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ABSTRACT 

Insulin Signaling & Hypoxic Response in Brain Cancer  

by 

Ka Wai Lin 

Glioblastoma patient survival rate has stagnated for the past 30 years, 

with median survival time less than 1 year. Only 20% of the young (0-19 years 

old) glioblastoma patients survive past 5 years, and this number drops to just 

less than 5% for patients above 40 years old. Due to poor survival rate of 

glioblastoma patients, there is a pressing need to develop more effective 

treatment methods.  

In this project, we investigated the effects of the insulin signaling pathway 

on the glioblastoma growth. Glioblastoma growth has been shown to be 

promoted by three key molecular signaling factors: IGFI, IGFBP2 and HIF1α. We 

used both the current literature data and our own experimental data to 

understand the interactions between these molecular factors on glioblastoma 

growth via a mathematical model. The model predicted that the activation of 

HIF1α by IGFBP2 is a crucial driver in the glioblastoma growth. We then used in 

vitro experiments to validate the findings of the model, and to further explore the 

response of glioblastoma progression by the stimulation of IGFBP2 and IGFI.  

This research demonstrates how IGFI and IGFBP2 influence glioblastoma 

growth, and suggest that future research should investigate the effects of both 

IGFI and IGFBP2 to control the glioblastoma progression system as a whole.  
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Chapter 1 

Introduction and specific aims 

1.1. Introduction 

Cancer is a very difficult to treat disease and the only way to provide hope 

for cancer patients is to provide them with effective treatment. Unfortunately, 

glioblastoma is a cancer which currently does not have effective treatment 

methods. In order to provide hope for glioblastoma patients, there is a clear need 

to understand the pathways which promote the aggressive growth of 

glioblastoma. By understanding the way in which the glioblastoma grows, we can 

begin to understand how the glioblastoma progression could be suppressed.  

Many studies have shown that Insulin-like growth factor I (IGFI), Insulin-

like growth factor binding protein 2 (IGFBP2) and hypoxia inducible factor 1 alpha 

(HIF1α) have a close relationship with glioblastoma progression. Our goal for our 

project is to understand the mechanism of how IGFI, IGFBP2 and HIF1α affect 

growth.  
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We hypothesized that IGFBP2 has a greater influence on glioblastoma 

growth than IGFI. To test this hypothesis, the following specific aims were 

developed.  

1.2. Specific Aims 

Aim 1: Predict whether IGFBP2 or IGFI has a greater effect on 

glioblastoma growth using a computational modeling method 

We connected microscale insulin signaling activity with macroscale 

glioblastoma growth through the use of computational modeling. Using a 

combination of existing literature data and our own experimental data, we 

created a chemical kinetic model which defines how each of the important 

molecular factors in the insulin signaling pathway changes in time. Results of the 

model suggest a novel observation: feedback from IGFBP2 to HIF1α is integral to 

the sustained growth of glioblastoma. Our study suggests that downstream 

signaling from IGFI to HIF1α, which has been the target of many insulin signaling 

drugs in clinical trials, plays a smaller role in overall tumor growth. These 

predictions strongly suggest redirecting the focus of glioma drug candidates on 

controlling the feedback between IGFBP2 and HIF1α. 

Aim 2: Experimental validation of IGFBP2’s effects on glioblastoma 

progression 

We conducted in vitro experiments to explore the effect of stimulation of 

IGFI and IGFBP2 glioblastoma progression which includes HIF1α expression, 

growth and migration of glioblastoma. This was completed using two different cell 

lines of glioblastoma to investigate their response to the same stimulation.  
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Chapter 2 

Insulin signaling in glioblastoma 

2.1. Introduction 

Gliomas are cancers in the brain which are formed from glial cells. The 4 

stages of glioma from the lowest grade to the highest grade are pilocytic 

astrocytoma, diffuse astrocytoma, anaplastic astrocytoma and glioblastoma. 

Glioblastoma is the most common (54% of all brain tumors) and most malignant 

Gliomas are cancers in the brain which are formed from glial cells. The 4 stages 

of glioma from the lowest grade to the highest grade are pilocytic astrocytoma, 

diffuse astrocytoma, anaplastic astrocytoma and glioblastoma. Glioblastoma is 

the most common (54% of all brain tumors) and most malignant form of primary 

brain tumors [1]. Over the past 30 years, the survival rate for glioblastoma 

patients has stagnated, with median survival time less than 1 year [2-4]. This is 

potentially due to the lack of specificity of the standard of care for glioblastoma. 

An ongoing hypothesis is that aberrant insulin signaling accelerates glioblastoma 

progression, and that targeting this pathway may offer an alternative therapy to 

the current standard of care [5-7].  
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Since 1980, a number of key molecular factors in the insulin-like growth 

factor (IGF) signaling pathway have been identified and studied extensively using 

wetlab methods [8-13]. The IGF system is comprised of the IGF ligands (IGFI, 

IGFII), Insulin-like growth factor binding proteins (IGFBPs), and the cell surface 

receptor including the Insulin-like growth factor 1 receptor (IGFIR) and the insulin 

Receptor (IR) [14]. The 3 factors in the IGF pathway that are most closely linked 

to glioblastoma progression are IGFI, IGFBP2 and HIF1α as all three of these 

signaling factors have been shown to have been increased in glioblastoma.  

However, targeting insulin signaling factors separately has not resulted in 

clinical treatment options yet. This review explores the complex interactions of 

IGFI, IGFBP2, and HIF1α; their importance in the progression of glioblastoma; 

and their effects on the growth and migration of glioblastoma. In the last part of 

the review we explore some of the current targeting methods focusing on IGFI, 

IGFBP2, and HIF1α.  

2.2. Function of IGFI 

IGFI is largely produced in the liver and also to some extent in the brain. 

The growth hormone GH stimulates its production to promote the childhood 

growth. IGFI found in the brain can thus be locally produced or transported from 

elsewhere [6, 15]. Under normal non-cancerous conditions, IGFI and IGFIR play 

an integral part of normal fetal and postnatal growth of the brain [16].  

The structure of IGFI shares high homology to that of IGFII and insulin, 

both of which contain α and β domains [14]. IGFI and IGFII can bind to IGFIR 

with equal affinity and the binding of either of them results in conformational 

change of the β subunit of the receptor IGF1R and leads to autophosphorylation 

of the cytoplasmic tyrosine kinase domain receptor [17]. This 

autophosphorylation activates the receptor which then allows for activation of 

downstream signals [14], including insulin receptor substrate (IRS) and in turn 
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phosphatidyl inositol 1’-kinase (PI3K) and mitogen-activated protein kinase 

(MAPK) cascades.  

As previously mentioned, IGFI also shows homology in its sequence with 

insulin. However, the relative affinity of IGFI to IGFIR is about two orders of 

magnitude higher than that of IGFI to the insulin receptor [14]. Consequently, 

IGFI, not insulin, is the dominant factor binding to IGFIR.  

The interactions of IGFI and IGFIR are not limited to noncancerous cells 

as the expression of IGFIR is also found in cancerous tissues [18-20]. We will 

discuss the roles of IGFI in a later part of the review.  

2.3. Function of IGFBP2 

Similar to IGFI, IGFBP2 is mainly produced in the liver [21]. IGFBP2 is a 

member of a family of 6 similar binding proteins in the IGFBP family and is 

structurally similar to other IGFBPs. It has cysteine rich C-terminal and N-

terminal regions that are involved in its binding to IGFI and IGFII [22], and a 

middle region with many cleavage sites [23].  However, IGFBPII has certain 

unique domains with different functions.  

Aspartate-Glycine-Aspartate (RGD) domain: The RGD domain at position 

265-267 on IGFBP2 allows it to bind to integrins and glycosaminoglycans [24].  

Heparin Binding (HB) domain: [25]. The HB domain allows IGFBP2 to bind 

to the extracellular matrix (ECM) [26], and to a cell surface receptor protein 

tyrosine phosphatase β (RPTPβ) [27]. The bound form of IGFBP2 to RPTPβ 

leads to the inactivation of tumor suppressor PTEN (Phosphatase and Tensin 

homolog).  

Nuclear Localization Signal (NLS) domain: The NLS domain on IGFBP2 

allows it to be translocated into the nucleus to trigger the activation of the 

expression of VEGF which leads to angiogenesis [28, 29].  
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Under normal conditions, IGFP2 is usually expressed in fetal tissues, in 

particular the fetal astroglial cells [30]. However, after birth, the expression of 

IGFBP2 in fetal astroglial cells significantly decreases [31].  

The most well-known role of IGFBP2 is its tumor growth inhibitory role.. 

IGFBP2 acts as a reservoir for IGFI by sequestering IGFI for release at a later 

time [32]. By controlling the local bioavailability of IGFI, IGFBPs can enhance or 

inhibit the actions of IGFs [23, 33]. IGFBP2-IGFI binding reduces the 

concentration of free IGFI, thereby reducing IGFIR activation and attenuating 

downstream signaling and reducing cell growth.  

However, IGFBP2 can also promote tumor growth specifically in 

glioblastomas, as discussed later in the review. 

2.4. Function of HIF1α 

All cells constitutively express HIF1α through an autocrine process 

independent of oxygen concentration [34, 35]. There are 3 HIFα subunits that are 

found in humans that act as oxygen sensors: HIF1α, HIF2α, and HIF3α.  

Under normoxic conditions, oxygen triggers the hydroxylation of proline 

residues by Prolyl hydroxylases on the oxygen-dependent domains (ODDD) of 

HIF1α. The Von-Hippel Lindau (VHL) protein then tags hydroxylated HIF1α for 

ubiquitination and subsequent degradation [36]. On the other hand, under 

hypoxic conditions, HIF1α accumulates as oxygen is no longer present to trigger 

its degradation. Excess HIF1α that has not been degraded is transported back 

into the nucleus, where it binds to its dimer ARNT/HIF1β and subsequently 

upregulates other genes that promote cell growth [36].  

 

As briefly described above, IGFI, IGFBP2 and HIF1α all have important 

roles in normal growth and function of the body. Glioblastoma, however, also 
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uses the same pathways to accelerate its growth [33]. Here we describe the roles 

of each of the factors and how they interact together to affect glioblastoma 

growth as summarized in Figure 1.  

 

 

Figure 1. Overall schematic of IGF signaling and HIF1α and its known 

affects on glioblastoma progression. HIF1α = hypoxia-inducible factor 1 α, 

IGFBP2 = Insulin like growth factor binding protein 2, IGFI = Insulin like 

growth factor 1, IGFIR = Insulin like growth factor receptor 1, VHL = von 

Hippel-Lindau complex, PHDs = prolyl hydroxylases domain proteins and 

Ub = Ubiquitinated. ILK = Integrin linked kinase. 
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2.5. Effect of IGFI on glioblastoma growth 

At the macro level, IGFI is an important factor in progression of glioma as 

increased levels of IGFI mRNA expression are found in gliomas as compared to 

normal noncancerous brain tissue [37]. At the cellular level, the binding of IGFI to 

IGFIR leads to downstream signaling that promotes cell proliferation and inhibits 

cell apoptosis which results in malignant cell proliferation, motility and metastasis 

of glioblastoma [38]. IGFI-IGFIR signaling has also been shown to activate 

STAT3 which in turn can promote the expression of HIF1α [39] that can promote 

glioblastoma growth. The effects of IGFI in relation to HIF1α will be discussed in 

more detail below.  

2.6. Effect of IGFBP2 on glioblastoma growth 

IGFBP2 has been long known to decrease tumor growth by sequestering 

IGFI. However, recent studies have shown that IGFBP2 can promote the 

proliferation, progression and invasion of gliomas [7, 40, 41] 

Notably the expression of IGFBP2 is higher in patients with late stage 

glioma (known as glioblastoma multiforme), compared to those with earlier 

stages of the disease [42-45].  But the molecular mechanisms by which IGFBP2 

fuels tumor growth remain to be elucidated. One of the methods in which IGFBP2 

can be linked mechanistically to glioblastoma growth would be through HIF1α, 

which will be further discussed below.  

2.7. Effect of HIF1α on glioblastoma growth 

Hypoxia is commonly found in parts of the tumor and this is a 

characteristic of glioblastoma. As the tumor undergoes aberrant growth, the 

tumor mass usually lacks sophisticated development of blood vessels. 
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Consequently, the tumor mass cannot receive adequate nutrients and the tumor 

mass becomes hypoxic, hence increasing the local concentration of HIF1α.  

The cancer cells can adapt to hypoxia and continue their growth. Previous 

studies have proposed that the increased expression of HIF1α results in the 

“angiogenic switch” that increases angiogenesis and glycolysis which 

consequently accelerates the change from a low grade glioma to a glioblastoma 

[46, 47]. Moreover, hypoxia also promotes chemo- and radio-resistance [48-50]; 

and inhibiting HIF1α through RNA interference reduces the glioma growth [51]. 

HIF1α is also closely linked to other insulin signaling factors IGFI and IGFBP2, 

which we will discuss below.  

2.7.1. IGFI HIF1α 

The increase in IGFI concentration can activate HIF1α in glioblastoma and 

retinal pigment epithelial cells [52, 53]. In glioblastoma, IGFI binds to IGFIR, 

leading to the activation of at least two pathways – RAS and STAT3, both of 

which can increase HIF1α [39, 52].  

2.7.2. IGFBP2 HIF1α 

IGFBP2 and HIF1α can increase the levels of each other. The molecular 

mechanism by which HIF1α elevates IGFBP2 remains poorly understood [54]. 

On the other hand, IGFBP2 activates HIF1α via two distinct pathways – STAT3, 

and ILK/NF-kB Similar to IGFI, the addition of exogenous IGFBP2 triggers the 

activation of STAT3 [55]. 

 

Further, IGFBP2 interacts with integrin alpha 5 [56] and integrin beta 1 

which further relay signals through Integrin Linked Kinase (ILK) to NF-kB  [57, 58].  

Blocking any part of this cascade prevents glioma progression driven by IGFBP2 

in vivo.  The relative contribution of these two pathways in activating HIF1α, 

however, remains to be explored. 
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2.8. Migration/invasion 

Glioblastoma also migrate and invade as they progress. They rarely 

migrate away from the central nervous system (CNS), but are yet very invasive 

within the CNS [24]. Their migration is controlled by the key factors of the insulin 

signaling pathway - IGFI, IGFBP2 and HIF1α. 

2.8.1. IGFI 

Addition of exogenous IGFI promotes the migration of glioblastoma [59]. 

However, targeting IGFIR has not been reported to restrict migration significantly 

[60]. Overall, current research shows that the addition of IGFI can lead to 

increased migration.  

2.8.2. IGFBP2 

The invasiveness of glioblastoma has been investigated by increasing the 

levels of IGFBP2 and also targeting IGFBP2.  

Overexpression of IGFBP2 in LN229 glioblastoma cells via transfection 

increased their invasiveness 2.5 times as compared to the control [24]. The 

mechanism of the overexpression of IGFBP2 has been shown to be through the 

integrin activation pathway though Integrin Linked Kinases (ILK) and NF-kB 

components in the network [57]. Adding exogenous IGFBP2 has a similar effect 

as to transfection of IGFBP2; it enhances cell proliferation and invasion of 

glioblastoma cells [41]. The combination of these studies highlights the 

importance of IGFBP2 on invasion of glioblastoma.  

Conversely, using methods that target IGFBP2 or the expression of 

IGFBP2, it was found that the reduction in the effects of IGFBP2 has the opposite 

effect. The invasion inhibitory protein 45 (IIp45), which binds to the RGD domain 



 22 
 

of IGFBP2 is able to inhibit glioma migration. The expression of Ilp45 is shown to 

be lowered in glioma [24]. When the expression of IGFBP2 was knocked out 

through the use of a shRNA rectrovirus vector, it was found that the invasion of 

glioblastoma cells was significantly reduced [61].  

Increasing the concentrations of IGFBP2 has been shown to increase the 

invasion of glioblastoma. On the other hand, targeting IGFBP2 by both inhibiting 

the expression or the effects of IGFBP2 have resulted in reduced migration. Thus, 

it is clear that IGFBP2 plays an important promoter role in the migration and 

invasive nature of glioblastoma. 

2.8.3. HIF1α 

The migration of glioblastoma is also affected by the concentration of 

HIF1α. U87 glioblastoma cells incubated in 1% oxygen showed greater migration 

in the transwell assay at both 12 and 24 hours following hypoxia treatment [62]. 

Conversely, silencing HIF1α using shRNA successfully reduced migration [63].  

Overall, the studies described above have shown how IGFI, IGFBP2 and 

HIF1α have a promoting effect on migration and invasion of glioblastoma.  

2.9. Targeting insulin signaling pathway 

Currently, the standard of care for glioblastoma patients is surgical 

removal of the tumor followed by chemotherapy using temozolomide [64] which 

are also the common methods used to treat many types of other cancer types.  

Because of their tissue or cancer specificity, new methods in cancer 

treatment are increasingly focused on using targeted therapies in cancer. IGFI, 

IGFBP2 and HIF1α are attractive targeted therapeutic options for glioblastoma. 

We will now discuss some of the therapeutic options that are being developed.  



 23 
 

2.9.1. Therapies targeting IGFI 

Most approaches targeting IGFI have focused on restricting the activation 

of IGFIR. Currently, three main approaches target the activation of IGFIR: 

tyrosine kinase inhibitors for IGFIR, antibodies targeting IGFIR, and antibodies 

aimed at neutralizing IGFI [65-68]. Table 1 shows examples of compounds that 

have been developed or are in development to target IGFI.  

Table 1 Examples of compounds that are in development that target IGFI 

Compound Stage of Development Ref 

Tyrosine kinase inhibitors 

NVP-AEW541/TAE226 Preclinical [2, 69] 

NVP ADW742 Preclinical [70] 

BMS-536924 Preclinical [71] 

BMS-754807 Preclinical [72] 

Monoclonal antibody 

Figitumumab Phase III 

(Discontinued) 

[73] 

Ganitumab Phase II [74, 75] 

Dalotuzumab Phase II [76] 

Cixutumumab Phase II [77] 

IGFI neutralizing compounds 

MEDI-573 Phase I [78] 

 

Inhibiting IGFIR has been successfully used to reduce glioblastoma 

spheroid growth in vitro and in animal models [2, 69]. However, clinical success 

is yet awaited as none of the potential drugs have passed phase III clinical trials 

[65].  
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Although targeting IGFI is an attractive therapeutic option, few drawbacks 

must be kept in mind. First, IGF1R is overexpressed in cancer but its expression 

is not limited to only cancer cells; thus, targeting IGF1R signaling can affect 

normal cells too. Second, the sequences of IGFIR and IR are highly homologous. 

Consequently, thus IGFIR inhibitors have been found to also bind to the hybrid 

receptor IGFIR/IR which results in aberrant IGFIR/IR signaling and lead to 

undesirable side effects of hyperglycemia and hyperinsulinemea [66].  

2.9.2. Therapies targeting IGFBP2 

Because of difficulties in targeting IGFIR and recent findings of the 

importance of IGFBP2 on the progression of glioblastoma, researchers have 

begun looking for compounds that target the effects of IGFBP2. Attempts to 

target IGFBP2 are recent, and only a few relevant compounds have been 

identified. They inhibit IGFBP2 at either translational or post-translational levels. 

At translational level, shRNA against IGFBP2 reduced the metastatic 

invasiveness [61]. At the post translational level, adding a novel single chain 

variable fragment (scFV) has been shown to inhibit glioma cell migration and 

invasion [79]. However, none of these compounds have moved to the clinical trial 

stage; and no treatment that specifically targets IGFBP2 for glioblastoma patients 

or cancer patients in general is commercially available now. 

As current therapies advance, many future therapies that target IGFBP2 

are expected to be developed. 

2.9.3. Therapies targeting HIF1α 

Since the glioblastoma growth is closely linked to HIF1α, the inhibition of 

HIF1α is thought to be an effective method to suppress the growth of 

glioblastoma. Potentially this can be achieved is through targeting the expression 

of HIF1α.  
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HIF1α expression can be reduced by using RNA to interfere with the 

translational of the normal HIF1α RNA, which includes the use of RNA 

interference (RNAi) or short hairpin RNA (shRNA) which reduces the HIF1α 

synthesis. Silencing of HIF1α reduces growth of glioma in both in vitro and in vivo 

conditions [51, 80-82]. In addition to the glioblastoma growth, the silencing of 

HIF1α by the use of siRNA has also shown to inhibit glioma migration [15, 46, 51].  

Also, HIF1α can be targeted via trans-farnesylthiosalicylic acid (FTS) that 

targets Ras signaling upstream of HIF1α, consequently lead to cell cycle arrest 

and cell death in glioblastoma [83]. These studies indicate the potential of 

targeting HIF1α in glioblastoma either alone or in combination with the existing 

techniques. 

2.10. Concluding remarks of targeting insulin signaling 

pathway 

Although targeting the insulin signaling pathway is a very attractive option, 

there are some difficulties when targeting one route of this pathway solely.  

First, not all glioblastomas depend equally on insulin signaling pathway, 

thereby leading to context-specific efficacy. Glioblastoma that rely on the insulin 

signaling pathway for their aggressive growth phenotype will be more affected by 

drugs that target the insulin signaling pathway. Conversely, if the glioblastoma do 

not rely on the signaling from insulin for their growth, then targeting the insulin 

signaling pathway would not be effective in controlling the growth. For instance, 

targeting U87 and LN229 cells using TAE226 (IGFIR tyrosine kinase inhibitor) led 

to more apoptosis in the LN229 cell line as compared to the U87 cells [2]. Thus, 

for an effective clinical response, the patients need to be stratified based on their 

dependence on the insulin signaling pathway; and the ones expected to benefit 

the most only shall be delivered with relevant inhibitors.  
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Second, many targets were developed based on the IGF factors 

individually.  Previous studies described in this review mainly showed how IGFI, 

IGFBP2 and HIF1α separately have a promoting effect on progression of 

glioblastoma. However, the factors IGFI, IGFBP2 and HIF1α are not expressed in 

isolation in glioblastoma cells, but rather the combination of the factors are 

present in actual tumors in a highly connected form. Moreover, IGFI, IGFBP2 and 

HIF1α factors create a local environment which has a unique mix of all 3 

components. Thus, in order to understand them clearly, we need to consider all 3 

factors and their interactions with one another at the same time as they are 

inseparable in the glioblastoma tumor. Consequently, we need to understand the 

complete and detailed mechanism of how IGFI, IGFBP2 and HIF1α interact to 

promote growth to understand the system as a whole. This is important in order 

to effectively control the whole insulin signaling system.  

Overall, the insulin signaling pathway is very complex and highly 

interconnected. Treatment methods that have ignored this inter-connectivity have 

had limited success. To understand this interplay comprehensively, high 

throughput investigation into how different ratios of IGFI, IGFBP2 and HIF1α 

affect the growth and migration of glioblastoma are needed. Computational 

modeling can assess multiple inputs simultaneously and can hence contribute to 

analyzing the high throughput data. The combination of experiments and 

computational modeling can be used to aid the development of a holistic 

understanding of the system as a whole and ultimately lead to more effective 

therapies to improve the survival rate of glioblastoma patients.  
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Chapter 3 

IGFBP2, IGFI glioblastoma model 

 

3.1. Introduction 

As previously mentioned, the preclinical work on the insulin signaling 

pathway has not successfully translated to clinical relevancy [84]. None of the 

IGFI-targeting drugs have passed phase III clinical trials [65]. This difficulty in 

obtaining clinical relevancy can be attributed to our limited understanding of the 

how and why: while key molecules have been identified, their dynamics have not 

been well studied. In order to treat glioma by targeting the insulin signaling 

pathway, the detailed molecular mechanisms linking this signaling pathway to 

cancer growth need to be understood. To that end, we developed a 

computational model that captures the dynamics of insulin signaling. We used 

our model to test the pathway’s role in glioma progression, with the broader goal 

of improving existing drug therapies and designing new strategies to treat glioma.  
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Figure 2 Insulin signaling in glioma. (A) Microscope image of glioma 

spheroids grown in vitro. Inset illustrates detailed intracellular insulin 

signaling. HIF1α = hypoxia-inducible factor 1 α, IGFBP2 = Insulin like 

growth factor binding protein 2, IGFI = Insulin like growth factor 1, IGFIR = 

Insulin like growth factor receptor 1, VHL = von Hippel-Lindau complex, 

PHDs = prolyl hydroxylases domain proteins and Ub = Ubiquitinated. (B) 

Schematic of the simplified insulin signaling pathway used in the 

computational model. 

 

3.1.1. Development of a Computational Model 

A variety of multiscale modeling methods has been used to describe the 

growth of solid tumors, including both discrete and continuous approaches. A 

non-inclusive set of references include [85-89], along with several recent reviews 

[90-96]. Previous mathematical models of glioma progression have primarily 

focused on the growth or migration of cancerous cells from a tumor core [97-

101]. Despite the increasing number and sophistication of the models, these 

studies have not considered insulin signaling. Conversely, computational models 

of insulin signaling exist [102, 103], but have only been applied to other 

applications, including articular cartilage [104], ovarian cancer [105], and human 
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skeletal muscle [106], and exclude molecules of interest for brain cancer cells 

[104, 107]. Thus, we created for the first time, a computational chemical-kinetic 

model linking the insulin signaling pathway to glioblastoma growth.  

Insulin pathway kinetics: A main goal of the modeling was to identify which 

sets of signaling regulators have the most influence on glioma progression. To do 

so, we first developed a theory of important molecular interactions based on the 

literature. We then designed in silico experiments to test their relative contribution 

to glioma progression. Figure 2A highlights intracellular insulin signaling 

pathways present in brain cancer cells. Insulin-like growth factor binding proteins 

(IGFBPs), which have a high affinity for IGFs, control IGF bioavailability. They 

can enhance or inhibit the actions of IGFs [23, 33]. IGFBP2 binding to IGFI 

reduces the concentration of free IGFI and limits its ability to bind to its receptor 

IGFIR. Thus, it would be expected that higher IGFBP2 levels would reduce IGFIR 

activation and attenuate downstream signaling – reducing cell growth. However, 

the presence of IGFBP2 has been shown to promote the development, 

progression and invasion of gliomas [7, 40]. Notably the expression of IGFBP2 is 

higher in patients with late stage glioma (known as glioblastoma multiforme), 

compared to those with earlier stages of the disease [42-45]. Furthermore, the 

silencing of IGFBP2 using short hairpin RNA (shRNA) has been shown to reduce 

the metastatic invasiveness in glioblastoma [108], a key hallmark of aggressive 

cancers. Thus, there exists a link between IGFBP2 and glioma cell growth 

independent of its effects through the binding of IGFI and the blocking of IGFIR 

activation.  

We hypothesize that this correlation stems from IGFBP2 and its interaction 

with the transcription factor hypoxia inducible factor 1 α (HIF1α) (Figure 2A). 

HIF1α is an oxygen sensor which is continually produced in cells, and continually 

degraded if sufficient oxygen is present. Under normoxic conditions, VHL protein 

tags hydroxylated HIF1α for ubiquitination and subsequent degradation [36]. 

However, excess HIF1α that has not been degraded (in hypoxic conditions) is 

transported into the nucleus, where it binds to its dimer ARNT / HIF1β and 
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subsequently upregulates other genes that promote cell growth [36]. HIF1α can 

also be regulated by oxygen-independent pathways, as known to be the case in 

cancer [109, 110]. Some roles for HIF1α in glioma progression and in the insulin 

signaling pathway specifically have been identified: HIF1α promotes malignant 

cell growth, and elevated expression of HIF1α has been strongly correlated to 

tumor malignancy [111-113]. IGFIR activation, through the binding of IGFI to 

IGFIR, triggers downstream signaling to HIF1α [52]. Moreover, one study 

discovered a reciprocal, positive relationship between IGF and HIF1α, with HIF1α 

upregulating mRNAs encoding for IGF2 and IGFBP, but not that of IGFI [54]. 

Supporting these studies, the inhibition of HIF1α through RNA interference 

results in a reduction of glioma growth [51]. While these key interactions have 

been established between molecular factors in the insulin signaling pathway, 

their dynamics have not been. Moreover, though glioma drug development has 

focused on IGFI signaling, it remains unproven which insulin signaling compound 

and its associated coregulators contribute to the greatest glioma progression. We 

explore for the first time here the multiple roles of IGFBP2 and IGFI, their 

complex interactions with HIF1α, and their importance in glioma progression.  

In Materials and Methods, we describe the creation of a model of insulin 

signaling in glioma to encompass the aforementioned molecular interactions. We 

determined unknown model parameters by parameter fitting using both existing 

literature data and results from our own experiments on glioma spheroid growth. 

The computational model revealed how inhibition of specific molecular 

interactions in the insulin signaling pathway could lead to significant reduction of 

glioblastoma growth. In the Discussion, we describe how these results may be 

used to explain outcomes of IGFBP2-targeted clinical trials, and in the future, 

help inform the design of new therapies.  
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3.2. Materials and Methods 

3.2.1. Insulin signaling interactions in glioblastoma 

We developed a chemical-kinetic model that characterizes the network 

architecture and dynamics of the insulin signaling pathway – and then links these 

molecular interactions to cell and tissue level responses. Based on previous 

literature on the insulin signaling pathway, we constructed a model comprised of 

4 differential equations and 1 mass conservation equation which describe 

interactions between components in the insulin signaling system (see Figure 2B). 

Our aim was to create the minimal model necessary to capture all the following 

interactions of key molecules: 

IGFI: Once IGFI is bound to IGFBP2, IGFI becomes inactive and cannot 

bind to IGFIR or activate downstream signaling. IGFBP2 acts as reservoir for 

IGFI as it sequesters IGFI for release at a later time [32]. An increase in IGFI 

concentration leads to the activation of HIF1α through the RAS pathway [52]; and 

furthermore, it leads to increased production of HIF1α [52]. In our model, we 

have incorporated this by assuming IGFI directly promotes the production of 

HIF1α.  

IGFBP2: In addition to the interactions with IGFI, IGFBP2 is involved in other 

pathways that are related to cancer progression independent of the IGF system. 

IGFBP2 was previously shown to interact with integrin alpha 5 [56], which further 

signals to Integrin Linked Kinase (ILK). The pathways related to ILK show that 

HIF1α is a downstream signal of ILK [58]. In our model, IGFBP2 was assumed to 

be promoted by HIF1α. Neither ILK, nor any other potential intermediate, is 

explicitly modeled. 

Prior research has supported that there exists a possible HIF1α and 

IGFBP2 [54]. This is a new hypothesis, which we are testing out through our 

model. On the other hand, IGFBP2 activates HIF1α via two distinct pathways – 

STAT3, and ILK/NF-kB Similar to IGFI, the addition of exogenous IGFBP2 

triggers the activation of STAT3 [55]. 
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HIF1α: The concentration of HIF1α in the nucleus depends on molecular 

factors that can be divided into two categories: oxygen dependent and oxygen 

independent. Oxygen independent interactions are interactions from IGFI and 

IGFBP2. Activation of IGFIR by IGFI binding to IGFIR leads to an increase in 

HIF1α levels via downstream signaling. HIF1α is constitutively expressed and is 

produced through an autocrine process which we assume is independent of 

oxygen concentration [34, 35]. Under normoxic conditions, HIF1α is readily 

degraded which results in no detectable cytosolic HIF1α levels [114]. Oxygen 

binds to prolyl hydroxylases domain proteins (PHDs), which activates the PHDs 

to hydroxylate HIF1α. The hydroxylated regions of HIF1α bind to von Hippel-

Lindau (pVHL) ubiquitin E3 ligase complex which will then ubiquitinate the HIF1α 

complex, marking it for degradation by the proteasome. Under hypoxic conditions, 

the lack of oxygen does not allow for the hydroxylation of HIF1α. Consequently 

HIF1α is not ubiquitinated or degraded, leading to an accumulation of HIF1α and 

its entry into the nucleus, where it binds HIF1β and activates downstream genes. 

Since the degradation of HIF1α depends on PHDs and the production of PHDs 

depends on HIF1α, in our model, we assume the degradation of HIF1α depends 

on both HIF1α and oxygen levels.  

3.2.2. Model Equations 

Equation 1. Insulin-like Growth Factor 1 (IGFI) 

     2
total free complex

IGFI IGFI IGFI IGFBP    

Total concentration of IGFI = Concentration of free IGFI + Bound (IGFI-

IGFBP2)complex 
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Equation 2. Insulin-like Growth Factor Binding Protein 2 (IGFBP2) 

 
        

     

1 2 3

4 5

2
2 1 2 2

2 2 1dcomplex

d IGFBP
k IGFBP IGFI k IGFBP k IGFI IGFBP

dt

k IGFI IGFBP k IGFBP k HIF 

   

  

 

Rate of change in IGFBP2 = production of IGFBP2 – binding of IGFBP2 to IGFI + 

dissociation of (IGFI-IGFBP2)complex – degradation of IGFBP2 + upregulation of 

HIF1α 

 

Equation 3. Bound complex of Insulin-like Growth Factor 1 and Insulin-like 

Growth Factor Binding Protein 2 (IGFI-IGFBP2)complex 

 
    

 

3 3

2
2 2

2

complex

complex

d complex

d IGFI IGFBP
k IGFI IGFBP k IGFI IGFBP

dt

k IGFI IGFBP


  

 

 

Rate of change in (IGFI-IGFBP2)complex = formation of (IGFI-IGFBP2)complex - 

dissociation of (IGFI-IGFBP2)complex – degradation of (IGFI-IGFBP2)complex 

 

Equation 4. Hypoxic Inducible Factor 1 alpha (HIF1α)  
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6 7 2 10tan

12 9

1 1
1 2

1cons t

d HIF k HIF
k IGFI k O HIF k IGFBP

dt k k HIF

 



   


 

Rate of change in HIF1α = production of HIF1α due to activation of IGFI – 

degradation of HIF1α by oxygen + production of HIF1α in absence of oxygen + 

production of HIF1α due to activation of IGFBP2 
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Equation 5. Glioblastoma Diameter (GD) 

 
 1 11 1

d GD
v k HIF

dt
   

Rate of change in GD = diameter change due to basal glucose dependent growth 

+ diameter change due to HIF1α dependent growth 

 

Equation 6. Glioblastoma volume 

3
4 Glioblastoma Diameter

Glioblastoma Volume
3 2

 

  
 

 

3.2.3. Growth of glioblastoma experiments 

The growth rate of the glioblastoma tumor, equation 5, was determined by 

regression analysis using the data from both our previous experiments on 

spheroid growth in vitro using the U87 glioblastoma cell line and LN229 

glioblastoma growth in mice [115]. The U87 and LN229 glioblastoma cell line 

were used to compare glioblastoma cell lines which were more dependent on 

insulin signaling (LN229) and less dependent on insulin signaling (U87) [2]. 

Growth of the glioblastoma is normally measured experimentally by changes in 

the volume or the diameter of the cancerous spheroid/tumor mass. In the model, 

glioblastoma growth is a time-varying function, defined as net growth of the 

glioblastoma spheroid/tumor volume and is assumed to depend on its basal 

growth and the additional growth that is promoted by HIF1α.  

In vitro hanging drop assay: We performed the following in vitro assay 

in order to form glioblastoma spheroids and track their growth: U87 cells were 

collected from cells plated on tissue culture flasks, and the cells were suspended 
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to a final concentration of 45,000 cells/mL using Lonza DMEM media with 5% 

methocel. The cell suspensions were plated as droplets on 60 mm petri dish lids. 

Each plate lid contained approximately 20 droplets of 20 µl cell suspension. The 

lids were then inverted over a petri dish bottom containing 2 ml of PBS to keep 

the media from evaporating. The inverted droplets were kept in an incubator at 

37°C with 5% CO2. By observing the spheroids using phase contrast imaging (Ni-

E Nikon automated stage microscope system), we measured the minor and 

major axes of the spheroid diameters on days 1, 4, 5, and 6 after they had been 

seeded. The average of these measurements are displayed (Figure 3A).  

 

Figure 3 Computational model results compared to glioblastoma growth 

data. (A) In vitro data using U87 cell line, R2 = 0.86. (B) In vivo data using 

LN229 cell line, R2 = 0.95. Blue points represent in vitro experiments and 

red lines represent the computational simulations. 

 

In vivo: In vivo glioma progression was based on data obtained from Fig. 

4E of ref [115]. The experiment recorded growth of LN229 tumors derived from 
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cells transduced with lentiviruses expressing a scrambled short hairpin RNA 

(shRNA). The glioblastoma volume data represents the average of ten mice. 

Oxygen levels: Oxygen levels in the in vitro hanging drop experiments 

are kept constant, and we assumed uniform oxygen levels in the media. The 

oxygen level in the model is set at the start of a simulation with any value 

between the range of 2% and 21%. The oxygen level is then held constant for 

the duration of a particular simulation.  

3.2.4. Fitting model parameters 

A genetic algorithm was used to determine default values for the unknown 

kinetic rates (the genetic algorithm was employed in Matlab, and refined using 

fminsearch).  

Using the genetic algorithm, the HIF1α oxygen and IGFI IGFBP2 

relationships were initially fitted separately in order to give predictions on the 

relative magnitudes of each of the rate constants to reduce the upper and lower 

bounds within which the genetic algorithm would make the optimization search.  

Genetic algorithm was run 100 times to fit all of the equations with all of the 

values, this time with adjusted upper and lower bounds according to the 

magnitudes of the best fitting values.  

The set of rate constants with error rates in the top 10% from the genetic 

algorithm was used as initial estimates for Nelder-Mead Simplex Method 

(fminsearch in Matlab) [116].  

The additional modifications to the rate constants were made to better fit the 

HIF1α relationship and the rate constants after using fminsearch and our final 

rate constants are shown in Page 104 in the appendix. 

The estimated initial conditions and fitted rate constants are shown in Table 

2, Table 3. The model was fitted for three outputs: glioblastoma growth rate; 

HIF1α vs. O2 levels; and IGFI as a function of IGFBP2. The glioblastoma growth 

rates was found for two distinct experiments (U87 and LN229) by fitting the same 

model and obtaining different initial conditions and growth rates for the two cell 
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lines. Results from fitting the in vitro U87 spheroid growth and literature data of 

LN229 growth in mice are shown in Figure 3A-B, respectively. HIF1α is a function 

of oxygen levels, and it was fitted using data from Jiang et al. [117] which 

monitored how the HIF1α levels changed in HeLa cells as a function of O2. The 

rate constants were simultaneously fitted using data of IGFI and IGFBP2 levels 

as a function of each other and time (see Figure 4A, Slomiany et al. [41]). In 

those experiments, the IGFBP2 concentration was monitored as a function of 

time under two external concentrations of IGFI (0 nM and 100 nM). The 

experiments used the human retinal pigment epithelial (RPE) cell line D407; and 

it is an assumption of the model that the same relationships hold in glioma cells 

(these measurements are the only ones we are aware of that measure IGFBP2 

as a function of IGFI levels). We also estimated that the IGFBP2 response was 

the same as that of IGFBP3, which is the IGFBP species available from the in 

vitro experimental data. Initial conditions were also determined from experiments. 

The concentration of IGFI under normal conditions was calculated based on the 

data by Lonn et al [118]. Similarly the mean concentration of IGFBP2 in patients 

with glioblastoma was calculated from a previous study [119]. Both of the 

calculations for IGFI and IGFBP2 are shown in the S1 File.  

 

Table 2. Initial conditions used in the model. 

Species Name Initial 

value 

(U87) 

Initial 

value 

(LN229) 

Unit 

[IGFI] Insulin-like growth factor I 92.5 92.5 nM 

[IGFBP2] Insulin-like growth factor 

binding protein 2 

3.68 3.68 nM 

[IGFI- Bound IGFI and IGFBP2 2.6 2.6 nM 
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Table 3. Rate constants used in computational model. 

Constant Description Value 

(U87) 

Value 

(LN229) 

Units Source 

1k  Production rate 

of IGFBP2 

0.0452 0.0452 hr/nM Fit from 

[53] 

2k  Production rate 

of IGFBP2 

0.0004 0.0004 1/nM Fit from 

[53] 

3k  Binding rate of 

IGFBP2 and 

IGFI 

0.0002 0.0002 hr/nM Fit from 

[53] 

4k  Dissociation 

rate of complex 

0.0007 0.0007 1/hr Fit from 

[53] 

5k  Promotion of 

IGFBP2 

feedback by 

HIF1α 

9.5495 9.5495 1/hr Fit from 

[53] 

6k  Production rate 

of HIF1α by 

IGFI 

0.0001 0.0001 1/nM Fit from 

[53] 

7k  Degradation 

rate of HIF1α by 

oxygen 

0.1176 0.1176 1/hr Fit from 

[53] 

IGFBP2]complex 

[HIF1α] Hypoxic inducible factor 1 

alpha 

1 1 µM 

[GD] Glioblastoma diameter 170 3200 µm 



 39 
 

8k  Hill equation 

rate constant 

0.01057 0.01057 1/hr Fit from 

[117] 

9k  Hill equation 

rate constant 

0.0241 0.0241 1/µM Fit from 

[117] 

10k  Promotion of 

HIF1α by 

IGFBP2 

0.0002 0.0002 1/hr Sensitivity 

analysis 

dk  Degradation 

rate of IGFBP2 

3.92702 3.92702 1/hr Fit from 

[53] 

1v  Basal growth of 

glioma based 

on glucose 

2.601 0.5779 µm/hr Fit from 

[108] 

11k  Growth rate due 

to HIF1α 

21.6 179.55 µm/hr Fit from 

[108] 

12k  Hill equation 

rate constant 

21 21 (dimensionless) Fit from 

[108] 
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Figure 4. Comparisons between computational model and literature data. 

(A) Relationship between IGFB2 and IGFI over time. Blue and green points 

represent in vitro data obtained from Slomiany et al [53] where 0 nM and 

100 nM of IGFI, were added to the media at the start of the experiment 

respectively. Red line represents computational simulation with no added 

IGFI, R2 = 0.91, and purple line indicates computational simulation with 100 

nM of IGFI added at 0 hrs, R2 = 0.83. (B) HIF1α as a function of O2. Blue 

points are the in vitro expression data of obtained in HeLa cells. Green line 

shows model simulations using the same initial conditions as the in vitro 

experiments, R2 = 0.97. 

3.2.5. Sensitivity analysis 

Initial concentrations of all molecular factors involved in the system were 

varied independently between 0.1 -10 of the optimized concentrations, and the 

effect on each compound and overall glioma growth was observed. Oxygen 

levels were tested between 2-21%. The sensitivity of glioblastoma growth to 

changes in kinetic rate constants was determined for kinetic rates of 0.1 -10

the optimized values individually. The results from the complete sensitivity 

analysis can be found in S2 File. Sensitivity analysis was summarized by 
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calculating the sensitivity index (see below) at 40 days for the LN229 cell line in 

Table 1. The time duration of 40 days was chosen as it matched the duration of 

studies performed in the in vivo LN229 work from literature. The following 

equation was used to calculate the sensitivity index to quantify the levels of 

sensitivity. The sensitivity index was plotted in Figure 5. The definitions of each 

variable in the sensitivity index can be found in Table 4.  

 

 

Figure 5. Results of model sensitivity to single rate constants as measured 

by the sensitivity index. Sensitivity index of each model parameter as 

defined in the main text. The sensitivity index is shown in descending order 

going from left to right. Rate constant 8k  (production of HIF1α) had the 

highest sensitivity when varying the rate constants individually. 
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Equation 7. Sensitivity index 

Sensitivity Index n oGD GD

CT k





 

 

Table 4. Description of variables in sensitivity index. 

Variable Description 

nGD   Glioblastoma diameter at final time point using varied rate 

constant 

oGD   Glioblastoma diameter at final time point at optimized value 

C   Maximum glioblastoma diameter at final time point 

T   Time of simulation 

k   Multiplying factor by which rate constant was varied 

 

3.2.6. Global sensitivity analysis 

In addition to varying the rate constants individually, we simultaneously 

explored the entire parameter space of the rate constants (varying between 

0.1 10 of the optimized values) using the Latin Hypercube Sampling method 

[120]. From this sampling, 500 sets of rate constants were simulated in the model 

for glioma growth over 40 days where the glioblastoma diameter was recorded. 

Principal component analysis illustrating the resulting glioblastoma diameters as 

a function of multi-varied kinetics rates is shown in S1-S4 Figures. Additionally, to 

confirm the kinetic parameters that most significantly influence glioma 

progression, glioblastoma diameters were correlated to the rate constants by 

calculating partial correlations (Figure 6). 
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Figure 6. Partial Correlation of rate constants to glioblastoma growth. Latin 

Hypercube sampling of all rate constants within 0.1 to 10of optimized 

values followed by Partial Correlation of rate constants to glioblastoma 

growth. Blue bars represent U87 cell line while orange bars represent 

LN229 cell line. Rate constant 8k (production of HIF1α) had the highest 

sensitivity when varying the rate constants in combination using the Latin 

Hypercube sampling method. Inset shows the schematic of the simplified 

insulin signaling pathway used in the computational model. 

3.2.7. Glioblastoma growth reduction 

To simulate the effect of using different drug targeting factors in glioblastoma, 

we set each rate constant to 0 separately, modeling the effects of removing each 

interaction, with the exception of the basal production and degradation of HIF1α. 

The exception is because HIF1α is ubiquitous in cells; targeting HIF1α would not 

only affect glioblastoma cells but also other cells. Setting the rate constant to 0 

simulated the removal of each reaction from the system. The diameter of the 
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glioblastoma for both cell lines U87 and LN229 was then compared to the original 

pathway before the removal of the reaction. The glioblastoma diameter was 

simulated over 40 days. Results are shown in Figure 7.  

 

 

Figure 7. in silico reduction of glioblastoma growth for LN229 glioblastoma 

cell line. Glioblastoma growth was simulated for (A) control conditions, and 

when two separate interactions were removed from the model: (B) IGFI to 

HIF1α and (C) IGFBP2 to HIF1α. (D) Removal of the IGFBP2 to HIF1α had 

the greatest reduction in the glioblastoma growth as compared to control 

conditions. 
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3.2.8. Parameter fitting 

Unknown rate constants were found by fitting existing literature data. Figure 

5A shows the model simulations compared to the literature in vitro data, to which 

the model was fit, that monitored the IGFBP2 concentration as a function of time 

under two external concentrations of IGFI (0 nM and 100 nM) in the system [53]. 

For the case with 0 nM external IGFI, the model simulations that best fitted the in 

vitro data was found to be internal IGFI concentration levels of 92.5 nM of IGFI. 

Figure 4B shows the model simulations compared to literature in vitro data that 

monitored HIF1α as a function of oxygen [117].  

3.3. Results 

3.3.1. Compounds that drive insulin signaling 

Results of the sensitivity analysis on the initial model conditions showed that 

HIF1α and IGFBP2 levels in the insulin signaling system were most sensitive to 

reduced oxygen (2%) and also elevated IGFItotal levels (Figure 8). At higher 

concentrations of IGFItotal, elevated steady state concentrations of IGFI and 

IGFBP2 were observed. In hypoxic conditions (2% oxygen), HIF1α and IGFBP2 

concentrations were increased initially and reached a steady-state of 7 and 1.25

 baseline values, respectively.  

 



 46 
 

 

Figure 8. Effects of initial conditions on LN229 simulations. (A) IGFBP2 

concentrations over time. (B) HIF1α concentrations over time. (C) LN229 

glioblastoma diameter over time. Low oxygen conditions had the greatest 

increase in the growth of glioblastoma as compared to control. 
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Varying initial conditions in the model showed that the insulin system is 

highly sensitive to reduced oxygen concentrations and elevated IGFI 

concentrations compared to the default initial conditions (control). For the 

remaining initial conditions, the insulin signaling system in glioblastoma was 

robust over changes in initial HIF1α concentrations and the (IGFI-IGFBP2) 

complex concentration.  

3.3.2. Insulin signaling pathway reactions that drive glioma growth 

In order to analyze the contribution of each rate constant to glioblastoma 

growth, the sensitivity index was calculated for each rate constant, for LN229 

tumor growth (shown in Table 4 in descending order). Results are plotted in Fig. 

4, which shows that LN229 glioblastoma growth was most sensitive to the 

production of HIF1α ( 8k ) production of IGFBP2 ( 1k ), growth rate due to HIF1α 

( 11k ) and promotion of HIF1α by IGFBP2 ( 10k ). Results of the Latin Hypercube 

Sampling confirmed these findings. After computing the Partial Correlation 

Coefficients between rate constants and glioblastoma growth, we found that the 

production of HIF1α ( 8k ) was the highest correlated rate constant to glioblastoma 

growth, as shown in Figure 7.  

 

Table 5. Rate constants that glioblastoma growth rate were most sensitive 

to in LN229 cells. Shown in descending order of sensitivity according to 

the sensitivity index at 40 days where each rate constant was varied 10of 

optimized conditions. 

Rate 

Constant 

Description Sensitivity Index(
1hrs ) 

8k  Hill equation rate constant 32.50 10  

1k  Production rate of IGFBP2 52.68 10  
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11k  Growth rate due to HIF1α 52.03 10  

10k  Promotion of HIF1α by IGFBP2 51.59 10  

6k  Production rate of HIF1α by IGFI 65.42 10  

1v  Basal growth of glioblastoma 

based on glucose 
63.42 10  

7k  Degradation rate of HIF1α by 

oxygen 
62.13 10  

dk  Degradation rate of IGFBP2 61.65 10  

2k  Logistic equation rate of IGFBP2 61.46 10  

3k  Binding rate of IGFBP2 and IGFI 61.38 10  

5k  Promotion of IGFBP2 feedback 

by HIF1α 
71.88 10  

9k  Hill equation rate constant 84.75 10  

4k  Dissociation rate of complex 1014. 6 09   

 

When we removed each reaction independently from the model, the results 

were striking. When the feedback from IGFBP2 to HIF1α was removed in LN229 

cells, the glioblastoma volume over the simulation of 40 days was halved as 

compared to when the downstream signal from IGFI to HIF1α was removed 

shown in Figure 7. Removal of the HIF1α to IGFBP2 connection had minimal 

effect on the glioblastoma growth. When a similar simulation was conducted for 

the U87 cell line, there was not a significant change in the glioblastoma volume 

when either the IGFBP2 to HIF1α or the IGFI to HIF1α connection was removed, 

see S5 Figure.  

3.4. Discussion 

We have developed a chemical-kinetic model that predicts glioblastoma 

growth as a function of insulin signaling. Our model agrees with experimental in 
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vitro data on interactions between IGFI, IGFBP2 and HIF1α. Sensitivity analysis 

on initial conditions found the insulin signaling pathway to be most sensitive to 

IGFI concentration and oxygen levels.  

Current literature data on the relationship between HIF1α and oxygen shows 

that glioblastoma growth is insensitive to high oxygen levels, but highly sensitive 

at low oxygen concentrations. This is significant as glioblastoma spheroids are 

generally under hypoxic conditions. There is maximal HIF1α expression at low 

oxygen levels [121]. In addition, there are more pronounced changes in HIF1α 

expression at these low oxygen levels. Small changes in oxygen levels result in 

large changes in HIF1α levels. As the oxygen levels increase towards 21%, 

HIF1α levels are exponentially decreased. This relationship explains how 

glioblastoma tumors have a fairly constant response at higher oxygen levels. 

However, at low oxygen levels, glioblastoma will have drastically higher HIF1α 

levels which result in a much different phenotype and growth rate.  

Drugs have been developed to target the IGFIR pathway by suppressing the 

IGFI to HIF1α pathway using three main types of compounds: IGFIR targeting 

antibodies, tyrosine kinase inhibitors for kinase domains of IGFIR, and IGFI 

ligand neutralizing antibodies [65-68]. However, these compounds have failed to 

control glioblastoma growth clinically, and have not made it past phase III clinical 

trials [65].  

Our sensitivity analysis on the rate constants showed that the contribution of 

basal HIF1α production to LN229 glioblastoma growth is greater than contribution 

of the IGFI-dependent HIF1α production. This suggests that HIF1α would be a 

more effective target to reduce glioblastoma growth than targeting the IGFIR 

molecular interactions by current drugs.  

In fact, the top four rate constants that glioblastoma growth was most 

sensitive to when individually perturbed were the production of HIF1α ( 8k ), 

production of IGFBP2 ( 1k ), growth rate due to HIF1α ( 11k ) and promotion of 

HIF1α by IGFBP2 ( 10k ). However, since the HIF1α effects are ubiquitous in all 

cells, alterations in HIF1α and production of IGFBP2 would be difficult to target in 
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cancerous cells only. On the other hand, IGFBP2 overexpression is specific to 

glioblastoma multiforme compared to gliomas. Thus we focused on the effect of 

promotion of HIF1α by IGFBP2 ( 10k ), which had the third highest correlation 

found by Partial Correlation to glioblastoma growth in Fig. 5. Our results from the 

growth reduction analysis showed that glioblastoma growth was more sensitive 

to the removal of feedback from IGFBP2 to HIF1α as compared to the IGFI to 

HIF1α interaction. There have not been any published drugs that have 

specifically blocked feedback between IGFBP2 and HIF1α in glioblastoma. Our 

model predicts that this pathway could result in significantly reduced growth of 

glioblastoma and should be targeted by the next generation of glioblastoma 

drugs. 

This study offers an explanation for the difficulties encountered by current 

drugs targeting IGFIR to reduce glioblastoma cell growth: a secondary 

mechanism that upregulates HIF1α. We found that glioblastoma growth was 

highly sensitive to this new hypothesized interaction, IGFBP2 to HIF1α signaling. 

While other researchers have highlighted the importance of IGFBP2 in 

glioblastoma growth [57], we have been able to suggest a specific mechanism 

that can be potentially targeted. In our predictions, removing the feedback from 

IGFBP2 to HIF1α resulted in almost half of the growth in the glioblastoma 

diameter over 40 days as compared to removing the downstream signal from 

IGFI to HIF1α.  

By using two different glioblastoma cell lines in our analysis, we have found 

that glioblastoma growth through the insulin signaling pathway is tumor specific. 

When we conducted the glioblastoma growth reduction analyses of the LN229 

and U87 cell lines, there was almost no change in growth observed in the U87 

cell lines, while the LN229 showed a reduction in the glioblastoma tumors’ growth. 

Glioblastoma cells lines that rely on the insulin signaling pathway for their 

aggressive growth phenotype will be more affected by drugs that target the 

insulin signaling pathway. Conversely, if the glioblastoma cells do not rely on the 

signaling from insulin for their growth, then targeting the insulin signaling pathway 
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would not be effective in controlling the growth. This explains why when U87 and 

LN229 were targeted using TAE226 (IGFIR tyrosine kinase inhibitor), a larger 

amount of apoptosis was observed for the LN229 cell line compared to the U87 

cells [2]. Thus, targeting the insulin signaling pathway through the IGFBP2-HIF1α 

interaction could be effective for those glioblastoma cells dependent on insulin 

signaling. Compensatory pathways may also influence cancer growth, and the 

computational results presented here warrant targeted experimental testing 

focusing on the IGFBP2-HIF1α interaction in the context of other signaling 

networks.  

In conclusion, we have been able to achieve a deeper understanding of the 

interactions between key factors in the insulin signaling pathway through our 

computational model. The model allowed us to simulate the effects of removing 

different reactions in the insulin signaling pathway network, to test in silico 

potential therapeutic targets. These model predictions provide the impetus for 

future experimental studies exploring the role of IGFBP2-HIF1α interactions. In 

sum, we have found a possible target in the insulin signaling system that merits 

exploration as a candidate drug target for glioblastoma patients and other 

patients with cancers sensitive to the insulin signaling pathway. 
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Chapter 4 

Experimental validation of IGFBP2, IGFI 

stimulation on glioblastoma 

 

4.1. Introduction 

To understand the interactions of the insulin signaling pathway, we 

previously created a chemical kinetic model on the insulin signaling pathway 

which contained the key molecular factors of IGFI, IGFBP2 and HIF1α and 

connected them to glioblastoma growth. The model predicted that the feedback 

from IGFBP2 to HIF1α, rather than the activation of HIF1α by IGFIR, drives 

glioblastoma growth. To test these predictions, we here conduct relevant 

experiments in U87 and LN229 cells. 

Different parts of the insulin signaling pathway has been studied 

previously which included IGFI, IGFBP2 and HIF1α. Researchers have shown 

that expression of IGFBP2 in late stage glioblastoma patients is higher than that 
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in early stage gliomas [42-45, 122]. Adding exogenous IGFI is known to promote 

an increase in the expression of HIF1α in glioblastoma cells [52, 123]. The 

addition of exogenous IGFBP2 resulted in elevated levels of cell proliferation and 

invasion of glioblastoma cells [41].  

Migration is also another factor in the progression of glioblastoma. Insulin 

signaling factors have been known to be involved in this characteristic of 

glioblastoma as the migration of glioblastoma has been shown to be promoted by 

IGFI [60] and HIF1α [63]. 

Inhibiting IGFIR via TAE226 leads to cell death, more pronounced in 

LN229 cells than in U87 cells, suggesting a higher dependence of cell growth for 

LN229 cells on the insulin signaling pathway [2]. TAE226 can also diminish the 

effect of exposing the cells to IGFI in U87 [39]. In our computational model, we 

predicted that removing the IGFBP2 to HIF1α feedback should have a stronger 

effect in LN299, an insulin sensitive cell line as compared to that in U87 cells that 

are largely insulin signaling independent.  

Therefore, LN229 cells that have not been the focus of most studies [2, 41] 

on insulin signaling in glioblastoma, provide a good model system to study the 

tumor growth dependence on insulin signaling.    

Furthermore, previous studies have not compared the effect of IGFI and 

IGFBP2 in influencing HIF1α expression, glioblastoma growth and migration. In 

this study, we explore the effects of stimulating LN229 cells with IGFI and 

IGFBP2 individually to address these unanswered questions. 

4.2.  Materials and Methods 

4.2.1. Cell Culture 

LN229 cells were obtained from American Type Culture Collection (ATCC). 

The glioblastoma cell lines were cultured in DMEM media (Lonza) supplemented 
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with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS, Lonza). The 

cultured cells were maintained in a humidified incubator maintained at 37°C with 

5% CO2.   

4.2.2. HIF1α measurement 

LN229 and U87 cells were seeded in 96 well plates at 17,000 cells per 

well. Cells were grown for 24 hours with DMEM media supplemented with FBS. 

The cells were then starved 6 hours using FBS free media. Glioblastoma cells 

were then treated with 20 ng/ml IGFI, 100ng/ml IGFBP2, 10µM TAE226 and 

100mM Cobalt Chloride and incubated for 12, 24 and 48 hours. Glioblastoma 

cells were fixed after 12 hours and 24 hours of incubation in the test conditions. 

Fixed and permeated glioblastoma cells were stained with anti-HIF1α primary 

antibodies AlexaFluor 488 (Abcam ab190197) in a 1:100 dilution factor. The cells 

were incubated overnight with the primary antibodies at 4°C. AlexaFluor 488 

secondary antibodies were used in the 1:200 dilution and incubated for 1 hour 

with the cells. The nuclei of the cells were stained using Hoechst for 15 minutes.  

Singe cell HIF1α expression 

The fixed and stained glioblastoma cells were measured with fluorescence 

imaging using the FITC and DAPI channels that were captured using a Nikon 

Fluorescence microscope. In each well 8 images were taken at the same 

locations in each well. The FITC contained the HIF1α expression and DAPI 

contained the fluorescence of the nuclei. The location of the nuclei was found by 

image segmentation of the DAPI image of with the Hoechst stain. The expression 

of HIF1α was found by applying the mask obtained from the segmentation of the 

nuclei on the HIF1α image.  

The background fluorescence of each image was found by segmentation 

of the FITC image which contained the stain for the HIF1α expression. When 

there were multiple peak frequencies of FITC intensities, then the average of 

them were taken as the background. Using the background FITC intensity value, 
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the FITC intensity of each cell was normalized by removing the background from 

the raw FITC intensities measured. The fluorescence per cell was expressed as 

the fluorescence per square unit pixel.  

4.2.3. Nuclei count 

The segmented images obtained from the HIF1α measurement stage 

provided information of the location of the nuclei in each image. Using the 

segmented images of the nuclei, the number of nuclei in each image was 

computed. The images which had nuclei counts that were above or below 2 

standard deviations the mean counts in each condition were removed from the 

cell count and growth rate calculations. This was also used to remove the images 

from the HIF1α expression calculations.  

4.2.4. Rate of change in cell count 

Each cell nuclei was assumed to correspond to 1 cell. The rate of change 

in cell count per hour between 12 hours and 24 hours and 24 and 48 hours was 

calculated using the following equation.  

Equation 8. Rate of change in cell count 

Rate of change in cell count

=
(Average cell count at Tfinal − Average cell count at Tinitial)

Average cell count at Tinitial × (Tfinal − Tinitial)
  

4.2.5. Comparison to computational model 

The relative HIF1α levels were calculated from the ratio of the HIF1α 

measured in the treatment conditions to the control condition at each time point 

(12, 24, and 48 hours). The relative ratio of the cell counts were calculated from 

the ratio of the cell counts in the treatment conditions to the control condition at 

each time point (12, 24 and 48 hours).  
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4.2.6. Migration scratch assay 

LN229 and U87 cells were seeded in 96 well plates at 17,000 cells/well.  

Cells were grown for 24 hours with media supplemented with FBS. The cells 

were starved for 6 hours using DMEM media without the addition of FBS. A 

scratch on the cell monolayer was made using a 10µl pipet tip which resulted in 

the removal of a band of cells. Glioblastoma cells were then treated with 20 ng/ml 

IGFI, 100 ng/ml IGFBP2, 10µM TAE226 and 100mM Cobalt Chloride. Static 

images were obtained for each scratch at 0, 12 and 24 hours after the scratch 

was made to monitor the migration of the glioblastoma cells. The width of the 

scratch was at each of these time points were obtained from these images. The 

migration distance and the percentage of scratch closure were calculated using 

the equations below.  

Equation 9. Migration Distance 

Migration Distance =
(Width of scratch at Tinitial − Width of scratch at Tfinal)

2
 

 

Equation 10. Scratch Closure 

Scratch Closure (%)

=
(Width of scratch at Tinitial − Width of scratch at Tfinal)

Width of scratch at Tinitial
 × 100% 

 

4.2.7. Statistical analysis 

The Welch’s t-test was used to determine statistical significance using a 

two tailed P-value of <0.05. The null hypothesis is that the means of the two test 
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groups are equal and they come from the same population. The alternative 

hypothesis is that the means of the two test groups were different from one 

another.  

All of the data are shown as mean ± standard error of mean in the results 

section.  

4.3. Results 

4.3.1. Insulin stimulation 

Compared with glioblastoma patients that are obese and diabetic, the 

survival rate of glioblastoma patients that are non-obese and non-diabetic have a 

higher survival rate.  Obesity is an established risk factor for type 2 diabetes, and 

like diabetes, obesity is associated with insulin resistance and hyperinsulinemia. 

Due to the close relationship of insulin and glioblastoma progression, we have 

explored the effects of insulin stimulation on IGFIR (Figure 9) and HIF1α (Figure 

10) in U87 cells. Our results are showed that although IGFIR and HIF1α 

expression was changed, there was not a statistically significant difference 

compared to the control condition.  
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Figure 9. Insulin stimulation in U87 on IGFIR expression. Glioblastoma cells 

expressed IGFIR, whereas noncancerous cells do not normally have 

detectable levels. Addition of insulin resulted in increased IGFIR 

expression but the difference to control was not statistically significant. 
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Figure 10. Insulin stimulation in U87 on HIF1α expression. Glioblastoma 

cells expressed HIF1α under normoxia. HIF1α levels increased in the 

presence of insulin, the trend was not statistically significant. 

 

4.3.2. IGFI, IGFBP2 stimulation 

The data from 2 runs were combined. The data from Run 2 of LN229 at 

the 48 hour time point was omitted. In the U87 cell line, the data from 48 hour 

time points were omitted due to the formation of 3 dimensional spheroids. All 

omitted data was excluded from the HIF1α, nuclei count and rate of change of 

cell count calculations.  
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Individual images which had greater than or less than 2 standard 

deviations above or below the mean number of cells in each condition were 

omitted from the calculations.  

4.3.2.1. HIF1α measurement 

To assess the HIF1α expression in each cell, the images collected were 

processed to attain the mean HIF1α fluorescence intensities per cell in each unit 

pixel area. Representative immunohistochemistry images of both LN229 cells 

(Figure 11) and U87 cells (Figure 12) are shown.  



 61 
 

 

Figure 11. Representative immunohistochemistry images of LN229 cells 

stained for DNA (blue) and HIF1α (green) which were fixed at 12, 24, and 48 

hours after stimulation. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, 

TAE226 = 10µM TAE226, CoCl2 = 100mM Cobalt Chloride. Scale bar = 

50μm. 
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Figure 12. Representative immunohistochemistry images of U87 cells 

stained for DNA (blue) and HIF1α (green) which were fixed at 12 and 24 

hours after stimulation. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, 

TAE226 = 10µM TAE226, CoCl2 = 100mM Cobalt Chloride. Scale bar = 

50μm. 
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The density plots of the mean HIF1α intensities per cell are shown below 

in for LN229 (Figure 13) and U87 (Figure 14).  

 

Figure 13. Density plots of mean HIF1α intensities per cell in LN229 for 

each condition at 12, 24 and 48 hours. The vertical lines are the mean of the 

distributions. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 

10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 
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Figure 14. Density plots of mean HIF1α intensities per cell in U87 for each 

condition at 12 and 24 hours. The vertical lines are the mean of the 

distributions. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 

10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 

The null hypothesis using the Welch’s t test for the HIF1α comparisons 

was that the means of the two different test groups were equal. The alternative 

hypothesis was that the means of the two test groups were different. 

Treating LN229 cells with either IGFBP2 or IGFI increased the mean 

HIF1α intensities at different time points (P<0.05) (Figure 15). Consistently, 

treatment with CoCl2 increased (p<0.001) but treatment with TAE226 decreased 

these intensities (p<0.05). Further, the mean intensity was higher in IGFBP2-

treated cells as compared to the IGFI-treated ones (p<0.05). Similar results were 

obtained for U87 cell line, except that the IGFI-treated cells recorded lower mean 

HIF1α intensities than the control condition (P<0.001).  
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In both cell lines, the highest mean HIF1α intensities per cell were found in 

the CoCl2 condition at 12 hours. In addition, the increased mean HIF1α 

intensities per cell as compared to each condition individually were found to be 

statistically significant.   

Similar results was obtained when the differences of the distributions were 

tested using the kolmogorov-smirnov test. Boxplots of the HIF1α intensities per 

cell for each condition and cell line were shown (Figure 16). 

 

Figure 15. Average HIF1α intensities per cell in LN229 and U87 cell lines for 

each condition at 12, 24 and 48 hours. Statistically significant differences 

compared to the control condition are represented by the asterisk above 

condition. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 

10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 
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Figure 16. Boxplot of HIF1α intensities per cell in LN229 and U87 cell lines 

for each condition at 12, 24 and 48 hours. IGFI = 20 ng/ml IGFI, IGFBP2 = 

100 ng/ml IGFBP2, TAE226 = 10µM TAE226, CoCl2 = 100mM Cobalt 

Chloride. 

4.3.2.2. Nuclei count 

To determine the effects of IGF stimulation on the effects of cell growth, 

the nuclei counts per image was recorded (Figure 17). Boxplots of the nuclei 

counts per image in each condition was also shown (Figure 18). 

The null hypothesis using the Welch’s t test for the nuclei counts was that 

the means of the two different test groups were equal. The alternative hypothesis 

was that the means of the two test groups were different. 
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Treating LN229 cells with IGFI and IGFBP2 increased the nuclei counts at 

24 and 48 hour time points (p<0.05). IGFBP2-treated cells had higher nuclei 

count than IGFI-treated cells, but the difference was not statistically significant 

(p<0.05). As expected, TAE226-treated cells had lower nuclei counts compared 

to the control conditions at 12, 24 and 48 hour time points (p<0.05). However, 

treatment with CoCl2 reduced the nuclei count after 48 hours (p<0.05). Similar 

results were obtained for U87 cell line, except that the difference in IGFBP2-

treated cells and IGFI-treated cells was statistically significant, and the CoCl2 

treated cells did not have a statistically significant effect in terms of nuclei count 

as compared to the control.  

 

 

Figure 17. LN229 and U87 nuclei count per image for each condition at 12, 

24 and 48 hours. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 

= 10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 
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Figure 18. Boxplot of LN229 and U87 nuclei count per image for each 

condition at 12, 24 and 48 hours. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml 

IGFBP2, TAE226 = 10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 

4.3.2.3. Rate of change of cell count 

To further examine the growth of the glioblastoma, the change in the 

nuclei counts from the previous part of the experiment was used to calculate the 

rate of change of cell counts.  

The null hypothesis using the Welch’s t test for the rate of change in cell 

counts comparisons was that the means of the two different test groups were 

equal. The alternative hypothesis was that the means of the two test groups were 

different. 

We assumed that each nucleus corresponded to 1 cell. In LN229 cells, 

treatment with IGFI and IGFBP2 increased the growth rates at 12 to 24 hour time 

point (p<0.05), but that with TAE226 decreased it to being negative at both time 

points (Figure 19). The growth rate was not statistically different when cells were 
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treated with CoCl2. Similar results were obtained for U87 cells, except that 

TAE226 reduced the growth rate in a statistically significant manner.   

 

Figure 19.  LN229 and U87 rate of change in cell count at 12-24 (from 12 to 

24) and 24-48 (from 24 to 48). IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml 

IGFBP2, TAE226 = 10µM TAE226, CoCl2 = 100mM Cobalt Chloride. 

4.3.2.1. Comparison to computational model 

To compare the results of the in vitro experiments to the results from the 

computational simulations, the ratio of the treatment condition to the control 

condition at each time point was compared for HIF1α (Figure 20) and cell count 

(Figure 21). The CoCl2 treated condition was removed in the comparison as the 

simulated relative HIF1α and cell count results were much higher than the other 
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levels. In general, the experimental results were in close agreement with the 

computational simulations. A difference in the results was that the simulated IGFI 

conditions predicted higher relative HIF1α levels than the experimental conditions 

at all of the time points. A similar situation was observed in the relative cell 

counts as the simulated IGFI conditions predicted higher relative cell count levels 

than the experimental relative cell count levels.  
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Figure 20. HIF1α from computational simulations and experimental 

measurements of in LN229 and U87 cell lines for each condition at 12, 24, 

and 48 hours. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 

10µM TAE226. 
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Figure 21. Cell counts from computational simulations and experimental 

measurements of in LN229 and U87 cell lines for each condition at 12, 24, 

and 48 hours. IGFI = 20 ng/ml IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 

10µM TAE226. 

4.3.3. Glioblastoma migration 

4.3.3.1. Single cell migration 

Glioblastoma cells grown on a monolayer in and their migration were 

monitored using a time lapse image. The images were processed as shown in 

Figure 22. The paths of a selection of cells were monitored in Figure 23.  
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Figure 22. Schematic of image processing and metric calculation. Images 

of U87 glioblastoma cells with 10% of population transfected with green 

fluorescent protein (GFP) are processed to track the labeled cells’ location, 

velocity, shape, persistence, and trajectory during spheroid formation. 
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Figure 23. The paths of individual cells were traced over time to identify 

movement patterns. A) Data from time-lapse assay with fluorescence 

stained cells. B) Data from time-lapse assay with GFP-positive cells. C) Cell 

movement patterns pulled from the GFP-transfected assay for comparison. 

All of the individual cells displayed the same trends in movement direction 

and velocity changes over time. 

4.3.3.2. Migration scratch assay 

To quantify the migration capabilities of glioblastoma, a scratch was made 

after the cells were starved and the movement of the glioblastoma cells back into 

the scratch was monitored using the scratch assay. Using the scratch width 
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measurements, the migration distance and the percentage of scratch closure 

was calculated at the 12 and 24 time points.  

In the LN229 cell line, the greatest migration was found at the IGFBP2 

condition (Figure 24). The decreased migration distance at the 12 hour time point 

was found to be statistically significant (p<0.05) in the TAE226 compared to IGFI, 

IGFBP2 and CoCl2 conditions shown in Fig and Table. The decreased migration 

distance at 24 hours and the scratch closure at both 12 and 24 hour time points 

were found to be statistically significant in the TAE226 compared to all other 

conditions.  

In the U87 cell line, the greatest migration was found in the IGFI condition 

(Figure 25). The decreased migration distance and the scratch closure at both 

time points were found to be statistically significant in the TAE226 compared to 

all other conditions.  

When comparing the two cell lines, the results showed that the migration 

distance and the percentage of wound closure at the 12 hour time point were 

greater in the U87 cell line than the LN229 cell line.  
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Figure 24. LN229 migration distance and scratch closure. IGFI = 20 ng/ml 

IGFI, IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 10µM TAE226, CoCl2 = 100mM 

Cobalt Chloride. n>8. 

 

 

Figure 25. U87 migration distance and scratch closure. IGFI = 20 ng/ml IGFI, 

IGFBP2 = 100 ng/ml IGFBP2, TAE226 = 10µM TAE226, CoCl2 = 100mM 

Cobalt Chloride. n>10. 
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4.4. Discussion 

The stimulation of the insulin signaling pathway factors IGFI and IGFBP2 

have been shown to promote the expression of HIF1α, growth and the migration 

of glioblastoma. However, their relative individual contribution remains 

unexplored. To determine these relative effects, we treated the cells with 20ng/ml 

IGFI and 100ng/ml IGFBP2, because these concentrations are in a 1:1 ratio 

when factoring the molecular weights of IGFI and IGFBP2.  

HIF1α expression 

Previous studies showed that elevated expression of HIF1α leads to 

stimulation of growth and migration in glioblastoma [124]. Consequently, high 

grade glioma has increased levels of HIF1α expression [111]. Increased 

expression of IGFBP2 in later stages of glioma [125, 126] argues for activation of 

HIF1α by IGFBP2. Thus, we first looked at the nuclear or active HIF1α 

expression in each cell, as it is shown to be the downstream signal to the IGFI 

and IGFBP2.   

Our results showed that not only does the effect of IGFBP2 was 

statistically significantly higher on the HIF1α expression than the control condition, 

but also it was also greater than that of IGFI. This observation confirms the 

theory that IGFBP2 can promote the expression of HIF1α. In addition, it suggests 

that there is a greater influence of IGFBP2 than IGFI on the HIF1α expression in 

the cell. Thus, our results are in agreement with our original hypothesis.  

At the same time, we confirmed the findings of two different controls, 

cobalt chloride and TAE226, and found that at the current concentrations used in 

our study, CoCl2 has a greater effect on HIF1α expression than IGFI and 

IGFBP2. TAE226 is a tyrosine kinase inhibitor of IGFIR and it has been shown to 

reduce the expression of HIF1α as compared to control conditions. Our results 

support this finding as lower mean HIF1α intensities per cell found in TAE226 

was statistically significant as compared to control conditions at every time point.  
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Nuclei count/rate of change of cell count 

While IGFBP2 has been shown to promote the expression of HIF1α more 

than IGFI in glioblastoma, whether the increased HIF1α signal ultimately affected 

the rate of change of cell count needs to be assessed. To determine this theory, 

the nuclei count was examined.  

Both cell lines showed higher nuclei counts in the IGFI- and IGFBP2-

treated conditions that were statistically significant compared to the control 

conditions. In U87 cell line, the nuclei count increase in the IGFBP2 condition 

compared to the IGFI condition was found to be statistically significant at the 24 

hour time point. 

The doubling time for LN229 and U87 glioblastoma cells is 24 and 36 

hours respectively [127]. So the proliferation rate is slower in U87 cells compared 

to LN229. Thus there is a higher ratio of IGFBP2 and IGFI to the U87 cells and 

this is maintained for a longer period of time due to its slower proliferation rate. 

Consequently, there is more stimulation by IGFBP2 and IGFI in U87 cell 

conditions which resulted in statistically significant difference in the nuclei counts 

in the IGFBP2 compared to IGFI.  

In order to account for the different number of cells, the rate of change of 

cell count is an important variable to consider. Both cell lines showed higher rate 

of change of cell count in both the IGFI and IGFBP2 conditions which were 

statistically significant compared to the control conditions at the 12 to 24 hour 

time points. 

In the LN229 cell line, the IGFBP2 rate of change of cell count to control 

growth rate ratio at 24 hours is 1.481, while the IGFI growth rate to control growth 

rate ratio at 24 hours is 1.448. The growth rate of IGFBP2 to control compared to 

IGFI to control is 3.7=3% higher each day. Though this difference in rate of 

change of cell count did not result in a statistically significant difference in the 
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nuclei counts in days 1-2, if this difference is maintained for 40 days, then the 

nuclei count of IGFBP2 to IGFI would differ by about 3.66 times.  

Also, if the concentration of IGFBP2 and IGFI can be maintained at a high, 

constant concentration, then a later time point would be more realistic to 

conditions inside a patient as the growth of glioblastoma is a long term process. If 

these conditions are maintained then we hypothesize that the higher nuclei count 

of the IGFBP2 condition would be statistically significant compared to the IGFI 

condition.  

Although in U87 cells, the nuclei count and rate of change of cell count in 

IGFI was higher than IGFBP2, the nuclei count may not be an ideal 

representation of the effects of IGFI and IGFBP2 as the doubling time of U87 is 

36 hours.  

When the nuclei counts are measured at the 24 hour time point, there may 

not have been enough time for the cells to divide once to show the effects of 

increased proliferation. Thus, it may not be fair to conclude that at 24 hours, 

either IGFI or IGFBP2 has a greater effect on the U87 growth. We initially had a 

48 hour time point for U87. However, due to difficulties in accurately capturing 

the images for U87 as they formed 3 dimensional spheroids, the data from this 

time point was omitted in U87 cells. In order to accurately conduct the 

experiment with longer time points, future studies would need to deal with the 

formation of spheroids or use a different cell line of glioblastoma which does not 

form spheroids.  

Our findings indicate that although CoCl2 showed the greatest HIF1α 

expression per cell, the nuclei count was not the highest and also the growth rate 

was not statistically different from the control condition. This result suggests that 

although glioblastoma cells can survive in the hypoxic conditions, they do not 

prefer the hypoxic conditions for their continued growth. However, this result was 

somewhat unexpected as increased HIF1α is predicted to have increased cell 
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growth. The discrepancy is possibly due to the difference in the mechanism of 

the increased expression of HIF1α. Cobalt chloride affects HIF1α by directly 

binding to the oxygen dependent domain of HIF1α which prevents von Hippel-

Lindau proteins to bind to HIF1α to initiate degradation.  

In both cell lines, lower nuclei counts found in TAE226 condition were 

statistically significant as compared to control conditions at each time points. This 

was correlated with the lower mean HIF1α intensities per cell. Only in LN229 was 

the lower growth rate found in TAE226 and was also statistically significant as 

compared to control conditions at both time points. Moreover, the growth rate 

observed was negative. This supports the findings from previous research where 

the addition of TAE226 to LN229 cells resulted in the greatest levels of apoptosis, 

and confirmed that TAE226, a tyrosine kinase inhibitor of IGFIR, results in the 

reduced downstream signaling of proliferation. 

Comparison to computational model 

In general, the qualitative trends predicted in the computational model are 

in agreement with the qualitative trends observed in the in vitro experimental 

results. However, there are some places with differences between the 

computational predictions and the experimental results.  

Currently, our model predictions are best for normoxic conditions. The 

results from in vitro experiments showed that although the cobalt chloride treated 

cells resulted in the highest HIF1α, the cobalt chloride treated cells did not show 

the highest cell counts. This suggests that only high levels of HIF1α cannot lead 

to cell growth. The discrepancy between the computational and in vitro result 

occurred because in our model HIF1α is directly linked to the cell growth. So in 

our model, when the HIF1α levels increase the most, then cell growth is 

increased the most. Future iterations of the model should not only have the link 

from HIF1α to cell growth, it should also have additional influences from IGFI and 

IGFBP2 to the cell growth directly.  
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The experimental IGFI treated conditions showed lower relative HIF1α 

levels than the simulation results at all of the time points. This shows that IGFI 

treated conditions have a smaller effect experimentally than the IGFBP2 treated 

conditions. When additional in vitro experiments are completed with different 

concentrations of IGFI and IGFBP2 measuring HIF1α and cell count, then this 

can be used to fit new iterations of the computational model.  

Migration 

In addition to the growth of glioblastoma, the migration of glioblastoma is 

also an important characteristic in glioblastoma progression. The distance 

migrated and the scratch closure by both the LN229 and U87 cells at the 12 and 

24 hour time point were all positive for all of the different test conditions. This 

shows that the glioblastoma have a natural tendency to migrate to fill the gap 

after a scratch has been created.  

In the LN229 cell line, the greatest migration and wound closure was 

found in the IGFBP2-treated condition. Though the increase of migration was the 

greatest by IGFBP2, it was not statistically significant from the IGFI-treated or 

control condition. The migration distance from the control conditions of our 

experiments were similar to that found from previous research [60]. Previous 

studies on LN229 glioblastoma cells that had been transfected to overexpress 

IGFBP2 showed statistically significantly higher migration as compared to those 

cells which were transfected with the control vector only [24]. The discrepancy 

between our results and previous studies can be potentially due to the different 

methods used to increase IGFBP2 concentrations. In the previous study, the 

glioblastoma cells were transfected to overexpress IGFBP2, thereby maintaining 

a constant high local concentration of IGFBP2 [24], while we added exogeneous 

IGFBP2. As a result, we were not able to maintain high local concentration of 

IGFBP2 or IGFI; and this local concentration was most likely decreased further 

due to cell proliferation.  
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 In the U87 cell line, the greatest migration and wound closure was found 

in the IGFI-treated condition. However when IGFI and IGFBP2 or IGFI and 

control conditions were compared, there was not a statistically significant 

difference.  

When comparing the two cell lines, the results showed that the migration 

distance and the wound closure at the end of 12 hours in U87 was compared to 

that found at 24 hours in LN229. So these results show that the migration of U87 

is approximately double of that in LN229.  

In addition, the migration characteristics of U87 are different from LN229. 

The U87 cells have a natural tendency to form a regular, compact 3 dimensional 

spheroid structure when they are plated on a monolayer. Conversely, LN229 will 

continue growing as a monolayer. Although there was a difference in the 

migration properties, in both cell lines, the smallest decrease in the migration was 

found in the TAE226 condition. This difference compared to the other conditions 

including the control condition individually is also statistically significant.  

This observation is in agreement with the previous research which added 

TAE226 to LN229 cells where they found decreased migration compared to the 

control condition [60]. Both IGFI and HIF1α are known to promote migration of 

glioblastoma [63]. The addition of siRNA targeting HIF1α in glioma cell lines the 

expression of HIF1α and also the migration of glioma cells [63, 124].  

Though the increase of migration was greatest by the IGFBP2, they were 

not statistically significant from the control. On the other hand, the addition of 

IGFBP2 resulted in a statistically significant difference in HIF1α expression and 

glioblastoma growth compared to the control and IGFI conditions. This suggests 

that IGFBP2 has its greatest effect on the HIF1α expression and the growth of 

glioblastoma when compared to the control conditions.  

In summary, we have explored the interactions of IGFI and IGFBP2, using 

a 1:1 weight ratio, and their effects on HIF1α expression, glioblastoma growth 



 83 
 

and migration. In LN229 (insulin signaling pathway dependent) glioblastoma cells, 

IGFBP2 was shown to have its greatest influence in the expression of HIF1α and 

growth of glioblastoma, but not the migration of glioblastoma. The IGFI and 

IGFBP2 significantly increased glioblastoma growth at an earlier time point 

between 12 and 24 hours. If the concentration of IGFBP2 and IGFI can be 

maintained at a high, constant concentration, then we hypothesize that the higher 

nuclei count of the IGFBP2 condition would be statistically significant at later time 

points compared to the IGFI condition. Consequently, our findings suggest that 

future therapies should focus their attention not only on the effects of IGFI but 

also on the effects of IGBP2 and possibly the combination of IGFI and IGFBP2 in 

the treatment of glioblastoma patients.  
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Chapter 5 

 

Conclusion 

 

5.1. Conclusion 

The current therapies for glioblastoma patients are not tumor-specific, 

thereby contributing to the low survival rate for glioblastoma patients, and calling 

for a need to identify the key pathways that are driving glioblastoma growth. Thus, 

a more in-depth understanding of insulin signaling pathway which has been 

shown to influence glioblastoma progression is required.  

Currently, the key molecular factors that are related to glioblastoma 

growth have been identified as IGFI, IGFBP2 and HIF1α; and the current known 

mechanisms of these interactions and the effect on glioblastoma progression are 

reviewed in Chapter 2. We showed that the insulin signaling pathway is a very 
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complex and interconnected system. Due to the complexity, we highlighted the 

need to use computational model to deal with the high-throughput data.  

In Chapter 3, we connected the microscale insulin signaling activity of 

mainly IGFI, IGFBP2 and HIF1α with the macroscale glioblastoma growth 

through the use of computational modeling. Results of the model suggest a novel 

observation: feedback from IGFBP2 to HIF1α is integral to the sustained growth 

of glioblastoma, especially in the insulin signaling dependent cells. Our study 

suggests that downstream signaling from IGFI to HIF1α, which has been the 

target of many insulin signaling drugs in clinical trials, plays a smaller role in the 

overall tumor growth. The predictions from the model strongly suggest redirecting 

the focus of glioma drug candidates on controlling the feedback between IGFBP2 

and HIF1α.  

In Chapter 4, we conducted in vitro experiments which compared the 

influence of IGFBP2 and IGFI on the HIF1α expression, the growth of 

glioblastoma and also the migration of the glioblastoma using the LN229 and 

U87 glioblastoma cell lines. We have seen that IGFBP2 has a greater influence 

than IGFI on the HIF1α expression. Both IGFBP2 and IGFI were shown to have a 

promoting effect on glioblastoma growth as compared to the control conditions. 

At the current concentrations used, although IGFBP2 and IGFI showed an 

increase in the migration of glioblastoma; however, this increase was not 

statistically significant. 

From our results, we believe that IGFI, IGFBP2 and HIF1α play key roles 

in the progression of glioblastoma. Thus, an effective control of the signaling of 

IGFI, IGFBP2 and HIF1α can potentially reduce the progression of glioblastoma. 

Fruitions from this research would provide glioblastoma patients with a new hope 

for more increased survival rates.  
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5.2. Future directions 

Currently, the computational model predictions are qualitatively similar to 

the results from in vitro experiments. Conducting additional experiments would 

create more data points for the computational model to fit thereby increasing the 

accuracy of the model predictions.  

Our in vitro experiments were based on 2 cell lines, LN229 and U87, and 

are used as a sample of the responses of glioblastoma to stimulation by IGFI and 

IGFBP2. In order to have an in depth understanding of the response of 

glioblastoma, a variety of glioblastoma cell lines should be studied.  

In addition, IGFI and IGFBP2 treated cells showed increased HIF1α. 

However, cobalt chloride treated cells showed the highest levels of HIF1α yet did 

not show the highest levels of cell counts. This shows that there is a new 

direction of the research to study how much of the glioblastoma growth is driven 

by HIF1α. A possible method to conduct these experiments would be to treat 

glioblastoma cells, which have been mutated to have HIF1α blocked, with 

additional IGFI and IGFBP2 and measure the HIF1α and cell growth. Using this 

method, the contribution of HIF1α, IGFI and IGFBP2 on glioblastoma growth can 

be further determined in detail.  
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Appendix A 

Table A1. LN229 HIF1α intensities per cell 

Rate Constant Best Genetic 

Algorithm value 

Best fminsearch value Final value 

k1 0.4683 0.2919 0.0452 

k2 0.0073 0.0001 0.0004 

k3 0.9263 2.0913 0.0002 

k4 0.5404 5.1835 0.0007 

k5 0.3374 0.7263 9.5495 

kd 0.0334 0.2694 3.92702 

k6 0.2581 0.0001 0.0001 

k7 0.0724 0.0207 0.1176 

k8 0.5255 1.755 0.01057 

k9 0.1228 1.4804 0.0241 

k10 0.7211 0.0029 0.0002 

U87-v1 2.601 2.601 2.601 

U87-k11 21.6 21.6 21.6 

LN229-v1 0.5779 0.5779 0.5779 

LN229-k11 179.55 179.55 179.55 
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Table A2. LN229 HIF1α intensities per cell 

Time (hrs) A Mean A B Mean B P value P <0.05 

12 Control 4.410E-03 IGFI 4.328E-03 3.272E-11 Yes 

12 Control 4.410E-03 IGFBP2 4.447E-03 2.448E-03 Yes 

12 Control 4.410E-03 TAE226 3.892E-03 2.200E-16 Yes 

12 Control 4.410E-03 CoCl2 7.395E-03 2.200E-16 Yes 

12 IGFI 4.328E-03 IGFBP2 4.447E-03 2.200E-16 Yes 

12 IGFI 4.328E-03 TAE226 3.892E-03 2.200E-16 Yes 

12 IGFI 4.328E-03 CoCl2 7.395E-03 2.200E-16 Yes 

12 IGFBP2 4.447E-03 TAE226 3.892E-03 2.200E-16 Yes 

12 IGFBP2 4.447E-03 CoCl2 7.395E-03 2.200E-16 Yes 

12 TAE226 3.892E-03 CoCl2 7.395E-03 2.200E-16 Yes 

       

24 Control 4.956E-03 IGFI 5.290E-03 2.200E-16 Yes 

24 Control 4.956E-03 IGFBP2 5.128E-03 2.200E-16 Yes 

24 Control 4.956E-03 TAE226 4.520E-03 2.200E-16 Yes 

24 Control 4.956E-03 CoCl2 6.346E-03 2.200E-16 Yes 

24 IGFI 5.290E-03 IGFBP2 5.128E-03 2.200E-16 Yes 

24 IGFI 5.290E-03 TAE226 4.520E-03 2.200E-16 Yes 

24 IGFI 5.290E-03 CoCl2 6.346E-03 2.200E-16 Yes 

24 IGFBP2 5.128E-03 TAE226 4.520E-03 2.200E-16 Yes 

24 IGFBP2 5.128E-03 CoCl2 6.346E-03 2.200E-16 Yes 

24 TAE226 4.520E-03 CoCl2 6.346E-03 2.200E-16 Yes 

       

48 Control 4.066E-03 IGFI 4.242E-03 5.743E-13 Yes 

48 Control 4.066E-03 IGFBP2 4.679E-03 2.200E-16 Yes 

48 Control 4.066E-03 TAE226 3.388E-03 2.200E-16 Yes 

48 Control 4.066E-03 CoCl2 4.745E-03 2.200E-16 Yes 

48 IGFI 4.242E-03 IGFBP2 4.679E-03 2.200E-16 Yes 

48 IGFI 4.242E-03 TAE226 3.388E-03 2.200E-16 Yes 

48 IGFI 4.242E-03 CoCl2 4.745E-03 2.200E-16 Yes 

48 IGFBP2 4.679E-03 TAE226 3.388E-03 2.200E-16 Yes 

48 IGFBP2 4.679E-03 CoCl2 4.745E-03 2.200E-16 Yes 

48 TAE226 3.388E-03 CoCl2 4.745E-03 2.200E-16 Yes 
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Table A3. U87 HIF1α intensities per cell 

Time (hrs) A Mean A B Mean B P value P <0.05 

12 Control 7.947E-03 IGFI 7.677E-03 2.200E-16 Yes 

12 Control 7.947E-03 IGFBP2 8.011E-03 4.715E-03 Yes 

12 Control 7.947E-03 TAE226 6.277E-03 2.200E-16 Yes 

12 Control 7.947E-03 CoCl2 2.183E-02 2.200E-16 Yes 

12 IGFI 7.677E-03 IGFBP2 8.011E-03 2.200E-16 Yes 

12 IGFI 7.677E-03 TAE226 6.277E-03 2.200E-16 Yes 

12 IGFI 7.677E-03 CoCl2 2.183E-02 2.200E-16 Yes 

12 IGFBP2 8.011E-03 TAE226 6.277E-03 2.200E-16 Yes 

12 IGFBP2 8.011E-03 CoCl2 2.183E-02 2.200E-16 Yes 

12 TAE226 6.277E-03 CoCl2 2.183E-02 2.200E-16 Yes 

       

24 Control 9.099E-03 IGFI 8.666E-03 2.200E-16 Yes 

24 Control 9.099E-03 IGFBP2 9.165E-03 9.190E-03 Yes 

24 Control 9.099E-03 TAE226 6.765E-03 2.200E-16 Yes 

24 Control 9.099E-03 CoCl2 1.540E-02 2.200E-16 Yes 

24 IGFI 8.666E-03 IGFBP2 9.165E-03 2.200E-16 Yes 

24 IGFI 8.666E-03 TAE226 6.765E-03 2.200E-16 Yes 

24 IGFI 8.666E-03 CoCl2 1.540E-02 2.200E-16 Yes 

24 IGFBP2 9.165E-03 TAE226 6.765E-03 2.200E-16 Yes 

24 IGFBP2 9.165E-03 CoCl2 1.540E-02 2.200E-16 Yes 

24 TAE226 6.765E-03 CoCl2 1.540E-02 2.200E-16 Yes 
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Nuclei count 

Table A4. LN229 cell count per image 

Time (hrs) A Mean A B Mean B P value P <0.05 

12 Control 489.49 IGFI 494.33 6.065E-01 No 

12 Control 489.49 IGFBP2 492.30 7.841E-01 No 

12 Control 489.49 TAE226 412.78 2.008E-14 Yes 

12 Control 489.49 CoCl2 484.40 6.028E-01 No 

12 IGFI 494.33 IGFBP2 492.30 8.273E-01 No 

12 IGFI 494.33 TAE226 412.78 2.200E-16 Yes 

12 IGFI 494.33 CoCl2 484.40 2.602E-01 No 

12 IGFBP2 492.30 TAE226 412.78 1.784E-15 Yes 

12 IGFBP2 492.30 CoCl2 484.40 4.163E-01 No 

12 TAE226 412.78 CoCl2 484.40 1.673E-14 Yes 

       

24 Control 550.67 IGFI 586.25 8.885E-07 Yes 

24 Control 550.67 IGFBP2 586.10 1.966E-05 Yes 

24 Control 550.67 TAE226 406.89 2.200E-16 Yes 

24 Control 550.67 CoCl2 538.27 1.337E-01 No 

24 IGFI 586.25 IGFBP2 586.10 9.837E-01 No 

24 IGFI 586.25 TAE226 406.89 2.200E-16 Yes 

24 IGFI 586.25 CoCl2 538.27 2.590E-09 Yes 

24 IGFBP2 586.10 TAE226 406.89 2.200E-16 Yes 

24 IGFBP2 586.10 CoCl2 538.27 1.046E-07 Yes 

24 TAE226 406.89 CoCl2 538.27 2.200E-16 Yes 

       

48 Control 725.73 IGFI 755.57 1.760E-04 Yes 

48 Control 725.73 IGFBP2 769.46 8.166E-08 Yes 

48 Control 725.73 TAE226 335.76 2.200E-16 Yes 

48 Control 725.73 CoCl2 695.47 1.375E-02 Yes 

48 IGFI 755.57 IGFBP2 769.46 6.773E-02 No 

48 IGFI 755.57 TAE226 335.76 2.200E-16 Yes 

48 IGFI 755.57 CoCl2 695.47 4.242E-06 Yes 

48 IGFBP2 769.46 TAE226 335.76 2.200E-16 Yes 

48 IGFBP2 769.46 CoCl2 695.47 4.161E-08 Yes 
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48 TAE226 335.76 CoCl2 695.47 2.200E-16 Yes 

 

Table A5. U87 cell count per image 

Time (hrs) A Mean A B Mean B P value P <0.05 

12 Control 381.80 IGFI 334.27 2.180E-02 Yes 

12 Control 381.80 IGFBP2 361.01 2.540E-01 No 

12 Control 381.80 TAE226 307.32 1.054E-05 Yes 

12 Control 381.80 CoCl2 384.60 8.570E-01 No 

12 IGFI 334.27 IGFBP2 361.01 1.825E-01 No 

12 IGFI 334.27 TAE226 307.32 1.444E-01 No 

12 IGFI 334.27 CoCl2 384.60 4.782E-03 Yes 

12 IGFBP2 361.01 TAE226 307.32 7.661E-04 Yes 

12 IGFBP2 361.01 CoCl2 384.60 1.107E-01 No 

12 TAE226 307.32 CoCl2 384.60 3.615E-09 Yes 

       

24 Control 435.29 IGFI 487.62 7.260E-03 Yes 

24 Control 435.29 IGFBP2 514.51 3.329E-05 Yes 

24 Control 435.29 TAE226 337.38 1.032E-06 Yes 

24 Control 435.29 CoCl2 454.19 3.196E-01 No 

24 IGFI 487.62 IGFBP2 514.51 3.855E-02 Yes 

24 IGFI 487.62 TAE226 337.38 2.200E-16 Yes 

24 IGFI 487.62 CoCl2 454.19 1.473E-02 Yes 

24 IGFBP2 514.51 TAE226 337.38 2.200E-16 Yes 

24 IGFBP2 514.51 CoCl2 454.19 2.824E-06 Yes 

24 TAE226 337.38 CoCl2 454.19 3.702E-15 Yes 
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Rate of change of cell count 

Table A6. LN229 rate of change of cell count 

Time 

(hrs) 

A Mean A B Mean B P value P <0.05 

24 Control 6.249E-02 IGFI 9.297E-02 1.189E-02 Yes 

24 Control 6.249E-02 IGFBP2 9.527E-02 1.575E-02 Yes 

24 Control 6.249E-02 TAE226 -7.136E-03 9.651E-07 Yes 

24 Control 6.249E-02 CoCl2 5.560E-02 6.018E-01 No 

24 IGFI 9.297E-02 IGFBP2 9.527E-02 8.523E-01 No 

24 IGFI 9.297E-02 TAE226 -7.136E-03 2.888E-13 Yes 

24 IGFI 9.297E-02 CoCl2 5.560E-02 2.145E-03 Yes 

24 IGFBP2 9.527E-02 TAE226 -7.136E-03 8.244E-12 Yes 

24 IGFBP2 9.527E-02 CoCl2 5.560E-02 3.607E-03 Yes 

24 TAE226 -7.136E-03 CoCl2 5.560E-02 8.924E-06 Yes 

       

48 Control 3.179E-01 IGFI 2.888E-01 2.036E-01 No 

48 Control 3.179E-01 IGFBP2 3.128E-01 8.384E-01 No 

48 Control 3.179E-01 TAE226 -1.748E-01 2.200E-16 Yes 

48 Control 3.179E-01 CoCl2 2.920E-01 4.153E-01 No 

48 IGFI 2.888E-01 IGFBP2 3.128E-01 2.903E-01 No 

48 IGFI 2.888E-01 TAE226 -1.748E-01 2.200E-16 Yes 

48 IGFI 2.888E-01 CoCl2 2.920E-01 9.143E-01 No 

48 IGFBP2 3.128E-01 TAE226 -1.748E-01 2.200E-16 Yes 

48 IGFBP2 3.128E-01 CoCl2 2.920E-01 5.110E-01 No 

48 TAE226 -1.748E-01 CoCl2 2.920E-01 2.200E-16 Yes 
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Table A7. U87 rate of change of cell count 

Time 

(hrs) 

A Mean A B Mean B P value P <0.05 

24 Control 7.004E-02 IGFI 2.294E-01 1.540E-04 Yes 

24 Control 7.004E-02 IGFBP2 2.126E-01 9.774E-05 Yes 

24 Control 7.004E-02 TAE226 4.890E-02 5.576E-01 No 

24 Control 7.004E-02 CoCl2 9.048E-02 5.275E-01 No 

24 IGFI 2.294E-01 IGFBP2 2.126E-01 6.551E-01 No 

24 IGFI 2.294E-01 TAE226 4.890E-02 3.737E-06 Yes 

24 IGFI 2.294E-01 CoCl2 9.048E-02 8.155E-05 Yes 

24 IGFBP2 2.126E-01 TAE226 4.890E-02 6.086E-07 Yes 

24 IGFBP2 2.126E-01 CoCl2 9.048E-02 1.493E-05 Yes 

24 TAE226 4.890E-02 CoCl2 9.048E-02 1.350E-01 No 
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Migration scratch assay 

Table A8. LN229 migration distance 

Time 

(hrs) 

A Mean A 

(μm) 

B Mean B 

(μm) 

P value P <0.05 

12 Control 60.94 IGFI 77.03 1.625E-01 No 

12 Control 60.94 IGFBP2 78.34 1.323E-01 No 

12 Control 60.94 TAE226 40.29 5.743E-02 No 

12 Control 60.94 CoCl2 69.50 3.850E-01 No 

12 IGFI 77.03 IGFBP2 78.34 9.087E-01 No 

12 IGFI 77.03 TAE226 40.29 1.977E-03 Yes 

12 IGFI 77.03 CoCl2 69.50 4.567E-01 No 

12 IGFBP2 78.34 TAE226 40.29 1.652E-03 Yes 

12 IGFBP2 78.34 CoCl2 69.50 3.817E-01 No 

12 TAE226 40.29 CoCl2 69.50 3.396E-03 Yes 

       

24 Control 114.91 IGFI 129.63 2.857E-01 No 

24 Control 114.91 IGFBP2 137.77 2.849E-01 No 

24 Control 114.91 TAE226 64.86 8.441E-04 Yes 

24 Control 114.91 CoCl2 115.07 9.918E-01 No 

24 IGFI 129.63 IGFBP2 137.77 6.848E-01 No 

24 IGFI 129.63 TAE226 64.86 3.239E-06 Yes 

24 IGFI 129.63 CoCl2 115.07 3.169E-01 No 

24 IGFBP2 137.77 TAE226 64.86 2.484E-03 Yes 

24 IGFBP2 137.77 CoCl2 115.07 2.984E-01 No 

24 TAE226 64.86 CoCl2 115.07 1.331E-03 Yes 
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Table A9. LN229 Percent wound closure 

Time 

(hrs) 

A Mean A (%) B Mean B (%) P value P <0.05 

12 Control 19.64 IGFI 20.90 6.867E-01 No 

12 Control 19.64 IGFBP2 24.39 2.097E-01 No 

12 Control 19.64 TAE226 11.63 2.230E-02 Yes 

12 Control 19.64 CoCl2 21.93 4.940E-01 No 

12 IGFI 20.90 IGFBP2 24.39 2.937E-01 No 

12 IGFI 20.90 TAE226 11.63 1.935E-03 Yes 

12 IGFI 20.90 CoCl2 21.93 7.174E-01 No 

12 IGFBP2 24.39 TAE226 11.63 1.167E-03 Yes 

12 IGFBP2 24.39 CoCl2 21.93 4.783E-01 No 

12 TAE226 11.63 CoCl2 21.93 1.732E-03 Yes 

       

24 Control 36.50 IGFI 35.77 8.475E-01 No 

24 Control 36.50 IGFBP2 42.50 3.679E-01 No 

24 Control 36.50 TAE226 18.71 1.456E-04 Yes 

24 Control 36.50 CoCl2 36.09 9.345E-01 No 

24 IGFI 35.77 IGFBP2 42.50 2.911E-01 No 

24 IGFI 35.77 TAE226 18.71 3.654E-06 Yes 

24 IGFI 35.77 CoCl2 36.09 9.437E-01 No 

24 IGFBP2 42.50 TAE226 18.71 2.187E-03 Yes 

24 IGFBP2 42.50 CoCl2 36.09 3.653E-01 No 

24 TAE226 18.71 CoCl2 36.09 1.104E-03 Yes 
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Table A10. U87 migration distance 

Time 

(hrs) 

A Mean A 

(um) 

B Mean B 

(um) 

P value P <0.05 

12 Control 182.46 IGFI 201.66 2.864E-01 No 

12 Control 182.46 IGFBP2 197.25 4.373E-01 No 

12 Control 182.46 TAE226 127.34 8.236E-03 Yes 

12 Control 182.46 CoCl2 184.75 8.928E-01 No 

12 IGFI 201.66 IGFBP2 197.25 7.933E-01 No 

12 IGFI 201.66 TAE226 127.34 2.857E-04 Yes 

12 IGFI 201.66 CoCl2 184.75 2.569E-01 No 

12 IGFBP2 197.25 TAE226 127.34 9.764E-04 Yes 

12 IGFBP2 197.25 CoCl2 184.75 4.402E-01 No 

12 TAE226 127.34 CoCl2 184.75 2.001E-03 Yes 

 

Table A11. U87 Percent wound closure 

Time 

(hrs) 

A Mean A (%) B Mean B (%) P value P <0.05 

12 Control 53.14 IGFI 55.97 5.306E-01 No 

12 Control 53.14 IGFBP2 51.74 7.710E-01 No 

12 Control 53.14 TAE226 33.55 6.994E-04 Yes 

12 Control 53.14 CoCl2 50.13 4.863E-01 No 

12 IGFI 55.97 IGFBP2 51.74 2.996E-01 No 

12 IGFI 55.97 TAE226 33.55 3.708E-05 Yes 

12 IGFI 55.97 CoCl2 50.13 9.500E-02 No 

12 IGFBP2 51.74 TAE226 33.55 7.085E-04 Yes 

12 IGFBP2 51.74 CoCl2 50.13 6.723E-01 No 

12 TAE226 33.55 CoCl2 50.13 5.749E-04 Yes 
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