the membrane is through growth factor mediated tyrosine phosphorylation of 

the adaptor molecule Shc, associating it with Grb2 via its SH2 domain.  This trimer can then 

be recruited to the membrane by binding of the SH2 domain of Shc to the tyrosine-

phosphorylated receptor to activate Ras (32, 33).  

 

The Ras-induced activation of the extracellular-regulated kinase/mitogen-activated protein 

kinase has been implicated in cyclin D1 up-regulation, but extracellular-regulated kinase activity 

is minimal in the later stages of the G1 phase, when cyclin D1 expression becomes maximal, 

suggesting that other pathway effectors may be involved in cyclin D1 induction (34, 35).  
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ACTIVATION OF THE MAPK/ERK PATHWAY  

The mitogen-activated protein kinase and extracellular signal-regulated kinase (MAPK/Erk) 

signal transduction pathway couples intracellular responses to the binding of growth factor 

with their cell surface receptors. Activation of Ras leads to the activation of the protein kinase 

activity of Raf kinase, which is a serine/threonine-selective protein kinase. The active Raf 

kinase then phosphorylates and activates MEK, another serine/threonine kinase, which in 

turn, phosphorylates and activates MAPK. One effect of MAPK activation is to alter the 

translation of mRNA to proteins. MAPK activation leads to the phosphorylation and 

activation of 40S protein S6 kinase (RSK). Activation of RSK further phosphorylates 

ribosomal protein S6. The main function of MAPK is to regulate the activities of several 

transcription factors including C-myc, Fos and MNK. By altering the levels of transcription 

factors, MAPK leads to altered transcription of genes that are involved in the cell cycle, thus 

implicating it in tumourigenesis (36, 37, 38). 

 

ACTIVATION OF PHOSPHOINOSITIDE 3  KINASE (PI3K) 

 In growth factor-stimulated cells, PI3K is one of the SH2 domain-containing signaling 

enzymes that is activated and requires two events leading to its activation.  The first is the 

activation of the enzyme and the second is permitting access to its substrate.  Again, ligand-

induced tyrosine phosphorylation of the receptor is required to allow access for PI3K to its 

membrane-bound substrates.  Specifically, the p85 subunit of PI3K contains an SH2 domain 

through which it recruits to the activated receptor with its tightly associated p110 catalytic 

subunit.  However, PI3K localization to the membrane by its association with PDGFR is not 

enough to activate the enzyme.  Ras must occupy the binding site in the catalytic subunit of 
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p85 in order to activate the enzyme.  Activation of PI3K leads to PI-4-P and PI-4, 5-P2 

phosphorylation to generate PI-3, 4-P2 and PI-3, 4, 5-P3, respectively, which are potent 

second messengers that engage a variety of signaling cascades. PI3K activity is required for the 

expression of endogenous cyclin D1 and for S phase entry into the cell cycle following 

stimulation of quiescent NIH 3T3 fibroblasts. Activated PI3K leads to cyclin D1 transcription 

and to E2F (cell cycle regulating transcription factor) activity. This sequence of events is partly 

mediated by the serine/threonine kinase Akt/PKB and to a lesser extent the Rho family 

GTPase Rac. (39, 40, 41). 

 

ACTIVATION OF AKT  

The Akt family in humans consists of three genes, Akt 1, Akt 2 and Akt 3, all of which code 

for enzymes in the serine-threonine-specific protein kinase family.  Akt 2 plays an important 

role in the insulin-signaling pathway, but the role of Akt 3 is not yet well characterized. The 

function of Akt 1 though has been well established in promoting cell survival and inhibiting 

apoptotic processes. Akt 1 is also a major signaling protein as it induces protein synthesis 

pathways that lead to cell survival, inhibition of apoptosis and general tissue growth, thus 

implicating it in many types of cancers (42, 43).   

 

Akt binds to phosphoinositides with very high affinity through its PH (Pleckstrin Homology) 

protein domain. This PH domain of Akt is capable of either binding phosphatidylinositol (3, 4, 

5)-triphosphate (PIP3) or phosphatidylinositol (3, 4)-bisphosphate (PI (3, 4) P2). Upon receipt 

of chemical messengers that induce cell growth processes, PI3K becomes activated and in turn 

phosphorylates the di-phosphorylated phosphoinositide (PtdIns (4,5)P2) to yield PIP3.  After 
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binding to PIP3, Akt becomes correctly positioned in the cell membrane where it can further 

be phosphorylated by its activating kinases, phosphoinositide dependent kinase 1 (PDK1 at 

threonine 308) and the mammalian target of rapamycin complex 2 (mTORC2) at serine 473.  

 

Phosphorylation by mTORC2 stimulates the subsequent phosphorylation of Akt by PDK1. 

Activated Akt, through its kinase activity, can in turn, either activate or deactivate its myriad of 

substrates to induce cellular responses. The PI3K dependent activation of Akt can be regulated 

by the tumour suppressor PTEN, which opposes PI3K by acting as a phosphatase to 

dephosphorylate PIP3 back to PtdIns (4,5) P2. This dephosphorylation removes the 

membrane-localization factor from the Akt signaling pathways, which in turn significantly 

decreases the rate of Akt activation and the activation of all the Akt-dependent downstream 

pathways (44, 45).   

  

PTEN  SIGNALING  

The phosphatase and tensin homolog (PTEN) gene is a human tumour suppressor that 

regulates the cell cycle and subsequent division, preventing excessive cell growth and 

uncontrolled division. Mutations of this gene lead to multiple advanced cancers. The 

corresponding PTEN protein is present in most tissues and exerts its function by acting as a 

phosphatase that dephosphorylates PIP3 to yield PtdIns (4,5) P2, thereby inhibiting the Akt 

signaling cascade. It has a phosphatase domain which contains the active enzymatic site and a 

C2 phospholipid binding domain by which PTEN binds to the phospholipid membrane and 

dephosphorylates PIP3. When normally functioning, PTEN plays a role in a chemical pathway 

that signals for cell apoptosis and inhibition of cell division. There is evidence that the protein 



 14 

may regulate cell adhesion to surrounding tissue and migration, thus if mutated or absent may 

lead to tumour metastasis. In fact, many tumours express mutations or deletions of PTEN, 

inactivating its enzymatic activity and leading to uncontrolled cell growth and reduced 

apoptosis. Frequent genetic inactivation of PTEN occurs in glioblastoma, endometrial cancer 

and prostate cancer, while reduced expression is present in many other tumours including lung 

and breast cancer (46, 47, 48, 49).  

 

FROM ENZYMOLOGY TO CELLULAR RESPONSE  

 In general, the eventual result of cellular exposure to PDGF is cell movement, proliferation, 

differentiation, or protection from death.  How does a cell decide which one of these 

responses to initiate, how does it alternate its signaling cascades to achieve this and how do 

growth factors contribute to cell cycle progression and advance resting cells through the cell 

cycle?  These questions remain open for investigation; however, there has been some 

advancement in identifying which signaling molecules induce what cellular response.  For 

instance, it is well agreed upon that PDGF-dependent mitogenesis is regulated by PI3K and to 

a lesser extent PLCγ.  It appears to be that these two enzymes are functionally redundant 

because in a mitogenically-incompetent receptor mutant, PDGF-dependent DNA synthesis 

can be rescued by the activation of either the PI3K or PLCγ pathway (50).  

 

GROWTH FACTOR-DEPENDENT CELL CYCLE PROGRESSION  

When cells are deprived of serum, they continue to cycle until they complete mitosis at which 

point they exit the cell cycle into the G0 phase.  The addition of serum or purified growth 
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factors is sufficient to cause re-entry of these cells into the cell cycle.  How do growth factors 

contribute to the progression of cells through the cell cycle?  Growth factors are required in 

the initial stages of the cell cycle where they promote the phosphorylation of the 

retinoblastoma (Rb) protein by regulating the activity of the G1 Cyclin-dependent kinases 

(CdKs).  The pRb protein acts as a tumour suppressor by preventing excessive cell growth of 

DNA-damaged cells and inhibiting cell cycle progression until the cell is repaired and ready to 

start dividing (51). The phosphorylation, and thereby inactivation of Rb allows the release of 

the E2F family of transcription factors, which instigate successive events required for cells to 

progress through the subsequent phases of the cell cycle, even in the absence of serum (52).  

 

PDGFR  IN BRAIN TUMOURS  

Since PDGF is recognized as a potent mitogen, survival factor and chemo-attractant for 

mesenchymal cells, it has been implicated to exert pathological functions in various 

proliferative diseases.   PDGF and PDGFR are expressed in several types of human brain 

tumours such as astrocytomas (53), glioblastomas (54) and medulloblastomas (5).  In most of 

these cases, the appropriate ligands and receptors are co-expressed in the same tumour, which 

potentially enables autocrine stimulation.  Amplification and/or over-expression of PDGFRα 

have been detected in malignant human glioblastomas (55).  The expression pattern of PDGF 

and its receptors in malignant human glioblastoma provides evidence for the existence of two 

autocrine loops. In the tumour itself, the PDGF-AA chain and the PDGFRα are highly 

expressed, whereas, the PDGF-BB chain and PDGFRβ are highly expressed in the tumour 

stroma (56).  The over-expression of PDGF-AA chain and PDGFRα has been observed in 

high grade gliomas indicating that autocrine activation of PDGFRα potentially drives the 
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proliferation of glioma cells in vivo.  The PDGF-BB chain and PDGFRβ, on the other hand, 

seem to enhance tumour growth by activating the stromal compartment and vascularizing the 

tumour by stimulating angiogenesis (57).  

Growth factors including PDGF are important contributors to the formation of blood vessels 

and angiogenesis, influencing the maturation and remodeling of vessels.  Both PDGF-BB 

chain and PDGFRβ are expressed at early stages of blood vessel formation and in 

microcappilaries (58).  The PDGF does not seem to be important for the initial formation of 

blood vessels, since disruption of the PDGF-BB/PDGFRβ signaling in mice carrying a null 

mutation for either gene does not prevent the formation of vascular endothelium.  However, it 

does lead to perinatal lethality in these mice due to severe hemorrhage; hence it may be 

supporting the structural integrity of the vessel wall (58).  

 

PDGFR  MEDIATED METASTASIS IN TUMOURS  

PDGFR signaling pathways have been implicated in the development and growth of many 

tumours (59).  If PDGFR is blocked, tumour angiogenesis, vascular maturation and 

maintenance are all inhibited leading to tumour regression (60).  In addition, PDGFR signals 

are directly involved in regulating cell proliferation and migration (61). 

 

PDGFR signals trigger the expression of VEGF, a pro-angiogenic growth factor, in 

endothelial cells, that is implicated in tumour angiogenesis, required by the tumour to 

metastasize (62, 57).  PDGFR is expressed on pericytes, providing essential support for 

tumour vasculature to mature and survive. Regulatory expression of PDGFR is required for 

pericytes to proliferate and migrate to the tumour vessel (63, 64). 
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Many studies have reported the over-expression of PDGF and PDGFR in metastatic tumours 

indicating that autocrine activation of PDGFR is potentially involved in tumour metastasis.  

One study reported a cell-autonomous, functional role of the PDGFR during metastasis of 

mammary carcinoma cells (65).  This was due to interference with PDGFR-dependent 

hyperactivation of PI3K, which, as mentioned earlier, is a major signaling target of the 

PDGFR in vivo (50, 14, 66).  Furthermore, PDGF-BB is an important lymphangiogenic factor 

that contributes to lymphatic metastasis (67). 

 

In support of these studies, our laboratory further reported that PDGFRβ inhibition in 

medulloblastoma cells inhibits Erk1/2 phosphorylation and decreases migration (5).  This 

suggests a potentially significant role for PDGFR in promoting the growth and spread of brain 

tumours.  The goal of this study was to confirm PDGFR’s role in brain tumourigenesis and 

gain a better understanding of the mechanism by which PDGFRs promote tumour growth 

and metastasis.  

 

PDGFR  AS A THERAPEUTIC TARGET IN HUMAN CANCER  

As an alternative approach to cytotoxic chemotherapy, selective small molecule PDGFR 

inhibitors may play a critical role in preventing disease progression in solid tumours expressing 

PDGFR (68).  The drug Imatinib mesylate (Gleevec, Novartis Pharmaceuticals Corporation; 

Basel, Switzerland) is a PDGFR inhibitor, which has been successfully used to treat human 

experimental tumours expressing PDGFR. One study demonstrated that PDGF and PDGFRs 

were highly expressed in osteosarcoma, where PDGF was found to act as a potent mitogen in 
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a dose-dependent manner. Imatinib inhibited phosphorylation of PDGFR and the 

downstream targets Akt and Erk1/2 in osteosarcoma cells, subsequently preventing PDGF-

mediated growth (69).   

 

A study on gastrointestinal stromal tumours (GISTs) found intragenic activating mutations of 

PDGFRα in approximately 35% of GISTs lacking mutations in the stem-cell factor receptor, 

c-KIT. These tumours were also responsive to Imatinib therapy (70).  Moreover, a study of a 

mouse model of pancreatic carcinoma (71) and neuroblastoma (72) demonstrated that 

Imatinib inhibition of PDGFR phosphorylation prevented tumour growth and metastasis.  

 

In an earlier study, MacDonald et. al. used oligonucleotide expression profiling to identify 

genes prognostic of medulloblastoma metastasis. They were able to identify a set of genes 

whose expression significantly differed between metastatic and non-metastatic tumours. 

Immunostaining of an independent tumour set further validated the findings, being that 

PDGFR and other members of the Ras/MAPK signal transduction pathway were up-

regulated in metastatic tumours.  Moreover, blocking PDGFRβ decreased MAP2K1, 

MAP2K2, MAPK1 and MAPK3 activation and inhibited the metastatic potential of Daoy 

medulloblastoma cells in vitro (5). 

 

IMATINIB MESYLATE ST1571  (GLEEVEC) 

The drug Imatinib mesylate was approved by the FDA in 2001 for the treatment of chronic 

myeloid leukemia (CML). Imatinib was designed as an inhibitor of a specific receptor 

associated with CML. CML is associated in most cases with a specific chromosomal defect, a 
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translocation between chromosomes 9 and 22 that creates the Bcr-Abl fusion protein whose 

kinase domain is activated and unregulated, driving the uncontrolled cell growth observed in 

CML.  Imatinib is a specific inhibitor of the Bcr-Abl protein tyrosine kinase that competes 

with ATP for its specific binding site in the kinase domain. It also has activity against 

PDGFRα, PDGFRβ, and c-kit, the receptor for stem cell factor (71). Matei et al showed that 

Imatinib inhibits the growth of ovarian cancer cells in a PDGFR-specific manner, at clinically 

relevant concentrations (IC50 < 1 µM). Imatinib was found to inhibit the growth of three 

primary ovarian cultures and two immortalized cultures (PDGFR positive), but had no effect 

on SkOv3 and CaOv3, ovarian cancer cell lines which are PDGFR negative (73). The 

mechanism by which Imatinib exerts its antiproliferative effects was by arresting cells at G0-G1 

and preventing progression through S phase. It was found to inhibit both PDGFR  and Akt 

phosphorylation at a concentration of 1 µM (73). 

 

In brain tumour studies, Imatinib treatment of glioblastoma cell lines (U343 and U87), known 

to contain PDGF autocrine signaling, inhibited cellular growth both in vitro and in vivo, and 

prevented the formation of tumours implanted in the brains of Foxn1nu mice. Inhibition was 

documented to occur through the promotion of growth arrest rather than by the induction of 

apoptosis (74).  

 

SUNITINIB MALATE SU11248  (SUTENT) 

SUTENT is a novel, oral multi-targeted receptor tyrosine kinase inhibitor with selectivity to 

PDGFR, VEGFR and KIT, the RTK that drives the majority of GISTs (75). It possesses both 

antiproliferative and antiangiogenic actions and was FDA-approved in first-line treatment for 
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patients with advanced renal cell carcinoma (75) and patients with GISTs whose disease has 

progressed or who have developed tolerance to Imatinib mesylate. In clinical trials it has been 

reported to inhibit PDGFR on pericytes leading to tumour regression and inhibition of 

metastatic progression (76).  

To determine its efficacy on brain tumours, one study evaluated the antitumour activities of 

SUTENT on orthotopic models of glioblastoma multiforme (GBM) in vitro and in vivo. 

SUTENT treatment at concentrations as low as 10 nM, effectively inhibited angiogenesis 

induced by implantation of U87MG and GL15 GBM cells into organotypic brain slices. At 

higher concentrations (10 µM), SUTENT induced antiproliferative and proapoptotic effects on 

GL15 cells and decreased invasion of these cells implanted into brain slices by 49% (77).  

 

To determine whether these effects of SUTENT treatment are reproduced in vivo, the authors 

used athymic mice bearing intracerebral U87MG GBM cells that were administered 80 mg/kg 

SUTENT daily for five days then 2 days off. SUTENT improved median survival by 36%, 

caused a 74% reduction in microvessel density and increased tumor necrosis. Potent 

antiangiogenic activity was observed as a result of SUTENT treatment that was associated with 

a meaningful prolongation of survival in mice bearing intracerebral GBM (77). Thus, SUTENT 

may be a novel therapeutic agent in the treatment of brain tumours in situations where 

tolerance to Imatinib develops. 

 

GENE SILENCING USING SMALL INTERFERING RNA  (SIRNA) 

Small interfering RNA, or silencing RNA are double-stranded RNA molecules of around 21-

25 nucleotides long. The RNA interference pathway is one of several roles played by siRNA in 
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biology, where the siRNA interferes with the expression of a certain gene. Each siRNA is 

double-stranded with 3’ TT overhangs on either end and has a 5’ phosphate group and 3’ 

hydroxyl group (78, 79).  

 

The RNA-induced silencing complex or RISC is a multi-protein siRNA complex that is 

responsible for cleaving the incoming siRNA. After cleaving this RNA it binds to the short 

antisense RNA strands which are then able to bind complementary strands. Once this 

complex finds its complementary RNA strand, it binds to it and activates the RNase activity 

that cleaves the RNA leading to RNA degradation (80).  

 

Dicer is an RNA endocuclease which aids RISC by providing the initial RNA material to 

activate the complex as well as the first RNA substrate molecule. Dicer has endonuclease 

activity against dsRNA or pre-miRNAs, which it cleaves into 20-25 base pair double-stranded 

RNA fragment with the two TT 3’ overhangs on either end of the strand. One of these strands 

acts as the guide strand and is selected by the catalytically active argonaute protein in the RISC 

complex and integrated into RISC. The selectivity of the argonaute protein for the guide strand 

in based on the stability of the 5’ end of the strand. The second strand is the anti-guide or 

passenger strand which is degraded by the RISC complex as a substrate. The RISC complex, 

bound to its siRNA then recognizes complementary messenger RNA (mRNA) molecules and 

targets them for degradation. This leads to significant reduction in the levels of protein 

translation, thus effectively turning off the targeted gene (81, 82, 83) (Fig. 2). The above 

mentioned drugs, Imatinib and SUTENT, as well as siRNA interference were all used as tools 

for PDGFRβ chemical inhibition or silencing to study the subsequent effect on receptor signal 

transduction and cellular function.  
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(http://pharmaweblog.com/blog/2007/09/27/systemic-sirna-passes-
safety-milestone/) 
 
1) siRNA is chemically synthesized to target a specific disease-causing 

gene 
 
2) Once inside the cell, siRNA unwinds and the guide strand is 

incorporated into RISC, while the anti-guide strand is degraded as a 
RISC substrate 

 
3) The siRNA RISC complex is directed to the complementary mRNA 

known to cause disease 
 
4) The target mRNA is cleaved by the RISC siRNA complex and degraded, 

thus preventing protein translation and synthesis of the targeted gene 
leading to gene knock-down (84) 

 
  

  
FFiigguurree::  22  



 

 

C h a p t e r  3  E x p e r i m e n t a l  d e s i g n  a n d  M e t h o d s  

EXPERIMENTAL DESIGN 

The overarching objective of this study was to determine whether the metastatic potential of 

childhood medulloblastoma necessitates the presence of a functionally active PDGFRβ. To 

investigate this, we used specific PDGFR small molecule inhibitors to prevent 

autophosphorylation of the PDGFR at the tyrosine kinase residues. Subsequent signal 

transduction downstream of the receptor and cell migration, invasion, apoptosis and 

proliferation were measured after receptor inhibition compared to un-treated control cells.  

 

We further investigated how inhibition of receptor autophosphorylation compares to receptor 

knock-down with siRNA transfection in terms of alteration in signal transduction downstream 

of the receptor and biologic response in these cells. This is important because if receptor 

knock-down with PDGFRβ-specific siRNA oligos is identical to PDGFR inhibition with drug 

treatment, it would confirm that the drug-mediated effects on signal transduction and 

subsequent cellular response is specifically due to PDGFR inhibition and not to off-target 

effects of the drug or drug-related cytotoxicity. However, if the results were not identical, this 

would indicate that drug treatment in our cells is affecting PDGFR signal transduction and 

cellular biologic function in a PDGFR-independent manner.  

 

We tested the effect of PDGF receptor inhibition with Imatinib or SUTENT on receptor 

downstream signal transduction and subsequent cellular response ie: migration, invasion, 

apoptosis and proliferation. Protein phosphorylation of the downstream signal transduction 
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targets of pro-survival and pro-migration pathways was determined. The pro-survival pathway 

targets, PI3K and Akt and the pro-migration pathway targets Erk1/2 and Ras were the main 

proteins of interest that we investigated. PTEN, a negative regulator of PI3K and tumour-

suppressor was also looked at in drug-treated cells compared to un-treated controls.  

 

To determine whether PDGFR inhibition and subsequent inhibition of the downstream signal 

transduction pathways affects cell survival, apoptosis and migration, we investigated the effects 

of PDGFR inhibition with Imatinib or SUTENT by 7AAD/Annexin-V and Caspase-3 

staining; proliferation by Ki-67 staining and cell count; migration using an in vitro ‘wound-

healing’ assay and a fibronectin-coated trans-well migration chamber; and invasion using an in 

vitro ECMatrix-coated trans-well invasion chamber. F-actin immunoflourescence was 

conducted in drug-treated and PDGFRβ siRNA K/D cells compared to un-treated controls to 

determine whether PDGFR inactivation or down-regulation alters F-actin re-arrangement 

required for cell migration.  
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Overarching hypothesis:  

It is hypothesized that medulloblastoma utilizes the PDGFR-mediated signal transduction 

pathway to promote tumour growth and disease progression.  We specifically hypothesize that 

the PDGFR-mediated signal transduction promotes tumour growth and metastasis via two 

main mechanisms.  The first is by initiating intra-cellular signaling that enhances survival, 

proliferation and chemotaxis.  The second is by modulating the expression of specific genes 

that encode effectors, which augment these processes.  Therefore, we propose that inhibition, 

or down-regulation, of PDGFR will significantly inhibit the activation of the signal 

transduction cascade downstream of the receptor, namely the pro-survival targets PI3K and 

Akt and the pro-migratory targets Ras and Erk1/2 and will maintain PTEN expression and 

activation. This inhibition of the pro-survival and pro-migratory targets will subsequently lead 

to decreased survival, proliferation, migration and invasion of medulloblastoma cells in vitro 

and significantly diminish the growth and metastasis of medulloblastoma in vivo. 

AIM: 1 To determine whether we can achieve metastatic medulloblastoma Daoy and D556 

cell lines with PDGFRβ knock-down (K/D) through transient small interfering RNA (siRNA) 

silencing.  This aim allows for a highly specific model with which to study PDGFR signaling.   

AIM: 2   To test the hypothesis that PDGFRβ K/D with siRNA and inhibition with specific 

PDGFR inhibitors affects intra-cellular signaling of pro-survival and pro-migratory pathways, 

namely PI3K, PTEN, Akt, Ras and Erk1/2. This was conducted in two medulloblastoma cell 

lines to ensure reproducibility in both cell lines and rule out cell-specificity. This aim allows us 

to determine what affect PDGF RTK inhibition and PDGFRβ siRNA K/D has on signal 

transduction in the medulloblastoma cells.  The PDGFRβ siRNA knocked-down cells will 
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serve as confirmation that the effect of Imatinib or SUTENT treatment in these cells is a result 

of PDGFR inhibition and not due to drug off-target effects.  

 

AIM: 3 To test the hypothesis that PDGFRβ K/D and perturbed signaling affects biologic 

function of medulloblastoma cell lines by inhibiting migration, invasion, proliferation and 

promoting apoptosis. The cellular responses were measured in PDGFR tyrosine kinase 

inhibited and PDGFRβ siRNA transfected cells compared to un-treated control and negative 

control cells, respectively using the standard assays and methods routinely used in Dr. 

MacDonald’s lab as described below in methods.  All of the assays, including cell numbers 

used, timing and protocol were performed according to the manufacturer’s instructions. 
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Methods 

Stable PDGFRα and PDGFRβ siRNA transfected medulloblastoma and glioma cells 

were initially generated as tools for studying the effects of receptor knock-down on signal 

transduction and subsequent cellular biologic function. However, as outlined in preliminary 

results, we showed that our non-targeting siRNA negative controls induced non-specific off-

target effects in our cells as observed by PDGF receptor knock-down.  Therefore, we tested 

several other siRNA oligonucleotides for their ability to induce significant siRNA silencing 

(>75%) of PDGFRβ at the protein level, with minimal off-target effects and less cytotoxicity. 

Six independent oligonucleotides purchased from Ambion were tested, but again, as described 

in preliminary data, failed to induce siRNA silencing of the receptor. Furthermore, the negative 

(scrambled) control siRNA induced off-target effects in these experiments. In an attempt to 

find more specific siRNA oligonucleotides with minimal off-target effects, four siGENOME 

ON-TARGETplus SMARTpool duplexes were purchased from Dharmacon Inc., Lafayette, 

CO; which are double-stranded, chemically synthesized oligonucleotides with both the sense 

and anti-sense strands containing UU for the 3’-overhangs.  The sense strands were modified 

in such a manner to avoid RISC interaction and provide a preference for the antisense strand 

uptake into RISC.  Furthermore, the antisense strands’ seed regions were modified with a 5’-

phosphate to minimize seed-related off-targeting.  

The selection of siRNA duplexes is only as good as the target sequence used for the 

design.  The function of a single siRNA may be affected by errors in the sequence record as 

well as the presence of single nucleotide polymorphisms (SNPs).  Thus, the use of a 

SMARTpool minimizes this risk by providing four highly functional duplexes that target 

different regions of the target gene in one reaction. Cell survival, apoptosis, proliferation, 

migration and invasion of transfected cells was measured in vitro.  

Cells: Daoy human medulloblastoma cells of known metastatic capacities that express 

PDGFR and have a gene expression pattern that closely resembles (98%) that of human 

metastatic medulloblastomas were used in this study. A second human metastatic D556 

medulloblastoma cell line with higher expression of PDGFRβ relative to Daoy cells was also 

used. As a positive control cell line, human glioblastoma U-87, also highly expressing PDGFR 

(85), was used. Cells were grown in T-75 cm flasks in EMEM media (Biowhitaker) containing 
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10% fetal bovine serum (FBS) at 370C with 5% CO2 according to the specification of the 

American Type Culture Collection (ATCC) until near confluence.  

siRNA-pSilencer 4.1 CMV neo: The vector used for the stable siRNA transfection 

was the pSilencer 4.1 CMV that employs a powerful CMV promoter. This vector also contains 

a neomycin resistance gene that provides a mechanism to select for transfected cells that 

express the introduced DNA. As a negative control, pSilencer  4.1 CMV neo plasmid encoding 

a hairpin siRNA whose sequence is not found in the mouse, human or rat gene database was 

used. The siRNA sequences are:  

PDGFRα, sence-5’-GGUUGUGCAGCUGA-AUUCAtt-3’, and  

anti-sense-5’- UGAAUUCAGUGCCACAAC-Ctt-3’;  

PDGFRB sense-5’-GGAACUAUUCCAUCUUUCU-Ctt-3’ and  

anti-sense-5’-GAGAAAGAUGAAUAGUUC-Ctc-3’.  

As a positive control, a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) insert was 

ligated into the pSilencer 4.1 CMV neo vector that targets the mRNA of the abundant, 

ubiquitously expressed housekeeping gene GAPDH.  The sequence of the GAPDH control 

insert is perfectly complimentary to a region of human GAPDH mRNA and has been shown 

to effectively induce silencing of GAPDH in human cell lines. 

Optimizing antibiotic selection conditions: In order to obtain an optimal antibiotic 

concentration for selection of pSilencer 4.1-CMV-transfected cells, the lowest level of neomycin 

or G418 that kills non-transfected cells within approximately 7 days was identified by testing 

antibiotic concentrations ranging from 25-4000 µg/ml while maintaining all other culture 

conditions.  

 1- Neomycin Titration: cells were plated at a density of 20,000cells/well in a 24-well plate 

containing 1ml media and left to culture overnight. Cell count was confirmed using a 

hemocytometer. After 24 hr, 500 µL of culture medium was added with increasing G418 

concentrations per well. Cells were cultured for 10-14 days replacing the G418-containing 

media (500 µL) every 3 days. Cells were examined for viability every 2 days. The lowest G418 

concentration that began to give massive cell death in approximately 7-9 days was determined 

to be 400 µg/ml. This concentration was then used to identify the optimal cell density for 

antibiotic selection.  
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2- Cell density curve: Cells were plated at varying densities (20,000; 50,000; 75,000; 100,000; 

125,000; 150, 000 and 175,000 cells/well) in a 12-well plate and cultured overnight in 1 ml 

culture medium. After 24 hr, 500 µl of G418-containing media was added at the concentration 

obtained previously (400 µg/ml G418). Cells were cultured for 5-14 days examining the cells 

for viability every 3 days. The cell plating density identified that allows cells to reach ~80% 

confluence before massive cell death begins was 175,000, which was the plating density used in 

subsequent transfection experiments with the pSilencer 4.1 CMV neo. 

Cloning hairpin siRNA inserts into pSilencer 4.1 CMV: The siRNA template 

oligonucleotides were diluted to approximately 1 µg/µL in TE. The sense and anti-sense 

siRNA template oligonucleotides were annealed using 1 X DNA annealing solution for 3 min. 

at 900C then cooled down to 370C and incubated at that temperature for 1 hr. The annealed 

siRNA template was ligated into the pSilencer 4.1-CMV using 10 X T4 DNA ligase buffer and 

T4 ligase (5U/µL). Two reactions were carried out, one with the insert and one without. The 

ligation reaction was allowed to proceed for ~ 4 hr at 370C and then placed overnight at –200C 

for future transformation with E. Coli. To transform with E. Coli, 2 µL of the ligated solution 

(one with the insert and one without) was added to 25 µL of Top 10 chemically competent 

cells and stored on ice for ~15 min and then heat shocked in 420C water bath for 30 sec. and 

immediately transferred onto ice for 2 min. Room temperature SOC solution (250 µL/tube) 

was then added and agitated horizontally for 1 hr at 370C. The cells were then spread over LB 

agar plates containing 200 µg/ml ampicillin at two different volumes (100 µL/150 µL) to 

ensure evenly spaced distinct colonies. The plus-insert ligation yielded approximately 6-10 

times more colonies than the minus-insert ligation. Clones were picked, plasmid DNA isolated 

and digested with BamH I and Hind III and ran on a 7.5% polyaccrilamide gel to confirm the 

presence of the 55 bp siRNA insert. Once the insert was observed, it was sent for sequencing 

(Davis Sequencing) to ensure the absence of unwanted mutations before transfecting into our 

cells.  

Transfecting cells with pSilencer 4.1-CMV: using Ambion’s siPort XP-1 

transfection agent to deliver the pSilencer 4.1-CMV plasmids into our cells, they were plated at 

the desired density achieved in the previous experiment, transfected as described in the 

pSilencer 4.1-CMV neo protocol (Ambion, Cat No. 5779) and cultured for 24 hr. Briefly, a 
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total of 600 µL mastermix of serum free media was prepared with the siPORT XP-1 (100 µl 

media + 3 µL siPORT x 6) and aliquoted to six epindorf tubes, one for each plasmid DNA to 

be transfected into the cells. The plasmid DNA (siRNA to PDGFRα (x2), PDGFRB (x2) and 

GAPDH positive control (x1)) was added to its corresponding tube at a final concentration of 

1 µg. The final tube received the scrambled siRNA as the negative control. Normal growth 

medium was removed from the cells and were washed with 1ml serum-free media (Opti-

Mem), and replenished with fresh serum-free media supplemented with the siPORT XP-

1/plasmid DNA complex prepared earlier in a drop-wise fashion. Without swirling, the dish 

was rocked back and forth, then left and right to ensure even distribution of the transfection 

complex, and cells were cultured for 24 hr at 370C and 5% CO2. After overnight incubation, 

serum-free transfection media was removed and 10% serum-supplemented media was added 

with the G418 at the previously obtained optimal concentration. Cells were cultured for ~ 14 

days replenishing the G418-containing media every 3 days to select out the siRNA transfected 

cells and then assayed for target gene activity by qRT-PCR.  

Transfecting cells with transient siRNA: cells were grown in normal culture 

conditions with 10% serum at 370C and 5% CO2 until they reached ~50-60% confluence. At 

that point, cells were washed twice with PBS and grown in serum-free media over night at 

370C and 5% CO2. The next day cells were washed twice with Opti-Mem and transfected with 

the PDGFRβ or Neg cntrl siRNA oligonucleotides. The siRNA oligonucleotides were diluted 

in serum-free Opti-Mem to a final concentration of 100 nM. The lipofectamine 2000 (L2K) 

transfection reagent was used at 0.1% final volume diluted in serum-free Opti-Mem. The 

siRNA/Opti-Mem and L2K/Opti-Mem dilutions were mixed together by gentle inversion of 

the tubes and incubated in the dark at room temperature for 25 min. After the incubation time 

they were overlaid over the cells and the plates were rocked back and forth, then left and right, 

with out swirling the plates to avoid pooling of the transfection compound in the middle. The 

siRNA/OptiMem/L2K (400 uL/well of a six-well plate) compound made up only 20% of the 

total volume of culture media. The rest (1600 uL/well) was normal 10% serum-supplemented 

media in which cells were cultured O/N at 370C and 5% CO2. The next day cells were washed 

with PBS and cultured with serum-free media for 24 hr before stimulation with PDGF-BB (10 

ng/ml) and processing for Western blot analysis.  
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Quantitative Real-Time PCR: Cells were allowed to reach near confluence in a T75 

cm2 flask, RNA was extracted using Trizol and cDNA was synthesized using Invitrogen’s 

SuperScript III Reverse Transcriptase system kit (Cat No. 18080-044) and oligo-dt primers. 

cDNA was amplified in the presence of SYBR green using β-actin specific primers  

(sense-5’ GCCATGCCAATCTCATCTT-3’,  

anti-sense-5’-ACCTGTACGCCAACACAGTG-3’),  

PDGFRα (sense-5’-CACCGTTTGCGACTTGGTACTT-3’, and  

anti-sense-5’-AGACCCTGCTCACAACCAGACA-3’), and  

PDGFRβ (sense-5’-ACATCTTTGTGCCAGATCCCAC-3’, and  

anti-sense-5’-TTACTCGGCATGGAATGGAATGGTGAT-3’).  

The RT-PCR product for PDGFRα corresponds to bp 69-179 of Genbank accession number 

NM_29971 and bp 705-810 of NM_002609 for PDGFRβ. The cycling program was 950C for 

10 min, 42 cycles at 940C for 15 sec, 550C for 30 sec, and 720C for 30 sec, followed by 720C for 

4 min, 950C for 1 min and 55 cycles of 960C for 20 sec. PDGFR expression was normalized to 

β-actin and calculated from threshold cycle using the iCycler iQ quantitative real-time PCR 

system.  

Immunoflourescence: Cells were trypsonized and reseeded onto coverslips in a 24-

well plate so that they will be at ~60% confluence after 24 hr. After overnight incubation in 

normal growth medium at 370C, coverslips were washed with 1x PBS (3x) while rocking and 

then fixed in 500 µL 4% paraformaldehyde (PFA) for 30 min at RT. PFA was washed off (3x) 

5 min each while rocking and 250 µl of 10% normal donkey serum (NDS) was added to 

coverslips and incubated at RT for ~4 hr. After the 4 hr incubation, NDS was removed and 

primary antibodies for PDGFRα and PDGFRβ (Cell Signaling Technology, Inc. Danvers, 

MA) was added at the manufacturer’s recommended dilutions (1:100 for PDGFRα and 1:20 

for PDGFRβ). The next day primary antibody was washed off (5x) 5 min each in PBS and 

secondary antibody (Donkey anti-goat Alexa 568) (Invetrogen Co. Carlsbad, CA) added at a 

1:500 dilution for 1 hr at RT. Coverslips were then washed (4x) 15 min each with PBS while 

rocking and inverted onto slides using the Vectasheild Hardset mounting medium with Dapi 

(Vector Laboratories, Burlingame, CA). Surface receptor expression was visualized using the 

Texas red filter of the fluorescent microscope. 
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PDGFR tyrosine kinase inhibition with Imatinib or SUTENT: Cells were 

cultured under normal conditions and allowed to reach ~80% confluence before they were 

washed twice with PBS and serum-starved O/N at 370C and 5% CO2. The next day, cells were 

treated with vehicle, Imatinib or SUTENT. For the dose-curve studies, cells were treated with 

increasing doses of the drug for one hour, after which they were stimulated with 10 ng/ml of 

PDGF-BB for 8 min, lysed and processed for Western blot analysis. For the time-point 

studies, cells were treated with 1 uM of Imatinib or 0.2 uM SUTENT for the length of the 

study. Cell stimulation with PDGF-BB took place at each indicated time-point for 8 min 

before cells were lysed and processed for Western blot analysis. Note that during drug 

treatment, cells were kept in serum-free media at 370C and 5% CO2, and drug was not 

replenished at any time-point after the initial 1 uM Imatinib or 0.2 uM SUTENT dose given at 

the beginning of the experiment. 

PDGFR stimulation: Cells were serum starved for 24 hr in serum-free growth media. 

The next day cells were washed (3x) with PBS to remove endogenous growth factor 

contamination, replenished with serum-free medium and then treated with PDGF-BB (10 

ng/ml) or control PBS for 8 min at 370C prior to cell harvesting by scraping cells in 1 X Cell 

Lysis Buffer (Cell Signaling Technology) for immediate cellular protein expression using 

Western blot analysis as detailed below. 

Western blot analysis: Whole cell lysates were prepared from cells lysed by scraping 

and incubating on ice for 15 min in 1 X Cell Lysis Buffer. The protein concentration was 

determined using the Bradford dye-binding assay (Bio-Rad Laboratories, Hercules, CA). An 

aliquot of the lysate was mixed with an equal volume of 2 X Laemli Sample buffer and heated 

at 970C for 10 min. Between 40-80 µg of total protein concentration was electrophoresed on a 

7.5% SDS-PAGE (depending on what protein was being detected) and transferred to PVDF 

membrane (Perkin Elmer, Waltham, MA). Target proteins were detected using primary 

antibodies for total or phosphorylated forms of the PDGFRα (1:50; 1:50), PDGFRβ (1:500; 

1:250), PI3K (1:500; 1:250), PTEN (1: 500, 1: 250), Akt (1:500; 1:250) Erk1/2 (1:500; 1:250) 

and Ras (1:1000) (Cell Signaling Technology) using the above dilutions. The blots were 

incubated with the primary antibody overnight at 4oC, washed (3x) 5mins each and incubated 

with secondary antibody 1 hr at room temperature using the anti-rabbit IgG HRP-conjugated 

(Cell Signaling Technology) at a dilution of 1:2000. The blots were then washed (4x) 15 min 
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each with 1 X TBS-Tween (0.1%) and incubated in Lumiglo reagent for ~2 min and then 

exposed. To control for protein loading variations a primary antibody for Actin (Santa Cruz 

Biotechnologies) or GAPDH (Cell Signaling) was used, and the total protein for PDGFRα, 

PDGFRβ, PI3K, Akt, PTEN and Erk was used to measure the ratio of total:phosphorylated 

protein, as quantitated by densitometric analysis using software from Scion Corporated.  

Co-immunoprecipitation: Imatinib-treated cells were stimulated with PDGF-BB, 

cross-linked, lysed and PDGFRβ co-immunoprecipitated with EGFR using a rabbit polyclnal 

anti-Human PDGFRβ antibody from Santa Cruz Biotechnology (Santa Cruz, CA).  

Immunoprecipitates were run on an SDS-PAGE gel and transferred onto a PVDF membrane 

and probed with a mouse monoclonal anti-Human EGFR antibody from Invitrogen 

(Carlsbad, CA).               

Ras activation assay:  Ras-GTP was precipitated from the total cell lysates using a 

Ras activation assay kit (Millipore Corporation, Charlottesville, VA) as described in the 

manufacturer’s manual. Briefly, 500 uL of the total cell lysate was incubated with 20 uL of the 

Ras assay reagent (Raf-1 RBD, agarose) for 45 min at 40C with gentle agitation. The agarose 

beads were pelleted by brief centrifugation and supernatant discarded. Beads were washed (3x) 

with 500 uL wash buffer, taking care to minimize loss of beads during removal of the wash 

buffer. Agarose beads were then resuspended in 40 uL of 2 X laemmli reducing sample buffer, 

boiled for 5 min and pelleted by brief centrifugation. The supernatant (20 uL) was loaded on a 

SDS-polyacrilamide gel, electrophoresed and transferred to a PVDF membrane. The 

membrane was blocked with 5% Milk and 3% BSA in 0.1% TBS-T (1 X), and incubated O/N 

with anti-RAS (clone RAS10) at 40C. The next day, the membrane was washed (3x) 5 min each 

with 0.1% TBS-T, and incubated 1 hr in anti-mouse secondary antibody (1:1000) (Santa Cruz 

Biotechnologies, CA). The membrane was washed (3x) 15 min each with 0.1% TBS-T and 

protein was detected using SuperSignal Dura chemiluminescent substrate (Pierce, Rockford, 

IL).  

Densitometric analysis:  Western blot bands were quantitated using BioRad’s 

QuantityOne Basic software (BioRad). Total protein densities (Intensity/uM2) were 

normalized to those of GAPDH. The ratio of phosphorylated to total protein densities of all 

the mentioned targets were derived. The un-treated, un-stimulated control cells were 
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normalized to one and all other treatment groups were graphed as a ‘fold change’ from that 

control.  

Apoptosis, proliferation, migration and invasion assays: Apoptosis, proliferation 

and migration assays were used to determine whether PDGFR tyrosine kinase inhibition and 

siRNA silencing affects cellular biologic functions.  

ApoptosisAssay: Cells were trypsinized, washed (3x) with PBS and stained with 

AnnexinV and 7-AAD (1:40) then analyzed by flow cytometry. 

Caspase-3 Assay: Serum-deprived Daoy and D556 cells were treated with 1uM Imatinib 

or 0.2 uM SUTENT and cultured under standard conditions for 48 hr. Caspase-3 activity was 

detected in cells at 24 hr and 48 hr after drug treatment. At these time-points, cells were 

trypsinized, counted and resuspended in 80 uL of chilled 1 X Lysis Buffer to a final density of 

0.5 X 106. Cells were lysed by incubation on ice for 10 min and centrifuged at 10,000 x g for 5 

min. Supernatants were transferred to fresh tubes and protein concentration determined. 

100ug of total protein lysates were incubated with a caspase-3 substrate for 1-2 hr in a 96-well 

plate. The lysates were divided in half, one half was incubated with a caspase-3 inhibitor for 10 

min before adding the caspase-3 substrate and one half was not. After incubation with the 

caspase-3 substrate, a colorimetric plate reader was used to detect the presence of Caspase-3 in 

the lysates at 405nm. As a positive control, a caspase-3 human recombinant enzyme was used 

at 2, 1, 0.5, and 0.25 Units with or without the inhibitor to ensure the proper function of the 

kit.  

Proliferation Assay: BrdU incorporation using manufacturer’s kit and measured by flow 

cytometry. Cells plated in T25 cm2 flasks with 10% culture medium at a density that will yield 

~80% confluence after 24 hr. After overnight incubation at 370C, cells were either PDGFRβ 

siRNA transfected or were serum-starved O/N, then treated with drug or vehicle the next day. 

Twenty four hours after treatment, 10 µM final concentration of BrdU was added to culture 

medium and cells were cultured for 30 min at 370C to allow for the incorporation of BrdU into 

the DNA of proliferating cells. Cells were then harvested and analyzed by flow cytometry as 

described below. 

Colony formation assay Daoy and D556 cells were trypsonized and resuspended to 300 

cells/ml and seeded onto 10 cm Petri dishes in 10% serum-supplimented media. After over-

night incubation, either 1 uM Imatinib or 0.2 uM SUTENT was added to the plates and left 
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for 7 days, replenishing the drug-containing media every 2 days. By day 7 cells were washed 

(2x) with PBS and stained with giemsa stain (Sigma-Aldrich, St. Louis, MO) for 1 hr; excess 

stain was washed (2x) with H2O. Colonies were counted manually using a 16-square grid. The 

mean number of colonies was derived from three individual plates per treatment condition and 

plotted on a graph plus or minus the standard error of the mean using Microsoft Excel. P 

values were derived using Microsoft Excel from the number of colonies in the three individual 

plates.  

Cell proliferation by Cell Count:  To determine whether cell count was affected by siRNA 

K/D, Imatinib or SUTENT treatment, serum-deprived cells were treated with vehicle, 1 uM 

Imatinib or 0.2 uM SUTENT for 1 hr then stimulated to undergo proliferation using 20 ng/ml 

PDGF-BB. Cells were counted on a hemocytometer at 0, 24, 48, and 72 hr after drug 

treatment to determine cell proliferation compared to un-treated controls. Cells were harvested 

by trypsinizing and resuspended in 2 ml serum-free media. Ten microliter of the cell 

suspension was stained with 10 uL trypin blue (Lonza, Basel, Switzerland) and counted on a 

hemocytometer. Experiments conducted in triplicates and the mean of all three experiments 

was calculated and plotted ± the standard error of the means. 

Invasion 12-well ECMatrix-coated invasion chambers (8µm; Chemicon) were used 

based on the manufacturer’s directions. Serum-deprived cells (1x104) were plated on the top 

chamber of an ECMatrix-coated invasion chamber while the bottom chamber contained 

PDGF-BB (10 ng/ml) as chemo-attractant. After 48 hr incubation, non-invading cells were 

removed with a cotton swab and the invaded cells that had crossed the ECMatrix and were 

stuck to the lower side of the membrane were stained using a cell stain solution (Chemicon 

part No. 20294). The stain was extracted using a stain extraction buffer (Chemicon part No.  

20295) and 100 uL of the dye solution loaded into a micro-plate and quantitated using a 

colorimetric plate reader at an absorbance of 570OD. 

Wound assay for migration Daoy and D556 cells plated in a Petri dish at a density of ~70-

80% confluence were serum-deprived overnight and the next day treated with either vehicle 

(H2O), 1 uM Imatinib or 0.2 uM SUTENT for 1 hr. After 1 hr drug treatment, cells were 

scraped down the middle of the Petri dish using a 1ml pipette to induce the resemblance of a 

‘wound’. The scraped off cells were washed out (1x) using serum-free media and fresh media 

was replenished containing 20 ng/ml PDGF-BB and supplemented with the same 
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concentration of drug. Images of 6-8 random fields in the scraped ‘wound’ were taken at the 

time of ‘wound’ induction (0 hr) and again 24 hr after. The area of the ‘wound’ in these fields 

was traced and measured in uM2 using Axiovision systems. The average area in uM2 of the 

‘wound’ 24 hr after induction was subtracted from that at time of induction (0 hr) and graphed 

using Microsoft Excel. The same experiment was conducted in siRNA transfected cells after 

over-night serum-deprivation.  

Migration by using a haptotaxis fibronectin-coated migration chamber (8µm) from 

(Chemicon, Cat No. QCM580). Cells (1 x 104) were plated into the upper chamber coated with 

fibronectin based on the manufacturer’s directions. The bottom chamber contained either 

PDGF-BB (10 ng/ml) or PBS negative control as chemo-attractant. After 5 hr incubation, 

non-migrating cells were removed with a cotton swab and the migrated cells stuck to the lower 

side of the membrane were stained using a cell stain solution (Chemicon part No. 20294) for 

10 min. The stain was extracted using a stain extraction buffer (Chemicon part No. 20295) and 

100 uL of the dye solution was loaded into a 96-well and quantitated at 570OD using a 

colorimetric plate reader. 

FACS for 7-AAD and Annexin V: Cells were trypsinized and washed with 1% BSA-

PBS and then with 1 X Annexin V staining buffer. Cells were incubated in 100 uL of 1 X 

Annexin V staining buffer, 7-AAD and Annexin V APC at a dilution of 1:40, in the dark for 

15 min. After the incubation time, 250 uL of Annexin V buffer was added to each tube and 

cells acquired within the hour. The following controls were included 1) Unstained cells; 2) cells 

+ 7AAD; 3) Cells + Annexin V; 4) Unstained drug treated cells: 6) drug treated cells + 7AAD; 

7) drug treated cells + Annexin V.  

FACS for BrdU proliferation assay:  After 30 min of incubation with BrdU at 370C, 

cells were harvested by trypsinizing and washed with cold 1% PBS-BSA. Cells were then 

resuspended in 200 uL of cold 1 X PBS and slowly added to ice-cold 70% ethanol drop by 

drop while vortexing and incubated on ice for 30 min. Cells were washed by centrifugation at 

100C for 10 min after which 2 ml of 2N-HCL/0.5% triton X-100 was slowly added to the cells 

and incubated at RT for an additional 30 min. Cells were centrifuged at 500 g for 10 min, 

supernatant was discarded and cells were resuspended in 1 ml sodium tetraborate (0.1M pH 

8.5) to neutralize the acid. Cells were centrifuged and resuspended in 200 uL 0.5% Tween-20 

1% BSA-PBS. Cell concentration was adjusted to a density of 1 x 106 cells/tube. Cells were 
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then incubated with 10 uL of anti-BrdU-FITC conjugate for 30 min at RT, spun down and 

resuspended in 250 uL of PBS and 10 uL of 7-AAD before acquiring the cells in FACS-

caliber. The controls included were 1) unstained cells; 2) cells + 7-AAD; and 3) cells + anti-

BrdU-FITC.  

Gene expression profiling: We used Affymetrix microarrays as described previously 

(5). Differences in gene expression between groups were determined by Affymetrix software 

and permutation statistical analysis, as described (5). Total RNA was isolated using Trizol 

Reagent as described in the manufacturer’s manual (Invetrogen Corporation, Carlsbad, CA). 

Ten micrograms of RNA was converted into double-stranded cDNA with the Superscript 

choice system (Life Technologies) using an oligo-dt primer containing a T7 RNA polymerase 

promoter (Genset). Double-stranded cDNA was purified with phenol-chloroform extraction 

used for in vitro transcription using the ENZO BioArray RNA transcript labeling kit 

(Affymetrix). RNeasy kit (Qiagen) was used to purify the biotin-labeled cRNA, which was then 

fragmented to approximately 200 bp with alkaline treatment (200 mM Tris-acetate, pH 8.2, 

500 mM potassium acetate, 150mM Magnesium acetate). The integrity of each labeled cRNA 

was verified by hybridization to an Affymetrix TestChip2 array and detection with a 

straptavidin-labeled flour and confocal laser scanning according to the manufacturer’s 

recommendations (Affymetrix). To consider a labeled cRNA suitable, the ratio of the average 

intensity of the 3’ to 5’ ends of the β-actin gene must be less than 3. Each verified cRNA 

would be hybridized to a U133 Array (Affymetrix) (5).  

Statistical analysis:  A two-tailed Student’s t-test was used in Excel to generate P 

values from the results obtained in three or more independent experiments. The means of 

three or more independent experiments ± the standard error of the means were derived and 

graphed using Microsoft Excel. A One-way analysis of variance (ANOVA) test was used to 

test for significant differences between means of multiple groups ie: when looking at the time-

course effect of drugs over 96 hr on activation of signaling cascade targets between drug-

treated and un-treated control cells.  
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C h a p t e r  4  P r e l i m i n a r y  D a t a  

 

Gene Expression After Imatinib Treatment 

Previously, microarray gene expression profiling of Daoy medulloblastoma cells treated with 

inhibitors of PDGFR activity was conducted to gain insight into PDGFR-mediated gene 

expression changes that may play a role in promoting medulloblastoma metastasis (5).  This 

investigation revealed that PDGF-AA and -BB ligand stimulation of the PDGFR subtypes α 

and β, results in the up-regulation of a distinct set of pro-metastatic genes that are ligand-

specific (Table: 1), while treatment with Imatinib prior to ligand stimulation effectively 

prevented these PDGFR-mediated gene expression changes (Table: 2).  However, in 

response to inhibition of PDGFR activity, up-regulation of genes immediately downstream in 

the PDGFR signaling pathway (PI3K and p21Ras) was observed (Table: 2), suggesting a 

bypass mechanism of this inhibition that may result from ligand-dimerization of functionally-

inactive PDGFR.  Protein expression and activation of these genes had not been investigated 

at that point.   

 

Stable siRNA Silencing 

Initially, I generated stable PDGFRα and β siRNA transfected human Daoy medulloblastoma 

and U-87 glioma cells.  The glioma cells were used as a positive control to ensure that the 

effect of PDGFR silencing observed was not cell or tumour type specific.  In these 

experiments, the vector used was the pSilencer 4.1 CMV.   
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The morphology of the siRNA transfected cells was not different than the parental (un-

transfected) cells (Fig. 3). This observation indicated that the morphology of cells was not 

drastically altered solely by virtue of transfection method.  Messenger RNA (mRNA) 

expression was detected by quantitative real time PCR (qRT-PCR) showing PDGFR 

messenger K/D (Fig. 4) (50% PDGFRβ K/D and 75% PDGFRα K/D).  Down regulation 

of receptor surface expression was visualized using immunofluorescent labeling of the 

PDGFRβ in cells transfected with the PDGFRβ siRNA compared to parental un-transfected 

cells (Fig. 5).  

 

A cell cycle study was conducted on the siRNA transfected and parental cells to determine the 

number of cells in the S-phase of the cell cycle (Fig. 6). All cells transfected with siRNA 

(PDGFRα, PDGFRβ and negative control) exhibited similar number of cells In S-phase.  

However, the negative control and parental cells did not exhibit similar S-phase percentages 

(15.5% negative control, 44.8% parental cells).  This may be due to the following drawbacks to 

this experiment; first the cells were not synchronized prior to BrdU incorporation, second, the 

transfected cells were cultured in the presence of neomycin, both of which may have impacted 

on or could account for the effect on S-phase entry between the negative control siRNA and 

parental cells.   

 

In Fig. 7, cell apoptosis was increased in PDGFR α and β siRNA transfected cells compared 

to the negative control and parental cells grown under the same conditions without the 

presence of neomycin.  The negative control cells transfected with a non-targeting siRNA 

exhibited similar cell apoptosis to the parental cells.  This indicates that the cells do not 
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undergo apoptosis simply as a result of transfection method alone.  In addition, greater cell 

apoptosis in the PDGFR α and β siRNA transfected cells compared to the negative control 

and parental cells suggests that PDGFR knock-down induces apoptotic cell death.  

 

Optimization of siRNA silencing using transient transfection 

The stable PDGFR siRNA transfection, although successfully induced PDGFRα and β knock-

down by 75% and 50%, respectively, resulted in non-specific off-target effects of the siRNA. 

This was demonstrated by a down- or up-regulation of PDGFR mRNA in the negative 

control siRNA transfected cells compared to the parental controls (data not shown).  After 

careful data analysis, it was concluded that this method of stable siRNA transfection was 

unreliable due to these off-target effects.  Thus, we decided to test several other siRNA 

oligonucleotides in transient transfection experiments to determine which would eliminate off-

target effects but maintain high transfection efficiency with minimal cytotoxicity.  Only the 

PDGFRβ subtype was silenced with siRNA because preliminary experiments indicated that 

the β subtype of PDGFR is more abundant in our medulloblastoma cell lines than the α 

subtype.   

 

As a result, all subsequent experiments were conducted in Daoy medulloblastoma cells with U-

87 glioma cells used as a positive control cell line where indicated, and the siRNA used was 

aimed at targeting the PDGFRβ subtype of the receptor.  Western blot analysis of total and 

phosphorylated PDGFRβ was employed to determine whether siRNA silencing of PDGFRβ 

resulted in >75% knock-down in protein expression and subsequent activation.   
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Transient siRNA Silencing 

The six different PDGFRβ siRNA oligonucleotides used were twenty-one nucleotides in 

length, annealed to form a 19-base-pair duplex core with the following sequences:  

PDGFRββββsiRNA#1 sense: GGAACUAUUCAUCUUUCUCtt;  

anti-sense: GAGAAAGAUGAAUAGUUCCtc 

PDGFRββββsiRNA#2 sense: GGACAGAAGCUACAUCUGCtt;  

anti-sense: GCAGAUGUAGCUUCUGUCCtc 

PDGFRββββsiRNA#3 sense: GGUUACAAAAAGAAGUACCtt;  

anti-sense: GGUACUUCUUUUUGUAACCtt 

PDGFRββββsiRNA#4 sense: GCUACAGAUCAAUGUCCCUtt;  

anti-sense: AGGGACAUUGAUCUGUAGCtg 

PDGFRββββsiRNA#5 sense: CCCUGAAUGAAGUCAACACtt;  

anti-sense: GUGUUGACUUCAUUCAGGGtg 

PDGFRββββsiRNA#6 sense: GCUUGUCCUCAAUGUCUCCtt;  

anti-sense: GGAGACAUUGAGGACAAGCtc. 

 

Using the basic transfection protocol outlined earlier under methods, the above siRNA oligos 

were transfected along with the GAPDH-targeting (positive control) and non-targeting 

(scrambled) siRNA (negative control) into our human Daoy medulloblastoma and U-87 

glioma cell lines and mRNA levels 48 hr after transfection were detected by qRT-PCR.  

GAPDH siRNA transfection induced significant (>95%) knock-down in GAPDH mRNA 

(Fig. 8a) and protein (Fig. 8b) levels compared to cells transfected with non-targeting, 
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scrambled siRNA.  These experiments were initial optimization attempts conducted to achieve 

the optimal transfection conditions. This included the ideal siRNA concentration, % of 

transfection reagent in total volume of transfection media and cell density that yielded efficient 

siRNA K/D, with minimal off-target effects and cytotoxicity.  The siRNA transfection 

conditions most successful at achieving this were: 100 nM siRNA concentration; 0.1% 

transfection reagent of total transfection volume; and cell density of about 50-70% confluence 

at time of siRNA transfection. 

The first three PDGFRβ siRNA oligos from Ambion along with the GAPDH-targeting and 

non-targeting siRNAs were tested in both the Daoy and U-87 cell lines in which GAPDH 

mRNA was successfully silenced in the GAPDH siRNA cells but not in the negative control 

nor in the PDGFRβ siRNA transfected cells (Fig. 9).  However, when checking for PDGFRβ 

knock-down (K/D) in the PDGFRβ siRNA transfected cells, it was found that even though 

the delivery of the siRNAs into the cells was successful, as indicated by GAPDH K/D (Fig. 

9), the PDGFRβ siRNA oligos failed to induce significant PDGFRβ K/D at the mRNA level 

in either cell line (Fig. 10).   

 

Due to limited resources, the second three siRNA oligos from Ambion were only tested in the 

Daoy cells to ensure efficient K/D before testing their effect in the U-87 cells.  Again, this 

experiment successfully silenced (>95%) GAPDH in the GAPDH-targeting siRNA cells (Fig. 

11) compared to both WT (parental, un-transfected) and negative control siRNA transfected 

cells.  However, of the last three different siRNAs, only PDGFRββββ siRNA#6 showed K/D at 

the mRNA level of 83.5% compared to the parental control cells, but when these cells were 

compared to the negative control siRNA transfected cells, the K/D was only 34% (Fig. 12). 
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To determine whether the negative control siRNA oligos induced silencing of PDGFRβ, we 

compared the negative control siRNA transfected cells to the parental controls and found a 

75% K/D in PDGFRβ mRNA (Fig.  12).  This explains the discrepancy in PDGFRβ K/D 

of PDGFRββββ siRNA#6 when compared to either WT or negative control cells, indicating that 

the negative control siRNA is targeting the PDGFRβ for K/D and is therefore an unreliable 

control to use as a baseline for measuring the effects of the PDGFRβ siRNAs.  

 

To ensure that the negative control siRNA did not induce silencing of GAPDH, the mRNA 

expression of GAPDH in the negative control siRNA transfected cells was compared to the 

parental cells and no difference was found in the mRNA expression level (data not shown). 

Therefore, although the negative control siRNA silenced PDGFRβ, it did not silence the 

GAPDH.  Nevertheless, after observing the silencing effect induced by the negative control 

siRNA on PDGFRβ, this siRNA was not used in subsequent experiments as a baseline for 

comparing the levels of PDGFRβ and GAPDH mRNA after siRNA K/D.  Consequently, we 

refrained from using Ambion’s oligos for the transient siRNA experiments and purchased the 

SMARTpool ON-TARGETplus oligos from Dharmacon, which guaranteed greater than 75% 

transfection efficiency in target silencing with minimal off-target effects and lower cytotoxicity.  
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Table: 1 PDGF-induced changes in gene expression at 1h in Daoy cells (p < 0.0002). This 

study was conducted by MacDonald et el and published in Nature Genetics, 2001 (5). 

PDGF-AA (N  =127) PDGF-BB (N = 41) 

 1.  GADD34 

 2.  EGF-like GF 

 3.  CYR61 (chemotaxis) 

 4.  G-protein coupled recep. 

 5.  IL6 

 6.  TNFa-induced prot. 3 

 7.  MAP3K12 

 8.  Vimentin 

 9.  ATF3 

 10. CD44 (Rac signaling)) // 

 

Cyclin D2 (cell-cycle)  

RabGDI (Ras superfamily) 

   GADD34 (Akt signaling) 

RAD51D (telomere maintenance) 

GDP GDI2 (Ras superfamily) 

14-3-3 protein (MAPK signaling) 

Vimentin (chemotaxis) 

Thrombospondin 1 (apoptosis) 

Vit. A responsive protein 

jn B protooncogene // 

 

Table: 2 Imatinib Effect on PDGF-induced Gene Expression in Daoy cells. (8 h, p<0.0002) 

PDGF-AA PDGF-BB (N = 27) 

1.   melanoma Ag 

2.   diptheria-toxin receptor  

3.   RAB3 GTPase 

4.   membrane cofactor 

5.   guanylate cyclase 

6.   ↑↑↑↑ PI3K 

7.   centrosome-assoc. prot. 

8.   IL6 

9.   TNFa-induced prot. 3 

10. cytochrome C oxidase 

11. IP10 

12. ↑↑↑↑ p21 RAS // 

 

guanosine monophos 

GDP dissociation inhib. 2 

bcl-2 assoc. transcrip. factor 

chondroitin sulfate proteoglyc 

collagen type XIV14 

TAF9-like RNA pol II 

dual specificity phosphate.1 

cyclin G2 

↑↑↑↑ PI3K 

progesterone receptor // 
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Figure: 3 Cell morphology after siRNA transfection. Cell morphology 

was not altered between parental, un-transfected cells (A), stable siRNA 

transfected PDGFRα (B), PDGFRβ (C), and scrambled siRNA transfected 

(Neg cntrl) (D) Daoy cells. 

 

 

A. Parental cells                        B. PDGFRαααα siRNA cells   

      

                                                              D. Neg cntrl siRNA cells  

      

 C. PDGFRββββ siRNA cells 
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Figure: 4 mRNA levels of PDGFR after stable siRNA transfection. Quantitative RT-

PCR detection showed a 75% K/D in mRNA levels of the PDGFRAlpha and a 50% K/D in 

mRNA levels of the PDGFRBeta in U-87 cells after stable siRNA transfection compared to 

the non-targeting, scrambled (Neg control) siRNA transfected cells. Results represent the 

mean ± the standard error of the mean of multiple experiments. 
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Figure: 5 Immunofluorescent staining of the PDGFRββββ after siRNA transfection. 

Immunofluorescent staining of the PDGFRβ in the parental, untransfected U-87 cells (A) 

compared to U-87 cells tranasfected with a stable PDGFRβ siRNA (B) showed an inhibition 

of the cell surface PDGFRβ expression after stable siRNA knock-down of the receptor.  
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Figure: 6 Cell cycle assay after stable siRNA transfection. Cell cycle assay was 

conducted to compare the percentage of cells in S-phase between stable siRNA transfected 

and parental, untransfected U-87 cells. All siRNA transfected cells exhibited similar percentage 

of cells in G2-phase (A %G2 = 15.3; C % G2 = 15.4; D % G2 = 15.5). This was lower than 

that observed in the parental cells (B %G2 = 44.8). The percentage of cells in the S-phase 

were 13% in the U-87 parental, untransfected cells; 16.1% in the PDGFRβ stable siRNA 

transfected cells; 24% in the PDGFRα stable siRNA transfected cells and 30% in the negative 

control (Neg cntrl), scrambled siRNA transfected cells.   
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Figure: 7 Apoptosis assay after stable siRNA transfection. The percentage of cells 

undergoing apoptosis was greater for the stable siRNA transfected U-87 cells (16.1% for 

Alpha siRNA and 12.8% for Beta siRNA) compared to the parental, untransfected cells (U-87 

WT, 6.18%), whereas cells transfected with a non-targeting, scrambled siRNA (Negative 

control) exhibited similar percentage of cells undergoing apoptosis to the parental, 

untransfected cells (4.27%). 
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Figure: 8 GAPDH Knockdown in U-87 and Daoy cells after transient siRNA 

transfection. A, Daoy and U-87 cells transiently transfected with the GAPDH siRNA showed 

>95% knock-down at the mRNA level of GAPDH and B, 80 and 60% knock-down in 

protein expression of GAPDH in Daoy and U-87 cells, respectively compared to non-

targeting, scrambled (Neg Control) siRNA transfected cells. Results represent the mean ± the 

standard error of the mean of multiple experiments 
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Figure: 9 GAPDH mRNA knock-down after siRNA transfection. U-87 cells transiently 

transfected with the GAPDH siRNA showed >95% K/D in GAPDH mRNA compared to 

either wild type (WT), untransfected cells or non-targeting, scrambled siRNA transfected, 

(negative control) cells. Cells transfected with the PDGFRβ siRNA (PDGFRBeta) showed no 

K/D in GAPDH mRNA when compared to negative control cells. Results represent the mean 

± the standard error of the mean of multiple experiments 
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Figure: 10 Transient PDGFRββββ siRNA transfection in U-87 cells failed to 

knock-down PDGFRββββ mRNA. U-87 cells transiently transfected with the PDGFRβ 

siRNA failed to show K/D in PDGFRβ mRNA expression. U-87 cells transiently transfected 

with the GAPDH-targeting siRNA showed 50% and 30% K/D in PDGFRβ mRNA 

expression when compared to wild type (WT), untransfected (yellow bar) or negative control, 

scrambled siRNA transfected cells (light blue bar), respectively. Cells transiently tansfected 

with a negative control siRNA (dark red bar, 2nd from left) showed a 30% K/D in PDGFRβ 

mRNA expression compared to WT, un-transfected cells. Results represent the mean ± the 

standard error of the mean of multiple experiments.  
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Figure: 11 Successful GAPDH mRNA knock-down after transient GAPDH 

siRNA in Daoy cells. Daoy cells transiently transfected with a GAPDH-targeting siRNA 

showed >95% K/D in GAPDH mRNA expression when compared to either untransfected 

(red bar, 2nd from left) or negative control, scrambled siRNA transfected (yellow bar, 3rd from 

left) cells. PDGFRβ siRNA transfected cells with oligos 4, 5 and 6 exhibited similar GAPDH 

mRNA expression compared to negative control, scrambled siRNA transfected cells. Results 

represent the mean ± the standard error of the mean of multiple experiments. 
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Figure: 12 Off-target effects of transient siRNA transfection. Daoy cells transfected 

with a GAPDH-targeting siRNA showed no K/D in PDGFRβ mRNA expression when 

compared to negative control, scrambled siRNA transfected cells (pink bar, 2nd from left) but 

when compared to WT (yellow bar), untransfected cells exhibited ~80% K/D in PDGFRβ 

mRNA. Negative control, scrambled siRNA transfected cells showed ~80% K/D in 

PDGFRβ mRNA expression (light blue bar, 4th from left) compared to WT, untransfected 

cells.  Of the three siRNAs tested, PDGFRββββ siRNA#6 showed 85% knock-down in 

PDGFRβ mRNA expression (dark blue bar, 7th from left) compared to WT, untransfected 

cells, but compared to negative control siRNA cells only 35% K/D was observed (pink bar, 

last from left). PDGFRββββ siRNA#4 showed over-expression in PDGFRβ mRNA expression 

(dark pink bar, 5th from left) compared to WT, untransfected or negative control, scrambled 

siRNA transfected cells (blue bar, 8th from left). PDGFRββββ siRNA#5 showed 40% K/D in 

PDGFRβ mRNA expression (orange bar) compared to WT, untransfected cells but showed 

over-expression of the PDGFRβ mRNA when compared to the negative control, scrambled 

siRNA transfected cells (navy blue bar, 2nd last from left). Results are representative of one 

experiment.  
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C h a p t e r  5  R e s u l t s  

 Imatinib treatment compared to siRNA silencing of PDGFRβ in Medulloblastoma 

cells 

Imatinib treatment for 1 hr in metastatic medulloblasatoma cell lines lead to a statistically 

significant decrease in cellular migration and proliferation.  Imatinib treated Daoy, but not 

D556 cells showed a significant increase in cellular apoptosis compared to un-treated controls 

that received vehicle. On the protein expression level, Imatinib treatment for one hour 

inhibited the PDGF–BB induced PDGFRβ, Akt and Erk1/2 phosphorylation and enhanced 

PTEN phosphorylation at clinically relevant concentrations.  Furthermore, 1 hr Imatinib 

treatment led to a concentration-dependent inhibition in the PDGF-BB induced EGFR 

transactivation, while EGF-induced EGFR activation was unaffected. 

 

Imatinib inhibits PDGFRββββ activation and signal transduction in medulloblastoma 

cells. 

One hour Imatinib treatment of serum-deprived Daoy and D556 human medulloblastoma 

cells stimulated with PDGF-BB resulted in a concentration-dependent inhibition of PDGFRβ 

phosphorylation compared to untreated control cells stimulated with PDGF-BB (Fig. 13a).  

PDGFRβ phosphorylation was completely abolished between 0.8-1 uM of Imatinib. In a time-

course study, we found that a single dose of Imatinib (1 uM) inhibited PDGF-mediated 

receptor phosphorylation for 144 hr after treatment (data not shown). Likewise, downstream 

activation of Akt and Erk1/2 by PDGF-BB induced activation of PDGFRβ was 

concomitantly inhibited by Imatinib treatment (Fig. 13a) for as long as 72 hr after a single 1 

uM dose (Fig. 13b). However, activation of these downstream effectors could not be 
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abolished at the clinically relevant concentration, suggesting that Akt and Erk1/2 activation is 

growth factor independent in these cells (Fig: 13a, blot and b). A gradual increase in Akt and 

Erk1/2 activation was observed over time (by 96 hr) in Daoy cells treated with Imatinib for 1 

hr and stimulated with PDGF-BB (Fig: 13b). The same effect was also seen in Daoy cells 

treated with Imatinib for 1 hr but not stimulated with PDGF-BB. An analysis of variance 

(ANOVA) test showed a statistically significant increase in Akt (P = 0.000) and Erk1/2 (P = 

0.001) activation from 24 hr to 96 hr after a single dose of Imatinib treatment with or with out 

PDGF-BB stimulation. We postulate this PDGF-BB independent increase in Akt and Erk1/2 

activation to be a result of autocrine loop enhancement in the cells after Imatinib treatment. 

However, further experimentation is required to confirm this hypothesis. Significant inhibition 

of PDGFRβ phosphorylation was also observed in Daoy, but not D556 medulloblastoma cells 

grown in 10% serum, stimulated with 10 ng/ml PDGF-BB (Fig. 13c). Daoy and D556 cells 

treated with 1 uM Imatinib for 1 hr showed no significant difference in total protein or GTP-

Ras expression compared to untreated PDGF-BB stimulated control cells, indicating that the 

observed inhibitory effects of Imatinib on Akt and Mek-Erk activation are independent of Ras 

(Fig. 13d). 

 

PDGFR activity maintains low PTEN expression in medulloblastoma cells. 

PTEN is a tumour suppressor and negative regulator of PI3K activation of Akt (46). We found 

that PTEN is overexpressed in Daoy, relative to D556 cells and that Daoy, and to a lesser 

degree D556 cells exhibit a decrease, although not statistically significant, in PTEN protein 

expression and phosphorylation following stimulation with PDGF-BB compared to 

unstimulated control cells. To determine whether PDGFRβ activation is directly responsible 

for this effect on PTEN, we examined PTEN expression and phosphorylation after increasing 
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concentrations of Imatinib treatment for 1 hr. Imatinib treatment and inhibition of PDGFRβ 

activity maintained PTEN expression and phosphorylation, compared to un-treated cells. This 

indicates that PDGFRβ regulates PTEN status in medulloblastoma cells and that Imatinib can 

effectively block this regulation (Fig. 14). Since the effect is rapid, observed within 1 hr of 

Imatinib treatment, it is possible that PDGFR regulates PTEN levels by controlling 

degradation of PTEN.  

 

Imatinib inhibits PDGF-mediated EGFR transactivation in medulloblastoma cells. 

In a previous study, Saito et al. showed that the epidermal growth factor receptor (EGFR) can 

be transactivated by PDGF stimulation in rat aortic vascular smooth muscle cells and that 

EGFR transactivation is necessary for PDGF-mediated migration of these cells (86). To test 

whether PDGF can similarly transactivate EGFR in medulloblastoma cells, we treated Daoy 

and D556 medulloblastoma cells with PDGF-BB and probed for phospho-EGFR.  We found 

that PDGF-BB stimulation significantly transactivated EGFR in these cells. In the study by 

Saito et al., it was concluded that PDGFRβ tyrosine kinase activity was not required for EGFR 

transactivation. This was concluded because blockage of PDGFRβ phosphorylation by the 

tyrphostin (Tyrosine Phosphorylation inhibitor) AG1295, a selective inhibitor of PDGF-

receptor, did not effect PDGF-mediated EGFR activation, but instead disrupted the PDGFR-

EGFR formed heterodimers. Surprisingly, we show that 1 hr Imatinib treatment of Daoy and 

D556 cells completely abolished the PDGF-BB-induced EGFR transactivation compared to 

untreated PDGF-stimulated control cells (Fig. 15a). 

 

To determine whether Imatinib treatment was potentially disrupting formed PDGFR-EGFR 

heterodimerization, Imatinib-treated cells were stimulated with PDGF-BB, cross-linked, lysed 
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and PDGFRβ co-immunoprecipitated with EGFR. We show that PDGFRβ-EGFR 

heterodimerization exists in Daoy un-stimulated cells which increases with PDGF-BB 

stimulation, and that this PDGF-mediated heterodimer association is abolished after Imatinib 

(1 uM) treatment for 1 hr, suggesting that PDGFR autophosphorylation is necessary for 

heterodimerization with EGFR in medulloblastoma cells (Fig. 15b).  To verify that Imatinib 

was not directly impacting EGFR activation, cells were treated for 1 hr with Imatinib (1 uM) 

and stimulated with EGF.  However, we show that Imatinib treatment did not inhibit EGF-

induced EGFR activation, confirming the specificity of Imatinib to PDGFR and suggesting 

that EGFR activation is through PDGFRβ-mediated transactivation of EGFR (Fig. 15c and 

d).   

 

siRNA to PDGFRββββ inhibits PDGF-mediated signal transduction in medulloblastoma 

cells. 

To validate that the effects observed following Imatinib treatment were directly attributable to 

PDGFRβ inhibition rather than to off-target drug effects or inhibition of Kit, another specific 

target of Imatinib, Daoy and D556 cells were transfected with siRNA specifically targeting 

PDGFRβ.  Transfectants showed statistically significant K/D in total PDGFRβ protein 

expression compared to cells transfected with a negative control, scrambled siRNA (N) and 

similar to Imatinib-treated cells demonstrated complete inhibition of PDGFRβ activation (fig. 

16a). PDGFRβ K/D was more effective in the Daoy cells compared to the D556 cells, which 

endogenously express higher levels of PDGFRβ relative to Daoy cells (Fig. 16a). Daoy cells 

with PDGFRβ K/D stimulated with PDGF-BB, showed concomitant decrease in PI3K (Fig. 

16b), Akt and Erk1/2 (Fig. 16c) activation at 48 and 72 hr after transfection, yet similar to 
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Imatinib treatment the activation of Akt and Erk1/2 could not be abolished. In siRNA treated 

D556 cells, which exhibited less PDGFRβ K/D, Akt and Erk1/2 activation was unaffected 

(Fig. 16ciii), indicating the siRNA effects appear to be specific and PDGFRβ dose-

dependent. A time-course study showed a statistically significant increase in PDGF-BB 

induced Akt (Fig. 16civ) and Erk1/2 (Fig. 16cv) activation in the K/D cells from 48 hr to 96 

hr, as determined using an ANOVA measure. Total Ras (Fig. 16di) and GTP-Ras (Fig. 16dii) 

expression in Daoy and D556 cells, although slightly decreased, was not statistically significant 

(P >0.05) after siRNA treatment compared to cells transfected with a negative control siRNA, 

indicating that stability of the Ras system is not greatly dependent on the presence of an intact 

PDGFRβ or its activation since Imatinib treatment did not alter Ras expression either.  

 

PDGFRββββ siRNA silencing increases total expression and activation of PTEN, but 

inhibits EGFR transactivation in medulloblastoma cells. 

PDGFRβ siRNA knock-down (K/D) in Daoy (Fig. 17a), but not D556 cells, rescued the 

expression and activation of PTEN compared to cells transfected with negative control 

siRNA, similar to the changes exhibited following Imatinib treatment. This suggests that 

PDGFRβ controls the expression level and activation of PTEN in Daoy cells. Densitometric 

analysis revealed a statistically significant decrease in PTEN expression and phosphorylation in 

negative control siRNA transfected Daoy cells after PDGF-BB stimulation (Fig. 17a), 

compared to Daoy cells transfected with a PDGFRβ siRNA. Furthermore, densitometric 

analysis revealed a statistically significant increase in total (Fig. 17bi) and phosphorylated (Fig. 

17bii) PTEN expression in Daoy cells with PDGFRβ K/D, after PDGF-BB stimulation, 

compared to negative control siRNA transfected cells, after PDGF-BB stimulation. In 
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addition, PDGFRβ K/D in Daoy cells demonstrated no change in EGF-induced EGFR 

activation, but exhibited a statistically significant reduction in PDGF-BB mediated 

transactivation of EGFR, compared to cells transfected with a negative control siRNA (Fig. 

17c and d).  

 

Imatinib inhibits medulloblastoma cell migration and invasion.  

To determine whether Imatinib inhibition of PDGFRβ affects medulloblastoma early cell 

migration, we used a haptotaxis cell migration chamber. In this assay Daoy and D556 cell 

migration across a fibronectin coated membrane with and without Imatinib treatment was 

determined. Cell migration after 4 hr incubation towards 10 ng/ml PDGF-BB was significantly 

decreased (P = 0.05) in Imatinib treated Daoy cells compared to un-treated controls. D556 

cells exhibited a decrease in cell migration that did not reach statistical significance (P = 0.06) 

(Fig. 18a) 

 

We further used an in vitro ‘wound healing assay’ to determine the effect of Imatinib treatment 

on the migration of Daoy and D556 cells over a longer time interval in the presence of 10 

ng/ml PDGF-BB or full-serum. Imatinib treatment resulted in a significant decrease in 

PDGF-BB mediated migration of both Daoy (P = 0.005) and D556 (P = 0.01) cells as 

assessed by their movement into and closure of the ‘wound’ 24 hr after wound induction, 

compared to un-treated controls (Fig. 18b). More importantly was the significant decrease in 

migration of Imatinib treated Daoy (P = 0.005) and D556 (P = 0.004) cells cultured in full-

serum conditions compared to un-treated controls (Fig. 18c). Cell invasion, as assessed by cell 

movement across an ECMatrix-coated membrane was significantly inhibited in Imatinib 
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treated Daoy (P = 0.0001) and D556 (P = 0.0001) cells compared to un-treated controls (Fig. 

18d). 

 

PDGFRβ knock-down inhibits F-actin re-organization 

PDGFRβ K/D in Daoy and D556 cells with siRNA transfection also statistically significantly 

(P < 0.0005) inhibited the PDGF-BB induced cell migration (Fig. 19a). To determine whether 

this effect was due to inhibition in F-actin re-organization, a critical initial step required for 

cellular protrusion and migration, we stained for F-actin in the PDGFRβ K/D and negative 

control (N) siRNA transfected cells. PDGF-BB mediated F-actin re-organization was ablated 

in Daoy and D556 cells compared to negative control siRNA transfected cells (Fig. 19b).   

 

Imatinib does not induce apoptosis in medulloblastoma cells until 72 hr after 

treatment. 

To determine whether the observed inhibitory effect of Imatinib treatment on 

medulloblastoma cell migration at 4 and 24 hr was due in part to an effect on survival, Daoy 

and D556 cells were serum-deprived for 24 hr and then treated with Imatinib (1 uM) and 

analyzed for apoptosis by Annexin-V and 7-AAD immunostaining at 24, 48 and 72 hr after 

treatment. Imatinib treatment induced a significant increase in baseline apoptosis only at 72 hr 

in Daoy cells compared to untreated control cells (28% and 12%, respectively; P < 0.05). Daoy 

cells showed no significant increase in apoptosis at 24 and 48 hr following Imatinib treatment 

and D556 cells did not exhibit a significant increase in cell apoptosis at any time point 

compared to untreated control cells (Fig. 20a).  
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To determine whether early cell apoptosis via caspase-3 cleavage was occurring in our model, 

Imatinib treated cells were lysed at 24 and 48 hr after treatment and analyzed for caspase-3 

activity compared to un-treated controls. There was no detectable caspase-3 activity in either 

Daoy or D556 cell lysates at 24 and 48 hr after Imatinib treatment (Fig. 27b), indicating that 

in Daoy cells, PDGFRβ inhibition-mediated apoptosis is via a caspase-3 independent 

mechanism. PDGFRβ K/D similarly resulted in a significant increase in Daoy cell apoptosis at 

48 hr following transfection compared to cells transfected with negative control siRNA (45% 

and 20%, respectively; P = 0.002), while D556 cells did not exhibit a significant increase in cell 

apoptosis at 48 hr after PDGFRβ K/D by siRNA transfection (Fig. 20b).  Together, these 

experiments suggest that Imatinib’s effect on medulloblastoma cell migration is not due to 

induction of cell death and indicate that PDGFRβ kinase activity is not critical for maintaining 

survival in all medulloblastoma cell types, but is critical for promoting migration and invasion.  

   
Imatinib inhibits late, but not early, proliferation of medulloblastoma cells.  

To assess whether the effect of Imatinib treatment on medulloblastoma cell migration was in 

part due to its inhibition of cell proliferation, cell counts and Ki-67 staining of Daoy and D556 

Imatinib-treated cells were compared to un-treated control cells at 24, 48 and 72 hr after 

Imatinib treatment. Imatinib treatment did not induce a significant decrease in proliferation as 

indicated by Ki-67 staining compared to untreated controls in either cell line at 24 and 48 hr 

after Imatinib treatment (data not shown). Likewise, both Daoy and D556 Imatinib-treated 

cells showed a similar rate of proliferation by cell counting as the un-treated control cells at 24 

and 48 hr after Imatinib treatment (Fig. 20c). A significant reduction in cell proliferation as 

measured by cell counting was detected after 72 hr of a single Imatinib treatment compared to 

untreated controls in both Daoy (P = 0.01) and D556 (P = 0.001) cells. 
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SUTENT treatment of medulloblastoma cells 

SUTENT, a RTK inhibitor with greater selectivity to the PDGFRβ and VEGFR compared to 

Imatinib, was used to determine whether Imatinib’s effect is reproducible with a second RTK 

inhibitor. In addition, given that SUTENT is a selective inhibitor of both PDGFR and 

VEGFR, we wanted to determine whether its dual inhibitory capabilities would yield different 

effects on PDGF-BB-mediated signal transduction and subsequent cellular function in 

medulloblastoma cells compared to Imatinib. SUTENT treatment for 1 hr in metastatic 

medulloblasatoma cell lines lead to a significant decrease in cellular migration and proliferation.  

While SUTENT treated Daoy and D556 cells showed a concentration-dependent increase in 

cell death 48 hr after treatment, Annexin-V staining did not show a significant increase in early 

cellular apoptosis compared to un-treated control cells. Similar to Imatinib, SUTENT 

treatment (1 hr) inhibited PDGF–BB-induced PDGFRβ, PI3K, Akt and Erk1/2 

phosphorylation and enhanced PTEN expression and phosphorylation at clinically relevant 

concentration (87).   

Furthermore, SUTENT treatment (1 hr) led to a concentration-dependent inhibition in 

PDGF-BB-induced EGFR transactivation, while EGF-induced EGFR activation was 

unaffected. Very minimal protein expression of VEGFR2 was detected in both Daoy and 

D556 cells relative to PDGFRβ and EGFR protein expression.  Therefore, the selectivity of 

SUTENT to VEGFR inhibition is not expected to induce VEGFR2-dependent alterations in 

Daoy and D556 cells.  
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SUTENT inhibits PDGFRβ activation and signal transduction in medulloblastoma 

cells 

One hour SUTENT treatment of serum-deprived Daoy and D556 human medulloblastoma 

cells stimulated with PDGF-BB resulted in a concentration-dependent inhibition of PDGFRβ 

phosphorylation compared to untreated control cells stimulated with PDGF-BB (Fig. 21ai 

and ii).  PDGFRβ phosphorylation was completely abolished between 0.4 -1 uM of 

SUTENT. In a time-course study, we found that a single dose of SUTENT (0.2 uM) inhibited 

PDGF-BB-mediated receptor phosphorylation for 96 hr after treatment. (Fig. 21aiii). Signal 

transduction downstream of the receptor was also inhibited in SUTENT treated Daoy and 

D556 cells for as long as 48 hr after a single 0.2 uM dose. (Fig. 21b and c). Daoy and D556 

cells treated with 0.2 uM SUTENT for 1hr showed no significant difference in total protein or 

active RAS protein expression compared to untreated PDGF-stimulated control cells, 

indicating that the observed inhibitory effects of SUTENT on PI3K-Akt and Mek-Erk 

activation are independent of Ras (Fig. 21d). Significant inhibition of PDGFRβ and EGFR 

phosphorylation was also observed in medulloblastoma cells grown in 10% serum stimulated 

with PDGF-BB (10 ng/ml) (Fig. 21e).  Likewise, downstream activation of Akt and Erk1/2 

by PDGF-BB-induced activation of PDGFRβ was concomitantly inhibited by SUTENT 

treatment in full-serum. However, as seen with Imatinib treatment, activation of these 

downstream effectors could not be completely abolished, suggesting that Akt and Erk1/2 

activation is growth-factor independent in these cells (Fig. 21e). 

 

PDGFR activity maintains low PTEN expression in medulloblastoma cells. 

To determine whether Imatinib’s effect on PTEN expression as a result of PDGFRβ 

inhibition is drug-specific or reproducible with SUTENT, we examined PTEN expression and 
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phosphorylation after 0.2 uM SUTENT treatment for 1 hr in Daoy cells. We found that 

SUTENT treatment and inhibition of PDGFRβ activity resulted in increased PTEN 

expression and phosphorylation, compared to un-treated cells. This indicates that PDGFRβ 

may play a role in regulating the level of PTEN in medulloblastoma cells and that like 

Imatinib, SUTENT can effectively block PDGFRβ-mediated down-regulation of PTEN (Fig. 

22).  

 

SUTENT inhibits PDGF-mediated EGFR transactivation in medulloblastoma cells. 

We show that 1 hr 0.2 uM SUTENT treatment of Daoy and D556 cells completely abolished 

the PDGF-BB induced EGFR transactivation compared to untreated PDGF-stimulated 

control cells (Fig. 23a). To verify that SUTENT was not directly impacting EGFR activation, 

cells were treated for one hour with SUTENT (0.2 uM) and stimulated with EGF.  We show 

that SUTENT treatment did not inhibit EGF-induced EGFR phosphorylation, confirming the 

specificity of SUTENT to PDGFR and that its effect on EGFR activation is through 

PDGFRβ-mediated transactivation of EGFR (Fig. 21b and c). 

 

Imatinib, but not SUTENT treatment combined with siRNA silencing results in more 

potent inhibition of signal transduction and Daoy cell migration. 

Daoy cells transfected with PDGFRβ siRNA then treated with Imatinib for 1 hr showed a 

greater reduction in phosphorylated Erk1/2 and a greater increase in phosphorylated PTEN 

after PDGF-BB stimulation (Fig. 24a).  This was not the case for D556 cells treated with 

Imatinib or for both Daoy and D556 cells treated with SUTENT for 1 hr. There was a greater 

inhibition in cell migration when siRNA silencing of the receptor was combined with Imatinib 
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chemical inhibition in Daoy, but not D556 cells, compared to administering either treatment 

alone (Fig. 24b).  

 

SUTENT inhibits medulloblastoma cell migration and invasion.  

To determine whether SUTENT inhibition of PDGFRβ affects medulloblastoma early cell 

migration, we used a haptotaxis cell migration chamber.  Daoy and D556 cell migration across 

a fibronectin-coated membrane with and without SUTENT treatment was determined. Cell 

migration after 4 hr incubation towards 10 ng/ml PDGF-BB was significantly decreased (P < 

0.05) in SUTENT treated Daoy and D556 cells compared to un-treated controls (Fig. 25a). 

 

We further used an in vitro ‘wound healing assay’ to determine the effect of SUTENT 

treatment on the migration of Daoy and D556 cells over a longer time interval in the presence 

of 10 ng/ml PDGF-BB or full-serum. SUTENT treatment resulted in a significant decrease in 

PDGF-BB mediated migration of both Daoy and D556 (P < 0.005) cells as assessed by their 

movement into, and closure of, the ‘wound’ 24 hr after wound induction, compared to un-

treated controls (Fig. 25b). More importantly, a significant decrease in the migration of 

SUTENT treated Daoy and D556 (P < 0.005) cells cultured in full-serum conditions 

compared to un-treated control cells was observed (Fig. 25c).  

 

In addition, cell invasion was significantly decreased in SUTENT treated Daoy (P = 0.001) and 

D556 (P = 0.001) cells compared to un-treated controls (Fig. 26a). To determine whether F-

actin re-organization that is an essential requirement for cells to migrate, is altered in 

medulloblastoma cells after 1hr SUTENT treatment, we stimulated D556 (Fig. 26b) and 

Daoy  (Fig. 26c) SUTENT-treated or un-treated control cells with 10 ng/ml PDGF-BB for 8 
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mins, and then labeled them with an immunoflourescent F-actin antibody.  Using the Texas 

red filter of a fluorescent microscope to detect the F-actin in our cells, we found that 1 hr 

SUTENT treatment abolished the PDGF-BB induced F-actin re-organization in Daoy and 

D556 cells compared to un-treated controls.  

 

SUTENT does not induce early apoptosis in medulloblastoma cells. 

To determine whether the observed inhibitory effect of SUTENT treatment on 

medulloblastoma cell migration at 4 and 24 hr and on cell invasion at 48 hr was due in part to 

an effect on survival, Daoy and D556 cells were serum-deprived for 24 hr and then treated 

with SUTENT (0.2 uM) and analyzed for early apoptosis by Annexin-V at 24, 48 and 72 hr 

after treatment. SUTENT treatment did not induce a significant increase in baseline apoptosis 

at any time-point after SUTENT treatment in neither Daoy nor D556 cells compared to 

untreated control cells (P > 0.05) (data not shown).  However, a dose-dependent increase in 

D556 cell death, as determined visually, by rounded up and floating cells 48 hr after increasing 

doses of SUTENT treatment was observed (Fig. 27a).  Caspase-3 activity in Daoy and D556 

cells treated with either Imatinib (1 uM) or SUTENT (0.2 uM) was un-detectable 24 or 48 hr 

after drug treatment (Fig. 27b).  Together, these experiments confirm that SUTENT’s early 

effect on medulloblastoma cell migration was not due to induction of cell death and suggest 

that PDGFRβ kinase activity was not critical for maintaining short-term survival in all 

medulloblastoma cell types.  

 

SUTENT inhibits late, but not early, proliferation of medulloblastoma cells.  

To determine whether the effect of SUTENT treatment on medulloblastoma cell migration 

was in part due to its inhibition of cell proliferation, Daoy and D556 SUTENT-treated cell 
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counts were compared to untreated control cells at 24, 48, and 72 hr after SUTENT treatment. 

Similar to Imatinib treatment, both Daoy and D556 SUTENT-treated cells showed a similar 

rate of proliferation by cell counting as the un-treated controls at 24 hr after SUTENT 

treatment, however, 48 and 72 hr after SUTENT treatment, D556, but not Daoy cells 

exhibited significant (P < 0.05) reduction in cell number compared to un-treated controls 

(Fig. 27c). There was no significant reduction in cell proliferation as measured by cell count in 

Daoy cells at 24, 48 or 72 hr after SUTENT treatment compared to untreated controls (P < 

0.05). 

 

SUTENT mediated cellular responses in medulloblastoma cells is independent of 

VEGFR inhibition 

Western blot analysis of Daoy and D556 whole cell lysates revealed very minimal protein 

expression of VEGFR2 (the major VEGFR target for SUTENT) relative to the expression of 

PDGFRβ and EGFR (Fig. 28).  Therefore, the VEGFR selectivity of SUTENT plays a 

biologically insignificant role, on our medulloblastoma cells. It is primarily through the 

inhibition of PDGFR, that SUTENT affects cellular migration and invasion in our model.  

 

SUTENT and Imatinib treatment disrupts colony formation in medulloblastoma cells. 

The number of colonies formed 7 days after cell seeding in D556 un-treated cells was 

significantly greater than cells treated with Imatinib (P < 0.05), but not in cells treated with 

SUTENT (P > 0.05) (Fig. 29a). The number of colonies formed 7 days after cell seeding was 

significantly greater (P < 0.05) in Daoy un-treated cells compared to cells treated with either 

Imatinib or SUTENT (Fig. 29b).  
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Figure: 13 Imatinib inhibits medulloblastoma cell Akt and Erk1/2 

activation in a Ras-independent manner. A i, ii, and iii, Imatinib treatment (1 hr) 

in Daoy and D556 cells significantly (P < 0.0005) reduced PDGFRβ activation  for 144 hr 

(data not shown) and activation of the downstream signal transduction targets Akt and 

Erk1/2 in a concentration-dependent manner (A i and iv) for 72 hr (P < 0.005) compared to 

un-treated controls (B i and ii). C i, PDGFRβ activation was also inhibited after 1 hr Imatinib 

treatment (1 uM) more so in Daoy, compared to D556 cells (C ii) grown in full-serum. Akt 

and Erk1/2 activation was un-affected by 1 hr Imatinib treatment (1 uM) in Daoy and D556 

cells grown in full-serum (data not shown). D i, the inhibitory effect of Imatinib on 

PDGFRβ, Akt and Erk1/2, in serum-deprived cells, was independent of Ras expression and 

activation (D ii) as both were unaltered after Imatinib treatment in Daoy and D556 cells. 

Results represent the mean ± the standard error of the mean of multiple experiments. # 

Indicates statistically significant increase in PDGFRβ, Akt and Erk1/2 phosphorylation in un-

treated, PDGF-BB stimulated cells, compared to un-treated, non-stimulated cells. * Indicates 

statistically significant inhibition in PDGF-BB mediated PDGFRβ, Akt, and Erk1/2 

phosphorylation in Imatinib-treated cells, compared to un-treated controls.  
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A) One hour effect of Imatinib treatment on PDGF-BB induced PDGFRβ, Akt and 

Erk1/2 activation. 

   

i) Western blot representation of PDGF-BB mediated PDGFRβ, Akt and Erk1/2 

activation in Daoy cells treated with increasing concentrations of Imatinib, compared 

to un-treated controls (indicated by ‘0’). 
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ii) Densitometric analysis of Western blot bands of PDGF-BB induced phosphorylated 

PDGFRβ (striped bars) in Daoy cells treated with increasing concentrations of Imatinib (red 

bars) compared to un-treated controls (blue bars).                                                                                         

0

2

4

6

8

10

12

14

16
F

o
ld

 c
h

a
n

g
e

 
 
iii) Densitometric analysis of Western blot bands of PDGF-BB induced phosphorylated 

PDGFRβ (striped bars) in D556 cells treated with increasing concentrations of Imatinib (red 

bars) compared to un-treated controls (blue bars).  
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iv) Densitometric analysis of Western blot bands of PDGF-BB induced phosphorylated Akt 

(striped bars on left) and phosphorylated Erk1/2 (striped bars on right) in Daoy cells treated 

with Imatinib (red bars) compared to un-treated controls (blue bars). 
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B) Time-course effect of Imatinib on Akt (i) and Erk1/2  (ii) activation in Daoy 
cells  
 

i) An ANOVA test revealed a statistically significant increase in Akt phosphorylation 

(P = 0.000) from 24 hr to 96 hr in Imatinib-treated cells regardless of PDGF-BB 

stimulation indicated by #.  
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ii) An ANOVA test revealed a statistically significant increase in Erk1/2 

phosphorylation (P = 0.001) from 24 hr to 96 hr in Imatinib-treated cells regardless of 

PDGF-BB stimulation indicated by #.  
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C) Phophorylated PDGFRββββ in Daoy (i) and D556 (ii) cells cultured in full-serum 
conditions 
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  D) Ras expression (i) and activation (ii) after Imatinib treatment (1 hr)       
 
 

i) 
 

                                         
                  

                                                       

                                                       
 
 

 
 

ii) Densitometric analysis of Western blot bands of PDGF-BB induced GTP-Ras 

(striped bars) in Daoy (left) and D556 (right) cells treated with Imatinib (red bars) 

compared to un-treated controls (blue bars). * Indicates statistically significant 

induction of GTP-Ras in PDGF-BB stimulated, compared to un-stimulated cells 

regardless of Imatinib treatment. 
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Figure: 14 Imatinib treatment increases PTEN expression and activity in 

Daoy medulloblastoma cells stimulated with PDGF-BB. Total (A) and 

phosphorylated (B) PTEN expression was potently increased in Daoy cells treated with 1 uM 

Imatinib for 1 hr, then stimulated with PDGF-BB, compared to un-treated, PDGF-BB 

stimulated controls. Densitometric analysis of the Western blot bands revealed a significant (P 

< 0.05) increase in total (C) and phosphorylated (D) PTEN expression in Daoy cells 

compared to un-treated controls. Results represent the mean ± the standard error of the mean 

of multiple experiments. * Indicates statistically significant increase in total and 

phosphorylated PTEN in Daoy Imatinib-treated, PDGF-BB stimulated cells (red, striped bars) 

compared to un-treated, PDGF-BB stimulated Daoy cells (blue, striped bars). 

 



 86 

 

 

 

A) 

 

 

 

 

 

                                     B) 

 

 

 

 

 

 

 

 -          +         -         +     PDGF-BB (10 ng/ml) 
 
 0         0        1         1      Imatinib (uM) 

  -         +       -        +      PDGF-BB (10 ng/ml) 

 
  0        0       1        1      Imatinib (uM) 

 65kd                                 
                                                        
                                                       PTEN 
50kd                                                  
 
 
 
 38kd                                             GAPDH 
 
 25kd     

 65kd                                 
                                                       
                                                     p-PTEN 
50kd                                                  
 
 
 38kd                                            GAPDH 
 
 25kd 



 87 

C)                                                              
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Figure: 15 Imatinib abolishes the PDGF-BB mediated EGFR trans-

activation in medulloblastoma cells. A, Imatinib treatment (1 hr) of 

medulloblastoma Daoy (A) and D556 (not shown) cells does not alter the EGF-mediated 

EGFR activation compared to un-treated controls, but abolishes the PDGF-BB mediated 

EGFR transactivation in Daoy (blot) and D556 (not shown) cells. B, Imatinib treatment in 

Daoy cells abolishes the PDGFRβ-EGFR association as detected by co-immunoprecipitation 

and C, significantly reduces (P < 0.0005) the PDGF-BB mediated EGFR transactivation in 

Daoy and D, D556 cells compared to un-treated controls. * Indicates statistically significant 

PDGF-BB mediated induction of EGFR transactivation. # Indicates statistically significant 

inhibition in the PDGF-BB mediated induction of EGFR transactivation after Imatinib 

treatment, compared to un-treated controls. + Indicates statistically significant EGF mediated 

induction of EGFR activation, compared to non-EGF stimulated cells, regardless of Imatinib 

treatment. Results represent the mean ± the standard error of the mean of multiple 

experiments.  
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C) EGFR activation in Daoy cells treated with 1 uM Imatinib (red bars) for 1 hr, 

compared to un-treated controls (blue bars) then stimulated with either PDGF-

BB (striped bars) or EGF (checkered bars). 
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 D) EGFR activation in D556 cells treated with 1 uM Imatinib (red bars) for 1 

hr, compared to un-treated controls (blue bars) then stimulated with either 

PDGF-BB (striped bars) or EGF (checkered bars).  
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Figure: 16 Downregulation of PDGFRββββ by siRNA silencing significantly 

reduces Akt and Erk1/2 activation in a Ras-independent manner in 

medulloblastoma cell lines. A, PDGFRβ silencing with transient siRNA 

oligonecleotide transfection (indicated with K/D) showed significant reduction in PDGFRβ 

expression (P < 0.05) and activation (P < 0.005) in Daoy and D556 cells for 96 hr; B, a 

significant reduction in PI3K (P < 0.05), C, Akt and Erk1/2 (P < 0.005) activation in Daoy, 

but not D556 (P > 0.05) cells for 48 hr, D, in a Ras-independent manner (P > 0.05), compared 

to negative control cells transfected with a scrambled siRNA, indicated with a ‘N’, or cells 

exposed to transfection reagent only, indicated with ‘N2’ . Results represent the mean ± the 

standard error of the mean of multiple experiments.  
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   A) PDGFRββββ protein expression and activation in Daoy cells 48, 72 and 96 hr after  

   siRNA transfection 
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PDGFRββββ protein expression and activation in D556 cells 48 hr after siRNA 

transfection. 

     
 
 
 

 

 

 

 

 

 

PDGFRββββ protein activation in Daoy (left) and D556 (right) cells 48 hr after siRNA 

transfection. # Indicates a statistically significant increase in PDGF-BB induced PDGFRβ 

activation (blue, striped bars), compared to un-stimulated cells (blue, solid bars). * Indicates a 

statistically significant decrease in PDGF-BB induced PDGFRβ activation in PDGFRβ K/D 

cells (pink, striped bars), compared to negative control (N) siRNA transfected cells (blue, 

striped bars). 
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B) PI3K activation in Daoy (left) and D556 (right) cells 48 hr after siRNA transfection  
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PI3K activation in Daoy cells 48, 72 and 96 hr after siRNA transfection. An 

ANOVA test revealed a statistically significant reduction (indicated by #) in PDGF-

BB induced PI3K phosphorylation in the negative control (N) siRNA transfected cells 

(blue, striped bars) from 48 hr to 96 hr, possibly explaining the loss of significant 

inhibition in PDGF-BB induced PI3K phosphorylation in the K/D cells (pink, striped 

bars) 96 hr after PDGFRβ siRNA transfection, compared to negative control siRNA 

transfected cells. 
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C) Akt and Erk1/2 activation in Daoy cells 48 hr after siRNA transfection 

  i) Western blot representation of Akt and Erk1/2 activation  
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ii) Densitometric analysis of Akt and Erk1/2 activation in Daoy cells 48 hr after siRNA 

transfection. * Indicates statistically significant decrease in PDGF-BB induced Akt and 

Erk1/2 activation in PDGFRβ K/D cells (pink, striped bars), compared to negative control 

(N) siRNA transfected cells (blue, striped bars). # Indicates statistically significant increase in 

PDGF-BB induced Akt and Erk1/2 activation in N siRNA cells, compared to un-stimulated 

N siRNA cells (blue, solid bars). 
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iii) Akt and Erk1/2 activation in D556 cells 48 hr after siRNA transfection. * Indicates 

statistically significant increase in PDGF-BB induced Akt and Erk1/2 activation in negative 

control (N) siRNA transfected cells (blue, striped bars), compared to un-stimulated N siRNA 

cells (blue, solid bars) and in K/D siRNA cells (pink, striped bars), compared to un-stimulated 

K/D siRNA cells (pink, solid bars) 
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Akt (iv) and Erk1/2 (v) activation in Daoy cells 48, 72 and 96 hr after siRNA 

transfection 

  

iv) An ANOVA test revealed a statistically significant increase (P = 0.0001) in PDGF-BB 

induced Akt activation in K/D siRNA cells (pink, striped bars) from 48 hr to 96 hr, 

indicated by #. * Indicates a statistically significant inhibition in PDGF-BB induced Akt 

activation in K/D siRNA cells (pink, striped bars), compared to negative control (N) 

siRNA transfected cells (blue, striped bars) for 72 hr after siRNA K/D. 
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v) An ANOVA test revealed a statistically significant increase (P = 0.001) in PDGF-BB 

induced Erk1/2 activation in PDGFRβ K/D siRNA cells (pink, striped bars) from 48 hr 

to 96 hr, indicated by #. * Indicates a statistically significant inhibition in PDGF-BB 

induced Erk1/2 activation in K/D siRNA cells (pink, striped bars), compared to negative 

control (N) siRNA transfected cells (blue, striped bars) for 72 hr after siRNA K/D. 
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D) GTP-Ras protein expression in Daoy cells 48 hr after siRNA transfection 

                 i)                                                        
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ii) Densitometric analysis of Western blot bands of PDGF-BB induced GTP-Ras (striped 

bars) in Daoy (left) and D556 (right) cells 48 hr after PDGFRβ siRNA transfection. * 

Indicates statistically significant induction of GTP-Ras in PDGF-BB stimulated (striped bars), 

compared to un-stimulated (solid bars) Daoy and D556 cells regardless of PDGFRβ K/D. 

 

0

0.5

1

1.5

2

2.5

3

3.5

F
o

ld
 c

h
a
n

g
e

 

   -      +       -       +             -       +      -       +        PDGF-BB (10 ng/ml) 

   N      N      K/D    K/D            N       N    K/D    K/D       siRNA 

                       

                    GTP-Ras 

          Daoy                       D556  

 

                  *        

             *   *        

           * 



 101 

Figure: 17 Downregulation of PDGFRββββ by siRNA silencing rescues 

PTEN expression and activity in Daoy cells stimulated with PDGF-BB 

and significantly inhibits the PDGF-BB mediated EGFR trans-activation 

in Daoy and D556 medulloblastoma cell. 

A, PDGFRβ silencing with transient siRNA oligonecleotide transfection (K/D) rescued 

PTEN expression and activity in Daoy cells stimulated with PDGF-BB. B, densitometric 

analysis revealed a statistically significant increase in total and phosphorylated PTEN in Daoy 

(P < 0.05) but not D556 cells after PDGFRβ silencing. C, PDGF-BB-mediated EGFR 

transactivation in both Daoy and D556 (not shown) cells was abolished after PDGFRβ 

silencing with transient siRNA, D which densitometric analysis revealed to be statistically 

significant  (P < 0.005) compared to un-treated controls. Results represent the mean ± the 

standard error of the mean of multiple experiments.  
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B) Densitometric analysis of PTEN expression (i) and activation (ii) in Daoy and 
D556 cells 48 hr after siRNA transfection. 

i) * Indicates a statistically significant decrease in PTEN expression in the negative control (N) 

siRNA transfected cells (blue, striped bars), compared to unstimulated, N siRNA cells after 

PDGF-BB stimulation (blue, solid bars). # Indicates a statistically significant increase in PTEN 

expression in the K/D siRNA cells (pink, striped bars), compared to N siRNA cells (blue, 

striped bars). 
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ii) * Indicates a statistically significant decrease in PTEN phosphorylation in the negative 

control (N) siRNA transfected cells (blue, striped bars), compared to unstimulated, N siRNA 

cells after PDGF-BB stimulation (blue, solid bars). # Indicates a statistically significant 

increase in PTEN phosphorylation in the K/D siRNA cells (pink, striped bars), compared to 

N siRNA cells (blue, striped bars). 
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C) Western blot representation of PDGF-BB mediated EGFR transactivation in Daoy 

cells 48hr after siRNA transfection. 
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D) Densitometric analysis of PDGF-BB mediated EGFR transactivation and its 

abolishment in Daoy and D556 cells 48 hr after siRNA transfection. * Indicates a 

statistically significant PDGF-BB mediated induction of EGFR transactivation. # Indicates a 

statistically significant inhibition in the PDGF-BB mediated induction of EGFR 

transactivation after PDGFRβ siRNA K/D, compared to negative control (N) siRNA 

transfected cells. + Indicates a statistically significant EGF mediated induction of EGFR 

activation (checkered bars), compared to non-EGF stimulated cells (solid bars), regardless of 

PDGFRβ K/D. 
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Figure: 18 Imatinib treatment significantly inhibits medulloblastoma cell migration 

and invasion.  A, short-term (4 hr) PDGF-BB mediated cell migration (striped bars) in Daoy 

but not D556 cells across a fibronectin-coated haptotaxis cell migration chamber was 

significantly inhibited (P = 0.05; P = 0.06, respectively) after 1 hr Imatinib treatment (1 uM) 

(red bars) compared to un-treated controls (blue bars). B, long-term (24 hr) PDGF-BB 

mediated cell migration (images and graph) in Daoy and D556 cells after 1 hr Imatinib 

treatment was significantly reduced (P < 0.05) in both cell lines as assessed by the cells’ ability 

to migrate into and close a scratched ‘wound’ 24 hr after ‘wound’ induction compared to un-

treated controls. C, this effect remained statistically significant in Daoy and D556 (P < 0.001) 

cells treated with 1 uM Imatinib under full-serum conditions compared to un-treated controls. 

D, cell invasion as measured using an ECMatrix-coated trans-well cell invasion chamber was 

significantly inhibit in both Daoy (P < 0.0001) and D556 (P < 0.0001) cells after 1 hr Imatinib 

treatment compared to un-treated controls. 
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A) Short-term effect on cell migration across a haptotaxis fibronectin-coated 

migration membrane after Imatinib treatment 
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B) Long-term (24 hr) effect on cell migration in a ‘wound-healing’ assay after 

Imatinib treatment 
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C) Long-term effect on cell migration after Imatinib (red bars) treatment in cells 

grown in 10% serum, compared to untreated controls (blue bars). 
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D) Cell Invasion assessed 48 hr after Imatinib treatment (red bars) in Daoy and D556 

cells, compared to untreated controls (blue bars). 
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Figure: 19 Downregulation of PDGFRββββ by siRNA silencing inhibits 

medulloblastoma cell migration and F-actin re-organization. 

A, PDGFRβ silencing with transient siRNA transfection (K/D) significantly (P < 0.0005) 

inhibited cell migration into a scratched ‘wound’ in Daoy and D556 cells 24 hr after ‘wound’ 

induction compared to cells transfected with a negative (scrambled) control siRNA (N) and B, 

ablated the PDGF-BB mediated F-actin re-organization as indicated by arrows. Arrows point 

to red bands on cell peripheries where lamillipodium is highly concentratedat poles of the 

cytoskeleton) in Daoy and D556 cells compared to negative control cells.  
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B) PDGF-BB stimulation induces F-actin cytoskeletal re-organization in negative control 

siRNA transfected medulloblastoma cells (N siRNA), but not in PDGFRββββ siRNA transfected 

cells (K/D).          PDGF-BB            Un-stimulated                          Stimulated 

                                        

                   N siRNA                                         N siRNA  

                                       

                                                                      K/D                                                  K/D  
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Figure: 20 Imatinib treatment does not significantly increase cell apoptosis and 

inhibit cell proliferation until 72 hr after treatment. A, Imatinib inhibition of PDGFR (red 

bars) lead to a statistically significant increase in cell apoptosis in DAOY (P = 0.006), but not 

D556 cells (P = 0.1) 72 hr after a single 1 uM dose, compared to un-treated controls (blue 

bars). B, siRNA silencing of PDGFRβ (K/D) lead to a statistically significant increase in cell 

apoptosis in DAOY (P = 0.002), but not D556 (P = 0.5) cells 48 hr after K/D compared to 

negative controls (N) siRNA transfected cells. Cell apoptosis was not mediated via the caspase-

3 pathway as there was un-detectable caspase-3 activity in our cells at 24 and 48 hr after 

Imatinib treatment (Fig. 27b). C, Imatinib treatment of Daoy and D556 cells (red lines) 

significantly (P < 0.005) reduced cell proliferation 72 hr after a single 1 uM dose compared to 

un-treated controls (blue lines). * Indicates a statistically significant increase in cell apoptosis 

between treatment groups and un-treated controls. Results represent the mean ± the standard 

error of the mean of multiple experiments.  
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C) Cell counts in Imatinib treated (red lines), compared to un-treated controls (blue 

lines). # Indicates a statistically significant decrease in cell counts 72 hr after a single 1 uM 

dose of Imatinib treatment in D556 cells, compared to un-treated controls. * Indicates a 

statistically significant decrease in cell counts 72 hr after a single 1 uM dose of Imatinib 

treatment in Daoy cells, compared to un-treated controls. 
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Figure: 21 SUTENT inhibits medulloblastoma cell PI3K, Akt and Erk1/2 

activation in a Ras-independent manner. A i and ii, SUTENT treatment (1 hr) in 

Daoy and D556 cells significantly (P < 0.0005) reduced PDGFRβ activation, A iii for 96 hr (P 

< 0.0001) and A i and B i and ii activation of the downstream signal transduction targets 

PI3K (P < 0.005) for 24 hr, A i and C i and ii Akt (P < 0.005) for 96 hr and Erk1/2 (C iii) 

for (P < 0.05) 48 hr after treatment compared to un-treated controls. D i and ii, this effect 

was independent of Ras expression and activation as both were unaltered after SUTENT 

treatment in Daoy and D556 (P > 0.05) cells. E, 1 hr SUTENT treatment (0.2 uM) in Daoy 

and D556 cells grown in full-serum resulted in similar inhibition of PDGFRβ, EGFR, Akt and 

Erk1/2 phosphorylation in a Ras-independent manner. Results represent the mean ± the 

standard error of the mean of multiple experiments. 
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A) i) Western blot representation of Daoy cells treated with increasing concentrations of 

SUTENT, then stimulated with PDGF-BB (+), compared to un-treated controls.  
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ii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 

< 0.0005) in PDGF-BB induced PDGFRβ phosphorylation in the un-treated (blue, striped 

bars) cells, compared to the non-PDGF-BB stimulated (blue, solid bars) controls, designated 

by #. * indicates statistically significant inhibition in PDGF-BB induced PDGFRβ 

phosphorylation in SUTENT treated (yellow, striped bars) cells, compared to un-treated (blue, 

striped bars) controls. 
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iii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 

< 0.00001) in PDGF-BB induced PDGFRβ phosphorylation in the un-treated Daoy (blue, 

striped bars) and D556 (not shown) cells, compared to the non-PDGF-BB stimulated (blue, 

solid bars) controls, designated by #. * Indicates statistically significant inhibition (P < 0.0001) 

in PDGF-BB induced PDGFRβ phosphorylation in SUTENT treated (yellow, striped bars) 

cells, compared to un-treated (blue, striped bars) controls, which lasted longer than 96 hr after 

a single 0.2 uM SUTENT dose. 
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B) i) Densitometric analysis of Western blot bands revealed a statistically significant increase 

(P < 0.05) in PDGF-BB induced PI3K phosphorylation in the un-treated (blue, striped bars) 

cells, compared to the non-PDGF-BB stimulated (blue, solid bars) controls, designated by #. 

* Indicates statistically significant inhibition in PDGF-BB induced PI3K phosphorylation in 

SUTENT treated (yellow, striped bars) cells, compared to un-treated (blue, striped bars) 

controls. 
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ii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 
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C) i) Densitometric analysis of Western blot bands revealed a statistically significant increase 

(P < 0.05) in PDGF-BB induced Akt (left) and Erk1/2 (right) phosphorylation in the un-

treated (blue, striped bars) Daoy cells, compared to the non-PDGF-BB stimulated (blue, solid 

bars) controls, designated by #. * Indicates statistically significant inhibition in PDGF-BB 

induced Akt (P < 0.005) and Erk1/2 (P < 0.05) phosphorylation in SUTENT treated (yellow, 

striped bars) cells, compared to un-treated (blue, striped bars) controls. 
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ii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 

< 0.05) in PDGF-BB induced Akt phosphorylation in the un-treated (blue, striped bars) Daoy 

cells, compared to the non-PDGF-BB stimulated (blue, solid bars) controls, designated by #. 

* Indicates statistically significant inhibition in PDGF-BB induced Akt phosphorylation in 

SUTENT treated (yellow, striped bars) cells, compared to un-treated (blue, striped bars) 

controls for 96 hr after a single 0.2 uM SUTENT dose. An ANOVA test revealed a statistically 

significant increase in PDGF-BB induced Akt phosporylation in SUTENT treated (P = 0.001), 

PDGF-BB stimulated cells (yellow, srtiped bars) from 24 hr to 96 hr indicated by @. 

However, there was no significant change in Akt phosphorylation over time (24 hr to 96 hr) in 

any other group, as determined with an ANOVA test.  
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iii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 

< 0.05) in PDGF-BB induced Erk1/2 phosphorylation in the un-treated (blue, striped bars) 

Daoy cells, compared to the non-PDGF-BB stimulated (blue, solid bars) controls, designated 

by #. * Indicates statistically significant inhibition in PDGF-BB induced Erk1/2 

phosphorylation in SUTENT treated (yellow, striped bars) cells, compared to un-treated (blue, 

striped bars) controls for 48 hr after a single 0.2 uM SUTENT dose. An ANOVA test revealed 

a statistically significant increase in PDGF-BB induced Erk1/2 phosporylation in SUTENT 

treated (P = 0.001), PDGF-BB stimulated cells (yellow, striped bars) from 24 hr to 96 hr 

indicated by @. In addition, there was a statistically significant increase in Erk1/2 

phosphorylation over time (from 24 hr to 96 hr) in the SUTENT treated, non-PDGF-BB 

stimulated (yellow, solid bars) cells as determined using a one-way ANOVA test, designated by 

+.  
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D) i) Western blot representation of total Ras expression in Daoy cells treated with increasing 

concentrations of SUTENT, then stimulated with PDGF-BB (+), compared to un-treated 

controls.  

 

  

 

 

 

 

ii) Densitometric analysis of Western blot bands revealed a statistically significant increase (P 

< 0.05) in PDGF-BB induced GTP-Ras in the un-treated (blue, striped bars) Daoy (left) and 

D556 (right) cells, compared to the non-PDGF-BB stimulated (blue, solid bars) controls, 

designated by #. * Indicates statistically significant increase in PDGF-BB induced GTP-Ras in 

SUTENT treated (yellow, striped bars) cells, compared to non-PDGF-BB stimulated, (yellow, 

solid bars) SUTENT treated cells. 
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E) Western blot representation of PDGFRβ, EGFR, Akt and Erk1/2 phosphorylation and 

total Ras expression in Daoy cells treated with 0.2 uM SUTENT, then stimulated with PDGF-

BB (+), compared to un-treated controls (-), grown in full-serum (10% FCS). All targets 

exhibited decrease in PDGF-BB induced phosphorylation after SUTENT treatment while 

growing in full-serum, whereas total Ras expression was unaffected. 
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Figure: 22 SUTENT rescues PTEN expression and activity in Daoy 

medulloblastoma cells stimulated with PDGF-BB. A, total and B, 

phosphorylated PTEN expression was increased in Daoy cells treated with 0.2 uM SUTENT 

for 1 hr compared to un-treated controls. Densitometric analysis of the Western blot bands 

revealed a significant (P < 0.05) increase in C, total and D, phosphorylated PTEN expression 

in PDGF-BB stimulated Daoy cells compared to un-treated, PDGF-BB stimulated controls. * 

Indicates a statistically significant increase in total or phosphorylated PTEN expression in 

SUTENT-treated, PDGF-BB stimulated cells (yellow, striped bars), compared to un-treated, 

PDGF-BB stimulated controls (blue, striped bars). Results represent the mean ± the standard 

error of the mean of multiple experiments.  
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C) Protein expression of PTEN in Daoy cells after SUTENT treatment 
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D) PTEN activation in Daoy cells after SUTENT treatment  
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Figure: 23 SUTENT inhibits the PDGF-BB mediated EGFR 

transactivation in medulloblastoma cells. A, SUTENT treatment of 

medulloblastoma cells does not alter the EGF-mediated EGFR activation compared to un-

treated controls, but abolishes the PDGF-BB mediated EGFR transactivation. B, 

densitometric analysis of Western blot bands reveals that SUTENT treatment significantly 

reduces (P < 0.05) the PDGF-BB mediated EGFR transactivation in Daoy and C, D556 cells 

compared to un-treated controls. * Indicates a statistically significant increase in PDGF-BB 

induced EGFR transactivation in un-treated (blue, striped bars) cells, compared to un-treated, 

un-stimulated (blue, solid bars) controls. # Indicates a statistically significant inhibition in 

PDGF-BB induced EGFR transactivation in SUTENT-treated (yellow, striped bars), 

compared to un-treated, PDGF-BB stimulated (blue, striped bars) controls. + Indicates a 

statistically significant increase in EGF-induced (checkered bars) EGFR activation, compared 

to un-stimulated (solid bars) controls, regardless of SUTENT treatment. Results represent the 

mean ± the standard error of the mean of multiple experiments.  
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A) EGFR transactivation in Daoy cells after SUTENT treatment 
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B) EGFR activation in Daoy cells after SUTENT treatment 
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C) EGFR activation in D556 cells after SUTENT treatment 
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Figure: 24 Combining siRNA silencing of PDGFRβ with drug treatment results in 

more potent inhibition of Daoy cell signal transduction and migration. A, Daoy cells 

transfected with PDGFRβ (K/D), compared to negative control (N), siRNA and then treated 

with either Imatinib (1 uM) or SUTENT (0.2 uM) for 1 hr showed a greater reduction in 

PDGF-BB induced Erk1/2 phosphorylation and more potent maintenance of PTEN 

expression and phosphorylation compared to cells with only siRNA silencing or drug 

treatment alone. B, combining siRNA K/D of PDGFRβ with drug treatment lead to a greater 

inhibition in Daoy cell migration, as assessed using the ‘wound-healing’ assay. 
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A) Effects of combining siRNA K/D with drug treatment on signaling targets in Daoy 

cells after PDGF-BB stimulation 
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B) Effects of combining siRNA K/D with drug treatment on Daoy cell migration 

           N siRNA 0 hr                             N siRNA 24 hr 

                      

                         Imatinib-treated 0 hr                  Imatinib-treated 24 hr                     

                       

                      PDGFRβ K/D 0 hr                           PDGFRβ K/D 0 hr  

                      

                      Combination 0 hr                                Combination 24 hr 
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Figure: 25 SUTENT treatment significantly inhibits medulloblastoma cell migration 

and invasion.  A, short-term (4 hr) PDGF-BB-mediated cell migration in Daoy and D556 

cells across a fibronectin-coated trans-well migration chamber was significantly inhibited (P < 

0.01 and P < 0.05, respectively) after 1 hr SUTENT treatment (0.2 uM) compared to un-

treated controls. B, long-term (24 hr) PDGF-BB-mediated cell migration in Daoy and D556 

cells after 1 hr SUTENT treatment was significantly reduced (P < 0.005) in both cell lines 

(yellow bars) as assessed by the cells’ ability to migrate into and close a scratched ‘wound’ 24 hr 

after ‘wound’ induction compared to un-treated controls (blue bars). C, this effect remained 

statistically significant in Daoy and D556 (P < 0.005) cells treated with 0.2 uM SUTENT 

grown under full-serum conditions compared to un-treated controls. Results represent the 

mean ± the standard error of the mean of multiple experiments. 
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A) Short-term effect of SUTENT treatment on cell migration in Daoy and D556 cells. 

# Indicates a statistically significant increase in PDGF-BB induced cell migration in un-treated 

cells (blue, striped bars), compared to un-treated, un-stimulated controls (blue, solid bars). * 

Indicates a statistically significant decrease in PDGF-BB induced cell migration in SUTENT-

treated cells (yellow, striped bars), compared to un-treated, PDGF-BB stimulated controls 

(blue, striped bars). 
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B) Long-term effect of SUTENT treatment on ‘wound-healing’ in Daoy (upper 

pannel) and D556 (lower pannel) cells. 

       0 hr                                   - SUTENT 24 hr 

       

     0.2 uM SUTENT 24 hr                                        

   

                      0 hr                                    - SUTENT 24 hr                               

           

        0.2 uM SUTENT 24 hr 
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Area (µm2) of ‘wound-closure’ assessed 24 hr after ‘wound-induction’ and 

subtracted from area of ‘wound’ at time of induction in SUTENT-treated 

(yellow bars), compared to un-treated (blue bars) controls.  
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C) Short-term effect of SUTENT treatment on cell migration in cells grown in full-
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Figure: 26 SUTENT treatment significantly inhibits cell invasion and F-actin 

reorganization. A, One hour SUTENT treatment (0.2 uM) in Daoy and D556 cells (yellow 

bars) lead to a statistically significant inhibition (P < 0.001) in PDGF-BB induced cell invasion 

as assessed by cell movement across an ECMatrix coated invasion chamber, compared to un-

treated controls (blue bars).   B, PDGF-BB induced F-actin re-organization, as assessed by 

lamillipodium staining in D556 and C, Daoy cells 1 hr after SUTENT treatment (0.2 uM) 

showed a disruption in the PDGF-BB induced F-actin re-organization in SUTENT treated, 

compared to un-treated control cells (see arrows pointing at lamillipodium bands). Results 

represent the mean ± the standard error of the mean of multiple experiments. 
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B)                    PDGF-BB         Unstimulated                                Stimulated  
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Figure: 27 SUTENT treatment significantly inhibits cell proliferation but does not 

affect cell apoptosis. A, SUTENT treatment in D556, but not Daoy cells lead to prominent 

concentration-dependent cell death as visually detected by rounded up and floating cells 48 hr 

after SUTENT treatment. Early apoptosis in Daoy and D556 cells as detected with Annexin-V 

staining showed no significant difference (P > 0.05) between SUTENT-treated and un-treated 

control cells at 24, 48, or 72 hr after 0.2 uM SUTENT treatment (data not shown). B, there 

was un-detectable caspase-3 activity in our cells at 24 and 48 hr after Imatinib (1 uM) or 

SUTENT (0.2 uM) treatment compared to un-treated control cells. C, SUTENT treatment 

significantly (P < 0.05) reduced cell proliferation at 48 and 72 hr after a single 0.2 uM dose in 

D556, but not Daoy cells compared to un-treated controls.  Results represent the mean ± the 

standard error of the mean of multiple experiments. 
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A) Cell death in D556 cells after SUTENT treatment 

               - SUTENT 0 hr                         - SUTENT 48 hr 

  

        0.1 uM SUTENT 48 hr                 0.2 uM SUTENT 48 hr 

  

        0.4 uM SUTENT 48 hr                0.8 uM SUTENT 48 hr 

  

 

 

 

 



 141 

 

 

 

B) Caspase-3 activity in Daoy and D556 cells after Imatinib (I) or SUTENT (S) 

treatment in comparison to a recombinant human caspse-3 enzyme (+ve control) with 

(+) or without (-) a caspase-3 inhibitor.  
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C) Cell proliferation in Daoy and D556 cells after SUTENT treatment. * Indicates a 

statistically significant decrease in D556 cell counts 48 and 72 hr after a single 0.2 uM 

SUTENT treatment (green lines), compared to un-treated controls (blue lines).  
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Figure: 28 SUTENT affects cellular biofunction in a VEGFR-independent manner 

A, SUTENT treatment (0.2 uM) in Daoy and D556 cells for 1 hr did not reveal a change in 

VEGFR2 protein expression or activation. B, this is due to very minimal protein expression 

of VEGFR2, even after-overexposing the film as in the figure below, we obtain mostly 

background staining with no distinguishable bands, in both Daoy and D556 cells relative to 

the expression of both PDGFRβ and EGFR in these cells.  
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A) VEGFR2 activation after SUTENT treatment 

 
 
 
 
 
 
 
 
 
 
 

 

B) VEGFR2 protein expression relative to PDGFRβ and EGFR 
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Figure: 29 Imatinib (I) or SUTENT (S) treatment disrupts colony formation in 

medulloblastoma cells compared to un-treated controls (0). A, colony formation in 

D556 cells was significantly reduced in Imatinib-treated (1 uM) cells compared to un-treated 

controls (P < 0.05), but was not significantly reduced (P = 0.2) in SUTENT-treated cells (0.2 

uM) compared to un-treated controls seven days after seeding.  B, colony formation in Daoy 

cells treated with Imatinib (1 uM) or SUTENT (0.2 uM) was significantly lower (P < 0.05) 

compared to un-treated controls seven days after seeding.   
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A)   D556 un-treated                         D556 + SUTENT 
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B) Daoy untreated                         Daoy + SUTENT
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T a b l e :  3 Comparison between Daoy and D556 cell protein expression, activation 

and response to drug treatment. The differences in protein expression and drug-related 

changes in protein expression and activation between the two cell lines are illustrated in the 

table below. The differences in drug-related changes in cellular biofunction are also 

demonstrated. Red font highlights the differences between the two cell lines.  
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Protein expression Daoy D556 

PDGFRβ 
CMYC 
PTEN 
CKIT 
P53 
EGFR 
VEGFR2 
PDGFR-EGFR heter 
 
Effects of Imatinib 
↓ PDGFRβ activation 
↓ EGFR transactivation 
Block PDGFR-EGFR heter. 
↓ Ras activation 
↓ PI3K activation 
↓ Akt activation 
↓ Erk1/2 activation 
↑ PTEN expression 
↑ PTEN activation 
↓ Cell migration in PDGF-BB 
↓ Cell migration in 10% FCS 
↑ Cell apoptosis 
↓ Cell proliferation 
↓ F-actin reorganization 
↓ colony formation 
Effects of SUTENT 
↓ PDGFRβ activation 
↓ EGFR transactivation 
Block PDGFR-EGFR heter 
↓ Ras activation 
↓ PI3K activation 
↓ Akt activation 
↓ Erk1/2 activation 
↑ PTEN expression 
↑ PTEN activation 
↓ Cell migration in PDGF-BB 
↓ Cell migration in 10% FCS 
↑ Cell apoptosis 
↓ Cell proliferation 
↓ F-actin reorganization 
↓ colony formation 
 

Yes 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
 
 

Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 4 hr and 24 hr after drug 
Yes 

Yes > 72 hr 
Yes > 72 hr 

No 
Yes 

                      
                    Yes 

Yes 
Not tested 

No 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 4 hr & 24 hr after drug 
Yes 
No 
No 
Yes 
Yes 
 

Yes (2x > Daoy) 
Yes 

Yes (5x < Daoy) 
No 
No 
Yes 
No 

Not tested 
 
 

Yes 
Yes 

Not tested 
No 
Yes 
Yes 
Yes 
No 
No 

Only long-term (24 hr) 
Yes 
No 

Yes > 72 hr 
No 
Yes 
 

Yes 
Yes 

Not tested 
No 
Yes 
Yes 
Yes 
No 
No 

Yes 4 hr & 24 hr after drug 
Yes 
No 

Yes > 48 hr 
Yes 
No 
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T a b l e :  4 Comparison between Daoy and D556 cell protein expression and 

response to siRNA knock-down of PDGFRββββ. The differences in protein expression and 

PDGFRβ knock-down-related changes in protein expression and activation between the two 

cell lines are illustrated in the table below. The differences in PDGFRβ knock-down-related 

changes in cellular biofunction are also demonstrated. Red font highlights the differences 

between the two cell lines.  
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Protein expression Daoy D556 

PDGFRβ 
CMYC 
PTEN 
CKIT 
P53 
EGFR 
VEGFR2 
PDGFR-EGFR heter 
 
Effects of siRNA K/D 
↓ PDGFRβ expression 
↓ PDGFRβ activation 
↓ EGFR transactivation 
↓ Ras activation 
↓ PI3K activation 
↓ Akt activation 
↓ Erk1/2 activation 
↑ PTEN expression 
↑ PTEN activation 
↓ Cell migration in PDGF-BB 
↓ Cell migration in 10% FCS 
↑ Cell apoptosis 
↓ Cell proliferation 
↓ F-actin reorganization 
 

Yes 
No 
Yes 
No 
Yes 
Yes 
No 
Yes 
 
 

55% knock-down 
Yes ~ 2 fold 

Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 48 hr after K/D 
Yes 
Yes 

Yes (2x > Daoy) 
Yes 

Yes (5x < Daoy) 
No 
No 
Yes 
No 

Not tested 
 
 

   40% knock-down 
Yes ~ 1.2 fold 

Yes 
No 
Yes 
No 
No 
No 
No 
Yes 
Yes 
No 
No 
Yes 
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C h a p t e r :  6  D i s c u s s i o n   

Understanding the mechanisms involved in medulloblastoma metastasis is critical for 

discovering tumor-specific targets that may be amenable to therapeutic intervention. Such 

understanding could improve survival while lessening the risk of neurotoxicity associated with 

current treatments. Herein, we show for the first time that the activation of PDGFRβ 

promotes medulloblastoma cell migration and that inhibition of PDGFRβ, by either siRNA 

downregulation of PDGFRβ or blockade of PDGFRβ tyrosine kinase activity by Imatinib or 

SUTENT treatment, markedly diminishes the ability of medulloblastoma cells to migrate and 

invade.  

 

Interestingly, significant differences were observed between the two medulloblastoma cell 

types, Daoy and D556, with regard to changes in the expression and activity of PTEN, a key 

downstream molecular target of PDGFRβ, and cellular responses other than migration (i.e. 

apoptosis, proliferation and colony formation) following siRNA or drug treatment.  For 

example, PDGFRβ downregulation with transient siRNA transfection resulted in a statistically 

significant increase in PTEN expression and activation in Daoy, but not D556 cells, compared 

to cells transfected with a negative control siRNA. Furthermore, drug treatment in Daoy, but 

not D556 cells, resulted in a statistically significant increase in PTEN expression and 

activation, indicating that Daoy cells may be more dependent on PDGFR for the regulation of 

PTEN than D556 cells. The different responses are most likely due to underlying critical 

differences in the molecular genetic makeup of the two cell types.  For instance, Daoy cells 

have high PTEN and p53 expression and do not exhibit CMYC amplification, while D556 

cells have low to absent PTEN and p53 expression and have amplification of the CMYC 
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oncogene.  These molecular targets all play important roles in the regulation of cell growth and 

survival and are likely to interact in feedback loop pathways associated with PDGFR.  Thus, 

the finding that treatment of both Daoy and D556 cells with either drug, or with PDGFRβ 

siRNA similarly resulted in a statistically significant decrease in the PDGF-BB mediated cell 

migration and invasion suggests that PDGFRβ plays a common vital role in the regulation of 

these specific cellular responses in medulloblastoma cells. Of further note is that inhibition of 

PDGFRβ in both medulloblastoma cell types similarly prevented EGFR transactivation by 

PDGF-BB. It is therefore possible that the similar inhibition of cell migration and invasion 

that was observed in both cell types after PDGFRβ inhibition may in part be due to blockade 

of EGFR transactivation, although this has yet to be tested. 

  

As indicated in Table: 4 (red font), the effect of siRNA silencing on Akt, Erk and PTEN 

activation and subsequent cell apoptosis and proliferation, was only observed in Daoy and not 

D556 cells. This may be a result of lower PTEN expression, accompanied by PDGFRβ over-

expression and CMYC amplification in the D556, compared to the Daoy cells. The same holds 

true for the differences observed in the two cell lines under drug treatment. For example, cell 

apoptosis was unaffected in D556, Imatinib-treated cells compared to un-treated controls, 

whereas it was in Daoy cells 72 hr after drug treatment (see Table: 3). This death-resistance in 

the D556 cells in the face of Imatinib inhibition may be attributable to the lower PTEN 

expression, PDGFRβ over-expression and CMYC amplification, compared to the Daoy cells. 

The differences noted between the two drugs in the same cell line (see Table: 3) may possibly 

be due to different efficacies between the drugs in the same cell line or to a different 



 154 

mechanism of action between the two drugs.  Alternatively, there may also be some as yet 

unknown off-target drug effects.  

 

The PDGF-BB mediated EGFR transactivation, that occurs in both D556 and Daoy cells, 

which is significantly abolished after either drug treatment or siRNA silencing of PDGFRβ in 

both cell lines, may suggest that EGFR plays an important, supportive role in the PDGFR-

induced cell migration and invasion in these cells. Perhaps cell migration and invasion is more 

dependent on PDGFRβ and EGFR activation in Daoy and D556 cells, than on the expression 

and/or activation of either PTEN or CMYC. Importantly, Imatinib and SUTENT effectively 

block migration of both medulloblastoma cell types, even under full serum-containing growth 

conditions. Together these findings not only provide new insight into the mechanisms 

involved in medulloblastoma cell migration but also importantly indicate that either drug 

treatment may constitute an effective new adjuvant therapy for preventing the metastatic 

spread of medulloblastoma.  

 

We confirm that the observed inhibitory effect of either drug on medulloblastoma cell 

migration is specifically mediated through PDGFRβ inactivation, as opposed to other known 

targets of Imatinib/SUTENT or off-target drug effects. We know this because siRNA knock-

down of PDGFRβ induces similar results to that of Imatinib or SUTENT treatment.  Finally, 

we show that Imatinib treatment is capable of inducing apoptosis of Daoy (MYCC non-

amplified), but not D556 (MYCC amplified) medulloblastoma cells (87). MYCC belongs to the 

family of transcription factors that regulate the expression of other genes. While its healthy 

form, the proto-oncogene, codes for a protein that binds DNA and regulates other genes, its 
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mutated form, the oncogene, overexpresses MYCC causing the protein to bind incorrectly to 

DNA, thereby leading to cancer formation (88).  

 

PTEN in Daoy, but not D556 cells, showed a statistically significant reduction in expression 

and activation after PDGF-BB stimulation in the negative control siRNA transfected cells, 

compared to the PDGFRβ knock-down cells, 48 hr after siRNA knock-down. We postulate 

that PDGFRβ plays a role in PTEN regulation, possibly by enhancing PTEN degradation 

through an, as yet, unidentified mechanism. The differential effect between drug-treated, 

compared to siRNA silenced cells may be attributable to the time interval in the two 

experiments before PTEN expression was detected. In PDGFRβ siRNA knock-down cells, 

PTEN expression and activation was tested 48 hr after PDGFRβ knock-down. However, in 

drug-treated cells, we tested for PTEN expression and activation only 1 hr after treatment. 

Thus, perhaps PDGFRβ siRNA knock-down results in transcriptional, or epigenetic 

alterations in PTEN; a process that requires more than 1 hr to occur. Whereas in drug-treated 

cells, 1 hr treatment was insufficient to induce this effect on PTEN expression and activation.  

 

The primary goal of this work was to identify a tumour-specific agent capable of preventing 

medulloblastoma cell migration given that metastatic spread is the primary cause of treatment 

failure and death in childhood medullublastoma. Furthermore, craniospinal irradiation, which 

is used to treat leptomeningeal spread of this disease, is the primary cause of treatment-related 

neurotoxicity in medulloblastoma. Our results show that both Imatinib and SUTENT block 

PDGF-mediated medulloblastoma cell migration and invasion.  A previous report also found 

SUTENT to greatly attenuate endothelial cell migration in culture and prevented lung 
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metastasis in vivo, of tumours resected from the hind limb of mice (89). The effect on 

migration in our model was observed early (4 hr) in Daoy cells and late (24 hr) in both Daoy 

and D556 cells after Imatinib treatment, but was observed early (4 hr) and late (24 hr) in both 

Daoy and D556 cells after SUTENT treatment. Although D556 early cell migration (4 hr) was 

significantly inhibited after SUTENT treatment, the effect in Daoy cells was relatively more 

pronounced. D556 cells which are more resistant to Imatinib or SUTENT inhibition of 

migration, posses much higher levels of surface expression of PDGFRβ than Daoy (data not 

shown), which could account for the differing responses observed in this study.  Also, D556 

cells contain an amplification of the MYCC oncogene, which is correlated in vivo with 

medulloblastomas that are typically more aggressive, displaying anaplastic features and higher 

frequency of metastases (87). Because of the slight growth advantage that D556 cells have over 

Daoy cells, it is also possible that the inhibition in cell migration we observed was the result of 

diminished proliferation or enhanced apoptosis with Imatinib or SUTENT treatment. 

However, neither Imatinib nor SUTENT treatment had an appreciable effect on proliferation 

until after 24 hr of treatment and Imatinib did not induce apoptosis, except at 72 hr after 

treatment in Daoy cells. SUTENT, on the other hand, failed to induce apoptosis in either cell 

line at any time point after treatment. Thus, confirming that the drugs’ anti-migratory effect 

precedes both their anti-proliferative and pro-apoptotic effect in our cells.  

 

A recent study used a selective inhibitor of Erk1/2 in leukemia cell lines with activating 

mutations in the FLT3 receptor (another target for SUTENT), which induces activation of the 

MAPK/Erk1/2 pathway. Results showed that, while the Erk1/2 inhibitor attenuated Erk1/2 

phosphorylation and cell growth, cell proliferation, apoptosis and Erk1/2 phosphorylation 

were all significantly enhanced after combining the Erk1/2 inhibitor with SUTENT to 
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simultaneously inhibit Erk1/2 and FLT3 activation (90). It is possible that in our cell lines, the 

lack of activating mutations in FLT3, may explain why SUTENT treatment failed to induce 

apoptosis in these cells at the clinically relevant concentrations. Perhaps SUTENT’s pro-

apoptotic effect occurs through the inactivation of such activating mutations as FLT3. It is 

also possible that the more resistant cell line to apoptosis and proliferation, D556, may have 

over-expressed proteins or pro-tumourigenic mutations that are not targeted by either drug, 

rendering them more resistant to drug treatment.  

 

To determine whether the effects of drug-treatment in our cell lines were mediated via Ras 

activation, we looked at GTP-Ras after drug treatment. Neither Imatinib nor SUTENT 

treatment had an effect on Ras expression and activity; thereby indicating that the mechanism 

of drug inhibition of PDGFRβ-mediated migration is independent of Ras activity and likely is 

mediated through blockade of downstream Akt and Erk1/2 activation. Since SUTENT was 

reported by Mendel et al. to selectively inhibited VEGFR2 and PDGFRβ in a time- and 

concentration-dependent manner in a mouse xenograft model (60); we sought to determine 

whether this was the case in our model. Given that neither Daoy nor D556 cells highly express 

VEGFR2 protein relative to PDGFRβ and EGFR expression, we hypothesize that the cellular 

effects observed after SUTENT treatment in these cells is likely mediated in a VEGFR2-

independent manner.  

 

Importantly, in terms of cell migration, we show that both Imatinib and SUTENT have a 

significant inhibitory effect on cell migration even in the presence of 10% serum. This is a 

more clinically relevant condition and accordingly, it suggests that they may indirectly inhibit 

other growth-factor mediated pathways that are critical for migration.  Indeed, we show that 
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either Imatinib or SUTENT treatment effectively blocks PDGF transactivation of EGFR. 

Thus, Imatinib or SUTENT treatment in medulloblastoma cells, not only inhibits activation of 

PDGFR, but simultaneously partially blocks activation of a second major contributor to cell 

migration, EGFR. 

 

The first study to demonstrate a functional cooperation between EGFR and PDGFRβ for cell 

migration was conducted in murine fibroblasts (91).  That study found enhanced PDGF-

induced fibroblast migration in cells co-expressing a kinase-competent EGFR. Moreover, 

PDGF-induced migration was correlated with PDGF-induced EGFR tyrosine 

phosphorylation and was abolished after expression of a catalytically inactive or truncated 

EGFR. In addition, He et al reported that PDGF-induced activation of the motility promoting 

molecule, p21 activated kinase (PAK), also required a functional EGFR. Inhibition of EGFR 

with selective inhibitors or the use of EGFR-deficient cells abolished PAK activation, thus 

implicating PAK in the PDGF-dependent, EGFR-induced cell motility (92).  

 

Transactivation of EGFR by PDGFRβ has been previously reported in rat aortic vascular 

smooth muscle cells by Saito et al., which indicates that cross-talk between the two receptors, 

can occur in certain cell types (86).  In that study, it was postulated that the PDGFR-EGFR 

heterodimer provides a scaffold for other molecules capable of transactivating EGFR to bind 

and initiate downstream signal transduction pathways. It was also proposed that reactive 

oxygen species (ROS) and Src family kinases regulate the constitutive interaction between 

PDGFRβ and EGFR. In our study, we detected the presence of PDGFRβ-EGFR 

heterodimers in un-stimulated medulloblastoma Daoy cells and PDGFRβ-phospho-EGFR 

heterodimers by co-immunoprecipitation following PDGF-BB stimulation that was abolished 
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after Imatinib treatment. We further found that siRNA K/D of PDGFRβ effectively reduced 

the level of phospho-EGFR after PDGF-BB stimulation, but had no effect on EGF-mediated 

EGFR. We confirmed that receptor autophosphorylation is required for this transactivation 

because Imatinib or SUTENT treatment also inhibited the level of phospho-EGFR after 

PDGF-BB stimulation while the EGF-mediated EGFR phosphorylation was unaffected, 

confirming the specificity of Imatinib and SUTENT for EGFR transactivation by PDGFRβ.  

 

Other reports have shown that PDGF can inhibit the high affinity binding of EGF to EGFR 

and phosphorylate specific residues on EGFR in FS4 fibroblast cells (93). More recently, it was 

shown that EGFR and PDGFRβ were isolated together from caveolae-containing membrane 

fractions (94), further implicating PDGFRβ in directly transactivating EGFR.  Thus, a second 

proposed mechanism of PDGFRβ-mediated EGFR transactivation involves the caveolae, 

which is the site where PDGFRβ is primarily located (94). PDGF-induced activation of 

PDGFRβ activates EGFR by Src-mediated phosphorylation independent of EGFR 

homodimerization. A large cross-linking complex involving, as yet unidentified proteins, may 

play a part in the indirect formation of the heterodimers between PDGFRβ and EGFR (95). 

The precise mechanism by which PDGF-BB induces EGFR transactivation in 

medulloblastoma cells remains to be determined. However, it appears from our results with 

Imatinib and SUTENT treatment that PDGFRβ tyrosine kinase activity is required.  Together, 

our results suggest that both Imatinib and SUTENT may be effective new adjuvant therapies 

for the control of metastatic spread of childhood medulloblastoma. In addition, considering 

the evidence emerging from in vivo models showing SUTENT to cross the Blood-Brain Barrier 

(77) more readily than Imatinib, employing it, as an ideal therapeutic agent in treating 

childhood medulloblastomas is very promising.  
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Potential pitfalls 

Although our findings provide evidence that PDGFRβ activation plays a pivotal role in 

promoting tumour cell migration and invasion, it remains to be determined whether this is a 

direct effect of receptor activation or a result of indirect activation or heterodimerization of 

neighbouring receptors. We show for the first time that activation of PDGF receptor beta is 

required for transactivation of EGFR because Imatinib or SUTENT treatment of 

medulloblastoma cells diminished this transactivation. It is therefore, possible that PDGFRβ 

can heterodimerize with and transactivate other receptors in addition to EGFR. Furthermore, 

the activation of PDGFRβ may recruit, yet unidentified, adaptor molecules capable of either 

transactivating neighbouring receptors or initiating signal transduction pathways through as yet 

uncharacterized mechanisms.  

 

While we did show that PDGFRβ activation correlated with increased cell migration and 

invasion, we did not establish a cause and effect.  Thus, we can not confirm that cell motility is 

solely due to receptor activation itself, or due to the network of connections formed between 

the PDGFRβ and the myriad of growth factors, adaptor molecules, integrins, and many more 

potential players in the intricate pathways that ultimately lead to tumour metastasis.  

 

In order to address this uncertainty, further investigation is warranted to elucidate what targets 

of the signaling cascade and what branch of the pathways exert the greatest weight on tumour 

cell migration and invasion. Employing the use of intracellular multiplex, bead-based Luminex 

assays will allow us to simultaneously quantitate the activation status of many signaling targets, 
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not yet investigated, upon PDGFRβ activation. This would further our understanding on the 

network of connections formed between PDGFRβ and other targets upon receptor activation.  

 

In terms of taking the herein tested drugs to animal models and to  human clinical trials, it is of 

critical importance to determine the long-term (weeks to months) effects of drug treatment in 

medulloblastoma cells before initiating such studies. For instance, before we leap into animal 

models, we must be certain that long-term drug treatment will not lead to either up-regulation 

of pro-tumourigenic factors or the down-regulation of tumour-suppressor factors. It is 

expected that under drug inhibition of PDGFRs, if these receptors are the sole contributors to 

tumour survival and migration, tumour cells may undergo cellular or molecular modifications 

to bypass the inhibitory effect of drug treatment, which has been observed in some patients in 

clinical studies for CML treated with the PDGFR inhibitor Imatinib (96) Therefore, long-term 

studies to investigate whether drug-treated cells undergo a bypass mechanism to evade drug 

inhibition on cell survival and migration is highly required. 

 

When we begin testing these drugs in animal models we may encounter several pitfalls along 

the way. The first and foremost would be if the drugs fail to successfully enter the Blood Brain 

Barrier (BBB) at the clinically relevant concentrations. In that case, we may need to consider 

other drugs that have been demonstrated to effectively cross the BBB, such as the oral 

PDGFR inhibitor from Millennium Pharmaceuticals (MLN0518), (97) or determine alternate 

methodologies or techniques by which we can enhance the entry of these substances ie: 

intrathecal and intraventricular delivery via shunt catheter placement. 
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Other potential pitfalls would be if the drug fails to adequately reach its designated target 

(PDGFR) in vivo at the clinically relevant concentrations. In that case, higher concentrations 

may need to be tested in vivo to achieve the biologically active concentration in the tumor 

tissue. Furthermore, the bioavailability and pharmacokinetics/pharmacodynamics of the drugs 

in vivo is of critical relevance when testing them in an animal model. Drug absorption, 

metabolism, distribution and excretion all play significant roles in its efficacy in vivo and in 

drug-related cytotoxicity. These factors must be taken into consideration both in animal 

models, and in human clinical trials. Even if the drugs were successful in our animal model, 

this does not faithfully recapitulate human conditions, further signifying the need for human 

clinical trials to address this concern.   

 

A Pediatric Brain Tumor Consortium (PBTC) Phase I study was conducted with Imatinib (98) 

for patients with refractory malignant gliomas to establish a maximum tolerated dose. 

However, no pharmacokinetic or pharmacodynamic studies were conducted and thus the 

effective plasma concentration and CNS penetration of this drug in the brain tumor 

population is not known.  This can be more readily investigated in mouse models that 

faithfully recapitulate medulloblastoma.  

 

Future direction 

After all the above-mentioned uncertainties are adequately addressed, we can move into animal 

models to test these drugs in vivo. In the not too distant future, Dr. Macdonald and colleagues 

will be initiating experiments in an in vivo metastatic medulloblastoma mouse model. These are 

constitutively active SmoA1 transgenic mice that nearly 100% develop medulloblastoma by 2 
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months of age and one-third of these will go on to develop classic leptomeningeal spread of 

the disease predictably in the following 3 months (99).  

 

Dr. MacDonald has obtained frozen tumors from these mice and is initiating studies to 

evaluate the expression levels of PDGFR in this model. This will be an invaluable model in 

which Imatinib, SUTENT and other drugs, such as MLN 0518, currently under investigation 

in the Macdonald lab will be tested to determine their efficacy in preventing tumour metastasis. 

This study will be conducted in collaboration with the Lombardi Comprehensive Cancer 

Center (LCCC) at Georgetown University for real time tumour imaging throughout the length 

of the study. This study will be a stepping stone for the clinical trials that will follow; as it will 

allow us to test a panel of drugs in vivo and take the most effective one in preventing tumour 

metastasis, to clinical trials.  

 

Another future xenograft study will inject metastatic medulloblastoma cell lines including Daoy 

and D556 among others, into the cerebellum of Foxn1nu mice and treat them with the same 

panel of drugs to test their efficacy in preventing tumour growth and metastasis in vivo. This 

study will also be conducted in collaboration with the LCCC for real-time tumour imaging 

throughout the length of the study. At the completion of both the transgenic model and the 

above-mentioned xenograft model, tumour growth and metastasis will be determined in drug-

treated compared to un-treated control animals.  

 

Furthermore, molecular analysis will be conducted in the tumours extracted from both drug-

treated animals and un-treated controls. This is to determine the level of protein expression 

and activation of pro-survival, pro-migratory and tumour-suppressor pathway targets (i.e. 
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PDGFR and EGFR transactivated pathways) in drug-treated animals compared to un-treated 

controls. Moreover, a comparison of the molecular characteristics between tumours derived 

from the trasnsgenic mice and tumours that were xenograft into Foxn1nu mice will further our 

understanding of the molecular biology processes that transpire in spontaneously arising 

tumours in comparison to medulloblastoma cell lines that were xenograft into nude mice. This 

will also address any concerns about whether the studies in the medulloblastoma cell lines, 

Daoy and D556, pertain to the primary tumours that arise in humans or not. Finally, drug 

concentrations in the CNS and plasma will be measured to determine effective dose 

concentrations reaching the tumor in these model systems. 

 

Gene silencing of the PDGFRβ using siRNA transfection was used in our study as a highly 

specific tool for receptor knock-down at the cell surface. Our findings suggest that this 

technique was highly specific to PDGFRβ, as it did not affect the protein expression or 

activation of PDGFRα or EGFR. Both these targets are very closely related to the PDGFRβ, 

either physically in terms of EGFR or molecularly in terms of the sequence homology between 

PDGFRβ and PDGFRα.  

 

Receptor silencing with siRNA transfection lead to significant inhibition in tumour cell 

migration and increased cell apoptosis. An orthotopic xenograft mouse model using stable 

PDGFRβ siRNA cell lines is vital at this point to examine the pattern of growth and spread of 

metastatic medulloblastoma cell lines between siRNA transfectant cells and negative controls 

in vivo. This will provide insight into the phenotypic behaviour of this disease for which, at this 

point, tumour-specific directed therapy is highly required. This directly translates to clinical 
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applications because it may serve as a promising tool for a directed, tumour-specific therapy 

that will eliminate tumour metastasis while sparing the surrounding healthy brain tissue.  

 

To sum it all up, our studies have paved the way for future investigations into these potential 

therapeutic approaches to treat a disease that, to date has no effective therapy in children. We 

hope to have expanded the understanding of the molecular basis by which PDGFRβ mediates 

tumour metastasis. Granted the above mentioned studies are successful in preventing tumour 

metastasis, both in animals and later in children, with minimal toxicity, childhood 

medulloblastoma and hopefully other brain tumours would no longer be this devastating 

disease. Rather, it will become a tumour from which children will be successfully cured and 

will thrive as they grow into young adults, possessing the same intellectual potential as they did 

before developing the tumour and receiving treatment for it. This hope, however, may still be 

threatened by the possibility of children developing drug-resistance, which will open a whole 

new window of opportunity where one can explore the mechanisms governing such resistance 

and how to overcome them…Good luck there! 
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