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ABSTRACT 
 

In 2007, there will be an estimated 178,480 new cases of breast cancer diagnosed in women 

in the United States.  The elucidation of the vast heterogeneity of individual tumors has led 

to a paradigm shift from a one-size fits all treatment strategy to more individualized 

treatment based on the molecular profile of the tumor.  Identifying biomarkers that respond 

to or predict the action of drugs is important in identifying efficacious targets and drugs that 

will improve clinical outcome.  To examine this, we first identified two breast cancer cell 

lines (ACC-3199 and ACC-3171) from a panel of low passage breast cells lines that were 

capable of growing serially as tumor xenografts.  This was followed by the in vivo molecular 

characterization of these two cell lines.  In ACC-3199 tumors, we identified a gain of pAKT 

expression compared to cultured cells.  Based on this finding, we investigated the role of 

diffusion-weighted (DW) and dynamic contrast-enhanced (DCE) magnetic resonance 

imaging (MRI) as potential imaging biomarkers in identifying early response to PX-866, a 

PI3K inhibitor, in ACC-3199 tumors as represented by changes in tumor cellularity and 

hemodynamic parameters, respectively.  Our results indicated that DW-MRI was able to 

identify an early response to PX-886 in ACC-3199 tumors as defined by an increase in the 

apparent diffusion coefficient (ADC) value of the tumors prior to changes in tumor 

volumes.  Using DCE-MRI, we were able to conclude that PX-866 was not an effective anti-

angiogenic agent as indicated by an increase in tumor permeability following therapy.  Based 

on the VEGFR2 expression observed in ACC-3171 tumor xenografts, we examined the 

response of MDA-MB-231/GFP and ACC-3171 tumor xenografts to the anti-angiogenic 

agent, sunitinib, using the same imaging modalities.  DW-MRI was able to detect increases in 
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ADC values as early as 12 h post-treatment in both MDA-MB-231/GFP and ACC-3171 

tumors.  Thus, it appears that DW-MRI may be a useful clinical test in predicting the early 

response to PI3K and anti-angiogenic inhibitors.  These imaging approaches, in addition to 

the further molecular characterization of breast tumors may lead to the improvement and 

development of medical therapies for breast cancer patients. 
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CHAPTER 1 

 

LITERATURE REVIEW 

 

1.1 OVERVIEW    

Breast cancer remains one of the leading causes of death in American women.  The 

elucidation of cancer targets and the subsequent development of targeted therapies have 

played a key role in advancing the treatment of cancer.  However, for every 10,000 potential 

drugs screened only one will make it to the clinic.  This comes at a big cost to patients and 

investors making the development of new drugs prohibitively expensive.  One approach to 

cutting costs is to make clinical trials more cost efficient through the development of 

appropriate biomarkers.  Molecular imaging is gaining momentum as a measurable 

biomarker due largely in part to the advancements that the field has seen over the last 

decade.  What used to be a discipline focused on anatomy has been transformed to one that 

can measure tissue function and activity of specific molecules and biological processes.  This 

has occurred primarily through advances in magnetic resonance imaging (MRI) and positron 

emission tomography (PET) with somewhat lesser contributions from other imaging 

modalities, such as single photon emitted computed tomography (SPECT), ultrasound and 

X-ray Computed Tomography (CT).   The goal of this review is to examine the significance 

of breast cancer, its standard care of treatment, and to discuss the role of magnetic 

resonance imaging as a potential imaging biomarker in predicting response to different 

targeted therapies. 

 

 



 21 

1.2 BREAST CANCER 

In 2007, there will be an estimated 178,480 new cases of breast cancer and approximately 

41,000 associated deaths in women in the United States 4.  Despite the decrease in the overall 

breast cancer death rate during the last decade, breast cancer still remains the second leading 

cause of death in American women 4.  While advancements in surgical and medical therapies 

have increased the 5 year survival rate of women diagnosed with breast cancer from 75 % to 

90 % within the last 35 years, it continues to be a challenge for healthcare professionals4.  

Breast cancer is a heterogeneous disease in both histopathology and molecular profiling 

contributing to a variety of clinical outcomes.  However, the recent identification of a 

number of genes frequently mutated in breast cancer provide potentially new targets for 

diagnostic and therapeutic intervention5.  Ultimately, the aim is to provide treatment 

strategies based on an individual’s tumor characteristics thereby optimizing therapeutic 

responses and minimizing toxicities. 

 

1.2.1 Etiology of Breast Cancer 

The etiology of breast cancer in women can in general be attributed to either a genetic 

component or risk factors that contribute to the sporadic occurrence of the disease.  

Hereditary breast cancer accounts for approximately 5-10 % of breast cancers 6, 7.  Women 

with a family history of the disease particularly amongst first-degree relatives or women with 

a true genetic pattern have a substantially increased risk of developing cancer.  Women with 

mutations in breast cancer gene 1 (BRCA1) and BRCA2, in particular, have a 60-80 % 

lifetime risk of developing breast cancer 8-10.  Aside from a genetic predisposition, the exact 

etiology of breast cancer is not completely understood.  Although certain factors such as age, 
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early menarche, late menopause, first full-term pregnancy after age 30 years, high breast 

density, prior history of breast cancer or non-cancerous breast disease, hormone replacement 

therapy, prolonged use of oral contraceptives, dietary factors and other environmental 

factors including alcohol, cigarette smoke and chemical exposure can all increase the risk of 

developing breast cancer 6, 11. 

 

1.2.2 Diagnosis and Staging  

Breast cancer is diagnosed by the examination of breast tissue obtained from a biopsy or a 

local surgical excision of the lump and radiographic imaging (mammography, MRI, or CT).  

Breast cancer is staged according to the tumor- node- metastasis (TNM) system.  This 

information provides the oncologist with the current status of the cancer as well as the likely 

success of implementing different treatment strategies. 

1.2.2.1 Summary of Stages12 

 Stage 0         Carcinoma in situ 

 Stage I         Tumor (T) is ≤ 2 cm and does not involve axillary lymph nodes (N) 

 Stage IIA     T 2-5 cm, N negative, or T ≤ 2 cm and N positive 

 Stage IIB     T > 5 cm, N negative, or T 2-5 cm and N positive (< 4 axillary nodes) 

 Stage IIIA   T > 5 cm, N positive, or T 2-5 cm and N positive (4 or more axillary 

           nodes) 

 Stage IIIB   T has penetrated chest wall or skin, and may have spread to < 10 

           axillary N 

 Stage IIIC   T has > 10 axillary N, 1 or more supraclavicular or infraclavicular N, or 

           internal mammary N 

 Stage IV      Distant metastasis (M) to other organs most often the bones, lungs, 

                     liver or brain 
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1.2.3 Standard Treatment of Care 

The treatment of breast cancer is a multistage process and should focus on optimal 

management of the disease in the breast and regional tissues while providing the best 

cosmetic outcome.  Currently, the standard treatment of care for breast cancer includes 

surgery (breast-conserving surgery, total mastectomy, modified radical mastectomy, and 

radical mastectomy), radiation therapy, adjuvant chemotherapy, adjuvant endocrine therapy, 

or a combination of treatments. 

 

1.2.3.1 Surgery 

The optimal surgical approach is determined by the disease stage, tumor size, tumor 

location, breast size, number of tumors in the breast, and the patient’s preference 

concerning breast conservation11.  In the past, most patients underwent modified radical 

mastectomy which entailed removal of the entire breast and axillary lymph nodes with 

preservation of the pectoral muscles.  These days, breast conserving surgeries such as 

lumpectomy or partial mastectomy, excision of the tumor and a small amount of normal 

tissues, are being used provided that the patients are suitable candidates.  For those in 

which breast conservation surgeries are not possible, surgeries including total mastectomy, 

modified radical mastectomy and radical mastectomy are employed. 

 

1.2.3.2 Radiation Therapy 

Radiation therapy utilizes high energy radiation to kill cancer cells or keep them from 

proliferating.  Radiation therapy may be given before or after surgery to shrink the tumor 

that will be removed or to reduce the risk of recurrence following surgery.  Patients with 



 24 

positive lymph nodes following a lumpectomy and axillary dissection should receive 

radiation therapy.  Patients who have undergone a mastectomy should also be considered 

for post-operative radiation if either their primary tumor was greater than 4 cm in size, had 

more than three positive axillary nodes, or if the invasive tumor is moderately or poorly 

differentiated11.  Two types of radiation therapy include external and internal radiation.   

External radiation therapy delivers high-energy x-rays from a machine outside the body to 

toward the cancer.  Internal radiation therapy, also known as brachytherapy, gives higher 

doses of radiation in a shorter time span than with external radiation.  This type of therapy 

uses radioactive substances that are placed directly into or near the cancer to minimize the 

exposure of normal cells to radiation.  The radioactive substances used for internal radiation 

treatment include radium, cesium, iridium, iodine, phosphorus and palladium 6, 13.  These 

substances maybe be implanted directly in the breast tumor, or injected through catheters 

inserted into the breast around the area of the tumor.  Side effects of radiation therapy 

include fatigue, skin irritations and decreased sensation in the breast tissue or under the   

arm 6, 13.  The type of radiation therapy given depends on the type and stage of the cancer 

being treated. 

 

 1.2.3.3 Adjuvant Chemotherapy 

Adjuvant chemotherapy is given to prevent or delay the recurrence of breast cancer.  The 

drugs used in chemotherapy are intended to stop the growth of cancer cells, either by killing 

the cells or by stopping them from dividing.  Adjuvant chemotherapy has been shown to 

improve disease-free survival and overall survival in patients with early-stage                                    

breast cancer, both in premenopausal and post-menopausal women14, 15.  The decision to 
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use adjuvant chemotherapy should be made on a patient-by-patient basis primarily to avoid 

excessive toxicitiy to patients who are likely to be cured by local treatment alone16.  

Depending on the type and stage of cancer, either systemic or regional chemotherapy are 

provided.  Patients with positive axillary nodes should always receive adjuvant 

chemotherapy, unless contraindications exist, as patients with positive lymph nodes have a 

70 % risk for relapse at 10 years14-16.  Patients with node negative breast cancer have also 

shown improvement in overall survival using tamoxifen and polychemotherapy 

combinations such as cyclophosphamide, methotrexate and 5-fluorouracil with risk 

reductions of 14-27 % depending on the patients age 14.  However, since 70 % of patients 

with node-negative breast cancer can be cured with local regional therapy, it is imperative to 

accurately assess patients that would benefit from systemic adjuvant therapy 16.  The most 

commonly used adjuvant therapy regimen contains some cocktail combination of 

doxorubicin, cyclophosphamide, methotrexate and 5-fluorouracil.  Patients with a high risk 

of metastatic disease are typically given doxorubicin or a taxane (paclitaxel or docetaxel) 

containing regimens. 

 

1.2.3.4 Adjuvant Hormonal Therapy 

A patient’s optimal therapy regimen is determined in large part by the patient's menopausal 

status and the hormone receptor status of the tumor.  A patient positive for estrogen and 

progesterone receptors are given adjuvant hormonal therapy as part of their treatment plan.  

In primary breast cancers, approximately 60-70 % express estrogen receptors and 40-50 % 

express progesterone receptors.  Expression of these receptors is associated with lower 

rates of recurrence and increased overall survival rates compared to negative receptor 
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expressing tumors 11.  There are two main types of hormone therapies for breast cancer, 

drugs that inhibit estrogen and progesterone from promoting breast cancer cell growth 

(Tamoxifen) and drugs or surgery to turn off the production of hormones from the ovaries 

(Aromatase Inhibitors)17-19.  

 

1.2.3.4.1 Tamoxifen 

Tamoxifen is an orally active anti-estrogen drug that is currently used for the treatment of 

both early and advanced estrogen receptor positive (ER+) breast cancer in pre- and post-

menopausal women19, 20.  Tamoxifen itself is a prodrug that has very little affinity for the 

estrogen receptor.  It must first be metabolized in the liver by the cytochrome P450 isoform 

CYP2D6 into the active metabolites 4-hydroxytamoxifen and 4-hydroxy-N-desmethyl-

tamoxifen (endoxifen)21. 

 

1.2.3.4.2 Aromatase Inhibitors 

Aromatase inhibitors are a class of drugs used in the treatment of breast cancer in post 

menopausal women.  They work by inhibiting the action of the enzyme aromatase, which 

converts androgens into estrogens.  In contrast to premenopausal women, in whom 

estrogen is produced primarily by the ovaries, in post-menopausal women most of the 

body's estrogen is produced in the adrenal gland from the conversion of androgens.  Three 

third generation aromatase inhibitors that inhibit estrogen production in post-menopausal 

women have been approved for use in treating both early and advanced breast cancer: 

letrozole (Femara), anastrozole (Arimidex) and exemestane (Aromasin).  In contrast to 

post-menopausal women, the use of aromatase inhibitors in premenopausal women are 
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typically ineffective as they are unable to stop the ovaries from making estrogen 17, 18.  When 

aromatase inhibitors are used in premenopausal women, the decrease in estrogen activates 

the hypothalamus and pituitary axis to increase gonadotropin secretion, which in turn 

stimulates the ovary to increase androgen production.  This counteracts the effect of the 

aromatase inhibitor. 

 

1.2.4 Molecularly Targeted Therapeutics in Breast Cancer  

The elucidation of the vast heterogeneity of tumors has led to a paradigm shift from a one-

size fits all treatment plan to more of individualized treatment based on the molecular 

profile of the tumor.  Consequently, a strong effort to identify deregulated components of 

signaling pathways and the subsequent rational design of agents targeting candidate 

pathways has led to the development of FDA approved molecularly targeted cancer 

therapies, such as herceptin and bevacizumab, with a considerable amount more in the 

pipeline (Table 1.1). 

 

1.2.4.1 Trastuzumab 

Trastuzumab, a human monoclonal antibody, acts on the the HER2/neu (erbB2) receptor.  

Its overexpression occurs in approximately 25-30 % of early stage breast cancer and is 

associated with a more aggressive form of the disease and poorer prognosis22, 23 24, 25.   

Trastuzumab binds to the extracellular segment of the erbB2 receptor.  Cells treated with 

trastuzumab undergo arrest during the G1 phase of the cell cycle leading to reduced 

proliferation.  Moreover, trastuzumab suppresses angiogenesis by both induction of  
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anti-angiogenic factors and repression of proangiogenic factors 26.  Although trastuzumab 

has had a significant impact on HER2 positive tumors, approximately 70 % patients do not 

respond to therapy despite its high affinity for the receptor.  One possible reason for 

resistance to therapy include the lack of p27 Kip1 translocation to the nucleus where it 

would normally act to inhibit cdk2, a cyclin dependent kinase involved in cell proliferation27 

AKT acts here by phosphorylating p27 at Thr157 and transporting the protein to the 

cytoplasm leading to enhanced cell proliferation28.  Thus constitutive activation of AKT 

may be involved in resistance.  In general, it is likely that increased signaling via the 

PI3K/AKT pathway contribute to resistance via activation of multiple receptor pathways.  

This includes cross-talk of HER2-related and non-HER2 receptors such insulin-like growth 

factor in resistant cells29.  Additionally, phophatase and tensin homolog (PTEN) deficient 

breast tumors have also been shown to have poorer response to trastuzumab in comparison 

to PTEN expressing tumors30.  This is likely due to enhanced AKT signaling leading to 

decreased sensitivity to trastuzumab 30.  A few other possiblilities for resistane include steric 

hindrance of the the HER2 receptor by cell surface proteins such as MUC-4 which may 

decrease interaction of trastuzumab and its target HER2 receptor 31, or truncation of the 

HER2 protein which may block the full inhibitory action of trastuzumab32.  Finally, a 

limitation of trastuzumab is that its effectiveness is restricted to breast tumors with 

significantly high levels of HER2 expression.  However, there are a significant number of 

women whose HER2 expression falls in the low to moderate expression category 33. 
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1.2.4.2 Trastuzumab in Combination with Chemotherapy  

Trastuzumab in combination with chemotherapy has been shown to have a survival benefit 

over chemotherapy alone34, 35.  Trastuzumab in combination with either doxorubicin and 

cyclophosphamide or with paclitaxel achieved significantly greater time to progression, 

response rates, longer response duration, survival and a 20 % reduction in the risk of death 

compared to chemotherapy alone 35.  Additionally, trastuzumab given in the adjuvant setting 

has been shown to reduce the risk of relapse in breast cancer patients 36, 37. 

 

1.2.4.3 Tyrosine Kinase Inhibitors 

Tyrosine kinase inhibitors target growth factor receptors such as EGFR (ErbB1), HER2 

(ErbB2), HER3 (ErbB3) and HER4 (ErbB4) that are involved in signaling pathways.  The 

heterogeneity that exists in tumors provides them unique survival advantages despite 

inhibition of key survival components.  The cross talk that exists amongst signaling 

pathways has led to compensatory survival mechanisms to turn on when one pathway is 

targeted38.  Lapatinib, a small molecule inhibitor of both EGFR and HER2 kinase activity, 

has shown promise in the treatment of HER2 positive breast cancers that have progressed 

following treatment with trastuzumab.  A phase II study evaluated the antitumor activity of 

lapatinib and demonstrated a partial response in 38 % of the patients (5 of 13) and an 

additional 6 of 13 patients had stable disease for at least 8 weeks33, 39.   Tyrosine kinase 

inhibitors used in combination with other anticancer drugs may prove to be a more 

effective adjuvant therapy. 
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 1.2.4.4 Anti-Angiogenic Agents 

Angiogenesis is a key process in the progression and metastasis of human tumors.  Vascular 

endothelial growth factor (VEGF) in particular is a potent angiogenic factor involved in the 

formation of new blood vessels.  VEGF upon binding to VEGF receptor-2 (VEGFR-2) 

initiates the start of the tyrosine kinase signaling cascade stimulating the production of 

proangiogenic factors involved in vessel permeability (eNOS, producing NO), 

proliferation/survival (bFGF), migration (ICAMs/VCAMs/MMPs), and finally 

differentiation into mature blood vessels.  Increased levels of VEGF expression have been 

associated not only with decreased response to therapy (hormonal and chemotherapy) but 

also with relapse-free and overall survival in both node positive and node negative breast 

tumors40-42. 

 

Anti-angiogenic agents inhibit tumor growth by preventing new blood vessel formation.  

Some drugs such as tamoxifen have been shown to inhibit VEGF and FGF stimulated 

angiogenesis independent of it effect on the estrogen receptor 43, 44.  Recently, a large phase 

III study demonstrated a significant benefit in progression-free survival using the 

combination of bevacizumab (anti-VEGF monoclonal antibody) and paclitaxel in the first-

line treatment of advance breast cancer45.  Several anti-angiogenic tyrosine kinase inhibitors 

are also currently being investigated as potential therapeutic agents in advanced breast 

cancer.  Sunitinib, a receptor tyrosine kinase inhibitor, demonstrated an overall response 

rate of 14 % in advanced breast cancer patients in a phase II study 45.  Additional sunitinib 

studies in combination with docetaxel or trastuzumab are currently underway 46.  Other 
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anti-angiogenic agents including sorafenib, PTK787 and AZD2171 are all under 

investigation47-51. 

 

1.2.5 Prognosis of Breast Cancer 

Prognosis in breast cancer is based on several factors including tumor stage and size, axillary 

node status, histopathology, hormone receptor status, HER2 oncogene expression, age and 

menopausal status (Figure 1.1).  Primary tumors larger than 5 cm are typically associated 

with a decreased survival rate and an increased risk of recurrence as these tumors typically 

have widespread lymph node involvement.  Moreover, patients with an increased number of 

positive nodes and poorly differentiated tumors have higher recurrence rates and 

significantly lower survival rates.  In addition to tumor size and grade, the expression of 

hormone receptors are an important prognostic factor.  Patients with hormone-receptor 

positive (ER+ /PR+) tumors have lower rates of recurrence and prolonged survival rates 

compared to hormone receptor negative tumors.  This is mainly because hormone receptor 

positive cells grow more slowly and more adjuvant treatment options such as tamoxifen and 

aromatase inhibitors are available.  Currently, the only option available for hormone receptor 

negative tumors is chemotherapy.  The expression of HER2 is also associated with a poor 

prognosis.  The HER2 protein is part of the epidermal growth factor receptor family and is 

an important marker in breast cancer.  It is involved in the growth and spread of breast 

cancer cells, and about 25-30 % of patients with breast cancer have high levels of this 

protein. The presence of HER2 is associated with a more aggressive form of cancer.  These 

patients are usually treated with trastuzumab and despite its high specificity for the HER2 
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receptor, approximately 70 % of patients do not respond to therapy.  Angiogenic and 

metastatic factors such as vascular endothelial growth factor (VEGF), basic fibroblast 

growth factor (bFGF) and matrix metalloproteinases (MMP) play important roles in 

assessing recurrence and metastatic spread to different locations.  High levels of angiogenic 

factors indicate that the tumor is developing its own supply of blood vessels, which enable 

the tumor to send colonies of cancer cells into the blood stream and spread to other parts of 

the body.  

 

1.3 FUNDAMENTALS OF NUCLEAR MAGNETIC RESONANCE 

Nuclear magnetic resonance (NMR) is based upon the magnetic properties of an atom's 

nucleus.  In NMR, the observed signal is typically from the hydrogen nuclei (protons) on 

water and fat molecules because (a) hydrogen is the most sensitive biologically relevant 

NMR active atom and (b) it is highly abundant in vivo.  Water hydrogens are ≈ 110 Molar and 

the –CH2 methylene protons on highly mobile lipids are also abundant enough to be visible 

by MRI.  Depending on need, either the lipid or the water signal can be “suppressed”, 

allowing only signals from other classes of protons to be visible. 

 

1.3.1 Magnetic Spin Properties 

All nuclei with an odd number of protons have a magnetic spin.  These protons spin about 

their axis leading to a magnetic moment in the direction of the spin axis.  The strength of the 

magnetic moment is a property of the type of nucleus.  Hydrogen nuclei (1H) possess the 

strongest magnetic moment and are the most abundant in water followed by fat.  In 
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the absence of an externally applied magnetic field, the spinning protons have magnetic 

moments that have random orientations.  If an external magnetic field B0 is applied, the 

magnetic moments will align in a parallel or anti-parallel orientation with respect to the 

magnetic field1.  However, the net magnetization M is an alignment with the B0 field (Figure 

1.2).  The frequency at which these protons precess about the axis of the external B0 field is 

directly proportional to the strength of the magnetic field.   

This is referred to as the the Larmor frequency: 

ω = γ � Bo              (1) 

where ω = precessional frequency, γ = gyromagnetic quotient, and B0 = magnetic field.  The 

gyromagnetic ratio for hydrogen nuclei is 42.56 MHz/Tesla. 

 

1.3.2 Nuclear Magnetic Resonance Signal and Relaxation Processes 

In order to detect an NMR signal, radio frequency (RF) energy must be applied at the larmor 

frequency to allow the protons to absorb that energy.  A 90º RF pulse (perpendicular to the 

B0 field) flips the protons down 90º and synchronizes their spins.  At this point, the net 

magnetization of the protons lies in the x-y plane (Mxy) and rotates about the z-axis.  Once 

the RF transmitter is turned off, the absorbed RF energy is retransmitted at the resonance 

frequency into the RF coil which is proportional to M0, or equilibrium magnetization.  This 

signal is proportional to the proton density of the sample.  There are three main factors that 

influence the return of Mz and Mxy to equilibrium: transverse T2 relaxation, longitudinal T1 

relaxation and magnetic field inhomogeneity. 
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1.3.3 T2 Relaxation 

A magnet is constructed to have uniform magnetic field.  However, in reality it is virtually 

impossible to obtain a perfectly uniform magnetic field strength.  Moreover, local 

fluctuations are produced by every species with a non-zero magnetic moment, independent 

of magnet imperfections.  As a result, a sample will experience different magnetic field 

strengths resulting in different precessional frequencies.  Following a 90º pulse, during which 

the equilibrium magnetization is tipped into the transverse plane, the signal decays due to the 

dephasing of the x-y magnetization vector.  The NMR signal in the RF coil decays 

exponentially by T2* relaxation and is referred to as the free induction decay (FID).  T2* 

relaxation is a combination of the intrinsic T2 relaxation of the nuclei and contributions 

from magnetic susceptibility, field inhomogeneities, and molecular diffusion1.  The rate of 

decay is described by the T2 time constant which refers to the time it takes for the transverse 

magnetization to decay to 37 % of its original magnitude. 

 

In order to correct for spin dephasing, a 180º RF pulse at t = TE/2 is applied (Figure 1.3).  

This reverses the positions of the fast and slow spins, and after t = TE, all protons will be in 

sync again, and the net magnetization will be reformed to produce a signal called the spin 

echo (Figure 1.3b).  However, there will still be some dephasing and the measured signal will 

be less than Mxy every time a spin echo is generated1 (Figure 1.4).  The resulting decay occurs 

exclusively from pure T2 effects (random spin-spin interactions) and non-field 

inhomogeneities.  
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1.3.4 T1 Relaxation 

T1 relaxation, also known as spin-lattice relaxation, is the relaxation process that occurs 

when energy absorbed by the excited protons or spins is released back into the surrounding 

environment.  Following a 90º pulse, the excited spins begin to realign back with B0 leading 

to the exponential return of the longitudinal magnetization to equilibrium magnetization. 

The time required for the spins to relax back to equilibrium is characterized by the time 

constant T1, which is unique to every tissue (Figure 1.5).  At t = T1, 63 % of the longitudinal 

magnetization has recovered alignment with B0 following an excitation pulse1. 

 

1.3.5 Magnetic Resonance Imaging   

Magnetic Resonance Imaging (MRI) encodes spatial information into the frequency and 

phase of the NMR signal providing 2 and 3 dimensional images with excellent soft tissue 

constrasting capabilities.  In order to selectively image different voxels of the subject, 

magnetic gradients are applied.  A magnetic gradient causes the field strength to vary linearly 

with distance along an axis from the center of the magnet.  To selectively excite a particular 

slice in the body, an RF pulse is applied in a limited bandwidth around the resonance 

frequency of the protons in a particular spatial location1.  The protons on either side of this 

“slice” are at different frequencies and do not absorb the RF energy. 

 

The reconstructed images acquired provide a wealth of information regarding tumor 

metabolism, vascularization and pathophysiology 52, 53.  Moreover, non-destructive data 

obtained from cell or animal models can be readily translated over into the clinical setting.  A 
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large number of imaging approaches are currently being used with some of these being well-

developed and applicable in the clinic today (Table 1.5).   

 

1.3.5.1 Diffusion-Weighted MRI 

Diffusion-weighted (DW) MRI measures the random microscopic motion of water protons  

by measuring signal decay between two balanced pulses of magnetic field gradients.  If water 

protons are stationary, the effects of the two gradient pulses are cancelled out and 100 % of 

the signal is recovered.  If however, the protons have diffused out of the excitation slice or 

between tissue compartments, signal attenuation will occur.  In diffusion-weighted MRI, the 

magnitude of the signal is reduced by increasing the gradient strength or the evolution time.  

This relationship can be described by the ‘b-value’, b=γ2δ2G2(∆- δ/3), where G is the 

amplitude of the pulsed diffusion gradient, γ is the gyromagnetic ratio, ∆ is the interval 

between the diffusion gradients, and δ is the duration of diffusion gradients54.  The higher 

the b-value, the greater the diffusion weighting.  In order to quantitatively measure molecular 

diffusion, a series of images are obtained at different b-values and the data are fit on a pixel-

by-pixel basis to a single exponential decay to generate maps of the apparent diffusion 

coefficient (ADC).  Signal is lost according to the following relationship:                                                 

                                                            S = S0 e
-bADC                      (2) 

where ‘ADC’ is the apparent diffusion coefficient and ‘b’ is a factor that includes the 

gradient pulse strength, G, and the time between gradient pulses, ∆.  In tissues, the free 

diffusion of water is restricted by membrane and protein barriers 52, 55.  Thus, water diffusion 

is lower in highly cellular tissues compared to pure water or tissues with edema or low 
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cellularity (Figure 1.6).  ADC maps are able to detect microstructural changes in cell 

membrane integrity prior to changes in tumor volume that occur with therapy due to its high 

sensitivity to alterations in intra- vs. extracellular water 55.   

 

1.3.5.2 Dynamic Contrast-Enhanced MRI 

Dynamic contrast- enhanced (DCE) MRI follows the time course of signal enhancement on 

a pixel-by-pixel basis using a series of T1-weighted images following a bolus injection of a 

contrast agent into the circulation.  DCE-MRI is non-invasive and is sensitive to tumor 

perfusion parameters like vascular volume, vascular permeability and flow.  Serial images are 

acquired before, during and after injection of the contrast agent, which is typically a chelate 

of gadolinium (Gd)56, 57 although transition metals such as manganese 58 and iron 59 have also 

been used as contrast agents.  The intensity of enhancement as the contrast agent washes in 

and out of the intravascular and extravascular spaces provide information regarding the 

vascular volume and permeability and can be used to discriminate between benign and 

malignant tissues.   

 

The tumor vasculature is chaotic, containing regions of long, tortuous vessels along with 

numerous short, collapsed, fragile and leaky vessels 60, 61.  Consequently, blood flow and 

resistance in vessels become unbalanced contributing to heterogeneous perfusion which can 

be visualized using DCE-MRI62.  Typically more aggressive tumors are characterized by a 

rapid enhancement followed by a subsequently rapid wash-out period 63, 64.  Small molecular 

weight contrast agents such as GdDTPA are currently being used extensively in the clinic.  

However, these small molecular weight agents are not ideal to distinguish changes in 
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perfusion that occur with therapy, because their wash-in and wash-out kinetics are so rapid, 

which necessitates rapid image acquisition and consequent reduction in image resolution.  

Furthermore, the vascular permeability in the tumor is generally high, and thus these small 

agents will continue to extravasate even after therapy compared to large molecular weight 

contrasts that have longer vascular retention times (Figure 1.7) 52.  Larger molecular weight 

molecules such as GdDTPA conjugated to bovine serum albumin (BSA-GdDTPA), 

Gadomer-17 (Schering) or P-792 (Guerbet) may be more attractive as they can discriminate 

between more or less leaky microvessels.  Hence, they may provide a more complete picture 

of the vasculature and permeability networks due to their longer intravascular retention 

times 53.  However, due to their long retention times and potential toxicities, they are 

currently not used in the clinics. 

 

1.3.5.3 DCE-MRI Data Acquistion 

The desire to use DCE-MRI as an early predictor of vasculature changes following  

anti-angiogenic inhibitors has been a goal for many years.  Dynamic series data acquisition 

involves the use of short repetition times (TR) with values considerably smaller than the T1 

value of the tissue (TR < T1; e.g. 100 ms).  Additionally, a gadolinium based paramagnetic 

contrast agent (CA) is needed as an extracellular tracer.  This enables the monitoring of 

vascular permeability, perfusion and vascular volume in the target tissue.  This rapid imaging 

technique monitors changes in image intensity in the target tissue that is then converted to 

concentration of the contrast agent by utilizing a previously acquired T1 map and a known 

contrast agent relaxivity value.  The acquisition of a T1 map of the targeted tissue is in 

general accomplished by a progressive saturation sequence.  For that sequence typical TR 
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values are 100 ms, 500 ms, 1000 ms and 8000 ms.  From this experiment the maximum 

proton density can be derived as well.  A dynamic contrast-enhanced sequence is then 

executed with a typical TR of 100 ms and an image acquisition time of approximately 10 

seconds.  An acquisition time of 10 seconds is acceptable if no arterial input function (AIF) 

is required.  Typically the intravenous contrast agent injection is done after a few images are 

acquired to establish a baseline.  

 

The experiment typically lasts 1 to 2 h depending on the type of contrast agent used and the 

time needed to follow the uptake of the contrast agent.  Bovine serum albumin (BSA) is a 

typical contrast agent used to discriminate more or less leaky vessels.  Due to the size of the 

BSA molecule, it typically remains in the vasculature unless there is significant leakage as in 

tumors.  As a result, immediately after injecting BSA into the vascular system the intensity of 

the NMR signal elevates according to the concentration of the contrast agent in the vessels.   

If leakage exists, the MR intensity will gradually increase in the area according to the amount 

of contrast agent accumulated.  As a result, a gradient of increased MR intensity can be 

derived.  The magnitude of increase gives information about the leakage of the vessels and 

hence the permeability in the target area. 

 

1.3.5.4 DCE-MRI Data Processing  

The pre-contrast 2D-Spin Echo (SE) images acquired at 3-4 different TR values are used to 

calculate on a pixel-by-pixel basis the pre-contrast 1/T1 map using the monoexponent 
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S = signal intensity (per pixel, measured) 

S0 = the proton-density, related to the concentration of (water or fat) hydrogen nuclei 

T1 = the longitudinal (or spin-lattice) relaxation time (of the water protons, in this case) 

TR = the repetition time 

 

Post-contrast 1/T1 values can then be calculated by solving the ratio of pre-contrast to post-

contrast signal intensities.                       
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The concentration of the contrast agent can then be determined on a pixel-by-pixel basis 

using 1/T1pre, 1/T1post and the relaxivity (r1) of the contrast agent (measured in vitro): 
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1.3.6 Quantification of Hemodynamic Parameters Using DCE-MRI Data 

Dynamic contrast-enhanced imaging enables the generation of a signal enhancement versus 

time curve.  The quantitative evaluation of that curve enables absolute measurements of the 

extravascular extracellular fractional volume and the volume transfer constant between the 

blood plasma and extravascular extracellular fractional volume 65.  Changes in these 

parameters are of great importance in terms of establishing reliable, sensitive and 

quantitative biomarkers of response to chemotherapy.  Depending on the contrast agent, 
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one of two mathematical models are typically used to evaluate changes in vascular volume 

and permeability.  

 

Flow-Limited Kety Model (High Permeability)65 

)/)(1( etp
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Permeability-Limited Model (High Flow)65 
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In a flow limited system in which capillary permeability to the contrast is very high such as 

with the use of small molecular weight contrast agents (e.g. GdDTPA or Gadodiamide), the 

flow-limited Kety model is used.  The assumption of this model is that the the venous 

plasma concentration (Cv/(1-Hct)) is equal to the concentration in the extravascular 

extracellular space (Ce).  Therefore, uptake of the contrast agent into the tissue is related to 

the ve as well as the contrast agent concentrations in the tissue (Ct) and the arterial blood 

plasma (Cp). Importantly, the transfer constant, Ktrans, is a function of the perfusion of whole 

blood per unit mass of tissue (F, ml g-1 min-1), the density of tissue (ρ, g ml-1) and the 

hematocrit (Hct) (e.g. )1( HctFK trans −= ρ ).  

 



 42 

In contrast to the flow-limited system, the permeability-limited model is used in situations 

where capillary permeability to the contrast agent is very low (e.g. large molecular weight 

contrast agents such as BSA-GdDTPA).  Ktrans is a function of the permeability surface area 

product (PS, ml min-1 g-1) of the capillary wall and ρ, (e.g. ρPSK trans = ), and the rate of 

uptake is related to the ve, Ct and Cp. 

 

1.4 BIOMARKERS IN DRUG DEVELOPMENT    

The achievements in molecular oncology in the past decade have been remarkable.  With 

these, the hope of improved clinical outcomes has risen.  Despite this potential, there has 

been a decrease in the number of new drugs to reach the market and in recent years even a 

decrease in the number of new drug applications 66.  One reason is that the cost of 

developing new therapies is becoming prohibitively expensive.  It has been estimated that 

$1.6 billion in research and development is spent (equally split between government and 

Pharmaceutical Research and Manufacturers of America (PhRMA)) for each new approved 

drug 67.  This cost is approximately 50 % higher than just 10 years ago, and this increase has 

primarily occurred in the area of conducting clinical trials where sensitivity, stability and 

reproducibility are all rigorously tested.  These costs are being transferred to  patients as the 

average cost of newly targeted cancer treatments has increased from about  $20,000/patient 

/year to roughly $100,000/patient/year 68, 69.  Hence, there is a significant interest and effort 

towards reducing the costs of clinical trials by making them more efficient. According to the 

biomarkers definitions working group, a biomarker is defined as “a characteristic that is 

objectively measured and evaluated as an indicator of normal biologic processes, 
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pathogenic processes, or pharmacologic responses to a therapeutic intervention.”.  It is 

hypothesized that appropriate biomarkers can improve efficiency, and hence reduce costs, 

during all phases of drug development.   

 

The advantage of using biomarkers is the proof-of-principle studies that can be conducted 

for novel targeted therapies early on in the developmental process.  This will allow for a 

more streamlined approach in identifying efficacious targets that will improve clinical 

outcome.  Identifying these targets has multifaceted benefits to the patient and to investors.  

To the patient the greatest advantage would be early detection and more individualized 

treatment based on their tumor characteristics, as the heterogeneity of tumors are far more 

complex than originally thought.  A perfect example is the recent identification of a large 

number of previously uncharacterized candidate cancer genes in breast and colorectal 

cancers by Velculescu and colleagues 5 at Johns Hopkins.  These genes, which affect a wide 

variety of cellular functions, provide potentially new therapeutic targets and reinforce the 

need for individualized treatment based on tumor type and individual characteristics and less, 

focus on generic treatments.  Patient stratification based on targeted therapies can guide 

treatment decisions.  Moreover, identifying therapies for individual patients can prevent 

adverse drug reactions and increase survival by avoiding ineffective treatments.  To PhRMA, 

identifying sub-populations that will respond to therapy will help in the development of 

more targeted drugs therapies at reduced costs.  In choosing appropriate markers, one must 

consider not only their sensitivity and specificity but also the feasibility and ease with which 

they can be translated over to the clinical setting.  Non-invasive molecular imaging has 
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enormous potential to be a biomarker that will both improve clinical trial efficiency and aide 

in the development of targeted therapies. 

 

1.4.1 Imaging Biomarkers   

Biomarkers are a quantifiable process that respond to, or predict the action of a drug.  An 

important hypothesis that remains to be proven is that molecular and functional imaging can 

make clinical trials more efficient.  Imaging can potentially impact all areas of drug 

development from discovery to late stage phase development (Table 1.6).  In drug discovery, 

in vivo imaging can be used to measure pharmacodynamics in high cell content and animal-

based drug screens.  In phase I clinical trials, biomarkers can be used to monitor 

pharmacodynamics by determining dose response of imaging endpoints.  In phase II, 

changes in imaging parameters can be used to monitor therapy response and, in some cases, 

predict clinical outcome.  During phase II, images are obtained pretherapy and these can be 

analyzed retrospectively to determine if a functional imaging biomarker was predictive of 

sensitivity or response.  If so, phase III could incorporate the use of biomarkers as an 

inclusion criteria, which would have a great impact on clinical trial efficiency.  Phase IV and 

clinical practice would then use these biomarkers as an indication for use of the drug.  

Moreover, the utilization of imaging biomarkers to stratify patients based on therapy 

response can reduce the numbers of patients required for clinical trials by up to 16-fold 70, 71.  

Streamlining clinical trials to be even slightly more efficient can easily translate to millions of 

dollars in savings and a decrease in the time for a drug to reach the market 72.  

 



 45 

Molecular and functional imaging biomarkers have generated interest because they are able 

to identify the location of disease as well as be used theragnostically to assess response, 

diagnose and segment patients based on response, and elucidate the mechanisms of therapy 

response and resistance.  An underlying hypothesis in our laboratory is that preclinical 

imaging in appropriate animal models can be predictive of responses in humans.  If true, this 

would be advantageous in that many more imaging endpoints can be tested in animals in less 

time and for less money, than in humans.  Furthermore, the issue of identifying the most 

appropriate imaging biomarker and the optimum timepoint could be better elucidated early 

on.  Testing this hypothesis depends critically on having a substantial base of animal data for 

drug-tumor combinations.  This will also depend on having a clinical trial environment 

receptive to the use of these data.  Currently, diffusion-weighted and dynamic contrast- 

enhanced MRI are under investigation for their ability to discriminate microstructural cellular 

and hemodynamic changes. 

 

Diffusion-weighted MRI has been used clinically to measure therapy response in brain 

tumors 73-78, GI cancers 79, osteosarcomas 80, and most importantly to this work in breast 

cancer 81, 82.  These studies have generally shown that an increase in ADC is observed early 

on (1-2 week) following commencement of successful therapy.  Notably, some studies have 

indicated that a low pretherapy ADC can predict response 83, 84.  As a low ADC is observed 

in tissues with high cell density, these results would suggest that tumors with higher cell 

density are more likely to respond to therapy.     
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In preclinical animal models, increases in ADC have been observed in cancers including 

fibrosarcomas, breast and prostate in response to a wide variety of non-targeted therapies, 

such as cisplatin, BCNU, taxanes and 5-fluorouracil 55.  In radiation-induced fibrosarcoma-1 

(RIF-1) tumors, treatment with cyclophosphamide resulted in a 67 % tumor cell kill which in 

turn lead to an increase in ADC values within 2 d that were observed by changes in tumor 

volume 85.  In breast and prostate tumor xenografts, an increase in the ADC was a predictor 

of response to taxanes or combretastatin that target tubulins 86-89.  A number of groups are 

also beginning to investigate the role of diffusion-weighted MRI in monitoring response to 

therapies targeted against specific signal transduction pathways.  In our group, Jordan and 

colleagues 57 demonstrated a significant increase in ADC at 24 h (P = 0.005 ) and 36 h         

(P = 0.01) following a single injection of 125 mg/kg of the HIF-1α inhibitor, PX-478, before 

returning to baseline (Figure 1.8).  Chinnaiyan and colleagues 90 demonstrated that ionizing 

radiation sensitized breast cancer cells to tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) by the upregulation of the TRAIL receptor.  Diffusion-weighted MRI was 

used here to identify changes in tumor cellularity following the combination of radiation and 

TRAIL and to assess its therapeutic efficacy.  Rustamzadeh and colleagues 91 examined the 

efficacy of a human interleukin-13 and diphtheria toxin fusion protein against human 

glioblastoma cell lines in a murine intracranial model using diffusion-weighted MRI.  DW-

MRI was able to assess cellular toxicity and detect reductions in tumor volume as well as 

support the efficacy of this fusion protein in an intracranial model. 

 

 Dynamic contrast-enhanced MRI has also shown promise as a potential imaging biomarker 

both preclinically and clinically.  Jordan and colleagues 57 demonstrated a dramatic reduction 
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in tumor blood vessel permeability in HT-29 xenografts using BSA-GdDTPA within 2 h 

following a single injection at 125 mg/kg of the HIF-1α inhibitor, PX-478 (Figure 1.9).   

Moreover,  Rudin and colleagues92 showed significant reductions in vascular permeability 

and interstitial leakage in orthotopic murine B16/BL6 melanoma xenografts following acute 

(2-4 d) treatment with the anti-angiogenic inhibitor, PTK787, prior to changes in tumor size.  

In MDA-MB-435 orthotopic breast xenografts, DCE-MRI was able to not only identify 

statistically significant decreases in vascular permeability and fractional plasma volume        

(P < 0.05) following treatment with a monoclonal VEGF antibody, but was also able to 

discriminate permeability differences using contrast media of different molecular weights93.  

 

Clinically, DCE-MRI has been used in many different applications to study cancers of the 

breast94-96, prostate97, 98, cervix99, lung100, and liver101, 102.  Liu and colleagues103 and Wedam and 

colleagues104 both demonstrated reductions in vascular permeability following treatment with 

the anti-angiogenic inhibitors,  AG-013736 and bevacizumab, respectively.  DCE-MRI was 

also able to predict response to chemotherapy (combination of doxorubicin 60 mg/m2 and 

cyclophosphamide 600 mg/m2 followed by paclitaxel 80 mg/m2) in patients with invasive 

ductal breast cancer using pretreatment DCE-MRI data105. 

 

The incorporation of imaging endpoints into clinical trials is being supported by initiatives 

from the Food and Drug Administration (FDA), the National Institutes of Health (NIH), 

the Radiological Society of North America (RSNA), Pharmaceutical Research and 

Manufacturers of America (PhRMA), the American College of Radiology (ACR), the Society 

of Nuclear Medicine (SNM) and the Association of American Cancer Institutes (AACI).  
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These are being organized into a network wherein the RSNA and ACR are spearheading the 

adoption of uniform protocols for imaging in clinical trials, UPICT (http://upict.acr.org/).  

PhRMA is working on an agreement for data sharing amongst its members, the FDA and 

the NIH, as part of their Critical Path Initiative have developed (and are continuing to 

develop) guidelines for the inclusion of imaging data into drug approval 

(http://www.fda.gov/cder/regulatory/medImaging/default.htm).  Additionally, the NIH in 

partnership with the AACI has established a national consortium of Imaging Response 

Assessment Teams (http://www.aaci-cancer.org/).   

 

1.4.2 Targeted Therapies and Molecular Imaging 

The utilization of molecular imaging to identify response to therapy relies on having 

validated cancer drug targets.  Ideal drug targets are those that are specific to molecules 

involved in proliferation and apoptosis, cell invasion and metastatic spread, and angiogenesis 

but yet are not toxic to normal cells.  Over the past five years, the number of novel targets 

has risen as signaling pathways involved in cancer progression have become better elucidated 

106, 107.  For the purposes of this review, we will focus on three anti-cancer therapy targets to 

represent targets where there has been currently no molecular imaging (PI3K-AKT); a little 

imaging (HIF1-α) and extensive imaging (VEGF/VEGF-R). 

 

1.4.3 Phosphatidylinositol-3-Kinase-AKT  

Phosphatidylinositol-3-Kinase (PI3K) is a key regulator of fundamental cellular functions 

including transcription, translation, proliferation, growth and survival 108, 109.  Constitutive 

activation of the PI3K-AKT signaling pathway has been associated with the development of 
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cancer and drug resistance 110-112 as well as diabetes and autoimmunity 113, 114.  PI3K, a 

heterodimeric lipid kinase composed of regulatory and catalytic subunits, is responsible for 

the phosphorylation of the 3’-OH group of the inositol ring to produce 

phosphatidylinositol-3,4,5-trisphosphate (PIP3).  The phosphatase and tensin homologue 

(PTEN) tumor suppressor is a lipid phosphatase that acts to convert PIP3 back to PIP2.  It 

is inactivated through deletion or mutation in many cancers resulting in constitutively high 

levels of PIP3 109.  PIP3 acts as a ligand for plekstrin-homology (PH) domain containing 

proteins such as AKT and PDK1.  AKT, a 57 kDa member of the Ser/Thr kinase family, 

acts downstream of PI3K to regulate processes involved in cell survival and proliferation 115.  

There are three known mammalian AKT genes, AKT1 (PKBα), AKT2 (PKBβ), and AKT3 

(PKBγ) that are widely expressed in various tissues112.  Following binding of the PH domain 

to PIP3, AKT is translocated to the plasma membrane where it is activated via 

phosphorylation of Thr308 and Ser473 by membrane kinases, such as phosphoinositide-

dependent kinase 1 and 2 , PDK1 and PDK2 112, 116-118.  Activated p-AKT phosphorylates a 

number of targets involved in cell growth, metabolism and survival (Figure 1.10). 

 

1.4.3.1 PI3K and Molecular Imaging 

 PI3K is a major target in the inhibition of AKT activation and tumor progression.  

Wortmannin 119,  LY294002 119, PX-866 118 and PX-316 120  are anti-cancer drugs that target 

the PI3K-AKT pathway.  Wortmannin and LY294002 are potent inhibitors of PI3K and 

have been shown to sensitize tumor cells (OVCAR-3, SW480, and PK1) to other targeted 

therapies including chemo- and radiotherapy 121-124.  PX-866, a PI3K inhibitor with selectivity 
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for the catalytic subunit p110α, is a biologically stable synthetic viridian related to 

wortmannin.  PX-866 has demonstrated single agent antitumor activity in A549 human non-

small cell lung cancer  (NSCLC)  and human ovarian cancer (OvCar-3) xenografts as well as 

increases in the antitumor effects of cisplatin and radiation treatment 118.  In our group, 

preliminary data using PX-866 was shown to reduce tumor vessel permeability by    48 h 

post-therapy following a single injection of 15 mg/kg in HT-29 tumors (Figure 1.11).  The 

AKT inhibitior, PX-316 has also shown inhibition in HT-29 tumor xenografts when 

administered intraperitoneally to mice at 150 mg/kg.  Akt was inhibited in HT-29 human 

tumor xenografts up to 78 % at 10 h with recovery to 34 % at 48 h120. 

 

Another important target downstream in the PI3K-AKT pathway that upregulates cell 

growth and proliferation is the mammalian target of rapamycin (MTOR).  MTOR is a 

current target for anti-cancer therapies, such as rapamycin and it analogues (CC1779,        

Rad 001, AP23573 and AP23841).  CCI-779 is the most extensively studied analogue with 

efficacy having been shown in Phase II clinical trials in patients with renal cell carcinomas 

and glioblastomas 125, 126.  Moreover, CCI-779 has demonstrated decreased growth in a range 

of tumors with PTEN mutations including breast and other cancer models 127-129.  

 

A recent seminal paper by Rosen’s group showed that when BAD was phosphorylated by 

AKT or MAP kinase, it became sequestered by the 14-3-3 protein, and was prevented from 

inhibiting the anti-apoptotic BCL-2 and BCL-XL proteins 38.  Hence, activation of MAPK 

through EGFR or activation of AKT through inhibition of PTEN would inhibit apoptosis.  

Rosen had also shown that PTEN deficient breast cancer cells that were resistant to gefitinib 
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were re-sensitized if PTEN activity was restored.  Despite the number of PI3K-AKT 

inhibitors in the pipeline, the utilization of molecular imaging in detecting early target 

inhibition has been extremely limited (Table 1.2).   

 

1.4.4 Hypoxia Inducible Factor  

Oxygen homeostasis is a highly regulated process.  Hypoxia-inducible factor (HIF)-1 is 

recognized primarily for its role in the maintenance of oxygen and energy homeostasis.  

HIF-1 mediates a pleiotropic response to hypoxic stress by inducing more than 40 genes 

involved in energy metabolism, iron metabolism and angiogenesis 130.  An increase in HIF-1α 

resulting from intratumoral hypoxia, genetic alterations or a combination of both leads 

primarily to increased transcription of angiogenic genes (e.g. VEGF) and altered glucose 

metabolism 131.   

 

HIF-1 is a heterodimer composed of two constitutively expressed HIF-1α and HIF-1β 

subunits that are basic helix-loop-helix-PAS domain proteins 132.  HIF-1β is ubiquitously 

expressed whereas HIF-1α is destabilized under normoxic conditions.  In the presence of 

oxygen, HIF-1α (120 kDa) is regulated by prolyl hydroxylases that hydroxylate two specific 

proline residues (564 and 402) on HIF-1α 131, 133, 134.  This enzymatic modification allows for 

the binding of the von hippel-lindau (VHL) tumor suppressor protein, the recognition 

component for ubiquitin ligase, leading to immediate ubiquitination and proteasomal 

degradation of the α subunit 135-137.  In normoxia, the half-life of HIF-1α is less than 10 min 

at which point the protein is almost completely undetectable 135.  Under hypoxic conditions, 
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the prolyl hydroxylases become inactivated, preventing the binding of VHL, resulting in 

HIF-1α escaping both ubiquitination and proteasomal degradation 137.  HIF-1α is then 

transported to the nucleus where upon dimerization with HIF-1β, an active transcription 

factor complex is formed that binds to regions of DNA known as hypoxia response element 

(HRE), an upstream promoter region of target genes 138.  In hypoxia, oxygen availability is 

limited resulting in erythropoiesis through the production of erythropoietin (EPO) and in 

angiogenesis to increase oxygen delivery 138.  Furthermore, the expression of certain 

glycolytic enzymes (aldolase A and C, enolase 1, hexokinase 1 and 3, lactate dehydrogenase 

A, phosphofructokinase L and phosphoglycerate kinase 1), glucose transporters (GLUT 1 

and 3), and growth factors (insulin-like growth factor 2) are upregulated to adapt to the 

changing energy needs and to promote tumor cell survival 131.   

 

Intratumoral hypoxia and genetic alterations including loss or inactivation of VHL, p53, 

PTEN, activation of Ras or pAKT can result in the overexpression or stabilization of HIF-

1α in many cancers 139, 140.  Thus, HIF-1α can remain elevated even under normoxic 

conditions 141 and can be induced by a variety of other stimulants including nitric oxide 142, 

insulin-like growth factor 143, 144, HER2neu 145 and prostaglandin E2 146.  In the setting of 

cancer, accumulation of HIF-1α protein is associated with highly aggressive tumors and a 

poor patient prognosis 131.  For instance, in both breast and brain tumors, a significant 

relationship exists between HIF-1α levels and tumor grade 147, 148.  The accumulation of HIF-

1α can result in altered glucose metabolism and tumor progression resulting ultimately in 

treatment failure.   
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1.4.4.1 HIF-1αααα and Molecular Imaging 

Targeting the HIF-1α signaling pathway to inhibit tumor progression is attractive as hypoxic 

tumors limit the effectiveness of chemo- and radiotherapies, and the fact that HIF-1α can be 

stabilized by a number of other factors, most of which are drug targets 149.  These are shown 

in Figure 1.12, along with the sequelae of HIF-1α activity, namely survival, glucose transport 

and expression of VEGF, which can be measured non-invasively with DW-MRI, FDG-PET 

and DCE-MRI, respectively.    

  

There are currently four major areas of research in hypoxia related drug therapy: direct 

inhibitors of HIF-1, indirect inhibitors of HIF-1 through other signaling cascades, hypoxia 

regulated genes and hypoxia activated agents 150.  PX-478 has been the pioneer drug in 

demonstrating direct reductions in levels of HIF expression 151.  Additionally, 103D5R, a 

novel small molecule inhibitor of HIF-1α, has shown promise in directly inhibiting protein 

expression in xenografts including glioma, prostate, and breast cancers 152. 

 

Using PX-478, Jordan and colleagues 57 observed a dramatic reduction in tumor permeability 

within 2 h, followed by a significant (almost 2-fold) increase in tumor diffusion (ADC) 

within 24 h of treatment.  Tumor cellularity, estimated from ADC, was significantly 

decreased 24 h and 36 h after treatment (P= 0.005 and P= 0.01, respectively).  Based on 

these studies, DW-MRI and DCE-MRI data will be collected from patients in clinical trials 

of PX-478.  Kang and colleagues153 also evaluated the effects of a microtubule and HIF-1 

inhibitor, 2-methoxyestradiol , in a 9L rat orthotopic gliosarcoma model.  Using noninvasive 
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MRI, they were able to identify a dose-dependent inhibition of tumor growth. Additional 

molecular and functional imaging using HIF-1α inhibitors has been limited (Table 1.3).  

 

1.4.5 Vascular Endothelial Growth Factor  

Vascular endothelial growth factor (VEGF) , a homodimeric glycoprotein with a molecular 

weight of 45 kDa, is normally expressed during embryogenesis 154-156, the reproductive cycle 

157 and wound healing 158.  However, in the setting of cancer, VEGF plays a multifaceted role 

in tumor progression.  Currently, the VEGF family includes six secreted glycoproteins 

referred to as VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placenta growth 

factor (PGF).  VEGF-A in particular plays a critical role in the development of the vascular 

system and is commonly over expressed in a variety of solid tumors159. 

 

 In the initial stages of tumor growth, tumor cells are fairly dormant with cellular 

proliferation being balanced by apoptotic rate 160.  Tumors beyond 500 µm must be 

vascularized in order to avoid necrosis and/or apoptosis 161, 162.  As the tumor grows, it 

quickly outgrows its vasculature that supplies essential nutrients and oxygen.  If an adequate 

blood supply cannot be found, the “angiogenic switch” will be triggered as a result of low 

pO2, low pH and low glucose 163.  The hypoxic tumor cell releases transcription factors such 

as hypoxia inducible factor that stimulate proangiogenic growth factors such as platelet-

derived endothelial cell growth factors (PDGF), fibroblast growth factors (FGF), 

transforming growth factors (TGF), interleukins (IL) and vascular endothelial growth factors 

(VEGF) to be released.  These stimulate resident endothelial cells to proliferate and migrate 

forming new tubes.  Upon release, VEGF-A binds to two receptor tyrosine kinases (VEGF-
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1 and -2) triggering signaling cascades involved in angiogenesis and cell migration         

(Figure 1.13).  In addition to inducing the sprouting and growth of new blood vessels, 

VEGF increases vascular permeability allowing for the leakage of plasma proteins in 

tumors164.  Activated endothelial cells release matrix metalloproteinases 165 that degrade the 

basement membrane and the extracellular matrix.  Furthermore, VEGF protects the newly 

formed vasculature from destruction by inducing anti-apoptotic signals such as BCL-2 166 

and survivin 167.  It is important to note that the newly formed vasculature is functionally and 

structurally distinct from normal tissue.  

 

The homeostatic regulation of the vascular network is crucial toward maintaining tissue 

function 168.  A mature vasculature must adapt to changing metabolic demands through 

adjustments in blood flow in vessels in order to provide adequate perfusion to maintain 

oxygen tensions, physiologic pH and adequate levels of glucose and other nutrients 61.  This 

requires a highly coordinated system that is able to relay information both upstream and 

downstream of local conditions and respond via synchronized changes in diameters of 

vessels along flow pathways 168.  Dysregulation of this system, as in solid tumors, lead to a 

chaotic vasculature containing regions of long, tortuous vessels coexisting with numerous 

short vessels and shunts 60, 61.  Specifically, features of a chaotic vasculature include: spatial 

heterogeneity and chaotic structures, arterio-venous shunts, acutely collapsed and transiently 

collapsing vessels, poorly differentiated, fragile and leaky vessels, and a vasculature unable to 

meet the demands of cancer cells 169.  Consequently, blood flow and resistance in vessels 

become unbalanced contributing to heterogeneous perfusion 62.  Paradoxically, 

heterogeneously perfused angiogenic tissue are not only poorly perfused but also hypoxic as 
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a result of unbalanced resistance and blood flow through vessels stimulating even further 

VEGF production60. 

 

1.4.5.1 VEGF and Molecular Imaging 

 VEGF plays a crucial role in tumor growth and metastasis in many epithelial derived 

cancers including colorectal 170, breast 171, lung 172 and cervical 173.  It is an attractive target as 

it can be altered without affecting normal physiology and be used as a prognostic indicator 

of angiogenesis 174.  Additionally, since VEGF is a circulating molecule, penetrating the 

tumor is not crucial as in other drug therapies 174.  Current anti-angiogenic therapies are 

targeted against either VEGF or its tyrosine kinase receptors (Table 1.4).  In 2004, the FDA 

approved the first anti-angiogenic drug (bevacizumab) to be used in combination with 

chemotherapy for metastatic colorectal cancer.  In 2006, sunitinib received FDA approval 

for the treatment of metastatic renal cell carcinoma and gastrointestinal stromal tumors 175.  

Other experimental anti-angiogenic drugs include AG-013736, Bay 57-9352, SU5416, 

SU6668, PTK787, ZD6474 and DC101 all targeting tyrosine kinase receptors.  Dynamic 

contrast-enhanced MRI has played a strong supportive role in assessing tumor vascularity 

and permeability following treatment of agents such as bevacizumab 104, PTK787 92, 176,     

AG-013736 103, 177, sunitinib 178 and AZD2171179. 

 

Bevacizumab, a humanized monoclonal antibody against VEGF, has demonstrated the 

greatest success in both human and animal models.  In various clinical phase trials, 

bevacizumab in combination with chemotherapy has demonstrated increased response rates, 

median time to disease progression and median survival time in patients with untreated 
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metastatic colorectal cancer 180, 181.  In tumor xenograft models, bevacizumab has 

demonstrated a marked decrease in vascular density, permeability and interstitial pressure 57, 

182.  DCE-MRI has supported these data through changes in hemodynamic parameters that 

indicated reduced angiogenesis 57, 104, 183. 

 

PTK-787/ZK222584, as part of phase I clinical trials has shown reductions in flow, 

permeability and vascular surface area in colon cancer patients 57, 92, 176.  AG-013736, an oral 

angiogenesis inhibitor, has also demonstrated a decrease in tumor vascular parameters in 

patients with advanced solid tumors following acute dosing 103.  Li and colleagues 177 further 

supported the use of DCE-MRI through assessment of the heterogeneity in the angiogenic 

response to AG-013736 by voxel analysis.  

 

Sunitinib, a multi-targeted tyrosine kinase inhibitor, demonstrated early anti-angiogenic 

effects using DCE-MRI following a single dose administration.  A 42 % and a 31 % decrease 

was observed in vascular permeability and in initial area under the concentration time curve 

using a macromolecular (BSA-GdDTPA) and low molecular weight (GdDTPA) contrast 

agent, respectively 178.  This is particularly promising as the current clinical contrast agents 

are low molecular weight agents.  

 

AZD2171, an oral pan-VEGF receptor inhibitor, showed normalization of tumor vessels in 

recurrent glioblastoma patients following daily administration.  Moreover, a significant 

reduction in vascular permeability was noted on days 1 and 28 days following treatment 

(p < 0.01) using GdDTPA179. 
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1.5 SUMMARY 

The rise in deaths due to cancer in conjunction with rising drug development costs have 

forced the research community to think outside of the box.  A majority of the development 

costs are tied up in clinical trials in order to verify safety, sensitivity, efficacy and 

reproducibility, of which none can be compromised.  Therefore, the goal has been to make 

clinical trials more efficient and thereby mitigate the associated costs of drug development 

and clinical trials.  Imaging biomarkers, particularly functional and molecular imaging, have 

the potential to do this through validation of drug targets, confirming mechanisms of action 

and theragnostically predicting early responders to drug treatment.  The existing bodies of 

work have demonstrated a significant potential for imaging in acquiring information 

regarding cellularity, metabolism and vasculature using diffusion-weighted and dynamic 

contrast enhanced MRI.  The three targets (PI3K-AKT, HIF-1α, and VEGF) discussed in 

this review have significance in regards to their role in tumor progression but also in their 

potential to be used by the aforementioned imaging endpoints.  Ultimately, application of 

molecular and functional imaging can be expected to result in significant savings in time and 

costs during all stages of drug development and testing.  
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1.6   SPECIFIC AIMS AND SCOPE OF RESEARCH 

The specific aims of this dissertation research are to examine the usefulness of magnetic 

resonance imaging in predicting the early response to different targeted therapies using a 

preclinical animal model and to determine if these effects can be translated to the clinical 

population.  These specific aims will be achieved by testing the following hypotheses: 

 

Hypothesis 1:   Characterizing the molecular phenotype of different breast tumors prior to 

therapy would allow for more individualized and effective treatment options for patients. 

 

Chapter 2 characterizes the molecular phenotype of ACC-3199 and ACC-3171 tumor 

xenografts.  Additionally, it identifies alterations in target protein levels in vivo compared to in 

vitro. 

 

Hypothesis 2:  Diffusion-Weighted and Dynamic Contrast-Enhanced MRI are able to 

predict early response to treatment in breast tumor xenografts prior to changes in tumor 

volume.   

 

Chapter 3 and Chapter 4 identify the role of both imaging modalities in predicting the early 

response of PX-866 in ACC-3199 tumors and sunitinib in both ACC-3171 and MDA-MB-

231/GFP tumor xenografts. 

 

Chapter 5 summarizes the investigation of these hypotheses and discusses the insight and 

knowledge gained from the research.  It also explores the future direction of the research 

including experiments to determine the role of DW and DCE-MRI in combination 

therapies. 
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Table 1.1 Targeted Breast Cancer Therapies  

Agent Trade 

Name 

Molecular 

Target 

Type of 

Agent 

Development 

Status 

Molecular 

Imaging 

Refs 

Anastrozole Arimidex ER Aromatase 

Inhibitor 

Approved 

for ER+ 

breast cancer 

DCE-MRI 
184, 185

 

Exemestane Aromasin ER Aromatase 

Inhibitor 

Approved 

for ER+ 

breast cancer 

No 

Current 

Data 

186
 

Tamoxifen Nolvadex ER Selective 

Estrogen 

Receptor 

Modulator 

Approved 

for ER+ 

breast cancer 

DCE-

MRI, 

FES-PET 

185, 

187, 188
 

Trastuzumab Herceptin ERBB2 Monoclona

l Antibody 

Approved 

for ERBB2 

positive 

breast cancer 

MRI, PET 
189, 190

 

GW-572016 Lapatinib EGFR, 

ERBB2 

Small 

Molecule 

Phase III MRI,PET 191-194
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Table 1.2 Targeted Inhibitors of the PI3K-AKT Signaling Pathway  

   Agent Molecular Target Development Status Molecular Imaging  Refs 

 LY294002 PI3K Poor Pharmacology Fluorescence 195 
 PX-866 PI3K Phase1 No current data 118 
 SF1126 PI3K Phase 1 No current data 196 
 P110δ Preclinical Leads No current data 197, 198 
 P110α Preclinical Leads No current data 198, 199 
 BX-795 PDK1 Preclinical No current data 200 
 BX-912 PDK1 Preclinical No current data 200 
 BX-320 PDK1 Preclinical No current data 200 
 UCN-01 PDK1 Phase1 No current data 201 
 PX316 AKT Preclinical No current data 120 
 Miltefosine PH domain Approved in Europe 

for lymphoma and  
breast ccancer 

No current data 202 

 Perifosine PH domain Phase 1 No current data 203, 204 
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Agent Molecular Target Development Status Molecular Imaging Refs 

PX-478 HIF-1α Phase 1 DW-MRI, DCE-MRI 57 
103D5R HIF In Vitro Screening No Current Data 152 
siRNA HIF Preclinical Bioluminescence 205 
Dominant 
Negative 

ARNT binding Preclinical No Current Data 206 

Echinomycin DNA binding In Vitro Sceening No Current Data 207, 208 
Chetomin HIF-1α/p300  

interaction 

Preclinical Bioluminescence 209 

Table 1.3 Direct Inhibitors of the Hypoxia Signaling Cascade 
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Table 1.4 Targeted Inhibitors of Angiogenesis 

Agent Trade 

Name 

Type of 

Agent 

Molecular 

Target 

Development Status  Molecular 

Imaging 

Refs 

Sunitinib Sutent Small 
Molecule  
TKI 

PDGFR, 
VEGFR1 
and 2, c-KIT 

Approved for RCC 
and GIST; Phase II or 
III for other cancers 

DCE-MRI, 
FDG-PET 

178,  

210-212 

Sorafenib Nexavar Small 
Molecule  
TKI 

PDGFR, 
VEGFR2 
and 3, RAF, 
KIT and 
RET 

Approved for RCC; 
Phase II or III for 
other cancers 

DCE-MRI 213, 214 

Bevacizumab Avastin Monoclonal 
Antibody 

VEGFA Approved for 
Metastatic Colorectal 
Carcinoma and Lung 
Cancer; Phase II or III 
for othe cancers 

DCE-MRI, 
FDG-PET 

57, 215, 216 

AZD2171 Recentin Small 
Molecule  
TKI 

VEGFR1,2,
3; PDGFRβ, 
KIT 

Phase II or III FDG-PET 217, 218 

PTK787 Vatalanib Small 
Molecule  
TKI 

VEGFR1,2,
3; PDGFRβ, 
KIT 

Phase II or III DCE-MRI 219-221 

VEGF-Trap  Decoy 
Receptor 

VEGFA and 
VEGFB 

Phase II Fluorescein 
Angiograms 

222, 223 

ZD6474 Zactima Small 
Molecule  
TKI 

VEGFR2, 
EGFR,FGF
R1, RET 

Phase II DCE-MRI 224, 225 

AMG-706  Small 
Molecule  
TKI 

VEGFR1,2,
3; PDGFR, 
KIT 

Phase II No Current 
Data 

226 

AG013736 Axitinib Small 
Molecule  
TKI 

VEGFR1,2,
3; PDGFR, 
KIT 

Phase II DCE-MRI 227 

AEE788  Small 
Molecule 

VEGFR1,2 
and EGFR 

Phase I DCE-MRI 228 
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Table 1.6 Imaging at Different Phases of Drug Development 

• Discovery:  High content screening in vitro and in vivo. 

• Phase I:      Noninvasive measure of in vivo pharmacodynamics and              
pharmacokinetics. 

• Phase II:    Quantitative biomarker of therapy response. 

• Phase III: Predictive biomarker of response for patient segmentation in clinical 
trials. 

• Clinical Practice:  If approved, imaging results could be used as indicator of 
therapy response. 

   Table 1.5 The Utilization of Different Imaging Modalities 

 Imaging Endpoint What it Measures and How it is Used Refs. 

 Diffusion-Weighted MRI Sensitive to the intra- and extra-cellular 
water volume. Changes are observed in 
response to cytotoxic therapies. 
 

55, 57 

 Low Molecular Weight    
 DCE- MRI 

Tumor blood flow, extraction rate 
(Ktrans) and interstitial volume. Ktrans is 
reduced with anti-angiogenics but has 
high variance. 
 

62, 94, 229-232 

 High Molecular Weight   
 DCE- MRI 

Vessel permeability and vascular volume 
fraction. It has lower variance and is 
sensitive to many drugs pre-clinically. It 
is still experimental in humans. 
 

93, 233 

   FDG-PET Uptake and trapping of glucose analogs.  
Metastatic cancers have elevated 
glycolysis and FDG trapping.   

234, 235 
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Figure 1.1 Breast Cancer Prognosis in the Adjuvant Setting.  Prognosis is determined 

by a combination of factors including tumor size and grade, axillary lymph node status, 

hormone receptor status and HER2 status.  In general, the larger the primary tumor the 

higher the tumor grade which is associated with poorly differentiated cells.  Additionally, the 

greater the number of positive nodes the worse the prognosis.  This is due primarily to the 

increased likelihood of tumor metastasis.  Patients with hormone positive receptors in the 

cancer cell are also likely to have a better prognosis compared to hormone receptor negative 

patients as these patients are not amenable to hormone therapy.  The HER2 status also 

directs the course of treatment.  HER2 positive tumors are typically more aggressive and 

associated with a poorer prognosis. 
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Figure 1.2 Spinning Protons and Net Magnetization of Spinning Protons.  A. In the 

absence of an externally applied magnetic field, the magnetic moments of spinning protons 

are randomly distributed.  B. In the presence of a magnetic field, the spinning protons 

align in a parallel or anti-parrallel orientation with repect to the magnetic field canceling 

each other out 1, 2.  C. A slight excess of protons align with the field resulting in a net 

magnetization, M, with the external field,  B0
1, 2. 
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Figure 1.3 Dephasing and Rephasing of Spins.  A. Immediately following a 90° RF 

pulse at time t= 0, M0 points in the direction of the Y axis.  B. Following a dephasing 

period at time t= TE/2, a 180º pulse is applied to correct for spin dephasing1.  A. 

Dephasing of the spins followed by a 180º rephasing pulse reverses the dephased vectors 

about the X axis1, 2.  B. This leads to the reformation of the net magnetization to produce 

a large spin echo signal. 

 

A 

B 
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 Figure 1.4 T2 Decay Signal Decreases Following Multiple Applications of Spin 

Echoes.  A 180° pulse is used to correct the the T2* dephasing process producing a spin 

echo.  Following the rephasing of the vectors, the spins begin to go out of phase again 

almost immediately.  Another 180° pulse is then given generating a 2nd spin echo.  This 

process is repeated as many times as needed producing multiple spin echoes provided that 

there is T2 signal remaining1, 2.  After each spin echo, the T2 decay signal decreases further. 
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Figure 1.5 T1 Relaxation Overtime.  The time required for the spins to relax back to 

equilibrium is characterized by the time constant T1, which is unique to every tissue1. 

The T1 relaxation by which Mz returns to Mo, is mathematically described by an 

exponential curve1.  At t = T1, 63 % of the longitudinal magnetization has recovered 

alignment with B0 following an excitation pulse. 
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Figure 1.6 The Relationship Between Tissue Cellularity and Water Mobility3.  In a 

highly cellular tumor, the apparent diffusion coefficient (ADC) of water is lower relative to 

the ADC of pure water (3.0 x 10 -3 mm2/sec).  This is represented by a tight distribution of 

pixel values (bottom row).  Following a positive response to therapy (middle row) or in 

situations of cellular necrosis (top row), a higher ADC value is observed as seen in a wider 

distribution of values. 
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Figure 1.7 Extravasation of Small Versus Large MW Contrast Agents from the 

Tumor Vasculature.  Small molecular weight contrast agents such GdDTPA or 

gadodiamide extravasate readily out of the vasculature compared to large molecular weight 

agents (e.g. BSA-GdDTPA) that are retained in the vasculature for longer periods of time.  

Small molecular weight contrast agents follow the flow-limited Kety model (high 

permeability) while the macromolecular agents follow the permeability limited model  

(high flow). 
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Figure 1.8 ADC Maps Following Treatment with PX-478 in HT-29 Tumor 

Xenografts.  Diffusion-weighted images at a b value of 25 (top row) and corresponding 

ADC maps (bottom row) of HT-29 colon tumor xenografts at 0, 24 and 48 h following a 

single injection of 125 mg/kg of the HIF-1α inhibitor, PX-478.  A decrease in tumor 

cellularity was noted at 24 and 36 h following treatment as indicated with an increase in 

ADC values.  Each image represents an axial slice of the mouse with the tumor area 

encircled and indicated by an arrow.   
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Figure 1.9 Permeability Changes in HT-29 Tumor Xenografts Following PX-478 

Treatment.  Permeability maps of tumors at 2, 12, 24 and 48 h following a single 

injection of vehicle or PX-478 (125 mg/kg).  A substantial decrease in tumor 

permeability was observed as early as 2 h following treatment and continued until 24 h 

post-treatment relative to control animals. Each image represents an axial slice of the 

mouse with the tumor area encircled.   
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Figure 1.10 PI3K-AKT Signaling and the Downstream Effects of Phosphorylated 

AKT.  Activation of receptor tyrosine kinases (RTK) by growth factors induces 

dimerization of the receptor and transphosphorylation of multiple key tyrosine residues in 

the cytoplasmic tails, which then act as docking sites for multiple SH2-domain-containing 

signaling proteins.  Some of these phosphotyrosine residues act as docking sites for the 

SH2 domains in the p85 regulatory subunits of class IA PI3Ks, leading to their recruitment 

and initiation of the growth factor receptor signaling cascade.  Class IA enzymes (p110 and 

p85 dimers) preferentially phosphorylate PIP2 synthesizing PIP3, which is 

dephosphorylated by PTEN to produce PIP2.  The increasing concentration of these lipids 

leads to proteins containing pH domains such as AKT to bind to PIP3 with high affinity 

and specificity.  The recruitment of AKT to the membrane induces a conformational 

change that allows Thr308 and Ser473 to be phosphorylated by PDK1 and PDK2. 

Phosphorylated AKT then phosphorylates survival proteins leading to alterations in 

apoptosis, cell growth and glucose metabolism.  
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Figure 1.11 Tumor Permeability Changes in HT-29 Tumor Xenografts Following 

PX-866 Treatment.  Representative permeability maps of HT-29 tumors pre-treatment 

and 48 h post-treatment.  A decrease in tumor permeability was observed at 48 h 

following a single injection of 15 mg/kg PX-866 compared to controls.  Each image 

represents an axial slice of the mouse with the tumor area encircled. 
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 Figure 1.12 Factors Effecting HIF-1α Stabilization.  HIF-1α is stabilized by a  

number of factors, including (CCW from top) hypoxia, cyclooxygenase-2, insulin-like 

 growth factor-2/EGF receptor, microtubule stabilization, PI3K/AKT, heat shock  

protein-90, thioredoxin and histone deacetylase.   All of these are targets for therapies, 

indicated in red.  HIF-1α is a survival factor and this combined with hypoxic induction  

of  inhibitors of apoptosis (xIAP) will lead to increased survival, measurable with  

diffusion-weighted MRI.  HIF-1α induction of glycolysis via glucose transport and 

phosphorylation is measurable with FDG-PET while HIF-1α induction of angiogenesis  

via VEGF and its receptor are measurable by dynamic contrast-enhanced MRI. 
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Figure 1.13 VEGF Signaling and the Downstream Effects of Activation.  Upon 

ligand binding, the receptor tyrosines are phosphorylated, allowing the receptor to 

associate with and activate a range of signaling molecules, including phosphatidylinositol 

3-Kinase (PI3K), Shc, Grb2, and the phosphatases SHP-1 and SHP-2.  VEGF receptor 

activation can induce activation of the MAPK cascade via Raf stimulation leading to gene 

expression and cell proliferation, activation of PI3K leading to AKT activation and cell 

survival, and activation of PLC-γ leading to cell survival, cell proliferation and 

vasopermeability with all pathways leading to angiogenesis.  
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CHAPTER 2 

 

CHARACTERIZATION OF LOW PASSAGE BREAST CANCER CELL LINES 

 

2.1 ABSTRACT 

Background.  Early cancer detection and individualized treatment based on tumor 

characteristics are goals of both the patient and the oncologist.  Providing this, however, 

hinges on the identification and subsequent development of more targeted therapies.  

Molecular profiling of tumors plays an important role in the development of targeted 

therapies, particularly as the heterogeneity of tumors are far more complex than originally 

thought.  This study was undertaken to characterize the molecular profile of a panel of low 

passage breast cancer cell lines with the assumption that they would haver higher 

connectivity to clinical breast tumors due to being more established breast cancer cell lines.  

Experimental Design.  Orthotopic tumor  xenografts grown in female scid mice were 

characterized using both molecular techniques and diffusion-weighted (DW) magnetic 

resonance imaging (MRI).   Results.  Of the 11 low passages cell lines that were inoculated, 

only two cell lines, ACC-3199 and ACC-3171 were able to be grown in vivo and transplanted 

serially for 3 passages.  In ACC-3199 tumor xenografts, a gain of protein pAKT, 

phosphatase and tensin homologue (PTEN) and VEGFR2 expression was observed 

compared to its in vitro expression.  Similarly, a gain of PTEN and VEGFR2 expression was 

observed in ACC-3171 tumor xenografts.  DW-MRI identified differences in pre-treatment 

tumor cellularity between ACC-3199 and ACC-3171 tumors.  ACC-3199 consistently had  

lower apparent diffusion coefficient (ADC) values compared to ACC-3171 tumors.  
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Conclusion.  These results identified molecular and cellular characteristics of ACC-3199 

and ACC-3171 cell lines in vivo.  

 

2.2 INTRODUCTION 

Breast cancer is the second leading cause of death in American women 4.  It is a 

heterogeneous disease in both histopathology and molecular profile, contributing to a variety 

of clinical outcomes.  As a result, patients have traditionally received numerous anti-cancer 

therapies that are often ineffective in route to finding the right treatment combination that 

will palliate symptoms and prolong life.  Response rates range from 10-70 % depending on 

the number of prior therapies, stage of disease, expression of estrogen receptors and 

individual tumor characteristics11, 81.   The elucidation of the vast heterogeneity of breast 

tumors5 has led to a paradigm shift from a one-size fits all treatment plan to more 

individualized treatment base on the molecular profile of the tumor.  

  

The phosphatidylinositol-3-kinase (PI3K) and vascular endothelial growth factor (VEGF) 

signaling cascades are two major pathways involved in tumor progression.  PI3K  is a key 

regulator of fundamental cellular functions including transcription, translation, proliferation, 

growth and survival 108, 109.  Constitutive activation of the PI3K-AKT signaling pathway has 

been associated with the development of cancer and drug resistance 110-112 as well as diabetes 

and autoimmunity 113, 114.  The phosphatase and tensin homologue (PTEN) tumor suppressor 

acts to convert phosphatidylinositol-3,4,5-trisphosphate (PIP3) back to phosphatidylinositol-

4,5-bisphosphate (PIP2) by removing the phosphate group from the 3-position of the 
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inositol ring .  It is inactivated through deletion or mutation in many cancers resulting in 

constitutively high levels of PIP3 109.   

 

Vascular endothelial growth factor (VEGF), a homodimeric glycoprotein plays a 

multifaceted role in tumor growth and metastasis in many epithelial derived cancers 

including colorectal 170, breast 171, lung 172, and cervical 173.  The hypoxic tumor cell has high 

levels of the transcription factors such as hypoxia inducible factor (HIF) that stimulate 

proangiogenic growth factors such as (VEGF),  platelet derived growth factor (PDGF) and  

angiopoietin-1 to be released.  In addition to inducing the sprouting and growth of new 

blood vessels, VEGF increases tumor vascular permeability allowing leakage of plasma 

proteins 164.  VEGF is an attractive target as it can be altered without affecting normal 

physiology and be used as a prognostic indicator of angiogenesis 174.   

 

Magnetic Resonance Imaging (MRI), a noninvasive technique that uses strong magnetic field 

gradients causing MR-active nuclei to resonate at field-dependent frequencies, has been used 

primarily for detection and staging of different diseases236-239. In the last decade, however, 

several MRI modalities including diffusion-weighted and dynamic contrast-enhanced MRI 

have been used not only to identify the location of the disease but also to assess response, 

diagnose and segment patients based on response, and better elucidate the mechanisms of 

therapy response and resistance.   

 

Diffusion-weighted MRI measures the random microscopic motion of water protons by 

measuring signal decay between two balanced pulses of magnetic field gradients240.  In 
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quantitative diffusion MRI, a series of images are obtained at different diffusion weightings 

(b-values), and the data are fit to the Stejskal-Tanner equation54 on a pixel-by-pixel basis to 

generate maps of the apparent diffusion coefficient (ADC).  Thus, ADC maps are able to 

detect microstructural changes in cell membrane integrity and alterations in intra- vs. 

extracellular compartments prior to changes in tumor volume that occur with therapy 55.  

DW-MRI has been used clinically to measure therapy response in brain tumors 73-78, 

gastrointestinal cancers 79, 83, 241, osteosarcomas 80 and metastatic breast cancer 81.    

 

Dynamic contrast-enhanced MRI has also played a significant role preclinically and clinically 

in assessing response to treatment based on tumor perfusion parameters of vascular volume, 

vascular permeability, and flow 57, 92, 103, 176, 242.  DCE-MRI follows the time course of signal 

enhancement on a pixel-by-pixel basis using a series of T1-weighted images following a 

bolus injection of a contrast agent into the circulation.  Serial images are acquired before, 

during and after injection the contrast agent, which is typically a chelate of gadolinium     

(Gd) 56, 57.  The intensity of enhancement as the contrast agent washes in and out of the 

intravascular and extravascular spaces provide information regarding vascular volume and 

permeability and can be used to discriminate between benign and malignant tissues.  Small 

molecular weight contrast agents such as gadolinium diethylenetriamine pentaacetic acid 

(GdDTPA) are currently being used extensively in the clinic.  However, these small 

molecular weight agents are not ideal to distinguish changes in perfusion that occur with 

therapy, because their wash-in and wash-out kinetics are so rapid, which necessitates rapid 

image acquisition and consequent reduction in image resolution.  Furthermore, the vascular 

permeability is generally high, and thus these small agents will continue to extravasate even 
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after therapy 52.  Larger molecular weight molecules are more attractive as they can 

discriminate between more or less leaky microvessels.  Hence, they may provide a fuller 

picture of the vasculature and permeability networks due to their longer intravascular 

retention times 53. 

 

The objective of this study was to characterize the molecular profile of a panel of low 

passage breast cancer cell lines obtained from patients at the Arizona Cancer  Center.  

Ultimately, the goal of this study is to add to the growing molecular profile of breast tumors 

with the intent of providing patients with treatment strategies based on their individual 

tumor characteristics thereby optimizing therapeutic responses and minimizing toxicities. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Cell Inoculation and Tumor Growth. A panel of 11 low passage breast cancer cell 

lines (Table 2.1) obtained from the Arizona Cancer Center were cultured in M15 media 

(Leibovitz’s L-15 medium buffered with 1 M Hepes plus the following additives per liter: 

Penicillin/Streptomycin, 200 mM Glutamine, 10 mg Transferrin, 10.5 M Hydrocortisone,  

10 mg Insulin, 5 mg of Catalase, 5 % PVP-360, 2 % Carboxymethylcellulose (CMC), 0.1 % 

Glutathione, DL-Ornithine and Orotic acid, 22 mg Mercaptoethanol and 10.5 M sodium 

selinite with 5 % fetal bovine serum without CO2).  Approximately 10 x 106 cells in 0.1 ml of 

0.9 % sterile saline plus matrigel (1:1) were injected subcutaneously into the axial and 

inguinal mammary fat pads of female severe combined immunodeficient (SCID) mice aged 4 

to 6 weeks (n=2/cell line; Arizona Cancer Center Experimental Mouse Shared Services, 

Tucson, AZ).  Once palpable tumors had formed, tumor diameters were measured twice 
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weekly at right angles (dshort and dlong) with electronic calipers and tumor volumes were 

calculated using the formula; volume = (dshort)
2 x (dlong) / 2 

243.  Tumors were grown to 

approximately 400 mm3-600 mm3 prior to imaging.  At the end of each imaging session, 

tumors were resected for reimplantation.  These tumors were cut in half and then cut again 

into 2 x 2 mm sections for immunohistochemistry and reimplantation via trochar into 

another set of 4 scid mice.  Tumors were reimplanted for 3 passages to establish a stable cell 

line.  All animal protocols were University of Arizona Institutional Animal Care and Use 

Committee approved. 

 

2.3.2 PAKT, Total AKT, PTEN, HIF-1α and VEGFR2 Protein Abundance.  Protein 

abundance was determined in total cell homogenates.  Tumor chunk samples were 

homogenized (model PowerGen 125, Fisher Scientific, Hampton, NH) in cell lysis buffer 

containing 50 mM Tris-HCl, 1 % Triton X-100, 150 mM NaCl, 2 mM EDTA.  Total protein 

concentrations were determined using the Bio-Rad Protein Assay Dye Reagent (Bio-Rad 

Laboratories, Inc., Hercules, California) with a bovine serum albumin standard.  Sample 

protein aliquots were denatured by heating for 5 min.  Proteins were then separated by size 

using a 10 % SDS-PAGE gel followed by transfer to polyvinylidene difluoride (PVDF) 

membrane using a Novex Mini-Cell Xcell II Blot Module (Invitrogen, Carlsbad, California).  

PVDF membranes were developed using a chemiluminescence system (Amersham 

Pharmacia, Uppsala, Sweden).  Western blot analysis for all probes was performed using 30-

40 µg of protein as previously described141.  Briefly, PVDF membranes were blocked using 5 

% nonfat dry milk in Tris phosphate-buffered saline with Tween 20 (4.3 mM Na2PO4,        

1.4 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl, 0.1 % Tween 20, pH 7.3) for 1 h at room 
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temperature on a shaker.  Blots were probed overnight at 4 °C for rabbit antihuman pAKT 

(60 kDa; Cell Signaling Technology, Danvers, MA), rabbit antihuman Total AKT (60 kDa; 

Cell Signaling Technology, Danvers, MA), mouse monoclonal IgG PTEN (60 kDa; Cascade 

Bioscience, Winchester, MA), and rabbit monoclonal VEGFR2 (210 kDa; Cell Signaling 

Technology, Danvers, MA) all at a 1:1000 dilution.  Additionally, mouse antihuman HIF-1α 

(120 kDa; Transduction Laboratories, Lexington, KY) at a dilution of 1:250 was used.  

Primary antibodies were followed by TBST washes at room temperature (3 × 5 min).  The 

secondary antibody, horseradish peroxidase (HRP) conjugated goat anti-rabbit or goat anti-

mouse immunoglobulin G, was added at room temperature for 1 h at a 1:10000 dilution 

followed by TBST washes at room temperature (3 × 10 min).  The membranes were then 

developed using the chemiluminesence kit.   

 

2.3.3 Immunohistochemistry. Tumor chunk samples approximately 2 x 2 mm each were 

fixed in neutral buffered formalin plus phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St. 

Louis, MO) for 24 h followed by storage in 70 % ethanol. Formalin-fixed, paraffin-

embedded sections sliced to approximately 3 µm thickness were deparaffinized and 

conditioned via antigen retrieval prior to primary antibody staining.  The slides were stained 

by the Tissue Acquisition and Cellular Macromolecular Analysis Shared Service (TACMASS) 

of the Arizona Cancer Center for pAKT (1:60; Cell Signaling Technology, Danvers, MA), 

PTEN (1:50; Cell Signaling Technology, Danvers, MA), HIF-1α (1:50; Transduction 

Laboratories, Lexington, KY), VEGFR1 (1:10; NeoMarkers, Fremont, CA) and CD31 

(prediluted, Ventana Medical Systems, Tucson, AZ) on a Discovery XT Automated 
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Immunostainer (Ventana Medical Systems, Inc (VMSI).  Biotinylated universal mouse and 

rabbit secondary antibodies (Ventana Medical Systems, Tucson, AZ) were applied followed 

by detection with streptavidin-HRP and diaminobenzidine (DAB).  Deparaffinization, cell 

conditioning (antigen retrieval), primary antibody staining, detection and hematoxylin 

counterstaining were performed on this instrument using VMSI validated reagents.  

Following staining, slides were dehydrated through graded ethanol washes, cleared by xylene, 

and cover slipped with Pro-Texx mounting medium.  Images were captured under 4 X and 

20 X objectives using a Nikon Labophot-2 and Paxcam digital camera and PaxIt imaging 

software program (MIS, Villa Park, IL).  Images were standardized for light intensity.   

 

2.3.4 MRI Acquisition. All MRI experiments were performed on a 4.7 Tesla (T) imaging 

spectrometer (Bruker, Karlsuhe, Germany) equipped with an actively shielded gradient coil 

capable of 150 mT/m.  All animals were anesthetized with 1.5 % isoflurane delivered in O2, 

at 1.0 liter per minute (LPM) with temperatures continuously monitored using a rectal 

Luxtron® fluoroptic thermometer (Luxtron, Santa Clara, CA).  An external heater was used 

to maintain core body temperature between 36-37 °C during the course of the imaging 

experiments. 

 

2.3.5 Diffusion-Weighted MRI. Contiguous axial 2.0 mm slices were prescribed using an 

isotropic diffusion-weighted radial acquisition of data sequence. Diffusion-weighted images 

were acquired using the following parameters: TR = 2000 ms, TE = 36 ms, matrix size = 

128 mm x 128 mm, FOV = 2.56 mm x 2.56 mm.  At each slice location, images were 

obtained at three b values (25, 500, 950 sec/mm2) [b = γ2Gd
2∂2(∆- ∂/3), where Gd is the 
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strength of the diffusion weighting gradient, γ is the gyromagnetic ratio for protons (42.58 

MHz/T) and where ∂ and ∆ represent the duration and separation of diffusion gradients 

respectively] over 20 min.  

 

2.3.6 Diffusion-Weighted MRI Data Processing. Apparent diffusion coefficient maps 

were generated by fitting three b values to the Stejskal-Tanner equation, S = S0 e
-bADC, where 

S0 is the signal intensity with no diffusion weighting, ADC is the apparent diffusion 

coefficient and ‘b’ is the b-value as described above.  ADC maps were quantitated and 

analyzed using programs written in Interactive Data Language (IDL; Research Systems, 

Boulder, CO).  Hand-drawn regions of interest (ROI) around the corresponding tumor were 

used to generate the ADC distribution histograms  

 

2.3.7 Statistical Analysis.  Tumor growth significance was determined using a repeated 

measures one-way analysis of variance (ANOVA).  Molecular characterization significance 

was determined using a Student’s t-test.  Statistical significance was defined as P ≤ 0.05.    

 

2.4 RESULTS 

2.4.1 Tumor Growth.  A panel of low passage breast cancer cell lines were inoculated into 

the axial and inguinal mammary fat pads of 4-6 week old female SCID mice.  Of these, only 

4 cell lines (ACC-2150, ACC-3199, ACC-3171, and ACC-893) grew to the predetermined 

tumor volume size of 350-400 mm3.  The tumor growth rates of ACC-2150, ACC-3199, 

ACC-3171 and ACC-893 were 4.35 mm3/d, 22.10 mm3/d, 4.90 mm3/d and 2.30mm3/d, 
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respectively (Figure 2.1a, Table 2.2).  Of these cell lines, only ACC-3199 and ACC-3171 were 

able to be serially reimplanted for 3 passages.  A delay in tumor growth rate and an incease in 

doubling time was observed in ACC-3199 tumor xenografts but remained consistent in  

ACC-3171 tumor xenografts throughout the 3 passages (Figure 2.1b and 2.1c, Table 2.2).  

 

2.4.2 Expression of Target Proteins in the PI3K-AKT and VEGF Signaling Pathways.    

Western blots were performed for pAKT, Total AKT, PTEN, HIF-1α and VEGFR2 in 

ACC-3199 and ACC-3171 cell lines to determine if altered protein expression existed 

between cultured cells and tumor tissue homogenates (Figure 2.2; Table 2.3).  The pAKT 

levels were not statistically different in either cell line although there was a trend for 

significant decrease in the ACC-3199 cell line (P=0.056; Figure 2.3).  However, a statistically 

significant decrease in total AKT levels were observed in tumor tissue homogenates 

compared to cultured cells in both ACC-3171 and ACC-3199 cell lines ( P= 0.0333 and     

P= 0.0127, respectively). 

 

PTEN protein levels were significantly increased in ACC-3171 and ACC-3199 tumor tissues 

compared to cultured cells (Figure 2.4).  VEGFR2 protein levels were also increased in both 

cell lines (Figure 2.5).  HIF-1α expression was not altered in the ACC-3171 cell line 

however, in the ACC-3199 cell line, a loss of protein expression was observed in vivo.          

β-Actin was used as the loading control for all targets and total Akt was used as a reference 

for pAKT (Figure 2.2). 
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2.4.3 Immunohistochemical Evaluation of Target Protein Expression.  The 

immunohistochemical detection of pAKT and PTEN were used as an index of activation of 

the PI3K-AKT signaling pathway, whereas HIF-1α, CD31, and VEGFR1 were indicators of 

angiogenesis and the tumor microenvironment (Figure 2.6).  The immunohistochemical 

detection of pAKT in ACC-3171 tumors were comparable to that of western blot analysis 

and consistent throughout the three passages (Figure 2.7).  In ACC-3199 tumors, pAKT 

expression was not detected using a 20 X objective however, heterogenous expression was 

observed at a lower 4 X objective (Figure 2.6, 2.7).  PTEN expression was not detected in 

either ACC-3199 or ACC-3171 xenografts via immunohistochemistry despite detection in 

western blots.  However, it is important to note here that the immunohistochemical staining 

of PTEN had not been validated at the time.  HIF-1α expression was observed in ACC-3199 

and ACC-3171 tumor xenografts in contrast to western blot data.  CD31 and VEGFR1 

protein expression was detected in both cell lines. 

 

2.4.4 Apparent Diffusion Coefficient of ACC-3199 and ACC-3171 Tumor Xenografts.  

Diffusion-weighted MRI was used to characterize the apparent diffusion coefficient of water 

in both cell lines.  Regions of Interest (ROI) defining the tumor were used to generate ADC 

distribution histograms.  A right shift in tumor water diffusion was observed in ACC-3171 

tumor xenografts (mean ADC: 1242.8 mm2/sec) compared to ACC-3199 tumor xenografts 

(mean ADC: 658.9 mm2/sec), indicating a higher percentage of extracellular extravascular 

space in ACC-3171 tumors (Figure 2.8). The percent pixels above ADC values revealed a 

normal distribution of values (Figure 2.9). 
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2.5 DISCUSSION 

The goal of this study was to identify cell lines that would grow as orthotopic tumor 

xenografts followed by the molecular characterization of these cell lines in vivo.  Human 

breast tumors are one of the most difficult to grow as xenotransplants with take rates of 

about 27 % compared to take rates of 50-70 % that are seen in colorectal, ovarian, 

melanomas and lung tumors 244.  Of the 11 cell lines that were inoculated, only 4 cell lines 

(ACC-2150, ACC-3199, ACC-3171, and ACC-893) grew through the first passage.  Of these 

4 cell lines, only two cell lines (ACC-3199 and ACC-3171) were able to be serially 

transplanted for 3 passages.  Although these numbers appear disappointingly low, they are in 

agreement with the literature that  reports only one-half of cell lines growing in the first 

passage as becoming established lines 245, 246.  The tumor growth rate and doubling time of 

the ACC-3199 and ACC-3171 tumor xenografts through the three passages is in contrast to 

the literature that cites typically shorter latency and doubling times with subsequent passages 

247-250.  Moreover, ER- tumors typically have more rapid doubling times compared to ER+ 

tumors251 .  That being said heterotransplants have been shown to have varied growth rates 

and increasing doubling times between passages252.  The reason for differences in growth 

rates is multifactorial.  A few reasons include the proliferative activity of the tumor cell, rate 

of cell loss, and size of growth fraction244, 253.  Other issues include dilution of the stem cell 

population, the lower take rate of surgical tissue compared cell culture, the time between 

removal of the surgical tissue and reimplantation into another host, and handling of the 

tissue 244.  Our results are most likely a combination of all these possibilities.  It is possible 

that the tumor chunks that were serially reimplanted contained a high proportion of non-
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proliferating tumor cells along with stroma and other material contributing to the small 

growth fractions and longer doubling time.  However, in the ACC-3171 tumor xenografts, 

the tumor growth rate and doubling time was more stable compared to the ACC-3199 

xenografts despite the slow growing nature of this tumor that typically contributes to more 

inter-tumor variability 253.  In the future, a more precise way to assess growth rate and 

doubling time between passages would be to grow out the cells from each passage in vitro 

and then inoculate these cells into the host animal. 

 
Serially passaging of the tumor did not appear to affect protein expression of target proteins 

involved in the PI3K-AKT proliferative and angiogenic pathways between passages (data 

not shown).  However, a difference was noted in both cell lines between in vitro and in vivo 

expression of target proteins.  Although non-significant, a gain of expression was observed 

for pAKT in ACC-3199 tumor tissue homogenates compared to cultured cells.  Moreover, 

immunohistochemistry detected regional expression of pAKT in antibody stained sections.  

Our results support the literature that tumors are heterogenous by nature and that triple-

negative breast cancers are typically characterized as having increased phosphorylation of 

AKT kinase254.  Total AKT protein expression in both cell lines were statistically decreased 

in tumor tissue homogenates compared to cultured cells.  As pAKT levels increased in vivo, 

total AKT was statistically decreased. 

 

Inconsistent with the literature was our PTEN protein levels in the ACC-3199 cell line.   

In vitro, we observed that in the presence of a small amount of PTEN, no detectable  

levels of pAKT were observed.  However, in tumor tissue homogenates, a 50 % increase in 
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PTEN protein compared to in vitro levels did not appear to decrease pAKT levels.  It is likely 

that either the PTEN in tumor tissue homgenates was inactivated contributing to the gain of 

pAKT levels or that the non-pAKT expressing tumor cells, as seen by the heterogenous 

expression in histology, were responsible for elevated PTEN protein levels.  Further 

mechanistic studies are needed to identify PTEN inactivation in ACC-3199 tumors.  

 

VEGFR2 protein abundance was significally increased in tumor tissue compared to cultured 

cells in both ACC-3199 and ACC-3171 cell lines.  These results are likely the result of the 

unique nature of triple negative breast cancers and the influences of the tumor 

microenvironment.  Tumor cell growth in vitro is primarily a controlled and superficial 

environment and although it provides valuable information, it does not accurately reflect the 

tumor microenviroment.  Environmental factors such as tumor oxygen60, tumor pH, the 

introduction of a vascular network, increased tumor cell proliferative activity, and crosstalk 

between other signaling pathways all potentially contribute to a gain of   function60, 62.  It is 

therefore likely that this protein was activated in order to meet the nutritional and 

environmental demands of the tumor.  HIF-1α is upregulated in the hypoxic tumor however, 

protein levels were not detectable in vivo in either cell line.  Speed and accuracy are needed to 

work with this protein as it is unstable and degrades rapidly.  It is likely that the protein was 

degraded in the western blot samples.   

 

Diffusion-weighted MRI is able to characterize the microstructure of tumor tissues.  

Specifically, higher ADC values can be attributed to increased cell membrane permeability, 

or decreases in cell volume, arising from cell shrinkage due to apoptosis, or vasogenic 
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edema57.  Vasogenic edema typically results from high vessel permeability allowing for the 

movement of water and proteins into the interstitium57.  In these studies, DW-MRI 

identified two different profiles; lower ADC values in ACC-3199 tumors were observed 

compared to ACC-3171 tumors.  Additionally, the quantitative distribution of ADC values in 

both cell lines increased throughout the passaging of the tumor, indicating the accumulation 

of additional extracellular volume (edema) with each passage.  Using the predicted 

correlation of ADC value and extracellular fraction by Galons and associates55, the ACC-

3199 tumors had a higher cell density than did ACC-3171 tumors. This information is 

particularly useful in predicting response to therapy and in understanding why tumors with a  

low pretherapy ADC value are more likely to respond to therapy 83, 84. 
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Table 2.1 Low Passage Breast Cancer Cell Lines 
Cell No. 2715 2925 732 2648 3133 1179 2087 2150 3199 3171 893 812 
Path id id A id l A A id id met id id 
Location pl as pl pl pl pl pl pl ax ax br br 

Grown in 

vivo 

 - - - - - - - + + - - 

pAkt + ++ - - + + + ++ - ++ ++ + 
HIF - - - - - - + - ++ ++ + + 
ER/PR +/+ -/- -/+ +/+ +/- +/+ -/- +/+ -/- -/- -/- +/- 
blank = not determined;  
id/met/l/A = infiltrating ductal/metastatic/lobular/adenocarcinoma; 
pl = pleural; as = ascites; br = primary; ax = axillary node 
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Table 2.3 Molecular Profile of ACC-3199 and ACC-3171 Tumors 
Cell No. 3199 3171 
Path id met 

Location ax ax 
Grown in vivo + + 

 in vitro/in vivo in vitro/in vivo 
pAkt -/+ +/+ 
PTEN +/+ -/+ 

HIF-1αααα +/+* -/- 
VEGFR2 +/+ -/+ 
HER2 - - 
EGF-R + - 
ER - - 
PR - - 

id = infiltrating ductal; ax = axillary node; met = metastatic;  *= low detectable levels 

 

 

 

  

 
Table 2.2 Growth Rate and Doubling Time of Tumor Xenografts 
Cell No. Growth Rate (mm3/d)/Doubling Time (d) 

 Passage 1 Passage 2 Passage 3 

ACC-893 2.30/48.20   
ACC-2150 4.35/17.65   
ACC-3199 22.10/3.18 12.50/7.55 4.80/13.50 

ACC-3171 4.90/16.40 3.76/28.12 3.95/18.36 
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Table 2.4 ADC Values of ACC-3199 and ACC-3171 Tumor Xenografts 
 

 

 

 

 

 

  

ACC-3199 Passage Total Pixels Tumor Volume 
(mm3) 

ADC Value 
(mm2/sec) 

A31 1 3998 527.0 787.2   ± 245.9 

A71 1 1883 319.0 530.5   ± 218.8 
AD1 2 3926 743.0 959.3   ± 537.0 

AG2 2 1971 455.0 1001.1 ± 368.3 

B01 3 6417 528.0 1295.3 ± 884.5 

BP1 3 2329 500.0 1632.9 ± 939.6 
BU2 3 4643 650.0 773.8   ± 345.9 

BQ2 3 5107 650.0 805.2   ± 390.7 

BV1 3 4551 560.0 982.2   ± 568.7 

BU1 3 5004 500.0 1374.5 ± 921.5 

ACC-3171   

BA1 1 2925 384.0 1019.2 ± 302.6 

AW1 1 1363 446.0 1466.4 ± 503.7 

C51 2 2796 527.0 1064.0 ± 421.6 

C62 2 1366 446.0 1496.1 ± 452.3 

CW1 2 2691 294.0 1414.9 ± 578.8 

CP1 2 3441 486.0 1769.7 ± 567.1 

CQ1 2 3409 550.0 869.6   ± 239.3 

DD2 3 5199 525.0 1353.8 ± 498.6 

DD1 3 2413 500.0 1324. 1± 659.9 
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Figure 2.1 Tumor Growth Curves.  Female scid mice were inoculated with 10 x 106 cells. 

A. Growth curves of ACC-3199, ACC-3171, ACC-893 and ACC-2150 tumor xenografts. 

B. Tumor growth curves of serially transplanted ACC-3199 and C. ACC-3171 tumor 

xenografts.  
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Figure 2.2 In Vitro and In Vivo Target Protein Expression in ACC-3199 and ACC-

3171 Cell Lines.  Western blot of pAKT, Total AKT, PTEN, VEGFR2 and HIF-1α in 

ACC-3199 and ACC-3171 cell lines.  β-Actin was used as the loading control. Cell lines 

denoted with ‘cc’ and ‘im’ indicate protein expression in ‘cultured cells’ and ‘in mice’, 

respectively.  
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Figure 2.3 PAKT and Total AKT Protein Expression in ACC-3199 and ACC-3171 

Cultured Cells and Tumor Xenografts.  Cell lines denoted with ‘cc’ and ‘im’ indicate 

protein expression in ‘cultured cells’ and ‘in mice’, respectively. In cultured cells and in 

tumor tissue homogenates, pAKT expression was not significantly different in either 

cell line. Total AKT expression was however statistically decreased in both ACC-3171 

(P=0.0333) and ACC-3199 (P=0.0127) cell lines between cultured cells and tumor 

tissue homogenates.  Data are represented as mean ± SD. Significant difference 

between protein expression (P ≤ 0.05).  
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Figure 2.4 PTEN Protein Expression in ACC-3199 and ACC-3171 Cultured 

Cells and Tumor Xenografts.  Cell lines denoted with ‘cc’ and ‘im’ indicate protein 

expression in ‘cultured cells’ and ‘in mice’, respectively. PTEN protein levels were 

elevated in tumor tissue compared to cultured cells in both ACC-3199 and ACC-3171 

cell lines. Data are represented as mean ± SD. Significant difference between protein 

expression (P ≤ 0.05).  
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Figure 2.5 VEGFR2 Protein Expression in ACC-3171 and ACC-3199 Cultured Cells 

and Tumor Xenografts.  Cell lines denoted with ‘cc’ and ‘im’ indicate protein expression 

in ‘cultured cells’ and ‘in mice’, respectively.  VEGFR2 protein levels were increased in 

tumor tissue compared to cultured cells in both cell lines.  Data are represented as        

mean ± SD.  Significant difference between protein expression (P ≤ 0.05).  
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Figure 2.6 Immunohistochemical Assessment of Target Proteins Involved in the 

PI3K-AKT and Angiogenic Pathways.  Representative histologic findings in ACC-3199 

(A, C, E, G) and ACC-3171 (B, D, F, H) tumors.  Staining of pAKT revealed no detectable 

levels in ACC-3199 tumors (A) compared to strong staining in ACC-3171 tumors (B; brown 

staining).  HIF-1α staining in ACC-3199 (C) and ACC-3171 tumors (D) is represented by 

diffuse regions of staining (regions of brown staining).   CD31 staining of tumor sections 

revealed less microvessel density in ACC-3199 tumors (E) compared to ACC-3171 tumors 

(F; brown staining of vessels).  VEGFR1 was strongly expressed in both ACC-3199 and 

ACC-3171 tumors (G and H, respectively). Magnification, 20X. 
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Figure 2.7 PAKT Staining in ACC-3199 and ACC-3171 Tumors at Different Tumor 

Passages.  Passaging of ACC-3199 tumors (top row) revealed heterogenous expression 

that was maintained throughout the passages (representative areas encircled). Similarly, 

pAKT staining was strongly expressed in ACC-3171 tumors (bottom row) throughout  

the passaging of the tumor.  Magnification, 4X (ACC-3199) and 20X (ACC-3171). 
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Figure 2.8 Representative ADC Maps and Histograms of ACC-3199 and ACC-3171 

Tumor Xenografts. ADC histograms reveal a right shift in the mean apparent diffusion 

coefficient (ADC) value of water in ACC-3171 tumors (ADC = 1242.8 mm2/sec; pink 

histogram) compared to ACC-3199 tumors (658.9 mm2/sec; black histogram). 
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Figure 2.9 ADC Distribution in Representative ACC-3199 and ACC-3171 Tumors at  

Different Passages.  Data from each column represents a whole tumor of a single  

representative mouse.  Each row represents the percentageof pixels above the ADC value.  

At each passage through the mouse, an increase in ADC value in both ACC-3199 and  

ACC-3171 tumors were observed. 
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CHAPTER 3 

 

DIFFUSION-WEIGHTED AND DYNAMIC CONTRAST-ENHANCED MRI AS 

AN EARLY PREDICTOR OF RESPONSE TO PI3K INHIBITION IN  

ACC-3199 TUMOR XENOGRAFTS 

 

3.1 ABSTRACT 

Background.  The early identification of effective cancer treatment combinations minimize 

toxicities associated with ineffective therapies and potentially provides patients with better 

overall survival.  Biomarkers that identify early response to treatment are proving to be 

important in oncology.  In a pilot study, we evaluated the ability of diffusion-weighted (DW) 

and dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) to quantitatively 

predict the early response of PX-866, a PI3K inhibitor, in a preclinical model of breast 

cancer.  Experimental Design.  Female scid mice (n=9) inoculated with the human breast 

cancer cell line ACC-3199 were treated orally with a single 10mg/kg dose of PX-866 and 

evaluated using diffusion-weighted MRI for quantitative changes in tumor cellularity.  

Additionally, tumor hemodynamics following a bolus injection of BSA-GdDTPA and 

gadodiamide were evaluated using DCE-MRI at day 0 and day 2 following treatment.  

Results.  PX-866 treatment resulted in tumor growth inhibition.  Additionally, DW-MRI 

was able to identify three animals as responders (P= 0.0196) and three as non-responders 

(P=0.4361).  However, a single injection of PX-866 did not appear to inhibit angiogenesis.  

DCE-MRI identified increases in tumor permeability following treatment.  Conclusion.  

These results suggest that DW-MRI may be useful in predicting early tumor cellularity 

changes in triple negative breast tumors. 
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3.2 INTRODUCTION 

 Approximately 15 % of breast cancers are identified as triple negatives (ER-/PR-/HER2-) 

255,256.  Triple negative breast tumors are typically more aggressive and are associated with 

poorer overall survival 255, 257, 258.  These cancers are not amenable to hormonal therapies such 

as tamoxifen or aromatase inhibitors or HER2 targeted therapies.  Thus, conventional 

chemotherapy remains the only option as these patients lack a validated target to exploit.  As 

a result, these patients are subjected to numerous therapies with varying responses.  

Therefore, biomarkers that identify early response to treatment are particularly important in 

this subset of patients.  

 

The phosphatidylinositol-3-kinase (PI3K)–AKT (thymoma in AKR mouse) signaling 

pathway is the most frequently mutated or overexpressed pathway in human cancers.  PI3K 

is a key regulator of fundamental cellular functions including transcription, translation, 

proliferation, growth and survival 108, 109.  Constitutive activation of the PI3K-AKT pathway 

has been associated with the development of cancer and drug resistance 110-112 as well as 

diabetes and autroimmunity 113, 114.  Receptor tyrosine kinases (RTK) such as epidermal 

growth factor receptor, HER2 receptor, and insulin-like growth factor receptor 1 can 

activate the PI3K signaling cascade via recruitment of the 85 kDa regulatory subunit of 

PI3K to the phosphotyrosine residues located on the cytoplasmic tail of the receptor.  The 

110 kDa catalytic subunit of PI3K phosphorylates the 3’-OH group of a the 

phosphatidylinositol ring to produce phosphatidylinositol-3,4,5-trisphosphate (PIP3).  Once 

generated, PIP3 acts as a scaffold for the recruitment of plekstrin-homology (PH) domain 
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containing kinases (i.e. AKT and PDK1) to the plasma membrane.  The phosphatase and 

tensin homologue (PTEN) tumor suppressor acts to convert PIP3 back to PIP2.  It is 

inactivated through deletion or mutation in many cancers resulting in constitutively high 

levels of PIP3 and cell survival 109.  AKT, a 57 kDa member of the Ser/Thr kinase family,  

acts downstream of PI3K to regulate processes involved in cell survival and proliferation 115.   

Three mammalian AKT isoforms, AKT1 (PKB α), AKT2 (PKB β) and AKT3 (PKB γ) are 

widely expressed in various tissues via binding of the PH domain to PIP3 allowing for the 

translocation of AKT to the plasma membrane where it is activated via phosphorylation of 

Thr308 and Ser473 by membrane kinases, such as phosphoinositide-dependent kinase 1 and 2 , 

PDK1 and PDK2 112, 116-118.  Activated  p-AKT phosphorylates a number of downstream 

targets that are involved in cell growth, metabolism and survival. 

 

The wortmannin analog, PX-866, is a biologically stable broad spectrum PI3K inhibitor with 

selectivity for the catalytic subunit p110α .  PX-866 has demonstrated single agent antitumor 

activity in A549 human non-small cell lung (NSCLC) and human ovarian (OvCar-3) tumor 

xenografts grown in scid mice when administered orally or intravenously as well as increases 

in the antitumor effects of cisplatin and radiation treatment 118, 259. 

 

Magnetic Resonance Imaging (MRI) is a noninvasive technique that uses strong magnetic 

field gradients to obtain information regarding tumor cellularity, vascularization, metabolism 

and pathophysiology52, 53.  Diffusion-weighted and dynamic contrast-enhanced MRI are two 

imaging modalities that are being used increasingly to assess response to therapy and better 

elucidate the mechanisms of therapy response and resistance57, 76, 88, 232, 260.   



 108 

Diffusion-weighted MRI measures the random microscopic motion of water protons by 

measuring signal decay between two balanced pulses of magnetic field gradients240.  In 

quantitative diffusion-weighted MRI, a series of images are obtained at different b-values, 

and the data are fit to the Stejskal-Tanner equation54 on a pixel-by-pixel basis to generate 

maps of the apparent diffusion coefficient (ADC).  ADC maps are able to detect 

microstructural changes in cell membrane integrity and alterations in intra- vs. extracellular 

compartments prior to changes in tumor volume that occur with therapy 55.  Diffusion-

weighted MRI has been used clinically to measure therapy response in brain tumors 73-78, GI 

cancers 79, 83, 241, osteosarcomas 80 and metastatic breast cancer 81.    

 

Dynamic contrast-enhanced MRI has also played a significant role preclinically and clinically 

in assessing response to treatment based on tumor perfusion parameters of vascular volume, 

vascular permeability, and flow 57, 92, 103, 176, 242.  DCE-MRI follows the time course of signal 

enhancement on a pixel-by-pixel basis using a series of T1-weighted images following a 

bolus injection of the contrast agent into the circulation.  Serial images are acquired before, 

during and after injection of the contrast agent, which is typically a chelate of  gadolinium 

(Gd) 56, 57.  The intensity of enhancement as the contrast agent washes-in and washes-out of 

the intravascular and extravascular spaces provide information regarding the vascular volume 

and permeability and can be used to discriminate between benign and malignant tissues. 

Small molecular weight contrast agents such as GdDTPA are currently being used 

extensively in the clinic.  However, these small molecular weight agents are not ideal to 

distinguish changes in perfusion that occur with therapy, because their wash-in and wash-out 

kinetics are so rapid, which necessitates rapid image acquisition resulting in reduced image 
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resolution.  Furthermore, the vascular permeability is generally high, and thus these small 

agents will continue to extravasate even after therapy 52.  Larger molecular weight molecules 

are more attractive as they can discriminate between more or less leaky microvessels.  Hence, 

they may provide a more complete picture of the vasculature and permeability networks due 

to their longer intravascular retention times 53.  Prior work in our laboratory identified 

increases in ADC values in HT-29 tumor xenografts at 48 h following a single injection of    

PX-866.  Thus, this study provided the basis for the 48 h timepoint used in the current study 

to investigate the response of ACC-3199 tumor xenografts to PX-866 using diffusion-

weighted and dynamic contrast-enhanced MRI. 

 

3.3 MATERIAL AND METHODS 

3.3.1 Tumor Model.  Arizona Cancer Center (ACC)-3199 cells  were cultured in M15 media 

(Leibovitz’s L-15 medium buffered with 1 M Hepes plus the following additives per liter: 

Penicillin/Streptomycin, 200 mM Glutamine, 10 mg Transferrin, 10.5 M Hydrocortisone,    

10 mg Insulin, 5 mg of Catalase, 5 % PVP-360, 2 % Carboxymethylcellulose (CMC), 0.1 % 

Glutathione, DL-Ornithine and Orotic acid, 22 mg Mercaptoethanol and 10.5 M sodium 

selinite) with 5 % fetal bovine serum without CO2 .  Approximately 10 x 106 cells in 0.1 ml of 

0.9 % sterile saline plus matrigel (1:1) were injected subcutaneously into the inguinal 

mammary fat pad of female severe combined immunodeficient (SCID) mice aged 4 to 6 

weeks (Arizona Cancer Ceter Experimental Mouse Shared Services, Tucson, AZ).  Once 

palpable tumors had formed, tumor diameters were measured twice weekly at right angles 

(dshort and dlong) with electronic calipers and tumor volumes were calculated using the formula 

volume = (dshort)
2 x (dlong) / 2 

243.  Tumors were grown to approximately 400 mm3 prior to 
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imaging.  All animal protocols were University of Arizona Institutional Animal Care and Use 

Committee approved. 

 

3.3.2 Treatment.  PX-866 was provided by Sigma-Aldrich (St. Louis, MO) and prepared in                

0.9 % sterile saline and 2 % ETOH and administered as a single oral dose at 10 mg/kg.          

Pre-treatment and 48 h post-treatment images were taken.  The time to progression (TTP) 

was determined as the the time it takes the tumor to grow to 150 % of its pre-treatment 

volume, and this was expressed relative to untreated controls. 

 

3.3.3 Biotinyl-BSA-GdDTPA Synthesis 261. Bovine serum albumin (BSA; ~67 kDa) was 

labeled with gadolinium diethylenetriamine pentaacetic acid (GdDTPA) as previously 

described 262, 263.  Briefly, the protein dissolved in sodium bicarbonate was reacted in a molar 

ratio of 1:9 with N-hydroxysuccinimidobiotin (Sigma Aldrich, St. Louis, MO) dissolved in 

demethyl-formamide.  DTPA suspended in DMSO was added to the solution followed by 

mixing with gadolinium (III) chloride dissolved in sodium acetate buffer. The lyophilized 

biotinyl-BSA-GdDTPA product was stored at 4˚C and reconstituted in PBS when needed. 

These steps were calibrated to a protocol that provided a known amount of Gadolinium per 

molecule. 

 

3.3.4 MRI Acquisition. All MRI experiments were performed on a 4.7 Tesla (T) imaging 

spectrometer (Bruker, Karlsuhe, Germany) equipped with an actively shielded gradient coil 

capable of 150 mT/m.  All animals were anesthetized with 1.5 % isoflurane delivered in O2 
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at 1.0 liter per minute (LPM) with temperatures being continuously monitored using a rectal 

Luxtron® fluoroptic thermometer (Luxtron, Santa Clara, CA).  An external heater was used 

to maintain core body temperature between 36-37°C during the course of the imaging 

experiments. BSA-GdDTPA and gadodiamide (Omniscan, GE HealthCare, UK) were 

injected via tail vein catheter with a 27.5 gauge needle connected to a PE-20 polyethylene 

tubing. 

 

3.3.5 Diffusion-Weighted MRI. Contiguous axial 2.0 mm slices were prescribed using an 

isotropic diffusion-weighted radial acquisition of data sequence. Diffusion-Weighted images 

were acquired using the following parameters: TR = 2000 ms, TE = 40 ms, matrix size = 

128 mm x 128 mm, FOV = 3.0 mm x 3.0 mm.  At each slice location, images were obtained 

at three b values (25, 500, 950 sec/mm2) [b = γ2Gd
2∂2(∆ - ∂/3), where Gd is the strength of 

the diffusion weighting gradient and γ is the gyromagnetic ratio for protons (42.58 MHz/T) 

and ∂ and ∆ represent duration and separation of diffusion gradients, respectively] over 20 

min. 

  

3.3.6 Diffusion-Weighted MRI Data Processing. Apparent diffusion coefficient maps 

were generated by fitting three b values to the Stejskal-Tanner equation, S = S0 e
-bADC , where 

S0 is the signal intensity with no diffusion weighting, S is the signal intensity with diffusion 

weighting, ADC is the apparent diffusion coefficient and ‘b’ is the b-value described 

previously.  The greater the b-value, the greater the diffusion-weighting.  ADC maps were 
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analyzed using programs written in Interactive Data Language (Research Systems, Boulder, 

CO).  Hand-drawn regions of interest (ROIs) around the corresponding tumor were used to 

generate the ADC distribution histograms.   

 

3.3.7 Dynamic Contrast-Enhanced MRI.  A series of 2D spin echo images at four 

different recovery time (TR) values were acquired prior to injection of the contrast agent to 

generate a T1 map (TR = 100, 500, 1000, & 8000 ms, TE = 8.0 ms,  FOV = 3.0 mm  x  3.0 

mm, slice thickness = 2.0 mm, matrix size = 128 mm x 128 mm).  The post-contrast, 

dynamic series of T1-weighted images were collected following injection of BSA-GdDTPA 

and gadodiamide (Omniscan, GE HealthCare, UK).  BSA-GdDTPA (200ul of 0.01 

mmol/kg) was injected first using the following parameters: TR = 200 ms, TE = 5.5 ms, 

FOV = 3.0 mm x 3.0 mm, slice thickness = 2.0mm, matrix size = 128 mm x 128 mm, NR = 

140 with images being acquired over 1h.  Following this, a dynamic series of images were 

obtained following injection of gadodiamide (100ul of 0.1mmol/kg) over 30 min using the 

same parameters as that of BSA-GdDTPA except for NR = 70.  Following the gadodiamide 

injection, 0.1 ml of heparinized saline was used to flush residual contrast agent out of the 

line and into the circulation.  Data were analyzed using programs written in Interactive Data 

Language (Research Systems, Boulder, CO). The signal enhancement in the DCE data was 

converted to BSA-GdDTPA and gadodiamide concentrations using the relaxivity of the 

contrast agents which were 173.0 mM-1 s-1 for BSA-GdDTPA and 3.0 mM-1 s-1 for 

gadodiamide as measured in vitro.  The generation of a signal enhancement versus time curve, 

and quantitative evaluation of that curve enables absolute measurements of the extravascular 



 113 

extracellular fractional volume (ve), the volume transfer constant between the blood plasma, 

ve (K
trans), and the rate constant, kep, between ve and blood plasma in the tumor tissue.  

 

3.3.8 Statistical Analysis.   The effect of treatment on tumor growth was determined using 

a repeated measures one-way analysis of variance (ANOVA).  The effect of treatment on 

apparent water diffusion and hemodynamic changes were determined using a Student’s t 

test.  Statistical significance was defined as P ≤ 0.05.    

 

3.4 RESULTS 

3.4.1 Antitumor Activity of PX-866.  The antitumor activity of PX-866 was investigated in 

ACC-3199 tumors xenografts.  PX-866 was administered orally at a single dose at 50 % of its 

maximum tolerated dose (MTD).  Tumor volumes were measured twice weekly followed by 

treatment starting at volumes of 400-450 mm3.  Significant tumor growth inhibition was 

observed in all animals following treatment compared to untreated controls (Figure 3.1).  A 

mean tumor growth delay of 31.4 delays was observed in treated animals compared to 

untreated animals.  No toxicity was observed. 

 

3.4.2 Early Changes in Tumor ADC Values Following PX-866 Treatment.  DW-MRI 

was used to identify its role in predicting the early response of PX-866 in ACC-3199 tumor 

xenografts.  ADC maps from representative animals pre-treatment and post-treatment 

identified 3 animals as responders and 3 as non-responders (Figure 3.2).  Additionally, in 

animals that did respond to treatment, an increase in ADC values was observed before 



 114 

significant changes in tumor volume appeared (Table 3.1).  ROIs defining the tumor were 

then used to generate ADC distribution histograms.  A right shift in tumor water diffusion 

was observed in the three responders (P= 0.0392; Figure 3.3) while the ADC histograms of 

the three non-responders were not altered (P= 0.2498; Figure 3.3) compared to pre-

treatment values.  Further quantitative analysis of individual animals, examined the 

difference between pre-treatment and post-treatment ADC curves.  The cumulative ADC 

histograms showed a shift toward higher values in the responders and toward lower values in 

the non-responders (Figure 3.4 and Figure 3.5, respectively).  Tumor response to therapy as 

indicated by increasing ADC values did not directly correlate with tumor time to progression 

in these same mice (Table 3.2). 

  

3.4.3 Effect of PX-866 on Tumor Hemodynamic Parameters.  The extravasation of 

BSA-GdDTPA is described by a permeability-limited two-compartment model.  Regions of 

interest identifying the tumor were used to generate tumor permeability and vascular volume 

fraction maps.  These maps were used to visualize the hemodynamics of the tumor. At 48 h 

following a single dose of PX-866, an increase in tumor permeability was observed as 

indicated by increasing values in the permeability maps and in the signal vs. time 

enhancement curves using BSA-GdDTPA (Figure 3.6; Table 3.3).  The use of a small MW 

contrast agent is described by the flow limited (high permeability) Kety model.  Similar to 

BSA-GdDTPA, an increase in permeability was observed in the tumor 48 h post-treatment 

following a bolus injection of gadodiamide (Figure 3.7; Table 3.4).  
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3.5 DISCUSSION 

The development of biomarkers for the early identification of response to therapy has 

become increasingly important in the treatment of cancer.  Diffusion-weighted and dynamic- 

contrast enhanced MRI has seen rapid development over the past decades both preclinically 

and clinically.  The goal of this study was to determine the role of these two imaging 

modalities in predicting the early response of PX-866 in ACC-3199 breast tumor xenografts.  

Based on our previous findings, we identified a gain of pAKT expression using western blot 

analysis and heterogenous expression using immunohistochemistry in the ACC-3199 tumor 

cell line in vivo.  As a result, we chose to examine the effects of a PI3K inhibitor on tumor 

growth, cellularity and vasculature.  Our preliminary results identified significant tumor 

growth inhibition and delay compared to a historical control following a single dose of    

PX-866 at 10 mg/kg.  These results are in accordance with Ihle and colleagues who 

observed significant tumor growth inhibition in ovarian (OvCar-3) and lung (A-549) tumor 

xenografts using PX-866 as a single agent118, 259. 

 

Diffusion-weighted MRI measures were increased in three animals following treatment with 

PX-866, prior to changes in tumor volume.  A mean ADC value of 828.4 mm2/sec was 

observed in the responders following therapy compared to the pre-treatment ADC mean of       

540.0 mm2/sec.  The increase in ADC value following treatment is likely due to a shift of 

water from the intracellular space, which has a lower ADC, to the extracellular space, which 

has a higher ADC.  Time to progression and response to therapy were not directly correlated 

in this study.  However, tumors are not expected to respond to a single dose of this agent. 
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 Hence, these data illustrate that changes in ADC can be observed within 48 h in response to 

PX-866.  These changes may or may not correlate to tumor response.  Other studies with 

other agents have indicated that changes in ADC are predictive of clinical response. 

 

DCE-MRI, using both BSA-GdDTPA and gadodiamide, identified increases in tumor 

vascular permeability 48 h following administration of PX-866.  Although, many groups 

have reported decreases in tumor permeability following different anti-cancer therapies 57, 264, 

265, none have done so using PX-866.  It is likely that our results are a consequence of the 

inability of this particular PI3K inhibitor at this dose to inhibit downstream targets involved 

in the angiogenic pathway.  Therefore, although PX-866 appeared to be an effective PI3K 

inhibitor, it is likely not an appropriate anti-angiogenic agent when used alone at this dose.  

Further studies at increasing doses up to the MTD along with multiple dosings are needed to 

identify the role of PX-866 on angiogenesis.  It is likely that the combination of PI3K and 

anti-angiogenic inhibitors may have the potential to be very powerful in the treatment of 

cancer.    
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ACC-
3199 

PX-866 
(mg/kg) 

Total Pixels ADC Value 
(mm2/sec) 

AUC  
48 h-
PreTx 

Percent 
Change  

(%) 

 Pre Tx Post Tx Pre Tx Post Tx   

1250-
R1 

10 2495 2718 589.4 ± 248.5 983.1 ± 460.0 39365.5 66.8 

1251- 
00 

10 2062 2644 524.6 ± 136.5 805.8 ± 453.6 28114.4 53.6 

1249-
R1 

10 3034 3023 506.0 ± 106.7 696.4 ± 241.6 18945.6 37.6 

1250- 
00 

10 4875 4969 679.1 ± 361.1 658.0 ± 336.9 -2102.0 -3.1 

1249-
R2 

10 2214 1644 739.3 ± 329.5 474.3 ± 252.5 -
26501.5 

-35.8 

1250-
R2 

10 1748 2017 706.6 ± 195.0 643.0 ± 212.1 -6365.5 -9.0 

ACC-3199 PX-866 
(mg/kg) 

Tumor Volume 
( mm3 ) 

Time To Progression 
(d) 

  Pre Tx Post Tx  

1249-R1 10 526.5 486.0 4 

1249-R2 10 384.0 445.5 9 

1250-00 10 650.0 600.0 12 

1250-R1 10 405.0 352.0 4 

1250-R2 10 434.0 500.0 8 

1251-00 10 492.0 546.8 9 

 Table 3.2 Time to Progression in ACC-3199 Tumors Following PX-866 Treatment 

  Table 3.1 ADC Values of ACC-3199 Tumors Following PX-866 Treatment 
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ACC-
3199 

PX-866 
(mg/kg) 

Ktrans BSA-GdDTPA 
(1/h) 

Vascular Volume Fraction  
(%) 

 Pre Tx Post Tx Pre Tx Post Tx 

1250-
R1 

10 0.026 ± 0.07 0.075 ± 0.04 6.38 ± 6.04 6.29 ± 8.76 

1250-
00 

10 0.089 ± 0.02 0.092 ± 0.02    17.42 ± 19.71 6.37 ± 9.26 

1249-
R1 

10 0.058 ± 0.04 0.099 ± 0.01 7.06 ± 5.67  17.56 ± 17.7 

ACC-
3199 

PX-866 
(mg/kg) 

Ktrans Omniscan 
(1/min) 

Vascular Volume 
( % ) 

 Pre Tx Post Tx Pre Tx Post Tx 

1249-
R1 

10 0.020 ± 0.084 0.042 ± 0.076 0.050 ± 0 0.150 ± 0 

1251-
00 

10 0.190 ± 0.037 0.007 ± 0.087 0.182 ± 0 0.012 ± 0 

 Table 3.3 ACC-3199 Tumor Permeability Following PX-866 Treatment Using  

 Large MW DCE-MRI 

     Table 3.4 ACC-3199 Tumor Permeability Following PX-866 Treatment Using     

     Small MW DCE-MRI 
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Figure 3.1 Tumor Growth Inhibition of ACC-3199 Tumors Following PX-866 

Treatment.  Tumor growth inhibition was observed in all animals compared to untreatead 

controls (mean) following a single 10 mg/kg dose of PX-866.  Treatment was given when 

tumors had reached ~400 mm3. 
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Figure 3.2 ADC Maps of ACC-3199 Tumor Xenografts Following PX-866 Treatment.  

Representative ADC maps.  A. Animals responding to PX-866 had an increase in tumor  

ADC values post-treatment compared to pre-treatment as indicated by an increase in the 

colorimetric scale of the ADC maps.  B. Animals not responding to treatment had a  

decrease in ADC values as represented by no change in the colorimetric scale of the ADC 

maps.  Each image represents an axial slice of the mouse with the tumor area encircled.   

Pre Tx 48 h Post Tx 

A 

B 
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Figure 3.3 ADC Histograms of Pre-Treatment and Post-Treatment ACC-3199 

Tumors.  Data are from the whole tumor of a representative mouse.  A.  A significant right 

shift in water diffusion was observed post-treatment (pink histogram) compared to pre-

treatment (black histogram) in responding animals (P=0.0392).  B. No significant change in 

ADC values were observed in non-responding animals (P=0.2498) as shown by overlapping 

of pre- and post-treatment histograms. 
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Figure 3.4 ADC Response in ACC-3199 Tumors Responding to Treatment.  Data 

from each column are from the whole tumor of a single mouse treated with 10 mg/kg  

PX-866.  The top row represents pre-treatment (black) and post-treatment (pink) 

histograms with each point respresenting the total pixels.  The middle row represents the 

percentage of pixels above the ADC value before (black) and after (pink) treatment in each 

animal.  The bottom row represents the cumulative change in percentage pixels above the 

ADC value after treatment. 
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Figure 3.5 ADC Response in ACC-3199 Tumors Not Responding to Treatment.  

Data from each column are from the whole tumor of a single mouse treated with           

10 mg/kg PX-866.  The top row represents pre-treatment (black) and post-treatment 

(pink) histograms with each point respresenting the total pixels.  The middle row 

represents the percentage of pixels above the ADC value before (black) and after (pink) 

treatment in each animal.  The bottom row represents the cumulative change in 

percentage pixels above the ADC value after treatment. 
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Figure 3.6 Effect of PX-866 on Hemodynamic Parameters in ACC-3199 Tumors Using Large MW 

DCE-MRI.  Data represents the tumor permeability and vascular volume maps of a single representative 

mouse before and after treatment.  Top Row, pre-treatment tumor permeability and vascular volume maps 

using BSA-GdDTPA.  Middle Row, post-treatment tumor permeability and vascular volume maps using 

BSA-GdDTPA.  Bottow Row, pre-treatment and post-treatment signal intensity versus time enhancement 

curves.  An increase in tumor permeability (white line) was observed 48 h following treatment while 

enhancement in the blood vessels (red and blue lines) and muscle (green and yellow lines) remained 

consistent. 
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Figure 3.7 Effect of PX-866 on Hemodynamic Parameters in ACC-3199 Tumors Using 

Small MW DCE-MRI.  Data represents tumor permeability and vascular volume maps of a 

single representative mouse before and after treatment using gadodiamide.  Top row, prior to 

PX-866 treatment, limited tumor permeability was observed. Following treatment, middle  

row, an increase in tumor permeability and vascular volume was observed as shown by  

increasing values on the colorimentric scale.  Bottom row, an increase in tumor permeability 

(white line) was observed 48 h following treatment using gadodiamide as represented by 

increasing ktrans values.  Increased permeability was also observed in blood vessels (red and  

blue lines) and muscle (green and yellow lines). 
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CHAPTER 4 

 

DIFFUSION-WEIGHTED AND DYNAMIC CONTRAST-ENHANCED MRI AS 

AN EARLY PREDICTOR OF RESPONSE TO THE ANTI-ANGIOGENIC 

AGENT SUNITINIB IN A PRECLINICAL MODEL OF BREAST CANCER 

 

4.1  ABSTRACT 

Background.  Sunitinib is a broad spectrum receptor tyrosine kinase inhibitor of vascular 

endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor 

(PDGFF), fetal liver tyrosine receptor (FLTR), and c-KIT.  It has shown significant         

anti-tumor and anti-angiogenic effects both preclinically and clinically.  Currently, it is 

approved by the Food and Drug Administration (FDA) as a first-line treatment for advanced 

renal cell carcinoma (RCC).  It is also been indicated for the treatment of gastrointestinal 

stromal tumors (GIST) after disease progression or intolerance to imatinib mesylate.  The 

purpose of this study was to examine the anti-tumor and anti-angiogenic effects of sunitinib 

in two preclinical breast cancer models.  Diffusion-weighted (DW) and dynamic contrast-

enhanced (DCE) magnetic resonance imaging (MRI) were used to assess the role of imaging 

in predicting early response to treatment.  Experimental Design.   Arizona Cancer Center 

(ACC)-3171 and MD Anderson Metastatic Breast (MDA-MB)-231/GFP orthotopic tumor 

xenografts were treated with either a carboxymethylcellulose (CMC) carrier, 10 mg/kg or    

40 mg/kg sunitinib for 14 days and evaluated for antitumor activity and early changes in 

tumor cellularity and tumor hemodynamics using DW-MRI and DCE-MRI, respectively.  

Results.  Treatment at 40 mg/kg resulted in tumor growth inhibition in both              

MDA-MB-231/GFP and ACC-3171 tumor xenografts.  Additionally, DW-MRI was able to 
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discriminate early changes in tumor cellularity in both cell lines as measured by changes in 

the apparent diffusion coefficient (ADC) of water in as early as 12 h following treatment..  

DCE-MRI showed decreases in tumor permeability following treatment in individual mice 

bearing MDA-MB-231/GFP tumors.  However, significant intra- and inter- animal 

variability existed precluding any conclusive statements.   Conclusion.  These results suggest 

that   DW-MRI may be a useful biomarker of early response to anti-angiogenic therapies in 

breast cancers prior to measurable changes in tumor volume.   

 

4.2 INTRODUCTION 

Breast cancer is the second leading cause of death in American women 4.  Angiogenesis, the 

formation of new blood vessels, is a key process in tumor growth and metastatic 

dissemination.  Vascular endothelial growth factor (VEGF) and its receptors are key 

regulators in this process with VEGF-A and vascular endothelial growth factor receptor-2 

(VEGFR2) often being co-expressed in breast cancer 266.  VEGFR2 is believed to be the 

major mediator of the mitogenic, angiogenic, and elevated permeability effects of                

VEGF-A267.  Increased levels of VEGF and VEGFR2 expression have been associated not 

only with decreased response to therapy (hormonal and chemotherapy) but also with 

relapse-free and overall survival in both node positive and node negative breast carcinomas 

40-42, 268.  VEGF upon binding to VEGFR initiates the start of the tyrosine kinase signaling 

cascade that stimulates the production of proangiogenic factors that promote vessel 

permeability (eNOS, producing NO), proliferation/survival (bFGF), migration 

(ICAMs/VCAMs/ MMPs), and finally differentiation into mature blood vessels 160, 267.  

Platelet-derived growth factor (PDGF)-β also plays a significant role in development and 
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differentiation of the vessel wall in that it is required for the recruitment of pericytes and 

maturation of the microvasculature267, 269.  PDGF-β is expressed in breast tumor stroma and 

its elevated protein expression is correlated with metastasis and is a negative prognostic 

indicator in breast carcinomas 270-273.  Anti-angiogenic agents inhibit tumor growth by 

preventing new blood vessel formation.  Current anti-angiogenic therapies target either  

VEGF or its tyrosine kinase receptors. 

 

Sunitinib is an oral multitargeted tyrosine kinase inhibitor with anti-tumor and anti-

angiogenic effects.  It inhibits vascular endothelial growth factor receptor (VEGFR), platelet-

derived growth factor receptor (PDGFR), fetal liver tyrosine kinase receptor (FLTR), c-KIT, 

and rearranged during transfection (RET) kinases although it is 10- to 30- fold more potent 

against VEGFR2 and PDGFR-β with a half-life of approximately 40 h 210, 274, 275.   

 

Magnetic Resonance Imaging (MRI) is a noninvasive technique that uses strong magnetic 

field gradients to obtain information regarding tumor cellularity, vascularization, metabolism, 

and pathophysiology52, 53.  Diffusion-weighted and dynamic contrast-enhanced MRI are two 

imaging modalities that are being used more frequently to assess response to therapy and 

better elucidate the mechanisms of therapy response and resistance57, 76, 88, 232, 260.   

 

Diffusion-weighted MRI measures the random microscopic motion of water protons by 

measuring signal decay between two balanced pulses of magnetic field gradients240.  In 

quantitative diffusion-weighted MRI, a series of images are obtained at different b-values, 

and the data are fit to the Stejskal-Tanner equation 54 on a pixel-by-pixel basis to generate 
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maps of the apparent diffusion coefficient.  Thus, ADC maps are able to detect 

microstructural changes in cell membrane integrity and alterations in intra- vs. extracellular 

compartments prior to changes in tumor volume 55.  Diffusion-weighted MRI has been used 

clinically to measure therapy response in brain tumors 73-78, GI cancers 79, 83, 241, osteosarcomas 

80 and metastatic breast cancer 81.   

 

Dynamic contrast enhanced MRI has also played a significant role both preclinically and 

clinically in assessing response to treatment based on tumor perfusion parameters of vascular 

volume, vascular permeability and flow 57, 92, 103, 176, 242.  DCE-MRI follows the time course of 

signal enhancement on a pixel-by-pixel basis using a series of T1-weighted images following 

a bolus injection of a contrast agent into the circulation.  Serial images are acquired before, 

during and after injection of the contrast agent, which is typically a chelate of gadolinium 

(Gd) 56, 57.  The intensity of enhancement as the contrast agent washes-in and washes-out of 

the intravascular and extravascular space provides information regarding the vascular volume 

and permeability and can be used to discriminate between benign and malignant tissues.  

Small molecular weight contrast agents such as gadolinium diethylenetriamine pentaacetic 

acid (GdDTPA) and gadodiamide (Omniscan) are currently being used extensively in the 

clinic.  However, these small molecular weight agents are not ideal for distinguishing changes 

in perfusion that occur with therapy due to their rapid wash-in and wash-out kinetics.  This 

necessitates rapid image acquisition resulting in reduced image resolution.  Furthermore, the 

vascular permeability is generally high, and thus these small agents will continue to 

extravasate even after therapy 52.  Larger molecular weight molecules are more attractive as 

they can discriminate between more or less leaky microvessels.  Hence, they may provide a 
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fuller picture of the vasculature and permeability networks due to their longer intravascular 

retention times 53.  However, they are experimental and currently not available for use in 

humans. 

 

4.3 MATERIAL AND METHODS 

4.3.1 Tumor Model. MDA-MB-231/GFP and ACC-3171 cells lines were obtained from 

our laboratory and the Arizona Cancer Center, respectively.  ACC-3171 cells were cultured 

in M15 media (Leibovitz’s L-15 medium buffered with 1 M Hepes plus the following 

additives per liter: Penicillin/Streptomycin, 200 mM Glutamine, 10 mg Transferrin, 10.5 M 

Hydrocortisone, 10 mg Insulin, 5mg of Catalase, 5 % PVP-360, 2 % Carboxymethylcellulose 

(CMC), 0.1 % Glutathione, DL-Ornithine and Orotic acid, 22 mg Mercaptoethanol and  

10.5 M sodium selinite) with 5 % fetal bovine serum without CO2 .  MD-MBA-231/GFP 

cells were cultured in dulbecco’s modified eagle’s medium (DMEM; Invitrogen, Carlsbad, 

CA) supplemented with 10 % fetal calf serum (Omega Scientific, Inc., Tarzana, CA).   

 

4.3.2 Treatments. Sunitinib was provided by Pfizer (SanDiego, CA) and prepared in a        

0.5 % carboxymethylcellulose (CMC) carrier and administered at 10 and 40 mg/kg orally for 

14 days.   

 

4.3.3 Antitumor Studies 

Approximately 10 x 106 cells (ACC-3171 and MDA-MB-231/GFP) in 0.1 ml of 0.9 % sterile 

saline plus matrigel (1:1) were injected subcutaneously into the inguinal mammary fat pad of 

female severe combined immunodeficient (SCID) mice aged 4 to 6 weeks (Arizona Cancer 
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Center Experimental Mouse Shared Services, Tucson, AZ).  Animals were weighed twice 

weekly.  Once palpable tumors had formed, tumor diameters were measured twice weekly at 

right angles (dshort and dlong) with electronic calipers and tumor volumes were calculated using 

the formula; volume = (dshort)
2 x (dlong) / 2 

243.  Tumors were grown to approximately                    

300-350 mm3.  The mice were then stratified into three groups (n=8) with approximately 

equal mean tumor volumes.  The mice were treated orally with either vehicle (0.5 % CMC) 

or sunitinib at 10 or 40 mg/kg for 14 days.  The time to progression (TTP) was determined 

as the the time for the tumor to grow to 150 % of its treatment volume, and this was 

expressed relative to untreated controls.  All animal protocols were University of Arizona 

Institutional Animal Care and Use Committee approved. 

 

4.3.4 Magnetic Resonance Imaging Studies 

ACC-3171 and MDA-MB-231/GFP cells (10 x 106) were injected subcutaneously into the 

inguinal mammary fat pad of female scid mice aged 4 to 6 weeks.  Tumors were grown to 

approximately 300-350 mm3 at which point the mice were stratified into one of three 

treatment groups (n=4/group); vehicle (0.5 % CMC), 10 mg/kg sunitinib or 40 mg/kg 

sunitinib.  Pretherapy images, images within 12 h of the first dose and 48 h following the last 

dose were acquired for each animal.  The time to progression (TTP) was determined as the 

the time it takes the tumor to grow to 150 % of its pre-treatment volume, and this was 

expressed relative to untreated controls. 
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4.3.5 Biotinyl-BSA-GdDTPA Synthesis 261. Bovine serum albumin (~67 kDa) was labeled 

with gadolinium diethylenetriamine pentaacetic acid (GdDTPA) as previously described 262, 

263.  Briefly, the protein dissolved in sodium bicarbonate was reacted in a molar ratio of 1:9 

with N-hydroxysuccinimidobiotin dissolved in demethyl-formamide.  DTPA suspended in 

DMSO was added to the solution followed by mixing with gadolinium (III) chloride 

dissolved in sodium acetate buffer.  The lyophilized biotinyl-BSA-GdDTPA product was 

stored at 4˚C and reconstituted in PBS when needed. These steps were calibrated to a 

protocol that provided a known amount of Gadolinium per molecule. 

 

4.3.6 MRI Acquisition. All MRI experiments were performed on a 4.7 Tesla (T) imaging 

spectrometer (Bruker, Karlsuhe, Germany) equipped with an actively shielded gradient coil 

capable of 150 mT/m.  All animals were anesthetized with 1.5 % isoflurane delivered in O2 

at 1.0 liter per minute (LPM) with temperatures continuously being monitored using a rectal 

Luxtron® fluoroptic thermometer (Luxtron, Santa Clara, CA).  An external heater was used 

to maintain core body temperature between 36-37 °C during the course of the imaging 

experiments.  BSA-GdDTPA was injected via tail vein catheter with a 27.5 gauge needle 

connected to a PE-20 polyethylene tubing. 

 

4.3.7 Diffusion-Weighted MRI. Contiguous 2.0 mm axial slices were prescribed using an 

isotropic diffusion-weighted radial acquisition of data sequence.  Diffusion-weighted images 

were acquired using the following parameters: TR = 2000 ms, TE = 35 ms, matrix size = 

128 mm x 128 mm, FOV = 3.0 mm x 3.0 mm.  At each slice location, images were obtained 

at three b values (25, 500, 950 sec/mm2 ) [b = γ2Gd
2∂2(∆ - ∂/3), where Gd is the strength of 
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the diffusion weighting gradient and γ is the gyromagnetic ratio for protons (42.58 MHz/T) 

and ∂ and ∆  represent duration and separation of diffusion gradients, respectively] over 20 

min.  

 

4.3.8 Diffusion-Weighted MRI Data Processing. Apparent diffusion coefficient maps 

were generated by fitting the three b values to the Stejskal-Tanner equation, S = S0 e
-bADC , 

where S0 is the signal intensity with no diffusion weighting, S is the signal intensity with 

diffusion weighting, ADC is the apparent diffusion coefficient and ‘b’ is the b-value 

described above.  The greater the b-value, the greater the diffusion-weighting.  ADC maps 

were analyzed using programs written in Interactive Data Language (Research Systems, 

Boulder, CO).  Hand-drawn regions of interest (ROIs) around the corresponding tumor 

were used to generate the ADC distribution histograms.   

 

4.3.9 Dynamic Contrast-Enhanced MRI.  A series of 2D-spin echo images at four 

different recovery time (TR) values were acquired prior to injection of the contrast agent in 

order to generate a T1 map ( TR = 500, 1000, 5000 & 8000 ms, TE = 8.0 ms,  FOV = 3.0 

mm  x  3.0 mm, slice thickness = 2.0 mm, matrix size = 128 x 128).  The dynamic series of 

T1-weighted images were collected following injection of BSA-GdDTPA (200ul of 0.01 

mmol/kg) using the following parameters: TR = 100 ms, TE = 8.0 ms, FOV = 3.0 mm x 3.0 

mm, slice thickness = 2.0 mm, matrix size = 128 mm x 128 mm, NR = 200 with images 

being acquired over 42 min.  Data were analyzed using programs written in Interactive Data 

Language (Research Systems, Boulder, CO).  The signal enhancement in the DCE data was 
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converted to BSA-GdDTPA concentration using the relaxivity of the contrast agent (173.0 

mM
-1
 s

-1
)

 
as measured in vitro.  The generation of a signal enhancement versus time curve and 

quantitative evaluation of that curve enables absolute measurements of the extravascular 

extracellular fractional volume (ve), the volume transfer constant between the blood plasma 

and the ve (K
trans), and the rate constant, kep, between ve and blood plasma in the tumor tissue.  

 

4.3.10 Statistical Analysis.  A repeated measures one-way analysis of variance (ANOVA) 

was used to assess the effect treatment on tumor growth.  The effect of treatment on tumor 

ADC and permeability was determined using a student’s t-test.  Statistical significance was 

defined as P ≤ 0.05.   

 

4.4 RESULTS 

4.4.1 Antitumor Activity of Sunitinib.  Mice bearing ACC-3171 and MDA-MB-231/GFP 

tumor xenografts were treated with sunitinib at 10 or 40 mg/kg respectively to investigate its 

effects on tumor growth.  Tumor volumes were measured twice weekly followed by 

treatment (n=8/group) at volumes of 300-350 mm3.  Treatment at 10 mg/kg in ACC-3171 

tumors did not result in tumor growth inhibition (Figure 4.1a).  However, in MDA-MB-

231/GFP tumors, tumor growth inhibition was observed following treatment at 40 mg/kg 

although these values were not statistically significant (Figure 4.1b).  A tumor growth delay 

of 5 days and a log10 cell kill of 0.12 was observed in this cohort.  
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Similar to the antitumor studies, the tumor growth response in imaging mice following 

treatment with sunitinib demonstrated tumor growth inhibition in both cell lines.  In MDA-

MB-231/GFP tumors, tumor growth inhibition was observed at 40 mg/kg but not at         

10 mg/kg (Figure 4.2a).  The time to progression in all groups compared to controls was not 

significant (Table 4.1).  In ACC-3171 tumor xenografts, significant tumor growth inhibition 

was observed at 40 mg/kg (P= 0.0006) compared to controls (Figure 4.2b).  Additionally, 

time to progression was increased in ACC-3171 tumors at 40 mg/kg compared to controls 

(Table 4.2).  Body weights remained consistent amongst animals throughout the treatment 

cycle.  No toxicity was observed.  

 

4.4.2 Treatment with Sunitinib Leads to Early Changes in Tumor ADC values.      

DW-MRI was used to identify the early response of MDA-MB-231/GFP and ACC-3171 

tumor xenografts to the anti-angiogenic agent, sunitinib.  In MDA-MB-231/GFP tumors 

treated with 40 mg/kg sunitinib, changes in ADC values as early as 12 h following therapy  

were observed (Figure 4.3).  ROIs defining the tumor were used to generate ADC 

histograms that further illustrated the increase in ADC values following the first dose and 

continuing after completion of treatment (Figure 4.4).  Further analysis of representative 

animals from each treatment groups, examined the difference between pre-treatment and 

post-treatment ADC curves.  The cumulative ADC histograms showed either a right or left 

shift in the post-treatment curve relative to the pre-treatment curve depending on response 

(Figure 4.5; Table 4.3).   
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In ACC-3171 tumors treated with 10 and 40 mg/kg sunitinib, ADC maps identified changes 

in tumor cellularity as early as 12 h in both treatment groups (Figure 4.6 and 4.8).  In the             

10 mg/kg treatment cohort, the ADC values returned to baseline by 48 h following the last 

dose (Figure 4.7).  However, in the 40 mg/kg group, ADC values continued to increase up 

until 48 h following completion of treatment (Figure 4.9).  Further analysis of representative 

animals from each treatment groups, examined the difference between pre-treatment and 

post-treatment ADC curves.  The cumulative ADC histograms showed a shift in post-

treatment curves toward higher ADC values in the responders and toward lower values in 

the nonresponders compared to pre-treatment values (Figure 4.10).  The difference between 

the post-treatment and pre-treatment curves generated a single curve of the cumulative 

change in percent pixels above the ADC value (Figure 4.10; Table 4.4).   

 

4.4.3 Effect of Sunitinib on MDA-MB-231/GFP Tumor Hemodynamic Parameters.  

Tumor hemodynamic differences were assessed using DCE-MRI.  The extravasation of 

BSA-GdDTPA out of the vasculature was described using a permeability limited two-

compartment model.   Hand-drawn ROIs of the tumor were used to generate permeability 

and vascular volume maps as well as contrast enhancement curves.  Although a decrease in 

tumor permeability at both the 12 h and 48 h timepoint was noted in a few individual 

animals, tumor permeability and vascular volume values exhibited significant intra- and inter- 

animal variability (Figure 4.11; 4.12; Table 4.5).  

 

 



 137 

4.5 DISCUSSION 

Targeting the angiogenic pathway in the treatment of cancer has improved both progression-

free and overall survival in patients with various malignancies 276-279.  The notion of targeting 

the characteristics of the cancer as opposed to the disease as a whole has been moved a step 

further by the incorporation of anti-angiogenic agents into cancer treatment regimens.  

However, as we’ve come to learn, not all cancers respond to treatment in the same manner. 

Therefore, the early identification of response to treatment is crucial in providing the most 

efficacious treatment to patients and in preventing unnecessary adverse effects.  Moreover, 

treatment response typically occurs long before tumor regression with significant alterations 

in tumor cellularity and in the tumor vasculature82, 280.  The goal of this study was to examine 

the effects of sunitinib on two triple negative breast tumor models and to assess the role of 

diffusion-weighted and dynamic contrast-enhanced MRI in predicting early response to the 

treatment.   

 

Sunitinib at 40 mg/kg was effective in inhibiting tumor growth in both MDA-MB-231/GFP 

and ACC-3171 orthotopic tumor xenografts compared to vehicle treated animals.  However, 

treatment at 10 mg/kg did not appear to have a statistically significant affect on tumor 

growth inhibition in either cell line.  Additionally, in ACC-3171 tumors, treatment at          

10 mg/kg appeared to stimulate tumor cell repopulation.  In radiation therapy, the 

repopulation of clonogenic tumor cells is  an important factor affecting the control of the 

cancer 281, 282.  It is therefore plausible that treatment at suboptimal doses can in fact augment 

tumor progression as opposed to inhibition of growth.  Another explanation of these results 
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is that the vehicle treated and the 10 mg/kg treated cohorts were switched giving the 

aforementioned results. 

 

Diffusion-weighted MRI is able to detect early microstructural changes in tumor tissues prior 

to changes in tumor volume.  An increase in ADC can be attributed to changes in cell 

membrane permeability, cell shrinkages due to apoptosis or vasogenic edema 57.  In this 

study, ADC values were increased as early as 12 h and continued until 48 h following the last 

dose in both MDA-MB-231/GFP and ACC-3171 tumors treated with 40 mg/kg sunitinib. 

Diffusion-weighted MRI has been shown to be an effective predictor of drug response in a 

variety of preclinical tumor models, however, to our knowledge no group has shown 

response as early as a 12 h post-treatment 77, 87, 89, 241, 260.  Treatment at 10 mg/kg in both 

breast tumor models was essentially ineffective with ADC values returning to baseline at     

48 h post-treatment.  The mean AUC value in each treatment cohort of ACC-3171 tumors 

appeared to directly correlate with time to progression.  In MDA-MB-231 tumors, there was 

not such a clear distinction between ADC response and time to progression as in the     

ACC-3171 tumors however, a general correlation did exist.   

 

The sensitivity of DCE-MRI to discriminate changes in tumor blood flow and vascular 

permeability has made this imaging modality very appealing 283-285.  DCE-MRI has proven its 

effectiveness in demonstrating vascular permeability changes following treatment with     

anti-angiogenic agents 57, 92, 227, 286.  Small molecular weight (MW) contrast agents are used 

extensively in the clinics to discriminate benign versus malignant tumors however due to the 
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rate of wash-out from the vasculature, tumor heterogeneity is difficult to assess.  In contrast 

to small MW contrast agents, large molecular weight contrast agents are designed for 

prolonged intravascular retention thereby allowing for better tumor microvessel 

characterization93, 287, 288.  In this study, DCE-MRI using the large MW contrast agent      

BSA-GdDTPA was used to identify changes in the tumor vasculature following treatment of 

MDA-MB-231/GFP tumor xenografts with 40 mg/kg sunitinib.  We were able to identify 

significant decreases in vascular permeability at 12 h and 48 h post-treatment in a few 

individual mice, however, tumor permeability and tumor vascular volume values had 

significant intra- and inter- animal variability.  The current literature reports response to 

sunitinib in breast as well as in other cancers 178, 274, 289-291.  Therefore, it is likely that our 

results are promising however, a more reproducible method is needed to eliminate variability 

before a conclusive statement can made.   

 

In conclusion, the current findings are in agreement with the effectiveness of sunitinib to 

inhibit tumor growth in breast tumor models when given at the efficacious dose.  Moreover, 

diffusion-weighted MRI was able to detect significant changes in tumor celluarity in MDA-

MB-231/GFP and ACC-3171 tumors prior to changes in tumor volume.  Additionally, these 

early changes in tumor cellularity were correlated in general to time to progression.  These 

data support the further investigation of the use of magnetic resonance imaging as a 

biomarker of early response to therapy. 
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Table 4.1 Time to Progression of MDA-MB-231 Tumors Following Treatment with Sunitinib 

 

MDA-MB-231 Sunitinib 

(mg/kg) 

Body Weight 

(g) 

Tumor Volume 

(mm
3
) 

Time To Progression 

(d) 

  Pre Tx Post Tx Pre Tx Post Tx  

940-R2 0 (CMC) 21.5 21.0 320.0 1302.8 10 
941-00 0 (CMC) 21.4 20.7 446.0 936.0 10 
940-R1 0 (CMC) 20.2 21.0 312.5 1013.5 11 
1045-L1 0 (CMC) 21.4 21.8 352.0 486.0 13 
1044-R2 10 21.0 22.9 418.1 636.9 7 
1045-00 10 23.0 24.0 322.7 543.0 4 
1045-R2 10 19.9 19.8 372.7 847.0 7 
940-L1 40 22.2 23.0 381.3 730.3 6 
940-00 40 22.1 22.0 427.8 880.7 16 
941-R1 40 22.2 22.0 320.0 770.5 11 
1044-00 40 21.0 21.7 299.4 458.6 14 
1045-R1 40 19.6 20.4 349.5 500.1 9 
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 Table 4.2 Time to Progression of ACC-3171 Tumors Following Treatment with Sunitinib  

ACC-3171 Sunitinib 

(mg/kg) 

Body Weight 

(g) 

Tumor Volume 

(mm
3
) 

Time To Progression  

(d) 

  Pre Tx Post Tx Pre Tx Post Tx  
173-R2 0 (CMC 22.0 22.0 717.1 1900.9 6 
173-R1 0 (CMC 22.9 21.7 421.9 660.1 13 
317-R2 0 (CMC 22.4 21.9 306.1 280.3 12 
318-L1 10 22.6 21.7 304.7 577.1 5 
174-L1 10 23.5 23.2 500.0 1080.0 10 
318-R1 10 24.2 23.1 214.8 242.1 9 
318-00 10 22.3 22.4 371.1 688.3 14 
317-L1 40 24.1 23.1 697.4 657.6 14 
174-R2 40 23.6 23.7 159.3 304.0 10 
317-00 40 22.0 21.4 392.7 416.9 17 
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Table 4.3 ADC Response of MDA-MB-231 Tumors Following Treatment with Sunitinib 

 

MDA-

MB-231 

Sunitinib 

(mg/kg) 

Total Pixels ADC Value  

(mm
2
/sec) 

AUC 

  Pre Tx 12 h 48 h Pre Tx 12 h 48 h 12 h-PreTx 48 h-PreTx 

940-R2 0 (CMC) 2341 1908 3323 717.5 ± 287.2 547.6 ±152.7 899.04 ± 465.7 -16984 18155 

941-00 0 (CMC) 3074 3040 5070 699.0 ± 229.1 717.0 ± 255.8 749.3 ± 316.4 1800 5026 

940-R1 0 (CMC) 1918 2037 4543 1079.4 ± 548.4 932.71 ± 431.3 826.77 ± 516.7 -14671 -25265 

1045-L1 0 (CMC) 2051 2124 3154 1107.3 ± 669.9 1039.2 ± 648.7 1278.7 ± 694.3 -6810 17138 

1044-R2 10 2984 2752 4002 726.1 ± 239.5 676.6 ± 172.1 873.3 ± 353.6 -4946 14725 

1045-00 10 2297 2211 3685 1075.5 ± 461.9 1102.8 ± 504.5 1020.9 ± 576.2 2728 -5462 

1045-R2 10 1852 1782 3371 710.6 ± 221.1 613.3  ± 206.8 852.9 ± 399.2 -9724 14242 

940-L1 40 2627 2474 3494 812.4 ± 328.5 774.6 ± 301.1 924.1 ± 367.8 -3779 11168 

940-00 40 2206 2559 3127 785.5 ± 300.6 827.0 ± 298.5 1052.2 ± 381.6 4145 26673 

941-R1 40 2150 1981 3095 889.6 ± 524.7 873.7 ± 384.3 939.1 ± 349.7 -1584 4951 

1044-00 40 1746 1877 2720 751.1 ± 258.8 770.7 ± 239.6 871.5 ± 315.7 1954 12035 

1045-R1 40 3375 3246 3921 898.8 ± 494.3 890.3 ± 441.2 1010.5 ± 394.8 -850 11165 
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Table 4.4 ADC Response of ACC-3171 Tumors Following Treatment with Sunitinib 

 

ACC-

3171 

Sunitinib 

(mg/kg) 

Total Pixels ADC Value  

(mm
2
/sec) 

AUC 

  Pre Tx 12 h 48 h Pre Tx 12 h 48 h 12 h-Pre Tx 48 h-Pre Tx 

173-R2 0 (CMC) 1570 2036 2152 629.3 ± 144.1 800.0 ±150.3 758.9 ± 172.7 17073.1 12963.9 

173-R1 0 (CMC) 1849 1837 3152 1002.6 ± 283.2 1002.3 ± 229.8 904.9 ± 264.4 -33.41 -9773.7 

317-R2 0 (CMC) 905 857 1153 1174.5 ± 340.4 1158.0 ± 382.2 1188.3 ± 493.8 -1642.4 1386.6 

318-L1 10 1158 1247 1786 781.5 ± 127.4 1045.5 ± 476.1 825.7 ± 282.7 26395.6 4417.3 

174-L1 10 2427 2295 1524 1023.3 ± 277.3 1047.0 ± 331.5 752.3 ± 156.8 2364.9 -27104.5 

318-R1 10 806 839 983 1055.9 ± 365.9 1032.2 ± 332.8 1041.6 ± 481.8 -2373.8 -1440.9 

318-00 10 1555 1843 2573 895.5 ± 366.2 1322.8  ± 502.8 1059.4 ± 384.0 42729.4 16391.9 

317-L1 40 1827 1852 2137 947.3 ± 377.0 1065.0 ± 426.8 1119.2 ± 379.2 11775.8 17195.3 

174-R2 40 1091 1336 1561 1006.8 ± 313.8 930.1 ± 297.5 1178.0 ± 413.3 -7676 17116.5 

317-00 40 1289 1234 1749 1064.0 ± 370.5 1024.7 ± 373.6 1014.4 ± 234.0 -3928.0 -4964 
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Table 4.5 Tumor Hemondynamic Changes Following Treatment Using Large MW DCE-MRI  

 MDA-MB-231 Sunitinib 

(mg/kg) 

Ktrans  

(1/h) 

Vascular Volume Fraction   

( % ) 

  Pre Tx 12 h 48 h Pre Tx 12 h 48 h 

940-R2 0 (CMC) 0.056 ± 0.044 0.033 ± 0.050 0.082 ± 0.044 6.8 ± 13.5 54.4 ± 52.1 68.6 ± 66.7 

941-00 0 (CMC) 0.058 ± 0.044 0.076 ± 0.045 0.044 ± 0.045  7.1 ± 10.2 54.3 ± 59.1 6.5 ± 8.8 

940-R1 0 (CMC) 0.054 ± 0.044 0.054 ± 0.044 0.055 ± 0.044 16.9 ± 18.2 2.8 ± 9.1 49.5 ± 47.1 

  1045-L1 0 (CMC) 0.064 ± 0.044  0.066 ± 0.042   6.5 ± 14.7  20.8 ± 25.1 

 1045-00 10 0.050 ± 0.045 0.060 ± 0.044 0.054 ± 0.047 3.5 ± 7.6 8.7 ± 16.5 9.9 ± 19.8 

940-L1 40 0.048 ± 0.042 0.082 ± 0.044 0.050 ± 0.045 9.0 ± 9.9  4.7 ± 5.3 

940-00 40 0.034 ± 0.049 0.053 ± 0.044 0.054 ± 0.040 14.6 ± 21.5 21.2 ± 22.2 7.2 ± 6.8 

 1044-00 40 0.065 ± 0.044 0.045 ± 0.044 0.072 ± 0.042 3.4 ± 5.2 2.2 ± 5.9 10.8 ± 14.9 
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Figure 4.1 Antitumor Activity of Sunitinib.  A. Antitumor activity of sunitinib on  

ACC-3171 tumor xenografts at 10 mg/kg. Treatment began on day 77 and continued for  

14 days (arrows). B.  Antitumor activity of sunitinib on MDA-MB-231/GFP tumor  

xenografts at 40 mg/kg.  Treatment began on day 24 and continued for 14 days (arrows).   

Points and bars represent mean plus SEM (n=8/group). 

A 

B 
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Figure 4.2 Antitumor Activity of Sunitinib in Imaging Mice.  A. Tumor growth 

response of MDA-MB-231/GFP tumor xenografts following treatment with sunitinib at  

10 and 40 mg/kg.  B.  Tumor growth response of ACC-3171 tumor xenografts following 

treatment at 10 and 40 mg/kg for 14 days.  Points and bars represent mean ± SEM 

(n=4/group), respectively. 

B 

A 
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Figure 4.3 ADC Maps of MDA-MB-231/GFP Tumors Following Treatment.  

Representative ADC maps.  (Top Row) An increase in tumor ADC values were observed as  

early as 12 h following the first dose and continued until 48 h following completion of  

therapy. (Bottom Row) Diffusion-weighted images.  Each image represents an axial slice of  

the mouse with the tumor area encircled. 

Pre Tx 48 h Post Tx 12 h Post Tx 
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A 

Figure 4.4 ADC Histograms of MDA-MB-231 Tumors Following Treatment.   

A.  A right shift in tumor water diffusion was observed as early as 12 h following treatment 

with 40 mg/kg sunitinib.  Pre-treatment and 12 h post-treatment values are represented as 

black and pink histograms, respectively.  B.  A further increase in ADC value was observed  

at 48 h following completion of therapy.    
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Figure 4.5 ADC Response of Representative MDA-MB-231 Tumors Following 

Treatment.  Data from each column are from a whole tumor of a single mouse treated with 

the drug carrier, 10 mg/kg sunitinib or 40 mg/kg sunitinib.  Top row represents  

pre-treatment and post-treatment ADC histograms with each point representing the total  

pixels.  The middle row represents the percentage of pixels above the ADC value. The  

bottom row represents the cumulative change in percent pixels above the ADC value at 12 h 

following the start of therapy and 48 h following the completion of therapy. 
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Figure 4.6 ADC Maps of ACC-3171 Tumors Following Treatment.  Representative ADC 

maps.  (Top row) An increase in tumor ADC values were observed as early as 12 h following 

therapy with 10 mg/kg sunitinib compared to pre-treatment values.  At 48 h following completion 

of the treatment cycle, the tumor ADC value had also increased compared to pre-treatment values.  

(Bottom Row) DW images.  Each image represents an axial slice of the mouse with the tumor area 

encircled. 

Pre Tx 12 h Post Tx 48 h Post Tx 
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Figure 4.7 ADC Histograms of ACC-3171 Tumors Following Treatment.  A. A right 

shift in tumor water diffusion was observed as early as 12 h following treatment with  

10 mg/kg sunitinib.   Pre-treatment and 12 h post-treatment values are represented as black  

and pink histograms, respectively.  B.  At 48 h following completion of the treatment  

cycle, the ADC value of the whole tumor had returned to the baseline value  

(yellow histogram). 
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Figure 4.8 ADC Maps of ACC-3171 Tumors Following Treatment with 40 mg/kg 

Sunitinib.  Representative ADC maps.  (Top Row) An increase in ACC-3171 tumor ADC 

values were observed as early as 12 h following therapy and continued until 48 h post-

completion of the therapy cycle. (Bottom Row) DW-images.  Each slice represents an axial 

slice of the mouse with the tumor area encircled. 

Pre Tx 12 h Post Tx 48 h Post Tx 
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Figure 4.9 ADC Histograms of ACC-3171 Tumors Following Treatment.  A.  A slight 

right shift in tumor water diffusion was observed as early as 12 h following treatment with  

40 mg/kg sunitinib in ACC-3171 tumor xenografts.  Pre-treatment and 12 h post-treatment 

values are represented as black and pink histograms, respectively.  B.  A right shift in tumor 

water diffusion was also observed at 48 h following completion of therapy compared to  

pre-treatment values.     
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Figure 4.10 ADC Response in Representative ACC-3171 Tumors Following  

Treatment.  Data from each column are from a whole tumor of a single mouse treated with  

the drug carrier, 10 mg/kg sunitinib or 40 mg/kg sunitinib.  Top row represents  

pre-treatment and post-treatment ADC histograms with each point representing the total  

pixels.  The middle row represents the percentage of pixels above the ADC value.   

The bottom row represents the cumulative change in percent pixels above the ADC value at  

12 h post-therapy and 48 h following completion of the treatment cycle. 
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Figure 4.11 Tumor Permeability and Vascular Volume Maps of MDA-MB-231  

Tumors Following Treatment Using Large MW DCE-MRI.  (Top row) A significant  

decrease in tumor permeability was observed at 12 h post-treatment and at 48 h post  

completion of the treatment cycle in an individual mouse.  (Middle row) A decrease in  

vascular volume was observed at 12 h post-treatment and 48 h post-treatment completion.  

(Bottom row) Anatomical images of the tumor.  Each image represents an axial slice of the 

 mouse with the tumor area encircled. 
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Pre Tx 12 h Post Tx 48 h Post Tx 

Figure 4.12 BSA-GdDTPA Concentration Versus Time Enhancement Curves in  

MDA-MB-231 Tumors Using DCE-MRI.  A significant decrease in BSA-GdDTPA 

concentration was observed in a single mouse within 12 h following the first dose and  

continued with further decreases occurring at 48 h following completion of treatment.  

Enhancement in the tumor is represented by the white line, in the muscle as green and  

yellow lines, and in the blood vessels as red and blue lines.  
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CHAPTER 5 

 

GENERAL DISCUSSION, CONCLUSIONS 

AND FUTURE DIRECTIONS 

 

The mechanisms involved in individual tumor growth and progression are multifactorial and 

are continually being explored.  Recent research has uncovered the vast heterogeneity of 

tumors and the promising role for targeted therapies in the treatment of cancer. The 

specific aim of this dissertation research was to examine the usefulness of magnetic 

resonance imaging in predicting the early response to different targeted therapies using a 

preclinical animal model and to determine if these effects can be translated to the clinical 

population.  This was investigated first by the molecular characterization of two low passage 

breast cancer cell lines followed by the utilization of appropriate targeted therapies whose 

response was assessed via tumor growth inhibition and alterations to diffusion-weighted and 

dynamic contrast-enhanced MRI parameters. 

 

 

Hypothesis 1:   Characterizing the molecular phenotype of different breast tumors prior to 

therapy would allow for more individualized and effective treatment options for patients. 

 

The molecular characterization of ACC-3199 and ACC-3171 cell lines in vivo revealed the 

heterogeneity of these two triple negative breast cell lines.  Both cell lines had distinctive 

tumor growth rates and doubling times in addition to alterations in key proteins involved in 

the PI3K-AKT and VEGF signaling pathways.  Alterations in pAKT, PTEN and VEGFR2 
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protein expression existed amongst the two cell lines.  These results provide further evidence 

for the heterogeneity that exist even amongst tumors of the same cancer and supports the 

role of the tumor microenvironment in directing tumor progression in vivo. 

 

In order to establish a more accurate tumor growth profile of these two cell lines, however, 

an in vivo tumor growth study would involve culturing tumor cells from resected tumors at 

each passage followed by the reinoculation of equal amounts of cells into scid mice.  This 

method would eliminate factors such as the use of necrotic tissue, stromal tissue and the 

ratio of proliferating to non-proliferating cells that are capable of alterating tumor growth 

patterns. 

 
The RAF/MEK/ERK and PI3K/PTEN/AKT pathways are known to play significant roles 

in malignant transformation and drug resistance.  Previous work has shown that in breast 

cancer cells activated RAF conferred resistance to the chemotherapeutic drugs doxorubicin 

and paclitaxel.  RAF also induced the expression of the drug pump Mdr-1 and the Bcl-2 anti-

apoptotic protein292.  Our results in vivo indicated the activation of the PI3K/PTEN/AKT 

signaling pathway however, we have not examined the presence of the RAF/MEK/ERK 

pathway which is known to synergize with this pathway38.  Thus, experiments designed to 

determine the role of the RAF/MEK/ERK pathway along with the expression of Mdr-1 

and apoptotic proteins in ACC-3199 and ACC-3171 cell lines would be beneficial in 

assessing the presence of cross-talk between these pathways.  These data would provide 

useful information in the rational design of combination drug experiments.   
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Experiments examining the expression of platelet derived growth factor receptor (PDGFR), 

placental growth factor (PGF) and VEGF are also necessary to properly assess the 

angiogenic factors expressed in these cell lines.  PDGFR and VEGFR2 are known to be 

coexpressed in breast cancer.  Our results have already indicated the presence of VEGFR2 

in both ACC-3199 and ACC-3171 tumor xenografts.  Therefore, the identification of the 

presence of PDGFR would complement our findings.  PGF, a potential anti-angiogenic 

target, has been previously correlated with tumor progression and patient prognosis.  

Additionally, patients treated with VEGFR inhibitors have exhibited increased PGF levels 

implying their possible role in angiogenic rescue.  Moreover, the combination of an anti-

PGF and VEGFR2 inhibitors have demonstrated both tumor growth inhibition and 

metastasis in colon carcinoma and orthotopic pancreatic tumor, respectively293. 

 

Finally, additional histological experiments that examine the presence of Ki67would aid in 

properly assessing the proliferative rate of these cell lines.  Ki67 is used to assess the 

percentage of tumor cells that are actively dividing and giving rise to more cancer cells.  The 

number obtained through this examination is termed the S-phase, growth or proliferative 

fraction.  Triple negative tumors have been shown to be highly proliferative.  Our results 

have estimated the proliferative rates of ACC-3199 and ACC-3171 cell lines based on tumor 

growth curves however, these additional findings would hopefully validate our results.  

 

Hypothesis 2:  Diffusion-Weighted and Dynamic Contrast-Enhanced MRI can predict the 

early response to treatment in breast tumor xenografts prior to changes in tumor volume.   
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Diffusion-weighted MRI was predictive of response to PX-866 and sunitinib in MDA-MB-

231, ACC-3199, and ACC-3171 breast tumor xenografts prior to changes in tumor volume.  

Increases in apparent diffusion coefficient values were observed following treatment.  In 

contrast to DW-MRI, DCE-MRI was not reliable in predicting response to treatment.  This 

method had significant intra- and inter-animal variability.  These findings provide further 

evidence for the development of DW-MRI as a biomarker of response.  Moreover, this 

study is important as it establishes the efficacy of these drugs in preclinical breast tumor 

models as well as the ability of MRI to discriminate early cellular changes.   

 

The current study established the efficacy of PX-866 and sunitinib as monotherapies in the 

treatment of breast cancer.  However, drug resistance often occurs over the course of 

treatment due to cross-talk and upregulation of different signaling pathways.  Additionally, 

resistance can result from increased expression of drug transporters, gene mutations, 

changes in the tumor microenvironment, drug target modifications, DNA repair, apoptotic 

mechanisms or any combination of these 294, 295.   In order to avoid the effects of drug 

resistance due to cross-talk and upregulation of pathways, combination therapies are more 

frequently being employed.  Preclinical and clinical studies have reported increased response 

to combination therapies such as chemotherapy and anti-angiogenic agents276, 296, 297. 

Therefore, additional experiments designed to investigate the effects of combined PI3K 

inhibitors and anti-angiogenic agents would be useful in assessing if additive or synergistic 

effects exists compared to monotherapeutic uses of these agents.  
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In addition to the use of targeted therapies, the use of targeted contrast agents may be 

another interesting avenue to be explored.  The use of MR contrast agents that specifically 

target molecular markers such as CD31, CD34, E-Selectin, VEGFR2 and αvβ1 integrin 

present on angiogenic blood vessels would allow for highly specific detection of 

angiogenesis.  Research in this area has examined the potential of using near infrared imaging 

in detecting VEGF conjugated to a dendrimer.  This demonstrated significantly increased 

binding to VEGFR2 in xenografted breast tumors as compared to VEGFR2 receptor 

blocked control mice298, 299.  

 

Finally, as DCE-MRI is significantly affected by the arterial input function of the contrast 

agent, studies aimed at generating accurate and reproducible AIFs are crucial.  The first step 

would be the development of an automated contrast agent delivery method that delivered 

the agent at a predetermined rate and was reproducible.  A reliable and effective AIF would 

allow for  better intrinsic signal linearity with concentration, high signal-to-noise ratio, spatial 

resolution, temporal resolution, reduced signal saturation, and no signal aliasing to name a 

few.  This would provide significantly more confidence in the results particularly when 

determining the efficacy of ant-angiogenic agents.   

 

In summary, this dissertation research provides insight into the complex mechanisms 

involved with individual tumor growth and progression.  It also supports the development 

of imaging biomarkers as screening tools in the drug development process.  This research 

also substantiates that the effect of treatments seen in preclinical animal models can be 

extended to the clinical population.    
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