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ABSTRACT OF THE DISSERTATION 

 

PDGFRb upregulation as a mode of resistance to EGFR inhibition in Glioblastoma 

 

by 

 

David Akhavan 

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California, Los Angeles 2012 

Professor Paul S. Mischel, Chair 

 

 

Glioblastoma is the most common and most aggressive form of malignant primary brain 

tumor in adults.  The epidermal growth factor receptor (EGFR) is a compelling 

molecular target in glioblastoma, because it is amplified, over-expressed, or mutated in 

nearly 50% of patients. Monotherapy clinical trials with EGFR inhibitors have shown 

benefit in only a subset of patients (10-15)% with limited duration of response. We have 

shown that glioblastoma patients whose tumors have a mutant form of the EGFR 
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receptor, EGFRvIII, and have not lost the PTEN tumor suppressor protein are 

significantly more likely to respond to EGFR inhibitors and we have identified the 

molecular circuitry underlying this response1. This work, along with studies from others 

demonstrates that resistance to EGFR inhibitors may be mediated through maintenance 

of signal flux through the PI3K pathway2,3. Utilizing a variety of powerful resources - 

isogenic cell lines, low passage patient tumor cells, mouse models and clinical samples 

that include patients treated with EGFR inhibitors in clinical trials - my work is focused 

on identifying the molecular mechanisms of resistance to EGFR kinase inhibitors and on 

identifying targeted combination therapies to suppress it. We demonstrate that EGFR 

signaling potently suppresses PDGFR-beta transcription and protein expression in vitro 

and in vivo and that EGFR inhibition releases PDGFR-beta suppression in vitro and in 

vivo. We demonstrate clinical relevance by showing elevated PDGFR levels in GBM 

patients treated with EGFR/her2 kinase inhibitor lapatinib in a phase I clinical trial. 

Furthermore, we use a series of genetic and pharmacologic approaches to show that 

EGFR-dependent suppression of PDGFR-beta is mediated by mTORC1 signaling and 

demonstrate that PDGFR signaling maintains tumor growth in EGFR-inhibitor treated 

GBM models. These results provide a mechanistic basis by which GBMs switch from 

EGFR signaling to PDGFR-beta signaling in response to EGFR inhibitors and suggest 

that dual targeting of EGFR and PDGFR is required for more effective treatment. This 

work has the potential to explain a clinically important mechanism of resistance to 

EGFR inhibitor therapy and to develop more potent combination approaches for 

promoting long term disease suppression. 
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Chapter One  

 

 

 

Introduction: 

Glioblastoma is the most common malignant primary brain tumor of adults and one of 

the most lethal of all cancers3,4. Glioblastomas invade the surrounding brain, making 

complete surgical excision highly improbable. Glioblastomas are also among the most 

radiation and chemotherapy resistant types of cancer, with median survival of 12-15 

months from the time of initial diagnosis5.  Thus, new therapeutic approaches are 

needed. Targeted therapy has demonstrated clinical efficacy in a range of tumor types. 

This chapter will first introduce the concept of targeted therapies in cancer treatment. 
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We will then discuss the application of targeted therapy to GBM; its genetically 

heterogenous nature; the current status of targeted therapies, with a focus on PI3K 

signaling; and lastly, we will address the question of why current targeted therapies in 

GBM are ineffective.  

Targeted Therapies in Cancer Treatment 

Recent advances in the identification of cancer driver mutations have led to dramatic 

clinical benefit in a variety of tumor types. Gastro-intestinal stromal tumors (GIST) and 

Chronic Myelogenous Leukemia have a characteristic BCR-Abl chromosomal 

translocation leading to the oncogenic protein. Inhibition of the protein product has led 

to a dramatic clinical benefit. The identification of a similar driver mutation, the Her2 

receptor in breast cancer, has led to dramatic clinical benefit in tumors harboring this 

oncogenic protein.  Currently, there are many hundreds of small molecules and 

antibody-based approaches to targeting proteins identified to be highly oncogenic in 

glioma6.  

Multiple RTK expression in Glioma 

Glioma tumors chunks have been shown to concurrently express multiple RTKs, such 

as c-Met, PDGFR (alpha and beta) and EGFR. Heterogenous expression of multiple 

RTKs has been implicated in Glioma’s highly proliferative capacity and mediates 

resistance to targeted therapies2. Glioma xenograft models have shown that targeting 

multiple RTKs is effective in disrupting tumor growth7,8. Moreover, studies of Glioma 

patient samples have shown that the most common RTKs genetically amplified in 

glioma (EGFR, PDGFRa, and c-MET) are amplified and expressed simultaneously in 
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single tumors in different cells in a mutually exclusive fashion8,9 as shown in the 

Illustration 1-1 below.  

 

 

The co-expression of multiple RTKs in glioma implies that single RTK inhibition will be  

ineffective. Understanding how these RTKs are expressed in a mutually exclusive 

manner may lead to more effective therapies. This idea of an “RTK switch” has been 

demonstrated in lung cancer cells, where EGFR inhibition leads to Met receptor 

amplification10. Furthermore, other groups have shown that across multiple 
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malignancies, Akt inhibition (a downstream effector of many RTKs) results in loss of 

FOXO transcription factors at the promoters of a conserved set of RTKs (Her3, IGF-1R, 

and Insulin Receptor) leading to their upregulation and continued tumor growth. 11 

Identifying the molecular effectors of RTK regulatory networks in GBM may lead to a 

more effective suppression of tumor growth.      

Constitutive PI3K pathway activation is a hallmark of Glioblastoma 

Phosphatidyl-inositol-3-kinases (PI3Ks) are a family of highly conserved intracellular 

lipid kinases that regulate cellular proliferation, differentiation, metabolism, and 

survival12. Class IA PI3 kinases are activated by growth factor receptor tyrosine kinases 

(RTKs), either directly or through interaction with insulin receptor substrate family of 

adaptor molecules12. The activity of PI3K results in phosphatidylinositol-3,4,5-

trisphospate (PIP3), a critical regulator of the serine/threonine kinase Akt, linking growth 

factor signaling with cellular growth, proliferation, metabolism and survival3,5. 

Tightly regulated PI3K signaling is essential for normal development, whereas 

persistently-activated PI3K signaling is associated with the development of cancer13. 

PI3K-activating mutations are found in nearly all patients with glioblastoma14, as 

indicated by the phosphorylation of key signaling proteins in the PI3K pathway15.  

Amplification or activating mutations of the catalytic and regulatory subunits of PI3K also 

contribute to PI3K pathway activation in up to 10% of glioblastomas16.  Loss of the 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) tumor suppressor 

protein, the major negative regulator of the PI3K pathway that antagonizes PI3K 
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signaling by dephosphorylating PIP3, occurs in more than 50% of glioblastomas and is 

a third mechanism of constitutive PI3K pathway activation15, 17.   

Therefore, multiple PI3K-activating genetic lesions occur in nearly all glioblastoma 

patients, highlighting the biological importance of this pathway. Consistent with the 

results of analyses of patient tumor tissues, mouse genetic models indicate that 

constitutive PI3K pathway activation may be required for malignant glioma formation 

and progression18.  In these models, constitutive PI3K signaling cooperates with 

alterations in other signaling pathways that are also commonly activated in glioblastoma 

patients, including those involving RAS/MEK/ERK, p53, and pRB19 20 21,22.  Other 

mouse genetic models demonstrate alternative routes towards malignant glioma 

formation that involve PI3K hyperactivation, including mutant EGFR in combination with 

Ink4a/arf23. Further, PTEN loss cooperates with pRB loss to promote glioma formation 

and progression24,25. Perhaps most impressively, concurrent alterations of the same 

pathways identified in human glioblastomas through gene mutation analysis, including 

NF1 loss, p53 loss, and PTEN loss (including haploinsufficiency), promote the formation 

and progression of malignant gliomas. Thus, mouse genetic models directly 

complement human tumor analyses by suggesting a causative role for persistent PI3K 

pathway activation and the accompanying mTOR signaling in the development and 

progression of malignant gliomas. 
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PI3K as a downstream effector of EGFR 

 EGFR amplification is detected in 45% of GBM patients, providing one common route 

towards PI3K pathway activation. EGFR activating mutations are also commonly 

detected in EGFR-amplified glioblastomas26-28. EGFRvIII, the most common EGFR 

mutation occurring in 20-30% of glioblastomas, results from genomic deletion of exons 

2-729,30.  It lacks a ligand-binding domain, yet it is persistently activated and fails to be 

internalized normally, resulting in a constitutive signaling with preferential effect on PI3K 

activity, in relation to the wild type receptor15, 31. Other receptor tyrosine kinases also 

contribute to PI3K pathway activation, including c-MET and PDGFR, both of which can 

be co-activated in EGFR-amplified tumors8,22 and confer resistance to EGFR inhibitors 

by providing an alternative route for maintaining PI3K signal flux2. Furthermore, mouse 

models of constitutively active EGFR, EGFRvIII demonstrate its requirement for 

maintenance of glioma growth32. 

mTOR as a Therapeutic Target in Glioblastoma 

mTOR acts through the canonical PI3K pathway via two distinct complexes, each 

characterized by different binding partners that confer distinct activities. In complex with 

PRAS40, raptor, and mLST8/GbL, mTOR acts as a downstream effector of PI3K/Akt 

signaling, linking growth factor signals with protein translation, cell growth, proliferation, 

and survival. This complex is known as mTORC1. In complex with rictor, mSIN1, protor, 

and mLST8 (mTORC2), mTOR acts as an upstream activator of Akt33.  The recently 

identified negative regulator of mTOR, DEPTOR, is a component of both the mTORC1 

and mTORC2 complexes34. Upon growth factor receptor-mediated activation of PI3K, 
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Akt is recruited to the membrane through the interaction of its pleckstrin homology 

domain with PIP3, thus exposing its activation loop and enabling phosphorylation at 

threonine 308 (Thr308) by the constitutively active phosphoinositide-dependent protein 

kinase 1 (PDK1)35,36. For maximal activation, Akt is also phosphorylated by mTORC2, at 

serine 473 (Ser473) of its C-terminal hydrophobic motif. Akt activates mTORC1 through 

inhibitory phosphorylation of TSC2, which along with TSC1 negatively regulates 

mTORC1 by inhibiting the Rheb GTPase, a positive regulator of mTORC1. mTORC1 

has two well-defined substrates, p70S6K (referred to hereafter as S6K1) and 4E-BP1, 

both of which critically regulate protein synthesis36. Thus, mTORC1 is an important 

downstream effector of PI3K, linking growth factor signaling with protein translation and 

cellular proliferation37.  Surprisingly, an Akt-independent, PKCα-dependent mechanism 

that links PI3K with mTORC1 in glioblastoma has also been described12. In other in vitro 

models mTORC1 signaling through S6K1 was required for malignant glioma formation, 

highlighting its functional importance38. 

The compelling nature of mTORC1 as a glioma target, coupled with the relative efficacy 

of the mTORC1 complex inhibitor rapamycin and its derivatives in preclinical mouse 

glioblastoma models4,39, has generated considerable hope for more effective targeted 

therapy for malignant glioma patients. However, a number of factors suggest that 

rapamycin-based treatments are not the best choice for effectively targeting mTOR in 

patients. First, mTORC1 plays a dual role as a positive regulator of PI3K/Akt signaling 

from growth factor receptors and a negative regulator of PI3K pathway activation when 

signal flux through PI3K is high. This ensures homeostatic regulation of this critical 

signal in healthy cells33. mTORC1 impairs PI3K activation in growth factor-stimulated 
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cells by downregulating IRS 1 and 2 and PDGFR25,40.  Its role in regulating PI3K 

signaling downstream of EGFR is less well understood. De-repression of mTORC1-

mediated feedback with rapamycin could result in more rapid clinical progression in 

glioblastoma patients, as described below41. The results of a recent study suggest that 

mTORC1 has rapamycin-insensitive, kinase-dependent activity42. Furthermore, 

rapamycin and its derivatives do not consistently target mTORC2, whose function and 

importance is discussed below41.  Therefore, the recent development of mTOR kinase-

specific inhibitors offers a whole new set of therapeutic options that will need to be 

evaluated clinically33. 

mTORC2 signaling in glioblastoma is less well understood than that of mTORC1. 

mTORC2, which is activated by PI3K, phosphorylates Akt on serine 473 (Ser473) of its 

C-terminal hydrophobic motif, thereby promoting maximal Akt activity. mTORC2 also 

activates additional kinases, including serum glucocorticoid-induced protein kinase and 

PKCα, all of which may play important roles in regulating cellular proliferation and 

growth. mTORC2 activity has been shown to be elevated in glioma cell lines and clinical 

isolates, and rictor overexpression has been shown to enhance motility and promote 

glioma cell proliferation in vitro43. Furthermore, in a recent Drosophila model of 

gliomagenesis promoted by constitutive coactivation of EGFR-Ras-Akt, mTORC2 

activity was required for glial proliferation. The results of these studies suggest that 

mTORC2 signaling is essential for growth in the context of enhanced signal flux through 

the PI3K pathway44. Future studies using both genetic and pharmacological approaches 

will be needed to better understand the role of mTORC2 signaling in malignant glioma. 

Clearly, elucidating the molecular circuitry that underlies mTORC1 and mTORC2 
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signaling will be very important for developing more effective glioblastoma treatments. 

In fact, an enriched picture of these signaling networks began to emerge during the first 

rapamycin-based clinical trials. Below, we discuss the results of these trials, highlighting 

efforts to study mechanisms of resistance in glioma patients treated with rapamycin. 

 

Illustration 1-2. mTORC plays a key role in integrating signal transduction and metabolic 

pathways in glioblastoma. Schematic representations shows pathways that regulate or 

are regulated by mTOR signaling in glioblastoma, with the known frequency of 

molecular alterations in these genes12,16,45,46.  

Targeting the EGFR/PI3K/mTOR Signaling Pathway in Glioma Patients: Lessons 

Learned 
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A number of phase I and II single-agent clinical trials of rapamycin (and its analogue 

CCI-779) have been conducted in malignant glioma. In addition, EGFR tyrosine kinase 

inhibitor and EGFR tyrosine kinase inhibitor/rapamycin analogue clinical trials have 

been reported in malignant glioma1,41,47. Although results with these agents have been 

disappointing, a considerable amount has been learned from the study of treated tumor 

tissue, suggesting more effective treatment strategies. 

Initial results with the EGFR tyrosine kinase inhibitors gefitinib and erlotinib suggest 

relatively low response rates of 10%–15%48,49.  These results are somewhat difficult to 

reconcile with the perceived importance of the EGFR target. Our research group 

demonstrated that constitutively active mutant EGFRvIII expression sensitizes tumors to 

EGFR inhibitors in vitro and clinically, but only if the PTEN tumor suppressor protein is 

intact. In fact, loss of PTEN inhibition of downstream PI3K signaling has been shown to 

be a critical promoter of up-front resistance to EGFR inhibitors1. Haas-Kogan et al48 

demonstrated, in vitro and in glioma patients, that high levels of EGFR, coupled with low 

levels of activated Akt (a critical effector of PI3K signaling), are associated with a 

favorable response. The results of these studies demonstrate that the intact regulation 

of PI3K signaling is critical for an effective response to EGFR inhibition. Similar results 

were also found in a human serially passaged xenograft model of glioblastoma50 and in 

other cancer types51. 

Maintained signal flux through PI3K, whether through PTEN loss or multiple RTK 

coactivation, is a common mechanism of EGFR inhibitor resistance24, and mTORC1 

appears to be its critical effector48,52. Preclinical studies demonstrated that dual 

EGFR/mTOR inhibition was effective at targeting EGFR-activated PTEN deficient 
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tumors52,53. However, two small studies (one of everolimus plus gefitinib and the other 

of rapamycin and erlotinib) in patients with recurrent malignant glioma failed to 

demonstrate durable responses47,54. Similarly, phase II studies of single-agent rapalogs 

in recurrent glioblastoma multiforme have failed to demonstrate clinical efficacy55,56. 

A number of possible explanations exist for the clinical ineffectiveness of rapamycin and 

its analogues, either as monotherapy or in combination with EGFR kinase inhibitors49,55. 

Typically, when a new cancer drug enters clinical trials, it is developed empirically by 

first defining the maximum tolerated dose and then assessing clinical activity across a 

range of diseases. This approach may not be adequate for determining optimal dose or 

assessing efficacy of target inhibition when using a drug similar to rapamycin. First, it is 

anticipated that targeted agents, such as rapamycin, will be effective primarily in 

patients whose tumors are dependent on the molecule being targeted. For example, the 

results of work from multiple investigators7,10,57-60 suggest that activation of PI3K 

signaling through PTEN loss sensitizes tumor cells to rapamycin in preclinical models, 

although other pathways that modulate sensitivity have been described37. This suggests 

that it may be possible to stratify patients for treatment on the basis of PTEN status. 

Second, for targeted agents that inhibit the activity of specific signaling pathways, such 

as the mTORC1/S6K1/S6 signaling axis, assays to assess the adequacy of pathway 

inhibition need to be incorporated into the design, interpretation, and implementation of 

clinical trials. Furthermore, tumor tissue must be accessed at relevant time points during 

treatment, which presents additional challenges for clinical trial design.  

Salvage surgical resection is often part of treatment for glioblastoma patients who 

experience relapse after standard up-front therapy. This clinical scenario presents 
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opportunities for trials that include molecular-based selection criteria. In collaboration 

with Doctors Tim Cloughesy, Charles Sawyers, Ingo Mellinghoff, and colleagues, we 

conducted a small pilot phase I and II neoadjuvant clinical trial of rapamycin in patients 

with relapsed PTEN-negative glioblastoma. Rapamycin was orally administered to 

patients prior to a scheduled tumor resection, with the primary goals of defining the 

dose required for mTOR target inhibition and assessing potential anti-proliferative 

effects on tumor cells. PTEN status in tumor tissue was determined at initial clinical 

presentation and biopsy evaluation. After relapse, patients with PTEN-deficient tumors 

at biopsy received a 10-day course of rapamycin at one of three dosages (2, 5, or 10 

mg/day b.i.d.), followed by surgical excision. Intratumor drug levels, mTORC1 signaling 

(as measured by S6 phosphorylation), and cellular proliferation were measured and 

compared between both surgical procedures in rapamycin-treated patients and in a set 

of similarly matched “control” patients with relapsed glioblastoma who had not 

undergone rapamycin treatment.  

Intratumoral rapamycin concentrations sufficient to inhibit mTOR in vitro were achieved 

in all patients, even at the lowest dose. However, the magnitude of mTORC1 inhibition 

in tumor cells varied significantly from patient to patient, irrespective of dose (10%–80% 

inhibition of S6 phosphorylation). Reduced tumor cell proliferation (as measured by Ki67 

staining) in vivo was significantly related to the degree of inhibition of mTORC1 

signaling. mTORC1 inhibition of more than 50% resulted in significantly inhibited tumor 

cell proliferation; lower inhibition did not result in a cytostatic response. Significantly, ex 

vivo-cultured tumor cells from rapamycin-“resistant” patients were highly sensitive to the 

drug, suggesting that rapamycin resistance is due to a failure of the drug to fully access 
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its target in vivo, such as Rapamycin accumulation in the highly perfused tumor 

vasculature.  

 

Pathway Cross-Talk and Feedback Loops in Patients 

To determine whether rapamycin treatment promotes tumor cell growth in patients by 

repressing the negative feedback loop for attenuating PI3K signaling, 61,62 patients were 

enrolled in a pilot clinical study involving a “biopsy-treat-biopsy approach”. In this trial, 

patients understand the first surgery (S1), then given a trial of rapamycin followed by a 

second surgery (S2). Proteomic comparison of tumor samples S1 and S2 lead to the 

conclusion that rapamycin treatment led to Akt activation in 7 of 14 patients. Akt 

reactivation occurred presumably due to the loss of negative feedback, which was 

associated with significantly shorter time-to-progression during postsurgical rapamycin 

maintenance therapy41. Thus, understanding the complex role of mTOR in regulating 

signal transduction and cellular metabolism (as discussed below) is critical to 

developing more effective mTOR-targeted therapies.  

Biopsy-treat-Biopsy approach for Drug Resistance Modeling 

The finding of PI3K pathway reactivation after rapamycin treatment suggests that dual 

PI3K/mTOR inhibitors function by preventing PI3K signaling reactivation and more 

effectively target TORC2 (and TORC1) signaling. A dual PI3K/mTOR inhibitor (PI-103) 

was shown to be efficacious at blocking the growth of glioblastoma cells in vitro and in 

vivo, independent of PTEN status63. The combination of this inhibitor and erlotinib or 

gefitinib also resulted in a significant benefit in EGFR-activated tumor cells53. A number 
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of dual PI3K/mTOR inhibitors are being evaluated in early clinical trials, including NVP-

BEZ235, which has shown efficacy against a panel of glioblastoma cell lines64. 

Somewhat surprisingly, in preclinical glioblastoma models, dual PI3K/mTOR inhibitors 

have failed to promote tumor cell apoptosis64. Investigations are underway to determine 

whether these dual PI3K/mTOR inhibitors will promote apoptosis when used in 

conjunction with other pathway-targeted agents, cytotoxic chemotherapies, or radiation 

therapy. 

The remarkable plasticity of tumor cells and their capacity for rewiring was recently 

demonstrated in studies that found mTORC1 inhibition leads to ERK pathway activation 

through a PI3K-dependent mechanism29. The results of these studies indicate that dual 

PI3K/mTOR inhibitors may also suppress ERK signaling activation. A similar “biopsy-

treat-biopsy” strategy41 to that described above may be required to assess the effect of 

dual PI3K/mTOR inhibitors on PI3K, mTORC1, mTORC2, Akt, and ERK signaling and 

assess their clinical benefits. Such studies will help determine the use of these agents, 

alone or in combination with other pathway-targeted agents, cytotoxic therapies, or 

radiation therapy. 

mTOR at the Interface of Signal Transduction and Cellular Metabolism 

Up to this point, studies of mTOR have focused on its role as a key effector and 

regulator of PI3K signaling. However, mTOR also plays a critical role in integrating 

cellular metabolism with signal transduction. Sarah Kozma and George Thomas' 

research groups demonstrated that class III PI3K (vps34) provides an amino acid-

sensing mechanism to activate mTORC1 signaling in a process that is entirely 

independent of class I PI3K and its canonical signaling pathway.45 This observation 
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indicates that mTOR is a key node for integrating growth factor signaling with cellular 

metabolism. It also raises the possibility that class III PI3K signaling to mTORC1 could 

promote escape from mTOR or dual class I PI3K/mTOR inhibitors. Further studies are 

needed to address the clinical relevance of class III PI3K signaling to mTOR in 

glioblastoma patients and to assess its contribution towards promoting clinical 

resistance to RTK/PI3K/mTOR inhibitors. 

mTORC1 has also emerged as a critical effector downstream of the tumor suppressor 

liver kinase B1 (LKB1, also referred to as STK11). The germline loss of LKB1 is 

responsible for Peutz-Jeghers inherited cancer syndrome, and its sporadic loss has 

been detected in a variety of cancers.65 LKB1 is thought to suppress tumors by 

negatively regulating mTORC1 signaling via the central metabolic switch, AMP-

activated protein kinase (AMPK). The LKB1-AMPK pathway acts as a metabolic 

checkpoint that arrests cell growth when nutrients are scarce. LKB1 phosphorylates and 

activates AMPK, which in turn negatively regulates mTORC1 signaling through the 

activation of TSC2 and the direct inhibitory phosphorylation of the mTOR binding 

partner raptor.66-68 Furthermore, in tumors caused by LKB1 loss,65,69 mTOR may play a 

key role downstream of LKB1/AMPK metabolic signaling. 

Other classic growth factor signaling pathways may also interact with LKB1/AMPK. 

Recent studies have demonstrated that the B-RAF V600E mutation, a common 

hyperactivating mutation in melanoma and other cancer types,70-72 forms a complex with 

Erk and LKB1 that promotes phosphorylation and inactivation of LKB1 by ERK, thus 

functionally suppressing LKB1's ability to activate AMPK and activating mTORC1.73 

Strikingly, LKB1 that lacks V600E BRAF phosphorylation sites (s325 and s428) inhibits 
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V600E-driven proliferation, suggesting that the LKB1/AMPK axis is a critical mediator of 

oncogenic RAF signaling.73 

The role of LKB1/AMPK signaling and the importance of mTORC1 as LKB1/AMPK's 

mediator in malignant gliomas remain to be elucidated. A recent study by our research 

group demonstrated that the AMPK agonist AICAR is very effective at blocking the 

growth of EGFR-activated glioblastomas, both in vitro and in vivo.74 Surprisingly, this 

was only partially mediated by inhibition of mTORC1 signaling. Rather, the striking anti-

growth effect of AICAR on EGFR-activated tumor cells was mediated primarily by 

inhibiting lipogenesis. Understanding how AMPK regulates lipogenesis and how it 

interacts with mTORC1 signaling, as well as with EGFR signaling through the PI3K/Akt 

and RAS/ERK pathways, may prove important for developing more effective treatment 

strategies.75 

Concluding Thoughts 

Because the EGFR/PI3K axis and downstream effector mTOR is hyperactivated in 

GBM, inhibiting this signaling node is clinically important. Despite the relative clinical 

failure of EGFR and mTOR inhibitors in the clinic, an enormous amount has been 

learned from studying EGFR/mTOR signaling in well-controlled experimental glioma 

models and in phase I and II clinical trials. However, a number of challenging questions 

have been raised. Do we fully understand the importance of mTORC2 signaling in 

malignant gliomas, and is dependence on this pathway enhanced in the context of 

persistent PI3K signaling? How does EGFR inhibition effect the expression of other 

RTKs in GBM? Does heterogeneity of RTK expression render single-agent EGFR 

inhibitors useless2,22? If so, what minimal combination of RTK inhibitors is necessary to 
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induce tumor cell death? Does PTEN status matter when inhibiting the RTKs?  Will 

EGFR and combination mTOR kinase inhibitors prove clinically effective where 

rapamycin has failed? Recently, autophagy, which is the cellular process of 

cannibilization, has been shown to be activated in GBM cells after treatment with 

PI3K/mTOR inhibitors54. The authors showed that combination treatment of inhibitors of 

autophagosome formation and PI3K/mTOR kinase inhibitors synergized to promote 

tumor cell death. May autophagy inhibitors synergize with EGFR inhibitors to promote 

cell death? Answers to these questions, along with emerging data about the underlying 

molecular circuitry and the development of true mTOR kinase inhibitors, will result in an 

array of new treatment approaches. Perhaps most importantly, well-designed clinical 

trials are needed in which tissue can be accessed at relevant time points to analyze 

pathway activation biomarkers. 
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Aims of this dissertation: 

In the proceeding section, we summarized the signal transduction biology of 

EGFR/PI3K/mTOR in glioma. We also summarized the current clinical inefficacy of 

EGFR/PI3K/mTOR inhibitors in GBM.  Possible mechanisms of resistance to EGFR 

inhibitors include loss of PTEN and multiple RTK co-expression, which would maintain 

signal flux to downstream PI3K. Indeed, genetic analysis of glioma biopsies revealed 

mutually exclusive genetic amplification of RTKs EGFR, PDGFRa, and c-Met. Genetic 

amplification of these RTKs correlated to receptor expression.  

PDGFRb is another receptor implicated as a glioma driver, yet never identified to be 

genetically amplified. Additionally, recent proteomic analysis of glioma tumors has 

identified a mutual exclusive detection of two tumor classes. The first class is 

characterized by high levels of EGFR and phospho-EGFR. The second class is 

identified by high levels of PDGFb and phospho-PDGFRb. The mutual exclusive tumor 

expression between these two classes introduces two important questions: (1) Is this 

inverse correlation dynamic? In a tumor, does EGFR inhibition upregulate PDGFRb 

expression? (2) Does PDGFRb upregulation drive resistance to EGFR inhibitors? 

 In the following chapter I will demonstrate that EGFR negatively regulates PDGFRb 

expression and activation. I will show this correlation across multiple systems, utilizing 

established EGFR driven glioma cell lines (in vitro and in vivo mouse flank xenografts), 

as well as heterogeneous glioma neurospheres (in vitro and mouse flank xenografts). I 

will also demonstrate phospho-EGFR/PDGFR inverse relation across a glioma tissue 
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micro-array, and in clinical tissue from a pilot study clinical trial of Lapatinib (a dual 

EGFR-Her2 inhibitor). 

Because EGFR kinase inhibitors are not as clinically effective as expected based on 

their target’s perceived importance32, we have been developing models of resistance to 

EGFR kinase inhibitors. We have identified PDGFRb signaling as a mechanism of 

resistance to EGFR kinase inhibitors. Using In vitro viability assays for U87EGFRvIII 

cells, we have observed PDGF-bb ligand mediated rescue of cell growth in EGFR 

knockdown or in cells treated with EGFR kinase inhibitor erlotinib. In vitro immunoblot 

confirms dramatic phospho-Erk activation upon PDGFRb stimulation 24 hours post-

erlotinib incubation. We have also observed in mouse xenografts that PDGFRb drives 

tumor growth only after EGFR inhibition. 

We have also identified the mTOR signaling axis, downstream of EGFR, as one route of 

EGFR mediated suppression of PDGFR receptor expression. In vitro knockdown of 

mTOR substrate p70S6Kinase dramatically upregulated PDGFRb RNA and protein 

levels. Moreover, mTOR inhibitor rapamycin upregulates PDGFRb in vitro and in vivo in 

rat brain-implanted U251 Glioma cells. We treated U87EGFRvIII cells with erlotinib and 

observed an increase in PDGFRb promoter-luciferase signal, as well as increases in 

primary PDGFRb transcript, further implicating EGFR as a transcriptional repressor of 

PDGFRb. 

Thus, our data indicate that EGFR/mTOR axis signaling suppresses PDGFRb across a 

range of glioma cells in vitro and in vivo. Furthermore, we have demonstrated PDGFRb 

upregulation promotes cell survival and proliferation during EGFR inhibition in vitro and 
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in vivo. Downstream of mTOR, we have demonstrated that p70S6K negatively regulates 

PDGFRb RNA and protein levels.  Our previous discussion of targeted therapy in GBM 

introduced rapamycin and EGFR inhibitors, both of which resulted in poor clinical 

response when administered either alone or in combination. Our demonstration of 

EGFR/mTOR mediated suppression of PDGFRb, as well as our observation that 

PDGFRb drives EGFR-inhibited tumors, indicate a novel mechanism of resistance to 

EGFR/mTOR inhibitors.  
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Chapter Two: 

Identifying PDGFRb upregulation as a mode of resistance to EGFR tyrosine 

kinase inhibitors in GBM 

As introduced earlier, Amplification of EGFR is detected in 45% of glioblastoma 

patients16, making EGFR a promising target for inhibitor therapies. However, clinical 

trials of the EGFR tyrosine kinase inhibitors gefitinib and erlotinib suggest relatively low 

response rates of 10%-15%.48,49 We have previously demonstrated that loss of PTEN 

inhibition of downstream PI3K signaling promotes resistance to EGFR inhibitors1.  RTK 

co-amplification has recently been suggested as a mode of resistance to EGFR 

inhibitors. Glioma subclasses have recently been defined by mutually exclusive 

amplification of RTKs. 

 

The TCGA identified four distinct genetic subclasses in GBM. These include the 

Classical subclass, which is enriched in EGFR amplifications (95%), the Proneural 

subclass, which exhibits PDGFRa amplification (35%), the Neural subclass, which is 

characterized by amplification of many RTKs, and the Mesenchymal subclass, which is 

associated with EGFR amplification (29%) with very little PDGFRa amplification (9%).16 

  

A protein expression approach to GBM subclassification identified three distinct cores of 

protein expression in glioma. These include the EGFR core, characterized by high 

levels of total and phospho-EGFR, the PDGF core, characterized by high levels of 

PDGFB and phospho-PDGFRbeta, and the NF1 loss core20.  The striking inverse 

correlation between PDGFRb and EGFR in both the PDGF and EGFR core led us to 
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investigate this relationship further. Although PDGFRB has been implicated in glioma, 

studies have not been conducted with respect to its regulation by other RTKs.76,36,37 

Here we analyze GBM clinical samples, cell lines, and a mouse model in order to 

identify PDGFRB upregulation as a mechanism of resistance to EGFR kinase inhibitors. 

 

Our hypothesis of a receptor tyrosine kinase switch from EGFR to PDGFRb has been 

previously demonstrating for other RTKs in other malignancies. For example, inhibition 

of EGFR in lung cancer models leads to amplification of the c-Met receptor, thus 

maintaining PI3K signal flux, and resistance to the EGFR inhibitor. Downstream of PI3K, 

Akt inhibition has been shown to upregulate a conserved set of RTKs: Her3, IGF-1R, 

and Insulin Receptor4. Downstream of Ras, B-Raf inhibition in melanoma has been 

shown to upregulate PDGFRb77. Thus, acquired resistance to targeted therapies in 

other tumor types involves upregulation of receptor tyrosine kinases. 

 

With the mindset of RTKs as resistance to targeted therapies in conjunction with EGFR 

and PDGFRb inverse correlation in GBM, we decided to investigate the role of PDGFRb 

in acquired resistance to EGFR inhibitors.  

 

Using a variety of powerful resources, my work is focused on identifying the molecular 

mechanisms of resistance to EGFR kinase inhibitors. We demonstrate that EGFR 

inhibition releases PDGFR-beta suppression in vitro and in vivo in order to drive tumor 

proliferation. Further, we use a series of genetic and pharmacologic approaches to 

show that EGFR-dependent suppression of PDGFR-beta is mediated by mTORC1 
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signaling. These results provide a mechanistic basis by which GBMs switch from EGFR 

signaling to PDGFR-beta signaling in response to EGFR inhibitors and suggest that 

dual targeting of EGFR and PDGFR is required for more effective treatment. This work 

has the potential to explain a clinically important mechanism of resistance to EGFR 

inhibitor therapy and to develop more potent combination approaches for promoting 

long term disease suppression.  

 

Experimental Procedure 

 

Tissue Microarrays 

Tissue microarrays (TMAs) were used to analyze PDGFRB and p-EGFR Tyr1086 

immunohistochemical staining in 140 GBM patient samples. We constructed two GBM 

TMAs with a 0.6-mm needle to extract 252 representative tumor tissue cores and 91 

adjacent normal brain tissue cores from the paraffin-embedded tissue blocks of 140 

primary GBM patients. These cores were placed in a grid pattern into two recipient 

paraffin blocks, from which tissue sections were cut for immunohistochemical analysis 

of p-EGFR Y1086 and PDGFRB. EGFR and PDGFRB staining was scored and 

tabulated in Chi-square.  

 

Phospho-RTK array 

U87EGFRvIII tumors were implanted subcutaneously in NSG mice. One mouse was 

oral gavaged with Erlotinib, 150mg/kg, for 20 days. Tumor explants were then minced 
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with scalpels, then homogenized in NP40 containing lysis buffer, and loaded at 2000 

micrograms per RTK array membrane, according to manufacture instructions (R&D 

systems).  

 

Xenograft model 

 

Isogenic human U87 malignant glioma cells (U87, U87-EGFRvIII, U87-EGFRvIII kinase 

dead, GBM 39 neurospheres [David James lab, UCSF]) were implanted into 

immunodeficient SCID/Beige mice for subcutaneous xenograft studies. SCID/Beige 

mice were bred and kept under defined-flora pathogen-free conditions at the 

Association for Assessment of Laboratory Animal Care–approved Animal Facility of the 

Division of Experimental Radiation Oncology, UCLA. For subcutaneous implantation, 

exponentially growing tumor cells in culture were trypsinized, counted with a 

hemocytometer, resuspended, and injected subcutaneously at 600K cells/150ul in a 

solution of Dulbecco’s phosphate-buffered saline (dPBS) and Matrigel (BD 

Biosciences). Tumor growth was monitored with calipers by measuring the 

perpendicular diameter of each subcutaneous tumor. U87 and U87-EGFRvIII cell lines 

were implanted subcutaneously in mouse abdomen (n =4) for treatment with Erlotinib 

(150mg/kg for U87/vIII/kinase dead xenografts, 150 for neurospheres). All experiments 

were conducted after approval by the Chancellor’s Animal Research Committee of 

UCLA. 
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Phase II lapatinib clinical trial 

North American Brain Tumor Consortium (NABTC) trial 04-01 titled "A biomarker and 

Phase II study of GW 572016 (lapatinib) in recurrent malignant glioma" enrolled 

consented patients from University of California at Los Angeles (UCLA), University of 

California at San Francisco, Dana-Farber Cancer Center, Memorial Sloan Kettering 

Cancer Center, University of Pittsburgh, Neuro-oncology branch of National Institutes of 

Health, University of Wisconsin, and Duke University. Adult patients who had a 

Karnofsky performance score (KPS) equal to or greater than 60, who were not on 

enzyme-inducing antiepileptic agents and who had normal hematologic, metabolic, and 

cardiac function were eligible for this study. In addition, patients must have been 

candidates for surgical re-resection at the time of enrollment.  

Patients first underwent surgical tumor resection, with tumor samples labeled S1. Next, 

patients were administered 750 mg of lapatinib orally twice a day (BID) for 7 to10 days 

(depending on whether treatment interval fell over a weekend) before surgery-2 (S2), 

the time to steady state. Blood and tissue samples were obtained at the time of 

resection. After recovery from surgery, patients resumed lapatinib treatment at the 

neoadjuvant dose of 750 mg BID until clinical or radiographic evidence for tumor 

progression was found. A complete description of the clinical trial results will be reported 

separately. The first cohort of patients for whom tissue was available before and after 

lapatinib (n = 9) were included in this study. Comparing S1 and S2 tumors by 

immunoblot, we were able to stratify which EGFR expressing tumors had Lapatinib 

induced phospho EGFR inhibition.  
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Transient knockdown siRNA 

Transient knockdown of EGFR, EGFR-vIII, S6K1/2, raptor, and rictor were performed as 

follows. siRNA was diluted to a final concentration of 10nM in Optimem and 7.5 ul 

Lipofectamine RNAi-max, in serum containing, PSQ free media overnight in a final 

volume of six mls in a 60mm dish. Media was changed the following morning, and cells 

were incubated for 24 hours before lysate collection. 

Immunocytochemistry 

U87EGFRvIII cells were drug treated with Erlotinib, prepared in histogel according to 

manufacturing instructions (Thermo Scientific) parafin embedded for IHC of total 

PDGFRB (Cell Signaling). 

 

Cell lines 

U87 and U87-EGFRvIII isogenic cell lines were cultured in Dulbecco’s modified Eagle’s 

medium (Cellgro) supplemented with 10% FBS (Omega Scientific) in a humidified 

atmosphere of 5% CO2 and 95% air at 37°C. U87-EGFRvIII kinase dead cells were a 

gift of W. Cavenee. U87-EGFRvIII-shPDGFRB cells were generated by plasmid-

mediated transfection of shPDGFRB into U87-EGFRvIII cells followed by selection for 

stable clones. Neurosphere cell lines (GBM6, GBM12, GBM39, HK296, HK242) were 

cultured in Dulbecco’s modified Eagle’s medium F12 (Cellgro) supplemented with EGF, 

FGF, Heparin, and Glutamax. 
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Antibodies and reagents 

We used antibodies directed against the following: p-EGFR 1086 (Epitomics), p-EGFR-

1068, pAkt473 (Cell signalling), p-Akt Thr308, Akt, p-S6Ser235/236, p-PDGFRB Tyr751(Cell 

signalling), PDGFRB (Cell signalling), -actin (Sigma);  EGFR/EGFRvIII cocktail 

antibody (Upstate); Reagents used are LY294002(Cell signalling), rapamycin, Akt 1/2, 

PD98059,  polybrene (Sigma), Erlotinib (ChemieTek), Akti-1/2 (Calbiochem). 

Cell proliferation 

Cells were incubated overnight with transient siRNA of EGFRvIII (Ambion) or scrambled 

SiRNA (Ambion) at 10nM with RNAiMax Lipofectamine reagent (Invitrogen) and 

Optimem (Invitrogen). Cells were then counted and plated in 96 well plates and were 

stimulated with PDGF-bb ligand or vehicle in medium containing 2% charcoal-stripped 

FBS. Relative proliferation to control cells with vehicle treatment was checked with a 

Cell Proliferation Assay Kit (Chemicon). Cells were incubated 1.5 hours after addition of 

tetrazolium salt WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-

tetrazolium, monosodium salt] (Chemicon) at 5% CO2 and 37°C, and the absorbance of 

the treated and untreated cells was measured with a microplate reader (Bio-Rad) at 420 

to 480 nm. 

In order to ascertain the proliferative effect of pharmacological inhibition of EGFR and 

PDGFR on U87EGFRvIII cells, the same experiment was done with addition of the 

EGFR inhibitor, Erlotinib(5uM) and PDGFR kinase inhibitor AG1295(varied 

concentrations). Relative cell proliferation was analyzed with a Cell Proliferation Assay 
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Kit (Chemicon). Where indicated, trypan blue exclusion assay was also conducted 

(Invitrogen).  

 

 

shRNA assay 

Cells (5 x 104) were seeded in 12-well plates and maintained for 24 hours, after which 

the medium was replaced with fresh 5% FBS medium including polybrene (5 µg/ml; 

Sigma), and then shRNA lentivirus was added to cells followed by incubation for 24 

hours. For Western blot analysis, infected cells were incubated in fresh 5% FBS 

medium for another 24 hours, then lysed. For cell proliferation or cell death assays, 

infected cells were subcultured into 96-well plates or 12-well plates, maintained in 5% 

FBS medium for 24 hours, and then changed to 1% FBS medium and maintained for 4 

to 5 days.  

RT-PCR 

U87EGFRvIII cells were treated in vivo xenografts with oral gavage Erlotinib and vehicle 

control. Tumor chunks were homogenized in Trizol for RNA extraction. In vitro, 

U87EGFRvIII cells were plated with and without Erlotinib time course 32 hours, as well 

as in 10% serum, with and without Rapamycin time course 24 hours. At each time point, 

cells were lyzed in Trizol for RNA extraction. RT-PCR analysis was next conducted 

using primers designed to amplify both the primary transcript of PDGFRb as well as the 

messenger RNA transcript.  
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ChIP assay 

ChIP assays wereperformed in U87-EGFRvIII cells with or without Rapamycin (5nM), 

24 hours. Cells in two 15-cm plates were pooled for each replicate. ChIP was performed 

described78. Cells were corss-linked for 5 min in 1% formaldehyde in PBS. After 

sonication (15 min total sonication time in 30-s pulses), soluble chromatin from each 

replicate was split four ways for overnight immunoprecipitations with 2 ug of the 

following anti-bodies: mouse immunoglobulin G (Millipore cat #12-371) antibody against 

polymerase II (Millipore clone CTD4H3, cat #05-623, positive control).  5ul of chromatin 

was used as control.  DNA-protein complexes were pulled down by incubation for 2 

hours with protein G-Sepharose, washed, and eluted with 1% SDS buffer.  Resulting 

chromatin was de-crosslinked with heat and protein digested with ProteinaseK, along 

with input controls.  Genomic DNA (gDNA) was assayed by quantitative polymerase 

chain reaction (qPCR) with primers amplifying PDGFR TSS and a fragment upstream of 

the TSS. qPCR values were normalized against the input gDNA content for each 

replicate. qPCR primers are available upon request.  
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Immunoblotting 

Cultured cells or snap-frozen tissue samples were lysed and homogenized with RIPA 

buffer (buffer, Boston Bioproducts; protease and phosphatase inhibitor, 

Thermoscientific). Protein concentration was determined via BCA Assay (reagents A 

and B, Thermoscientific; standards, Biorad) and samples were subjected to 4-12% 

gradient SDS–polyacrylamide gel electrophoresis and then transferred to a 

polyvinylidene difluoride membrane (Bio-Rad Laboratories). The membrane was 

blocked for 1 hour in tris-buffered saline containing 0.1% Tween 20 and 5% nonfat milk 

and then probed with various primary antibodies, followed by secondary antibodies 

conjugated to horseradish peroxidase (HRP). The immunoreactivity was revealed by 

use of an ECL kit (Amersham Biosciences).  

 

Luciferase Assay 

U87-EGFRvIII cells were transfected with Switchgear genomics PDGFβR promoter 

plasmid concurrently with control CMV plasmid promoter Luciferase and Renilla and 

Firefly Luciferase control. Luciferase assay was conducted using Promega Dual 

Luciferase Reporter Assay system.  

 

Xenograft 

U87EGFRvIII and U87EGFRvIII-kinase dead construct (Gift Cavenee Lab, UCSD) were 

transfected with plasmids encoding scramble and PDGFRbeta shRNA. Cell lines were 

selected under puromycin, and then injected in mouse flank 1:1 ratio with matrigel at 
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500,000 cells per injection. Tumor caliper measurements were taken and tumors were 

then excised and tumor lysed. Tumor xenograft size and tumor lysate western blot are 

shown in figure 5.  

 

Results 

PDGFRb expression is suppressed in EGFR activated GBMs 

Previous proteomic analysis of GBM tumor samples has shown inverse correlation 

between EGFR and PDGFRb20. Our EGFR IHC specific antibodies detect both wild type 

EGFR and constitutively active EGFR mutant known as EGFR-vIII.  We sought to 

expand upon this observation by leveraging a 142 gbm core biopsy tissue microarray. 

We observed a strong inverse correlation between EGFR (total and phosphorylated 

tyrosine 1086) and PDGFRbeta (p value < 0.0206), suggesting that EGFR activated 

GBMs suppress PDGFRb protein expression (Figure 1A). 

 

Expanding upon our hypothesis of EGFR mediated PDGFRb suppression, we next 

investigated whether PDGFRb is elevated following EGFR inhibition in patients. To 

investigate this, we utilized  glioblastoma tumor biopsies of a cohort of patients having 

undergone ten days of oral treatment with the dual EGFR/Her2 inhibitor Lapatinib (North 

American Brain Tumor Funders Collaboration). Post-Lapatinib biopsies samples were 

divided into EGFR-on and EGFR-off and analyzed by immunoblot (Figure 1B). They 

demonstrated a striking inverse correlation between phospho-EGFR status and 

PDGFRb protein expression (p<0.042). Immunohistochemical analysis of one patient 



32 
 

was available before and after Lapatinib treatment, and demonstrated significant 

phospho-EGFR inhibition with concomitant PDGFRb expression in the tumor (Figure 

1C).     

 

EGFR inhibition promotes PDGFRb upregulation in GBMs in vitro and in vivo 

We demonstrated dramatic PDGFRb upregulation after EGFR inhibition in clinical 

samples (Fig 1B, 1C). Next, we developed an in vivo model of this Receptor Tyrosine 

Kinase switch observed in the clinical samples. We utilized the U87 Glioblastoma cell 

line in conjunction with U87-EGFRvIII, and the U87-EGFRvIII-kinase dead mutant. We 

subcutaneously implanted these tumors in SCID mice. The mice bearing U87-EGFRvIII 

xenografts were also gavaged with the ATP-competitive EGFR inhibitor Erlotinib for 20 

days at 150mg/kg/day. Mice bearing U87 EGFRvIII tumors, gavaged with vehicle or 

Erlotinib solution, were sacrificed and tumor lysate was prepared for phospho-receptor 

tyrosine kinase analysis (Figure 2A). As expected, phospho-EGFR was dramatically 

inhibited in the Erlotinib treated tumors; while phospho-PDGFRb was increased. Tumor 

sections were also prepared for IHC, which also demonstrated phospho-EGFR tyrosine 

1086 inhibition after Erlotinib treatment, and dramatic PDGFRb upregulation (Figure 

2B).  

 

In order to rule our possible off-target effects of Erlotinib in regulating PDGFRb levels, 

we prepared tumor xenograft lysate from U87 and U87-EGFRvIII kinase dead cells. 

Immunoblot analysis in Figure 2B also indicated EGFRvIII tumors dramatically suppress 



33 
 

PDGFRb protein levels; while Erlotinib gavaged mice bearing EGFRvIII tumors, as well 

as EGFRvIII-kinase dead, exhibited high levels of the PDGFRb protein.  

 

Immunoblot analysis revealed a similar inverse relationship between EGFRvIII and 

activated PDGFRb in the xenograft model, as quantified by tyrosine phosphorylated at 

751, a PI3K regulated site( Supplemental Figure 2.2A).In vitro Immunocytochemistry of 

U87EGFRvIII tumors before and after in vitro 24 hours Erlotinib treatment also showed 

PDGFRb localization at the cell surface(Supplemental Figure 2.2C).  

 

Our tissue micro-array of EGFR expression glioma tissue utilizes an antibody that 

detects both wild type and EGFR mutant vIII. We next decided to investigate whether 

both wild type EGFR and mutant EGFRvIII are able to regulate PDGFRb levels in vitro. 

Using the U87EGFRvIII cells in vitro, Erlotinib treatment did upregulate protein levels of 

PDGFRb in 24 hours (Supplemental 2.3A). A time course of Erlotinib treatment 

demonstrated that PDGFRb protein levels were upregulated after only 10 hours of 

treatment (data not shown). Furthermore, U87-wtEGFR expressing lines did down 

regulate PDGFRb when incubated with EGF ligand for 30 hours. EGF ligand stimulation 

was specific to the EGFR receptor, because siRNA knockdown of EGFR as well as 

Erlotinib treatment abrogated EGF-mediated downregulation of the PDGFRb receptor 

(Supplemental 2.3B).  
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Our U87EGFRvIII and U87wtEGFR experiments did demonstrate dramatic PDGFRb 

protein regulation in vitro and in vivo in murine xenografts. The U87 glioma cell is a 

serum cultured line first established four decades ago. Recent work has indicated that 

glioma cells established and maintained in Neurosphere conditions closely resemble 

their parental primary tumors based upon genotype and gene-expression profile79. In 

contrast, tumor cells grown under serum containing conditions are dramatically different 

genetically and biologically from their parental tumors79.  Thus, in order to rule out that 

EGFR mediated PDGFRb regulated is an artifact of serum-cultured cell lines, we also 

screened a panel of GBM cultured neurospheres for Erlotinib mediated PDGFRb 

upregulation in vitro and in vivo. In a panel of three EGFRvIII-expressing and two 

wtEGFR-expressing neurospheres, we detect robust upregulation of PDGFRb protein 

levels after Erlotinib treatment (Figure 2C). Additionally, cells of the EGFRvIII-

expressing neurosphere line GBM39 were grown in mouse flanks and the mice were 

oral gavaged with Erlotinib at 150mg/kg for 5 and 10 days. Immunoblotting revealed that 

Erlotinib treatment resulted in upregulation of total and phosphorylated PDGFRb (Figure 

2D). 

 

PDGFR activation rescues EGFRvIII knockdown GBM cells in vitro 

Our next goal was to investigate what contribution PDGFRb upregulation makes to 

maintained proliferation in the face of EGFR inhibitors. In order to investigate this 

question, we plated U87EGFRvIII cells in the presence and absence of Erlotinib. Media 

was supplemented with PDGFbb ligand daily at 20ng/ml per day for four days. Cells 
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were prepared daily for cell counting and mitochondrial activity was assayed using 

Tetrazolium assay (WST1) (Figure 3B and 3C) over four days. Day four mitochondrial 

activity is graphed (Figure 3D), demonstrating a significant rescue of Erlotinib treated 

cells with PDGFbb ligand stimulation relative to untreated cells (p<0.00001). A parallel 

immunoblot demonstrated dramatic PDGFRb upregulation with in vitro incubation of 

Erlotinib, and concomitant PDGFRb phosphorylation with incubation of Erlotinib and 

PDGFbb ligand. In order to rule out PDGFbb ligand-mediated activation of another 

phospho RTK, we also incubated U87EGFRvIII cells with PDGFbb ligand, and observed 

only PDGFRb phosphorylation in a panel of 42 receptor tyrosine kinases (supplemental 

Figure 3A).  

 

In order to rule out Erlotinib-mediated off-target effects in U87EGFRvIII cells, in vitro 

proliferation assays were repeated using genetic knockdown short-hairpin constructs 

against EGFRvIII with concurrent PDGFbb ligand stimulation. Immunoblot demonstrates 

dramatic EGFRvIII knockdown and PDGFRb upregulation. WST1 formazan assay and 

total cell counts demonstrate dramatic rescue of Erlotinib treated cells after PDGF-bb 

ligand stimulation (Supplemental Fig 3B-E).  

 

PDGFR kinase inhibitor abrogates PDGFRb mediated rescue of EGFRvIII 

knockdown GBM cells in vitro 

We have demonstrated that PDGFbb ligand activation rescues EGFRvIII inhibited cells. 

Additionally, we showed that treatment with a PDGFR kinase inhibitor abrogates PDGF 
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ligand mediated rescue of EGFRvIII inhibited cells in vitro (Supplemental Fig 3F, 3G). 

An immunoblot of U87EGFRvIII cells treated with erlotinib and the PDGFR kinase 

inhibitor AG1295 with concurrent PDGFbb ligand stimulation is shown in Supplemental 

Figure 3H.  AG1295 at 2uM dramatically abrogates PDGFbb-ligand mediated PDGFR 

phosphorylation.  

 

 

PDGFRb transphosphorylates EGFR, and their association is dependent on 

respective kinase domains 

Others have shown that PDGFRb and wild-type EGFR immunoprecipitate with each 

other and transphorylate each other80. We have expanded this interaction to show that 

constitutively active mutant EGFRvIII associates with PDGFRb, that this is ligand 

independent (of both PDGF and EGF), and that it is kinase dependent (Supplemental 

Figure 3H-J). Treatment with a double kinase inhibitor disrupts association of EGFR and 

PDGFRb, and causes loss of interaction with the regulatory subunit of PI3K, p85 

(Supplemental Figure 3I). A pictorial representation of these two RTKs in association 

with each other and their dependence on kinase activity is depicted in supplemental Fig 

3H.   

 

PDGFRb maintains downstream PI3K and Erk signaling flux after Erlotinib 

treatment. 
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We have demonstrated PDGF ligand-mediated rescue of EGFRvIII inhibited cells, as 

well as the association and trans-phosphorylation of the EGFRvIII and PDGFRb 

receptors. Our next goal was to identify signaling molecules that determine what 

downstream signaling pathways PDGFR signaling activates in the presence of EGFR 

inhibitors such as Erlotinib. Downstream Ras/Erk signaling has been identified as a key 

signaling pathway in mouse models of Glioblastoma81. Furthermore, PDGFR has been 

identified as a key activator of downstream Erk signaling. Our goal was to determine if 

phospho-Erk signaling downstream of PDGFR is upregulated after Erlotinib treatment in 

vivo and in vitro. We have identified a dramatic rescue of phospho-Erk signaling 

following PDGF ligand stimulation in Erlotinib treated U87EGFRvIII cells as well as in 

heterogeneous GBM39 cells (Supplemental Figure 3K, GBM 39 data not shown). In 

both cell lines, in vitro Erlotinib incubation for 24 hours was followed by PDGFbb ligand 

stimulation for ten minutes. Furthermore, we have shown that U87EGFRvIII flank 

xenografts maintain dramatic p-Erk signaling after Erlotinib treatment and that this is 

dependent upon PDGFRb, as the addition of short hairpin constructs against PDGFRb 

result in reduced phospho Erk signal (Supplemental Figure 3K). As will be discussed 

below, phospho Erk reactivation after targeted therapy has been identified to play an 

important role in drug-resistant tumor growth, such as in B-raf inhibitor resistance 

melanomas77.   

 

EGFR/mTOR/S6K signaling suppresses PDGFRb transcription. 
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In order to dissect the mechanism by which EGFR suppresses PDGFR expression, we 

first examined in vitro messenger and primary RNA transcript levels of PDGFR following 

EGFR inhibition in U87EGFRvIII cells. Strikingly, we observed increases in PDGFR 

primary and messenger transcript levels in as little as eight hours after Erlotinib 

treatment (Figure 4A, 4B).Previous work has identified mTOR as a negative regulator of 

PDGFRb expression82. Because mTOR is a robust molecular effector of EGFR, we 

decided to investigate mTOR’s role in PDGFRb suppression.  Further evidence of 

transcriptional repression of PDGFRb in EGFR activated tumors was evidenced by 

studies of the PDGFRb promoter upstream of a luciferase gene. This PDGFRb 

luciferase construct was transfected in U87EGFRvIII cells. In vitro knockdown of 

EGFRvIII or Raptor resulted in an increase in luciferase activity (Figure 4G).   

 

Further investigation of mTOR’s role in PDGFRb upregulation involved treatment with 

the mTOR complex one inhibitor Rapamycin. We identified two glioma lines, 

U87EGFRvIII and U251, where Rapamycin treatment dramatically upregulates 

PDGFRb mRNA and protein levels after 24 hours in vitro (Fig 4C,D,E). Rapamycin also 

upregulates PDGFRb in rat intracranial U251 implants (Fig 4E).  We also identified that 

transcriptional machinery, RNA polymerase II, is recruited to the PDGFRb promoter and 

exon 1 following Rapamycin treatment (Figure 4F). Transient knockdown of Raptor or 

p70, p90 S6Kinase also upregulated PDGFRb in U87EGFRvIII cells (Fig 4H-I).  It 

remains to be determined how and which transcriptional activation complexes are 

recruited to the PDGFRb promoter with inhibition of EGFR/mTORC1.  Understanding 
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this RTK switch will aid in identifying more effective targeted therapies to maintain 

durable drug response.   

 

In vivo upregulation of PDGFRb rescues EGFR inhibited glioma cells 

Currently, we are investigating the role of PDGFRb upregulation in rescuing tumor 

xenograft growth after EGFR inhibition. To execute this experiment, we have injected 

U87EGFRvIII and  U87EGFRvIII-Kinase Dead cells into mouse flank with stable 

PDGFRb knockdown as well as scramble shRNA, for a total of four different constructs. 

Tumor caliper measurements were taken every few days and demonstrate PDGFRb 

knockdown is dispensable for EGFRvIII driven tumors but is required for tumor 

maintenance in EGFRvIII-kinase dead cells. (Figure 5). 

 

 

 

Discussion: 

Through our use of clinical trial GBM tissue from patients before and after Lapatinib 

treatment, as well as GBM tissue array cores, low passage neurospheres, and GBM cell 

lines in vitro and in in vivo xenografts, we have demonstrated that PDGFRb is 

transcriptionally suppressed in EGFR-activated tumors. Importantly, pharmacological 

and genetic disruption of EGFR signaling leads to robust PDGFRb activation and 

subsequent maintenance of cell proliferation in vitro. Our work identifies a clinically 
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exploitable target, PDGFRb, which, when treated in conjunction with EGFR inhibitors, 

may provide more durable clinical benefit in GBM patients.  

 

We have identified mTORC1 as a key negative regulator of PDGFRb expression in 

glioma lines in vitro and in vivo. This observation is clinically relevant because 

Rapamycin and its congeners have also failed GBM pilot studies41,55,56 despite their 

perceived clinical importance. Furthermore, Rapamycin has been shown to be 

ineffective in a number of malignancies, potentially due to downstream Erk 

reactivation29. Our results may explain Erk reactivation observed in the clinic post-

Rapamycin and post-Erlotinib treatment. Our U87EGFRvIII xenograft lysates 

convincingly demonstrate that PDGFRb activation is responsible for Erk re-activation 

after Erlotinib treatment (Suppl. Fig 3K). Concurrently Inhibiting PDGFRb in EGFR-

activated tumors may be the necessary strategy to prevent downstream signaling 

reactivation.  

We have identified mutually exclusive expression of EGFR and PDGFRb. Previous 

studies have identified co-amplification of multiple RTKs occurring in GBM tumor 

samples, including EGFR, PDGFRb, PDGFRa, and c-Met2. Single cell glioma analysis 

has recently suggested a different model whereby these RTKs are amplified and 

expressed in a mutually exclusive manner. Specifically, mutually exclusive amplified 

RTKs include EGFR, c-MET, and PDGFRalpha22. Although PDGFRb has not previously 

been detected to be genetically amplified in GBM, it has been shown to be expressed in 

glioma tumor lysates mutually exclusive to EGFR expressing tumors20. Our data 
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indicates this mutual exclusive pattern holds true, and is dependent upon an mTOR 

signaling axis, as shown in Illustration 2-1. 

 

Recent work in multiple cancer cell lines has demonstrated that Akt signaling 

suppresses expression of multiple RTKs including Her2 and Her3.4 This group identified 

the group of FOXO transcription factors as being negatively regulated by Akt. Upon Akt 
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inactivation, FOXO commences transcriptional upregulation of a group of RTKs. We 

genetically disrupted FOXO transcription factors to determine if PDGFR upregulation 

occurs through this mechanism. We concluded that FOXOs are not responsible for 

PDGFRb upregulation (data not shown). Future studies identifying molecular effectors 

of this RTK switch may allow more effective targeted therapies to suppression RTK 

upregulation.  

Current Experiments: 

We have yet to determine how PDGFRb upregulation effects tumor growth following 

Erlotinib treatment in EGFR-driven cells in mouse xenografts. Currently, we are 

addressing this using U87EGFRvIII cells, and the EGFRvIII kinase dead equivalent, in 

addition to a stable knockdown of PDGFRb in both cell lines. We will use tumor caliper 

measurements to assess tumor size.  

Found in Translation 

Xenograft models of glioma have helped cement the key proteins in Glioma 

proliferation, including RTKs, downstream molecular effectors such as Src, and loss of 

negative regulators such as PTEN. Using xenograft models of EGFR-driven glioma 

growth, we were able to implicate PDGFRb in the rescue of EGFR-inhibited tumors. 

Only with the addition of clinical samples, such as glioma tissue microarray arrays and 

biopsy-Lapatinib therapy-biopsy patient tumor lysates where we able to observe the 

clinical relevance of this EGFR/PDGFR RTK switch and confirm the validity of our 

xenograft models.  
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We have yet to identify the transcriptional regulatory network repressing PDGFRb 

expression in the presence of activated EGFR signaling. Ongoing in vitro experiments 

to identify novel regulatory networks will be validated in xenograft models as well as 

patient samples in order to confirm the clinical importance of any such findings.  
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     demonstrating that PDGFRb expression is inversely correlated with phospho-EGFR. 
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of DMSO and Erlotinib treated cells, day four. C. U87vIII cells were plated in a 
96 well plate and treated with Erlotinib or vehicle (DMSO). PDGFbb ligand 
was administered daily at 20ng/mL. WST counts were performed on day 0 
and daily thereafter. D. Day 4 cell proliferation measure by WST assay 
showed significant differences between Erlotinib-treated EGFRvIII cells with 
and without PDGFbb ligand (**** indicates p<0.00001). 
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activation, moreso than with either treatment alone. In vivo xenograft immunoblot (right) demonstrated 
activated PDGFRb after Erlotinib treatment and maintenance of Erk signaling (phospho-Erk). 
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Figure 5. PDGFRb becomes required for growth of EGFRvIII-inhibited  
tumors in vivo. U87EGFRvIII cells and EGFRvIII-kinase dead over expressing 

 constructs were stable Transduced for shPDGFRb and scramble  
knockdown. All four constructs were then injected Into mouse flanks. 
 Only EGFRvIII-kinase dead tumors dependended upon PDGFR expressing 

For continued tumor maintenance.  
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