
Clinically Relevant Doses of Chemotherapy Drugs
Selectively and Reversibly Block Glioblastoma

Neurosphere Proliferation in vitro: A Dissertation

Item Type Doctoral Dissertation

Authors Mihaliak, Alicia M.

DOI 10.13028/j41x-ab26

Rights Copyright is held by the author, with all rights reserved.

Download date 24/05/2023 08:37:49

Link to Item http://hdl.handle.net/20.500.14038/31826

http://dx.doi.org/10.13028/j41x-ab26
http://hdl.handle.net/20.500.14038/31826


 

 

CLINICALLY RELEVANT DOSES OF CHEMOTHERAPY DRUGS 

SELECTIVELY AND REVERSIBLY BLOCK GLIOBLASTOMA 

NEUROSPHERE PROLIFERATION IN VITRO 

 

 

A Dissertation Presented 

By 

 

ALICIA M. MIHALIAK 

 

 

Submitted to the Faculty of the 

University of Massachusetts Graduate School of Biomedical Sciences, Worcester 

In partial fulfillment of the requirements for the degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

 

JUNE 28, 2010 

INTERDISCIPLINARY GRADUATE PROGRAM 

 



ii 
 

CLINICALLY RELEVANT DOSES OF CHEMOTHERAPY DRUGS SELECTIVELY AND 
REVERSIBLY BLOCK GLIOBLASTOMA NEUROSPHERE PROLIFERATION IN VITRO 

A Dissertation Presented 

By 

ALICIA M. MIHALIAK 

The signatures of the Dissertation Defense Committee signifies 

Completion and approval as to style and content of the Dissertation 

_________________________________ 

Alonzo Ross, PhD, Dissertation Advisor 

_________________________________ 

Daniel Jay PhD, Member of Committee 

_________________________________ 

Stephen Jones PhD, Member of Committee 

_________________________________ 

Steven Grossman MD, PhD, Member of Committee 

_________________________________ 

Thoru Pederson PhD, Member of Committee 

The signatures of the Chair of the Committee signifies that the written dissertation meets 

the requirements of the Dissertation Committee 

_________________________________ 

Stephen Lyle MD, PhD, Chair of Committee 

The signature of the Dean of the Graduate School of Biomedical Sciences signifies 

That the student has met all graduate requirements of the school 

_________________________________ 

Anthony Carruthers PhD 

Dean of the Graduate School of Biomedical Sciences 

Interdisciplinary Graduate Program 

June 28th, 2010 

  



iii 
 

Dedication 

 

 I would like to dedicate my thesis to all of the victims of glioblastoma, and to 

their families.  In the past 30 years, thousands of brilliant and dedicated researchers have 

spent their careers trying to improve patient outcomes for this terrible brain tumor.  Even 

with all of our efforts, we have only been able to extend patient median-survival time 

after diagnosis by 2 months.  My heart goes out to the families and friends that have lost 

loved ones to this fatal cancer.  I hope that my research and proposed model for future 

treatments can somehow contribute to advancing therapy for this currently deadly tumor.  

Technology is constantly improving, as is our scientific progress.  There is never reason 

to lose hope. 

 

  



iv 
 

Acknowledgements 

 

 There are several people that have helped and supported me during this long 

journey, many of whom I would not have made it through without!  First, I would like to 

thank our fantastic Dean, Anthony Carruthers, and faculty that have always held students 

up to high academic standards by maintaining a challenging curriculum preparing us for 

anything we may choose to do in the future!  The Dean has always been incredibly 

supportive of all his students.  Both the Dean and Dr. Mary Munson have made particular 

efforts to show their care for students’ well-being and safety, which I greatly appreciated. 

 I would like to thank my mentor Alonzo Ross for being such a patient, 

understanding, and supportive PI.  When I joined Alonzo’s lab, he gave me the 

opportunity to pursue my love of stem cell research.  Throughout the years, he has always 

been available to discuss and advise his students whenever we needed him.  He is a great 

teacher. 

 I would also like to thank my dissertation committee for all of their help and 

suggestions throughout the years.  My chair, Stephen Lyle, has always been available to 

me when I had research concerns, and has always made sure that TRAC meetings stay 

focused!  Jeannie Lawrence is no longer on my committee, but did serve as a member for 

several years and had always offered helpful suggestions for which I am thankful.  Thoru 

Pederson and Stephen Jones have been on my committees for 7 years.  They have also 

always been very helpful and supportive, always offering insightful suggestions to 



v 
 

improve my research.  Stephen Grossman recently joined my committee.  I would like to 

thank him for his time and useful suggestions as well. 

 There are several supportive staff members I have worked with throughout the 

years that I would also like to thank.  Our lab manager Marie-Claire Daou has become a 

great friend and major source of strength for me over the years.  Without her constant 

positivity, support, advice, and willingness to provide an ear to my various woes, I may 

not have made it through graduate school!  Our departmental network administrator Luca 

Leone has always been helpful in restoring my laptop to a functional state after the many 

times it has crashed!  His mother Marie Leone has always made sure we have the 

autoclaved supplies we need, as well as always being a caring, generous, and smiling 

presence in our department.   

 The FACS Core not only provided me with part-time employment to help 

supplement my income during graduate school, but they also provided me with 

friendship, and priceless knowledge about flow cytometry!  The helpful and courteous 

staff sorted many difficult cell types for me, and helped me to set up and analyze several 

types of experiments throughout the years.   

 I would like to thank my family for supporting my choice to be a student until I 

was 30 years old.  They have been patiently waiting to attend the graduation ceremony 

in which “Dr” was said before my name.  From an early age, my mom always tolerated 

my bug and frog collections, for which I am greatful.  Without their support, I would not 

be where I am today. 



vi 
 

 Last but certainly not least, I want to thank all of my friends.  Throughout 

graduate school, I have met some really wonderful people, several of whom I hope to 

know for the rest of my life.  Without their shoulders to cry on, ears to listen, smiles, 

support, advice, and endless fun trips and good times, I surely would not be the person 

that I am today.   

 

  



vii 
 

Abstract 

 

My thesis research began with a project in which we were trying to determine the 

function of embryonic stem cell (ESC)-specific miRNAs.  Using luciferase constructs 

containing miRNA binding sites, luciferase expression was inhibited by endogenous 

miRNAs in ESCs, and by exogenous miRNAs in HeLa cells.  Inhibition of luciferase 

expression by miRNAs was inhibited in HeLa cells using 2’O-methyl-oligonucleotides.  

In ESCs, 2’O-methyl-oligonucleotides were only effective in partially inhibiting miR290 

function.  Partial inhibition of miR290 did not result in any obvious phenotypic changes 

in mESCs.  Later studies using 2’O-methyl-oligonucleotides in ESCs were also 

unsuccessful.  The function of ESC-specific miRNAs has since been studied by re-

introducing miRNAs into Dicer -/- cells which cannot make miRNAs.  These studies 

have shown that ESC-specific miRNAs are involved in de novo DNA methylation, self-

renewal, and cell-cycle regulation. 

Newly diagnosed glioblastoma (GBM) patients rarely survive more than two 

years even after surgery, radiotherapy, and chemotherapy using temozolomide (TMZ) or 

1,3-bis(2-chloroethy)-1-nitrosourea (BCNU).  Eventual regrowth of the tumor indicates 

that some tumor cells are resistant to therapy.  GBM neurosphere-initiating cells (NICs) 

are thought to be similar to tumor-initiating cells in vivo, and will form invasive tumors in 

mice, making neurosphere cultures a good model system for studying GBMs.  To test 

whether GBM NICs were resistant to chemotherapy, we used a neurosphere formation 

assay to measure the number of proliferating NICs in the presence of TMZ or BCNU.  
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The concentrations of chemotherapy drugs required to inhibit neurosphere 

formation were much less than those required to inhibit bulk cell proliferation or to 

induce cell death in our neurosphere cultures. For some cultures, there was a robust 

recovery of neurosphere formation after chemotherapy treatment which appeared to be 

DNA damage independent.  Some of the cultures that showed significant recovery of 

neurosphere formation underwent reversible cell cycle arrest, possibly reducing 

chemotoxicity in these cultures.   Collectively, these results indicate that GBM 

neurosphere cultures can regrow after being treated with clinically relevant doses of 

chemotherapy drugs.   Chemotherapy-treated neurosphere cultures remained viable, and 

formed tumors when injected into mice.  Our experiments show that these in vitro assays 

may be useful in predicting in vivo responses to chemotherapeutic agents. 
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CHAPTER I: 

Introduction 

Glioblastoma 

 Glioblastomas (GBMs) are highly infiltrative and malignant intracranial tumors 

characterized by high rates of mobidity and mortality [1, 2].  GBMs are one of the most 

common brain tumors found in adults.   Approximately 18% of reported brain tumors are 

GBMs [3], with approximately five new cases a year per every 100,000 people [2].  Men 

are more susceptible to GBMs (57% of cases) compared with women (43% of cases).  

95% of GBMs occur in Caucasians, with only 5% being reported in African Americans 

[3]. 

 Patients who develop a GBM may encounter a variety of symptoms.  Many 

patients experience headaches, which are thought to be caused by increased intracranial 

pressure from tumor growth.  When severe, headaches can induce nausea and vomiting.  

Patients with GBMs may also have seizures, impaired vision, confusion, memory loss, 

and personality changes [2]. 

 Malignant gliomas are classified as Grade IV astrocytomas based on histologic 

features by the World Health Organization (WHO), and can be either primary or 

secondary.  Grade IV malignant gliomas are characterized by increased cellularity, 

nuclear atypia, increased mitotic activity, increased microvascular proliferation, and 

necrosis.  Primary GBMs are derived de novo whereas secondary GBMs are a result of 

additional transformations from lower grade astrocytomas over the course of several 
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years.  Although primary and secondary GBMs contain several differences in genetic and 

chromosomal abnormalities, they appear to be morphologically identical and respond 

similarly to conventional therapies.  Primary GBMs generally occur in patients older than 

50, whereas secondary GBMs occur in patients under 45 years of age who were 

originally diagnosed with a lower grade astrocytoma [1, 2].  Approximately 70% of 

Grade II gliomas transform into Grade III/IV malignant gliomas within 5-10 years of 

diagnosis [1].  Life expectancy after diagnosis of either a primary or secondary GBM is 

similar, with the median survival time after diagnosis for a malignant GBM being 

between 12-15 months [2].   

 The accumulation of several genetic or chromosomal aberrations as well as 

deregulation of growth factor signaling pathways are thought to contribute to GBM 

formation and progression.  Primary GBMs developing de novo with no previous 

symptoms contain a range of genetic abnormalities including MDM2 gene amplification 

(10%) [1, 2], MDM2 protein overexpression (>50%) or amplification (10%) [1, 2, 4], 

LOH 10q (70%) [1, 2], p16Ink4a/p14ARF loss (30%) [1, 2, 4, 5], PTEN mutations (40%) 

[1, 2], inactivation of the p53 pathway (67%) [1, 4], PI3K mutation or amplification 

(20%) [1, 2], Rb mutations (25%) [1, 2, 4], and upregulation of HEY1 [6].  In addition to 

genetic and chromosomal abnormalities, GBMs also contain a range of defects in growth 

factor signaling.  The most common abnormalities in growth factor signaling in primary 

GBMs are caused by EGFR amplification (40%) or overexpression (60%) [1, 2], EGFR 

mutations (25%) [1, 2], PDGFR amplification (10%), and VEGF overexpression [2].  

Other signaling pathways that may be affected in GBMs include sonic hedgehog, 
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wingless, Notch, CXCR4, BMPs, MAPK, AKT, and mTor [1, 2].  GBMs contain a wide 

variety of abnormalities that likely contribute to their resistance to therapy.  In addition to 

expressing a wide range of mutations and abnormalities, individual tumors contain 

heterogeneous populations of cells that may not respond similarly to any individual 

therapy. 

 The current standard therapy for patients diagnosed with GBM includes multiple 

rounds of surgery, radiotherapy, and chemotherapy [2, 7].  The objective of surgical 

resection is to remove as much of the tumor as possible.  Reducing tumor volume may 

alleviate some of the symptoms patients are experiencing, such as headaches from 

intracranial pressure.  Due to the invasive nature of GBMs, however, surgical resection 

only provides a temporary reduction in tumor volume because residual GBM cells that 

could not be surgically removed will contribute to regrowth of the tumor with time.  

Patients with GBMs frequently undergo several rounds of surgery after diagnosis, 

followed by radiotherapy.  Radiotherapy is an essential component of GBM therapy, but 

even in combination with surgical debulking, is not sufficient in killing all GBM cells in 

the brain [2, 8].  Radiotherapy in combination with surgery results in increased patient 

survival, from 3-4 months with surgery alone to 8-9 months with combined surgery and 

radiotherapy [9].  To more effectively treat GBMs, chemotherapy treatment is 

administered in addition to surgery and radiotherapy. 

 To be effective, chemotherapy drugs used to treat GBMs must have a low 

molecular weight, high lipid solubility, low ionization, and minimal protein binding 
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capability so that they can effectively cross the blood brain barrier.  These properties 

limit the number of compounds that can be used to treat GBMs, unless they are surgically 

implanted into the tumor bed.  Two chemotherapeutic compounds primarily used to treat 

GBMs in combination with surgery and radiotherapy are carmustine (BCNU) and 

temozolomide (TMZ) [10]. 

 Prior to the discovery of TMZ, BCNU had been the most effective 

chemotherapeutic agent used to treat GBMs over the past few decades.  BCNU only 

partially crosses the blood brain barrier, and has a short serum half-life of 15 minutes.  

For these reasons, BCNU is most effective when implanted into the tumor cavity 

following surgical resection.  For this purpose, BCNU was incorporated into 

biodegradable polymer wafers that can be implanted into tumor beds following tumor 

resection.  These wafers, patented as Gliadel, were FDA approved in 2003.  As the 

biodegradable wafer degrades, BCNU is slowly released [10].  Pharmacokinetic studies 

indicate that tissue exposure to BCNU incorporated into a polymer wafer is 4-1,200 times 

higher compared with intravenous administration.  A day after surgical implantation of a 

BCNU infused polymer disc into monkey brain, 7 mM BCNU was detected in coronal 

sections.  After 30 days, BCNU could still be detected at 1.2 mM [11].  Based on these 

results, Gliadel appears to effectively infiltrate tumor tissue with a slow and stable release 

of BCNU.  Although BCNU can now be effectively administered, one major advantage 

TMZ has over BCNU is that it can be administered orally [10]. 
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 When given orally, TMZ is 100% bioavailable, bypassing the need for 

intravenous injection or surgical implantation.  The half-life of TMZ in aqueous buffer at 

physiological pH is approximately 1.8 hours, which is significantly longer than the 15 

minute half-life of BCNU [8].  Following a single oral dose, TMZ plasma concentrations 

peaked at ~26 µM between 0.33 and 2 hours [12].  Another study found peak 

concentrations of TMZ in plasma and CSF to be 70 µM and 10 µM respectively [13].  

Using labeled TMZ and positron emission tomography (PET) neuroimaging, Rosso et al 

examined the tissue distribution of TMZ in live patients.  Using this approach, they 

calculated that TMZ reaches concentrations between 15-30 µM in glioma tumor tissue 

[14].    

 Based on increases in median survival time, two year survival rates, and 

decreased toxicity, TMZ is currently the most promising chemotherapeutic agent used to 

treat GBMs.  In a study of 573 patients, TMZ combined with radiotherapy resulted in a 

14.6 month median survival time, compared with 12.1 months with radiotherapy alone.  

The two year survival rate was only 10.4% for patients treated with radiotherapy alone.  

When TMZ was administered in addition to radiotherapy, two year survival rates 

increased to 26.5%.  In addition to increasing survival time and rates, TMZ is also 

advantageous because it is better tolerated by patients due to its manageable toxicity.  

The minimal toxicity of TMZ allows patients to finish treatments without serious adverse 

affects [15].  After several administrations of TMZ, levels of drug did not accumulate in 

plasma and were eliminated through urine [12].  TMZ can even be tolerated in long-term 

treatments.  A recent study documented the treatment of three patients treated with TMZ 
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for five, seven, and eight years.  Of particular interest is one patient who had been 

diagnosed with a Grade IV GBM.  After eight years of TMZ treatment in combination 

with two surgeries and radiotherapy, the patient was stable and had no significant toxic 

side effects, indicating that in some cases TMZ treatment can be tolerated long-term and 

can ward off disease progression [7].   

 BCNU and TMZ are alkylating agents.  The alkylation of DNA following 

treatment with these agents results in base-base mismatches, DNA-DNA and DNA-

protein crosslinks [8, 10].  Alkylated bases and base-base mismatches will trigger 

activation of the mismatch repair system (MMR).  Lesions caused by methylation of the 

O6 position of Guanine (O6-meG), which is considered to be the most toxic lesion 

induced by these chemotherapeutic agents, cannot be repaired by MMR mechanisms.  

The unrepaired O6-meG lesion will eventually lead to dsDNA breaks and cell death as a 

result of apoptosis or autophagy [8].  DNA crosslinks, more commonly associated with 

methylation of the N7 position of Guanine (N7-meG), can block replication and 

transcription and cause replication-mediated dsDNA breaks, which can also eventually 

result in apoptosis. 

 Expression of MGMT, sometimes referred to as O6-methylguanine-DNA-

methyltransferase AGT, is one of the biggest factors in determining patient responses to 

TMZ.  Unrepaired O6-meG lesions induced by TMZ result in cell death due to futile 

DNA repair, dsDNA crosslinks, and eventually apoptosis.  MGMT reverses this 

alkylation by removing the methyl group from guanine, and transferring it to an internal 
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cystine residue (Cys145), preventing DNA damage-induced apoptosis.  MGMT is 

considered a „suicide repair protein‟ because once MGMT transfers the methyl group to 

itself, it gets degraded, and new MGMT must be synthesized in order to continue DNA 

repair [8, 16-18].   In a study done in peripheral blood mononuclear cells, seven days of 

TMZ treatment resulted in a 72% reduction in MGMT activity, which remained reduced 

for seven days after treatment.  These results indicate that prolonged TMZ treatment can 

significantly deplete MGMT activity even after treatment has ended [19].  Based on this 

observation, treatment with TMZ for longer than five days would be more efficacious in 

cells with active MGMT. 

 MGMT gene activity can also be silenced by promoter methylation.  Methylation 

of the promoter of MGMT results in gene silencing, which has been associated with a 

favorable outcome in patients [18, 20, 21].  In one study, the average survival of patients 

with methylated MGMT promoter was 13.7 months, compared with only 2.5 months for 

patients with unmethylated MGMT promoter [20].  Hypermethylation of the MGMT 

gene is associated with long-term survival [22], but not necessarily with inhibited 

metastasis [23].   

 In patients with an unmethylated MGMT promoter, MGMT activity can be 

reduced using the inhibitor O6-benzylguanine (BG).  BG serves as a low molecular 

weight substrate for MGMT.  The benzyl group of BG binds to the active cystine residue 

of MGMT.  As MGMT is a „suicide‟ enzyme, it is depleted by BG, rather than by 

removing alkyl groups resulting from alkylating chemotherapy [24].  Combined therapy 
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with BG and TMZ has been proposed for MGMT expressing tumors that do not respond 

as efficiently to TMZ [25].  A phase II clinical trial using combined TMZ and BG 

therapy in TMZ resistant Grade III anaplastic astrocytomas and Grade IV glioblastomas 

was recently published.  The results of this study indicate that combined TMZ/BG 

therapy restored TMZ sensitivity in anaplastic astrocytomas, but not GBMs [26], 

indicating that this therapy was not effective for GBMS, and that other mechanisms likely 

contribute to chemoresistance in GBMs. 

Cancer Stem Cells 

 Research in recent years has focused on determining what cell population in GBM 

is responsible for chemoresistance.  As mentioned previously, GBMs contain a 

heterogenous mix of cells, some of which have stem cell-like properties.  These stem-like 

tumor cells are thought to be the origin of tumor formation, as well as being resistant to 

current therapies. 

 Several organs and tissues contain adult stem cells.  Adult stem cells are defined 

as cells having long-term replication potential that are capable of self-renewal and 

differentiation into the cellular components of the tissue or organ in which the adult stem 

cell resides [27, 28].  In addition to normal adult stem cells, stem cell populations have 

also been identified in many cancers, such as leukemia [29, 30], colon [31], 

retinoblastoma [32], lung [33], melanoma [34], breast [35], and brain [36, 37].  Cancer 

stem cells are defined as cancer or tumor cells that have unlimited self-renewal potential 

and are capable of forming tumors in immunodeficient mice that recapitulate the original 

tumor [38].   
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Figure 1.1:  Neurosphere cultures are capable of self-renewal, generation of many 
progeny, differentiation, and tumor formation.  A)  Neurosphere initiating cells (NICs) 
can be isolated from the subventricular zone of fetal or neonatal mice or from surgically 
resected GBM tissue.  B)  When plated into serum free media containing EGF and FGF, a 
small percent of cells, the NICs, will form neurospheres.  C)  When triturated into 
individual cells, the NICs in the culture will go on to form more neurospheres.  
Established neurosphere cultures can sometimes be maintained indefinitely.  D)  
Neurosphere cells can be induced to differentiate by removing essential growth factors.  
E)  Neurosphere cultures derived from GBMs will form tumors when transplanted into 
mice, indicating that these cultures maintain tumor-initiating cells in vitro. 

Figure modified from [39]. 
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Similar to cells isolated form the subventricular zone of fetal or neonatal mice, 

brain tumor stem cells can be isolated from primary GBMs and propagated in defined 

media as neurospheres (Figure 1.1).  When maintained properly, these neurosphere 

cultures share many properties with normal brain neurosphere stem cell cultures, 

including long-term self-renewal, multipotency, and the generation of many progeny 

[39].  Whereas non-transformed neurosphere cultures contain only 1-2% of NICs [40], 

GBM cultures have a higher percent of NICs, sometimes up to 30%, which is thought to 

correlate to the clinical aggressiveness of the tumor [38, 41, 42].  Galli et al. established 

several neurosphere cultures from primary GBMs.  When grown in media with the 

growth factors EGF and FGF, GBM-derived cell lines could be passaged over 80 times, 

indicating that cultures had maintained stem cell-like self-renewal properties.  Even after 

80 passages, the cultures were capable of undergoing terminal differentiation upon 

removal of growth factors.  Unlike normal fetal neural cells, brain tumor stem cells will 

form tumors when transplanted into immunodefient mice. Tumors that form from GBM 

neurosphere cultures are histologically similar to the original GBM [37, 42, 43].  These 

studies support the idea that cells grown in neurosphere cultures with stem-like properties 

are the source of GBM formation and sustained growth. 

 One of the most important stem cell-like characteristics of tumor-initiating 

stem/progenitor cells is increased self-renewal potential [44, 45].  Several signaling 

pathways that regulate self-renewal in normal stem cells are dysregulated in cancer stem 

cells, such as WNT, SHH, Notch, PTEN, β-catenin, TGF-β, and Bmi-1, resulting in 

enhanced self-renewal and proliferation [44, 46-49].  In addition to dsyregulated self-
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renewal, cancer stem cells can remain quiescent [49, 50].  These properties may 

contribute to the resistance of tumor stem cells to current therapies. 

 Stem cells frequently remain in a G0 quiescent state and self-renew when they 

receive appropriate signals to divide [49].  Quiescence helps preserve a stem cell‟s 

prolonged lifespan [51, 52], contributes to resistance to apoptosis [29, 53, 54], and 

prevents differentiation [55].  Transcriptional profiling of cells induced into becoming 

quiescent by mitogen withdrawal, contact inhibition, and loss of adhesion identified the 

upregulation of 116 genes and downregulation of 33 genes involved in regulating cell 

growth and division, suppression of apoptosis, and suppression of differentiation.  

Overexpression of the CDK inhibitors p21 or p27, which are involved in cell cycle arrest 

rather than G0 quiescence, blocked cell proliferation, but did not induce the same 

transcriptional pattern induced by quiescence [53].  Other reports claim that p21 [52] and 

p27 are upregulated in quiescent cells [56].   

Targeting quiescent stem cells is one approach used to treat cancer.  Stem cells 

residing in bone marrow in adult myeloid leukemia (AML) are predominantly quiescent, 

which protects them from chemotherapy-induced apoptosis [29].  Treatment with 

granulocyte colony-stimulating factor (G-CSF) induced AML stem cells to enter the cell 

cycle, which significantly enhanced the induction of apoptosis when cells were treated 

with chemotherapy [57].  Hence, cancer stem cell quiescence may be one mechanism of 

chemoresistance. 
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 Segregation of an “immortal” DNA strand during stem cell self-renewal has been 

proposed as another possible mechanism of chemoprotection in normal and cancer stem 

cells.  Stem cells are capable of undergoing DNA synthesis and division in which one 

original parental or “immortal” strand is not replicated and always segregates with the 

daughter stem cell.  This pattern of DNA synthesis and cell division ensures that the stem 

cell population does not accumulate mutations associated with replication or as a result of 

DNA damaging agents [49].  Segregation of an immortal strand of DNA within stem cell 

populations may preserve the genetic integrity of the stem cell pool by helping cells avoid 

replication and chemotherapy-induced DNA damage and hence cytotoxicity.  In addition 

to stem-cell properties that help preserve genetic integrity and hence protect against 

chemotoxicity, cancer stem cells contain a variety of mutations and mechanisms that can 

contribute to chemoresistance. 

Glioblastoma patients rarely survive more than two years after diagnosis even 

after surgery, radiotherapy, and chemotherapy.  Glioblastoma neurosphere initiating cells 

(NICs) are thought to be similar to tumor initiating cells in vivo, and will form invasive 

tumors in mice.  We were interested in determining whether glioblastoma NICs were 

resistant to chemotherapy, and if so, by what mechanism? 
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CHAPTER II: 

Chemotherapy treated glioblastoma cultures contain 

populations of chemoresistant cells and cells arrested in the cell 

cycle that may be responsible for tumor regrowth in vivo 

 

Summary 

 Glioblastoma patients rarely survive more than two years after diagnosis even 

after several rounds of surgery, radiotherapy, and chemotherapy.  Glioblastoma cells can 

be cultured in defined media as neurospheres.  Glioblastoma neurosphere-initiating cells 

(NICs) are thought to be similar to tumor-initiating cells in vivo, and will form invasive 

tumors in mice.  We used GBM neurosphere cultures to examine the effects of 

chemotherapy on these cells.  We found that neurosphere formation was inhibited at 

clinically relevant doses of chemotherapy, but that some cultures can recover after 

treatment, similar to tumor regrowth in vivo.  Hopefully this model system can help us 

better understand the effects of chemotherapy on GBM cultures so that we may improve 

future treatments.  

Introduction 

Mutations in cancer stem or progenitor cells that promote chemoresistance  

In addition to containing a population of stem-like cells that may be resistant to 

chemotherapy, GBM neurosphere cultures can also have several genetic mutations that 

can contribute to chemoresistance.  PTEN is one of the most frequently mutated genes in 
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GBMs [1, 2].  PTEN regulates the phosphoinositide-3-kinase (P13K)-Akt pathway.  Loss 

of PTEN function can result in hyperactive Akt, which can enhance cell growth, 

proliferation, and survival.  PTEN is also required for maintenance of genomic stability 

[58, 59] and p53-mediated apoptosis [58].  Disruption of PTEN therefore results in 

reduced p53-mediated apoptosis.  Hematopoietic cells in which PTEN has been deleted 

transform into transplantable leukemic cells within weeks.  PTEN deletion also promoted 

hematopoietic stem cell proliferation [60].  Brain tumor stem and progenitor cells that 

have lost PTEN function also acquire enhanced self-renewal and multipotent 

differentiation potential.  PTEN deficiency mediates enhanced self-renewal by promoting 

cells to enter the cell cycle from G0 [61], as well as accelerating the G1 to S cell cycle 

transition [62].  Mice deficient for PTEN have enlarged brains (macrocephaly) resulting 

from increased cell proliferation, decreased cell death, and enlarged cell size [63].  PTEN 

deficiency may contribute to tumor survival by enhancing self-renewal and making cells 

more resistant to apoptosis. 

The EGFR gene is amplified in many glioblastomas leading to the overexpression 

of EGFR protein [64].  Many tumors with amplified EGFR express a mutated EGFR 

[65], the most common of which is EGFRvIII.   EGFRvIII was detected in 53% of 

glioblastomas [66].  EGFRvIII has a 267-amino acid deletion in the extracellular domain 

resulting in constitutively active EGFR signaling [67].  Expression of EGFRvIII enhances 

cell proliferation, tumor growth and invasiveness [68-73].  GBM cells expressing 

EGFRvIII therefore likely contribute to increasing tumor volume. 
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 In response to DNA damage, the tumor suppressor p53 can trigger cell cycle 

arrest, apoptosis, or senescence [74].  p53 is expressed at higher levels in neural stem 

cells compared with other cells in the adult brain.  Mice lacking functional p53 have 

significantly higher numbers of proliferating cells and NICs, implicating p53 as a 

negative regulator of neural stem cell self-renewal.  p53-/- mice also had decreased levels 

of apoptotic cells when compared with p53+/+ mice [75].  Cancer development in lung 

and brain tissue is associated with inactivation of p53 and decreased apoptosis [76, 77].  

These results indicate that GBMs with mutated p53 would therefore have higher 

proliferation rates, higher numbers of proliferating NICs, and would be more resistant to 

apoptosis.   

Different methods of SC Isolation 

Stem cell marker expression is frequently used to identify and isolate normal and 

cancer stem cells [78].  Marker expression has been best characterized in hematopoietic 

tissues.  For example, both normal and adult myeloid leukemia (AML) stem cells can be 

isolated based on a CD34+/CD38- phenotype.  Only AML stem cells, but not normal 

hematopoietic CD34+/CD38- cells, show long-term engraftment and differentiation 

potential when transplanted into mice [29, 30]. 

The first stem cell marker used to successfully isolate brain tumor-initiating cells 

was CD133 [36, 79].  The enrichment of brain stem cells using CD133 expression has 

been controversial, however.  In some cases, cancer stem cells enriched by the stem cell 

marker CD133 are tumor-initiating cells. When transplanted into mice, as few as 100 
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CD133+ form a tumor, while 100,000 CD133- cells can engraft but do not form tumors 

[36].   

Several laboratories have suggested that CD133 is not an ideal cancer stem cell 

marker.  Many GBMs do not contain CD133+ cells [80].  Some high-grade CD133- 

GBMs still form tumors in immunodeficient mice [81]. In addition, CD133- cells isolated 

from CD133+ glioblastomas can form tumors in immunodeficient rats that include 

CD133+ cells [82].  For low-grade astrocytomas, the CD133+ cells that were thought to 

be cancer stem cells may be blood vessel precursor cells and hence, these tumors may 

also lack CD133+ neural/glial stem cells [83]. Although this study focuses on brain 

tumors, Shmelkov et al recently made several important observations for CD133+ cells in 

colorectal carcinomas [84]. They found that expression of CD133 in the colon is 

widespread and not restricted to stem cells, and in a serial transplantation model of 

colorectal carcinoma, CD133- tumors grow faster than CD133+ tumors. Consistent with 

this result, both the CD133+ and CD133- colorectal carcinoma cells form colonspheres. 

The cell cycle-dependence of CD133 expression may also complicate cancer stem cell 

identification [85, 86]. The neurodevelopmental markers, A2B5 and CD15, may be better 

than CD133 for the selection of glioblastoma cancer stem cells [80, 87, 88]. At this time, 

there is no consensus on the best set of markers for enrichment of cancer stem cells.   

Aside from stem cell marker expression, stem cells can also sometimes be 

isolated based on expression of the enzyme aldehyde dehydrogenase (ALDH).  

ALDEFLOUR is a fluorescent substrate of ALDH that can be used to identify, quantitate, 
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and isolate primitive cell populations in several types of tissues such as hematopoietic 

[89], mammary [90], and brain.  Freshly dissociated brain tissue contained only 0.2-0.4% 

ALDH+ cells, whereas neurosphere cultures which enrich for the growth of stem cell 

fractions contained between 3-4% ALDH+ cells.  Based on immunohistochemistry and 

RT-PCR, ALDH+ cells expressed high levels of stem cell markers when compared with 

differentiated cells.  ALDH+ cells had high engraftment and differentiation potential 

when transplanted into mice.  Neurons derived from ALDH+ cells incorporated into 

many regions of the brain [91].   

The Neurosphere Assay 

Because there is currently no fool-proof method of isolating or examining live 

brain stem cells, we decided to use a functional assay to examine stem cell proliferation 

in response to chemotherapy, assessing neurosphere formation as a measure of stem cell 

content.  Neurosphere formation is an established method used to measure neural stem 

cell content [40, 92, 93].  Neurosphere cultures are known to contain a mix of NICs and 

progenitor cells.  We refer to the entire culture as “bulk cells”.  The bulk cell population 

includes the NICs, which continuously repopulate the neurosphere culture, and the non-

NICs, which make up the majority of the neurosphere, but cannot go on to form another 

neurosphere due to reduced self-renewal capacity. 

 The GBM cells used for this assay are grown as neurospheres in defined medium 

to prevent differentiation of the cancer stem cells. Unlike serum-supplemented cultures 

derived from GBMs, GBM cells grown as neurospheres will form invasive brain tumors 
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in immunodeficient mice. In addition, based on expression profiling, neurosphere 

cultures resemble glioblastoma tumors from patients more closely than serum-

supplemented cultures [94].  However, even under these conditions, only a fraction of the 

cells are able to form new neurospheres.  This small fraction of NICs is thought to be the 

population of self-renewing stem cells maintaining the culture, which we believe 

resemble tumor initiating cells in vivo.  

To quantify the NICs, normal or transformed cells were plated at low density in 

defined medium and after 1-2 weeks depending on growth rate, the numbers of 

neurospheres that form are scored [95, 96].  For normal neural cells, this assay was 

originally thought to exclusively assess stem cell proliferation [93] but is now thought to 

also detect early progenitor cell proliferation [97-99].  It is not known whether there is a 

similar ambiguity for tumor sphere-forming cells.  Throughout this thesis, we will refer to 

the neurosphere-forming or neurosphere-initiating cells as NICs.  The goal of this study is 

to better understand the effects of chemotherapy on tumor-initiating cells, which we 

believe are represented by NICs in vitro.   

Using the neurosphere-formation assay, we find that clinically relevant doses of 

BCNU or TMZ inhibit neurosphere formation without a substantial effect on the survival 

of bulk or total cells in the culture.  This result is consistent for one normal neural 

precursor culture and six GBM cultures.  Unlike most previous studies, we examine 

neurosphere formation at several time points after chemotherapy treatment (Figure 2.1) 
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For some cultures, neurosphere formation resumes following the addition of fresh 

medium and a recovery period.  BCNU and TMZ induce S and/or G2/M cell cycle arrest 

in some of these GBM cultures, which partially reverses by seven to ten days post-

treatment.  Collectively, these results indicate that GBM NIC proliferation is selectively 

and highly sensitive to chemotherapy drugs, and in some cases, the NICs enter a 

reversible cell cycle arrest.  This reversible cell cycle arrest may protect the NICs from 

chemotoxicity [29, 54, 100, 101], allowing survival and regrowth of the culture after 

chemotherapy treatment ends.  In other cell lines, secondary sphere formation shows that 

even cultures that do not recover after a recovery period sometimes contain 

chemoresistant NICs.  Chemotherapy-treated neurosphere cells retain the ability to form 

tumors in vivo, confirming that a fraction of treated cells which we believe are the 

chemoresistant NICs survived treatment and maintained tumorgenicity.  

We quantitated neurosphere formation at several time points following 

chemotherapy treatment.  This novel approach allowed us to examine the immediate 

effects of chemotherapy on neurosphere formation, as well as the more “long-term” 

effects of chemotherapy on neurosphere cultures (Figure 2.1).  Neurosphere formation 

following chemotherapy treatment indicates that some NICs are chemoresistant and can 

proliferate in the presence of chemotherapy.  Reduced neurosphere formation following 

chemotherapy treatment indicates that a fraction of NICs were not proliferating in the  
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Figure 2.1:  Neurosphere Initiating Cell (NIC) proliferation is assessed at several 
timepoints following chemotherapy treatment in this study.   A)  Neurosphere cultures are 
triturated into single cells and treated with chemotherapy drugs.  B)  The number of 
neurospheres that originally form (7-10 days) measures NIC proliferation in the presence 
of chemotherapy.  C)  After giving NS cultures a recovery period following 
chemotherapy treatment, there is an increase in the number of neurospheres in some 
cultures.  D)  After dissociation, some 14-21day cultures form secondary spheres, 
indicating that NICs remained viable and were chemoresistant even in cell lines that did 
not show significant neurosphere recovery after a recovery period.   
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presence of chemotherapy, possibly due to quiescence or reversible cell cycle arrest 

(Figure 2.1B).  Recovery of neurosphere formation following a recovery period equal to 

the time necessary for primary neurosphere formation indicates that the NICs that did not 

proliferate in the presence of chemotherapy drugs were still viable and could resume 

neurosphere formation once chemotherapy treatment was completed (Figure 2.1C).  After 

dissociation, formation of secondary spheres from 14-20 day treated cultures indicates 

that NICs remained viable and were chemoresistant even in cell lines that did not show 

significant neurosphere recovery after a recovery period (Figure 2.1D).  Tumor formation 

from chemotherapy-treated neurosphere cultures confirms that a fraction of cells 

remained viable and tumorigenic. 

These results indicate that following chemotherapy treatment, glioblastoma 

cultures contain a heterogenous mix of chemoresistant and/or reversibly arrested or 

quiescent cells that resemble cells responsible for tumor regrowth.  This model for the 

survival and recovery of cultured GBM stem cells provides insights for tumor recurrence 

in vivo.  Hence, these in vitro assays might be a powerful tool that can be used to predict 

the effectiveness of chemotherapeutic agents in treating GBMs in vivo.   
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Materials and Methods 

Cell Culture 

 In a previous study, PTEN -/- neural precursor cells [39] were infected with a 

retrovirus bearing the human mutant receptor EGFRvIII, and we refer to these cells as 

EGFRvIII PTEN -/- cells [102]. These transformed cells formed glioblastoma-like tumors 

in immunodeficient mice, and we established the aggressive PET2 line from one of these 

tumors.  As a control, PTEN +/+ neural precursor cells were infected with an empty 

MSCV-XZ066 virus [103]. Because the retrovirus expresses GFP, we refer to these cells 

as GFP PTEN +/+ cells. Given that PET2 cells were originally derived from normal 

neurosphere cultures, using these cells allows us to compare the effects of chemotherapy 

on normal and transformed cells.   

 The rat C6 adherent glioblastoma cell line was converted to floating neurosphere 

cultures, C6NS, by replacing serum-containing media with serum-free DMEM/F12 

medium supplemented with B27 (GIBCO Carlsbad, CA), 20 ng/ml bFGF (Invitrogen 

Carlsbad, CA) and 20 ng/ml EGF.  Adherent C6 cells began forming spheres within 24 

hours of switching to serum-free media.  Kondo et al also reported the conversion of C6 

cultures to neurospheres [104].  The human glioblastoma U373MG line was placed into 

20% FBS DMEM/F12 and then into defined medium. These cells did not begin forming 

neurospheres until they had been in serum free media for approximately one month.  

Primary human glioblastoma cultures (GS7-2, GS7-25 and GS9-6) were established from 

resected tumor tissue with Institutional Review Board approval. The tumors were cut into 

small sections and disassociated with trypsin. Dissociated tumor cells were grown as 
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neurosphere cultures in DMEM/F12 medium supplemented with B27, 20 ng/ml bFGF 

and 20 ng/ml EGF. The primary glioblastoma cultures were passaged using basic solution 

to disassociate the spheres [105].  Previously established cell lines were passaged using 

trituration. 

Neurosphere Initiation Assay  

 Neurospheres were mechanically triturated into single cell suspensions or 

disassociated with basic solution [105] depending upon the cell culture and plated at 

either 1,500 cells/well in a 24-well plate or 6,000 cells/well in a 6-well plate. To measure 

the effect of chemotherapy treatment on neurosphere growth, BCNU (Sigma-Aldrich St. 

Louis, MO) or TMZ (a gift from Dr. Michael Glantz) were added to single cell 

suspensions at various concentrations. Neurospheres with at least 25 cells/sphere were 

counted after 7-10 days after addition of drug. Then, to measure recovery from drug 

treatment, cultures were supplemented with fresh media, and neurospheres were counted 

a second time, 14 to 20 days after drug treatment. The primary glioblastoma cultures 

(GS7-2, GS7-25 and GS9-6) formed spheres slightly slower than the other cultures. As a 

result, we allowed about 10 days for sphere formation by the primary cultures and 7 days 

for the other cultures.  To look at secondary sphere formation, neurospheres from the 

recovery time point were triturated into single cells and allowed form secondary spheres. 

Subcutaneous xenografts with ex vivo TMZ treatment 

U373NS neurospheres were dissociated and plated at 2.5 x 104 cells/ml in defined 

media and treated with DMSO or 200 M TMZ.  On day 7, the cells were dissociated and 
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3 x 106 live cells were re-suspended in 100 l PBS. Cells were subcutaneously injected 

into the right flank of female athymic nude mice. The mice were observed for tumor 

formation for 100 days post-injection and were sacrificed when the tumor reached a 

volume of 1.5 cm3. These procedures were approved by the University of Massachusetts 

Medical School Institute for Animal Care and Use Committee (IACUC). 

Proliferation Assay 

 Single-cell suspensions were plated at 5,000 cells/well in a 96 well plate with or 

without BCNU or TMZ. After one week, viable cells were measured using colorimetric 

assays following the manufacturer‟s instructions (Promega Corp, Madison, WI). In initial 

experiments done with GFP PTEN +/+ and PET2 cells, we used 3-[4,5-dimethylthiazole-

2-yl]-2,5-diphenyltetrazolium bromide (MTT). In later experiments with the other cell 

cultures, we used 3-[4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H- tetrazolium (MTS) because of its greater solubility. In both cases, 

mitochondria in viable cells reduce these compounds to a formazan, which is assessed by 

measuring the absorbance in a Microplate reader.  For MTT assays, absorbance is 

measured at 570nm.  For MTS assays, absorbance is measured at 490nm. 

Comet Assay 

 DNA damage was measured by a Comet Assay, using protocols and reagents 

provided by Trevigen Inc. (Gaithersburg, MD). Briefly, single cells were embedded in 

agarose, lysed and treated with an alkaline solution to unwind and denature the DNA. 

The agarose-embedded cells were then subjected to electrophoresis. Cleaved DNA 
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fragments caused by single or double stranded breaks migrate out of the nuclei and are 

detected using SYBR Green. For each experiment, at least 75 cells were examined with a 

Zeiss Axiovert S100 microscope, and DNA was quantified with OpenLab 4.0 software 

(Improvision Inc., Waltham, MA). The comet tail moment is calculated as the product of 

the tail length and the relative pixel intensity of the comet tail compared with the pixel 

intensity and the area of the nucleus.  Comet tail moments are directly proportional to the 

extent of DNA damage in the cell [4].  Comet tail moments of treated cells were 

normalized to the comet tail moments of untreated cells. 

CD133+ cell isolation using Magnetic Beads 

 CD133+ cells were isolated from GFP PTEN +/+ and PET2 cells using a Dynal 

magnet and magnetic beads. Cells were incubated with a primary rat IgG anti-mouse 

CD133 antibody (eBiosciences, San Diego, CA), followed by incubation with a 

secondary sheep anti-rat IgG antibody conjugated to Dynal magnetic beads 

(Dynal/Invitrogen, Carlsbad, CA).  Cells positive for CD133 expression were 

magnetically separated from CD133 negative cells using a Dynal magnet.  To remove 

bound beads, cells were incubated with anti-rat IgG antibody which competitively binds 

to the magnetic beads, dissociating them from the cells. 

Live cell sorting  

Live cell sorting was used to isolate live populations of cells based on marker 

expression.  GFP PTEN +/+ cells were sorted once after being labeled with a rat anti-

mouse CD133 antibody (Chemicon/Millipore, Billerica, MA) followed by an anti-rat  
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Table 2.1:  Summary of antibodies used to isolate CD133-expressing cells in 5 different 
cell lines.  CD133-expressing cells were isolated using either Dynal magnet-based 
isolation or live cell sorting.   
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FITC-conjugated antibody (Jackson Immunolabs, West Grove, PA).  PET2 cells were 

sorted twice using the same antibody combination used to sort GFP PTEN +/+ cells, and 

twice using a PE-conjugated anti-CD133 antibody from eBiosciences.  U373NS and 

GS9-6 cells were each sorted once after labeling with a PE-conjugated anti-human 

(epitope 2) CD133 antibody  (Miltenyi, Auburn, CA).  GS7-25 cells were sorted twice 

and U373NS cells sorted once after labeling with an APC-conjugated antibody against 

CD15 (BD Pharmingen, Franklin Lakes, NJ).  Cells were sorted on a BD FACSVantage 

DV-1 cell sorter at the UMASS Core Flow Cytometry Facility.  When enough cells were 

collected, purity checks were run on BD FACSCaliburs. 

Flow Cytometry 

 Flow cytometry was used to measure the percentage of CD133+, CD15+ and 

A2B5+ cells following treatment with chemotherapy drugs.  Cells were suspended in 

PBS containing 5% fetal calf serum, and stained with antibodies against CD133, CD15, 

and A2B5.  Mouse cells were stained with monoclonal anti-mouse CD133 antibody 

(1:100; Clone 13A4, Chemicon/Millipore Corp (Billerica, MA), followed by a secondary 

PE-conjugated antibody (1:200; Jackson ImmunoResearch, West Grove, PA).  For 

human cells, we used a PE-conjugated CD133 antibody (1:10 dilution; Clone AC141, 

Miltenyi Biotec, Auburn, CA).  CD15 and A2B5 were detected with conjugated 

antibodies: CD15-APC (1:5; Clone HI98, Pharmingen/BD Biosciences, San Diego, CA) 

and A2B5-FITC (1:450; Clone A2B5-105(7), Millipore Corp., Billerica, MA).  Marker 
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expression was measured using a Becton Dickinson FACSCalibur (BD Biosciences).  

Data was analyzed using FlowJo 7.2.2 software (Tree Star Inc., Ashland, OR). 

 To analyze cell cycle, cells were fixed with 95% ethanol for at least 24 hrs, 

washed with apoptosis buffer (PBS, 1% Triton X-100, 2 mM MgCl2) to permeabilize the 

cells, and then stained with 50 g/ml propidium iodide (Sigma-Aldrich St. Louis, MO) in 

PBS, 50 g/ml RNase, 2 mM MgCl2 for 30 min prior to analysis with the FACSCalibur. 

Data were analyzed using ModFit LT 3.0 software (Verity Software House, Topsham, 

ME). 

Identifying ALDH1-expressing cells 

ALDEFLUOR (Adagen, Durham, NC) is a compound that is metabolized by the 

enzyme Aldehyde dehydrogenase 1 (ALDH1), which is expressed in stem and progenitor 

cells in many tissues [89, 91].  Briefly, ALDEFLUOR is added to cells, freely diffuses 

into cells, and is activated by cells expressing ALDH1.  When activated, ALDH1 

activates ALDEFLOUR, which then emits a fluorescent signal which can be detected 

using the FL1 filter of a FACSCalibur.  ALDH1 activity can be quantified by analyzing 

ALDH-bright, SSC-low cells.  Diethylaminobenzaldehyde (DEAB) is an inhibitor of 

ALDEFLUOR and is used as a negative control for ALDH1 activity. 

Analysis of p53 Mutations 

 mRNA was extracted using a QuickPrep micro mRNA purification kit (GE 

Healthcare, Piscataway, NJ). One hundred ng of mRNA was incubated for 2 hrs at 37°C 
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with 1 μl of Oligo(dT)12-18 (500 μg/ml), 4 μl of 5X First strand cDNA buffer, 2 μl of 0.1 

mM DTT and 1 μl of 10 mM dNTP Mix (final volume 20 μl). Then 1 μl of SSII Reverse 

Transcriptase (200 U) was added and incubated for 50 min at 42°C, followed by heat 

inactivation for 15 min at 70°C. The p53 cDNA (2 μl) was amplified with the Platinum 

Taq DNA High Fidelity Polymerase (Invitrogen). The primers for amplification of the 

human p53 cDNA were 5‟-ATGGAGGAGCCGCAGTCAGAT-3‟ and 5‟-

TGCGCCGGTCTCTCCCAGGAC-3‟; 5‟-AAGGAAATTTGCGTGTGGAGT-3‟ and 5‟-

CAGTCGGAGTCAGGCCCTTCT-3‟. The primers for amplifying the mouse p53 cDNA 

were 5‟-TTGGGACCATCCTGGCTGTAG-3‟ and 5‟-

ATAAGGTACCACCACGCTGTG-3‟ for exon1-5, 5‟-

ATGGTGATGGCCTGGCTCCTC-3‟ and 5‟-CAGTTCAGGGCAAAGGACTTC-3‟ for 

exon 6-8, 5‟-AAGTCCTTTGCCCTGAACTGC-3‟ and 5‟-

GACCGGGAGGATTGTGTCTCA-3‟ for exon 9. The PCR products were analyzed by 

automated DNA sequencing in both directions (GENEWIZ, South Plainfield, NJ).   

 

Results 

Stem cell marker expression varied among cell lines and was not equal to the % of 

NICs 

 We analyzed several GBM cell lines for the expression of several stem cell 

markers previously used to quantify stem cell populations.  We then compared the 

percent of cells expressing stem cell markers to the percent of NICs in each culture.  
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Based on this comparison, there was no clear correlation between the percent of NICs 

detected by the neurosphere assay to the percent of cells positive for any stem cell marker 

(Table 2.2).  For example, GS9-6 cells derived from a primary GBM contained 8% NICs, 

27% CD133+ cells, 94% CD15+ cells, and 18% A2B5+ cells. 

 In addition to having no clear correlation to the percent of NICs, the percent of 

cells expressing each stem cell marker was highly variable among neurosphere cultures.  

For example, CD133 expressing cells ranged from 2-91% among the six neurosphere 

lines tested (Table 2.2, Figure 2.2).  Stem cells are thought to be only a small percent of 

any given culture or tissue [44], so it is unlikely for a culture to be composed of 91% 

stem cells. 

GBM NS cultures did not stain with ALDH1 

 Based on previous studies successfully using ALDH activity to isolate neural 

stem cells [91] and tumor cells that were resistant to alkylating agents [90], we decided to 

quantify our GBM stem cells using the reagent ALDEFLOUR.  Neither non-transformed 

GFP PTEN +/+ cells nor transformed GBM-like PET2 cells stained positive for ALDH 

(Figure 2.3). 

Sorting Based on Stem Cell Marker Expression did not Enrich for NICs 

Even though stem cell marker expression did not correlate to the percent of NICs 

in the culture, which are considered functionally to be the stem and progenitor cells 
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Table 2.2:  The percent of neurosphere-initiating cells (NICs), which are thought to be 
the stem/progenitor-like population in these cultures, does not correlate with the percent 
of cells staining for any of the stem-cell markers used in this study.   
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Figure 2.2:  The percent of cells expressing CD133 was highly variable among the six 
neurosphere cultures tested. The % of NICs is listed for comparison. CD133 expression 
levels were assayed using flow cytometry in (a) GFP PTEN +/+, a non-transformed cell 
line, (b) PET2, a GBM-like line generated in our lab, (c) U373NS, a previously 
established GBM cell line, and (d-f) GS7-2, GS7-25, and GS9-6, three primary GBM cell 
lines.  The x-axis if FL1 (FITC+) and the y-axis if FL2 (PE+). 
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Figure 2.3:  ALDH expressing stem and progenitor cells can be quantitated using a 
fluorescent substrate of ALDH called Aldefluor which fluoresces following exposure to 
ALDH.  DEAB is an inhibitor of Aldefluor used as a negative control.  When Aldeflour 
was added to cells, neither (A) non-transformed GFP PTEN +/+ cells nor (B) transformed 
GBM-like PET2 cells stained positive for ALDH activity.  (C) ALDH+ staining in neural 
stem cells.  The x-axis is FL1, and the y-axis is SSC. 

Figure modified from [91]. 
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maintaining the culture, we decided to sort cells to see if markers could be used to isolate 

proliferating neurosphere-initiating populations.   

CD133 

 CD133 expression has been used to isolate neurosphere-initiating and tumorigenic 

brain stem and progenitor cells in many studies [36, 37, 106].  Based on these studies, we 

isolated or sorted GFP PTEN +/+, PET2, U373NS, and GS9-6 cells to see if we could 

also enrich for NICs based on CD133 expression.  

  CD133-positive and negative cells from non-transformed GFP PTEN +/+ and 

transformed PET2 cells were first isolated using magnetic beads and a Dynal magnet 

(Figure 2.4).  When plated out for a neurosphere assay, CD133+ cells formed only 

minimal numbers of neurospheres, indicating that magnetic sorting of CD133+ cells did 

not enrich for neurosphere initiating fractions in GFP PTEN +/+ (not shown) or PET2 

cells (Figure 2.5). 

CD133-positive and negative cells from non-transformed GFP PTEN +/+, 

transformed PET2, U373NS, and GS9-6 cells were then isolated using live cell sorting, 

which was frequently cited in literature as a method of stem cell isolation (Figure 2.6).  

As mentioned previously, CD133 expression levels varied among cell lines (Fig 2.2).  

GFP PTEN +/+ cells were sorted once and PET2 cells sorted four times using FITC-

labeled anti-mouse CD133 antibodies.  Sorted cells were then plated out so that we could  
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Figure 2.4:  Magnetic beads conjugated to an antibody against a primary anti-CD133 
antibody were used to separate CD133+ and CD133- cells using a Dynal magnet. A) 
Cells are labeled with an IgG antibody against CD133, followed by incubation with 
magnetic beads bound to an anti-IgG antibody. B) Magnetically labeled CD133+ cells 
can be isolated by pulling the labeled cells out of the total population using a Dynal 
magnet.  C) Unlabeled cells are harvested from the supernatant, and labeled cells are held 
against the magnet until ready for harvest.  D) Once CD133+ cells are harvested, they can 
be incubated with antibody to dissociate bound beads.   
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Figure 2.5:  CD133+ and CD133- cells were isolated using Dynal magnetic beads, and 
were then plated out for neurosphere assays.  After being plated, only CD133- cells but 
not CD133+ cells isolated from PET2 cells formed neurospheres.  Similar results were 
seen for GFP PTEN +/+ cells. 
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Figure 2.6:  Live cell sorting was used to isolate cells based on stem cell marker 
expression.  A) Cells are fluorescently labeled with antibodies against specific markers, 
in this figure CD133 is used as an example. B)  Live cell sorters are used to separate C) 
fluorescently labeled marker+ and marker- cells, which can then be used for further 
analysis.   
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observe cell proliferation and sphere formation.  Similar to results obtained with 

magnetic bead isolation, following all five sorts, only CD133 negative fractions of cells 

proliferated or formed neurospheres.  Whereas CD133+ cells did not proliferate even 

after a month‟s time in growth factor enriched media, CD133- cells began proliferating 

within 2 days of sorting.  We observed the same results for the established human cell 

line U373NS and the primary human GBM cell line GS9-6.   Three weeks after plating, 

primary GS9-6 CD133+ cells had formed an average of 6 (±7) spheres per well, whereas 

CD133- cells had formed 163 (±25) spheres (Figure 2.7).  These results are similar to and 

representative of the results seen with the other cell lines tested. 

CD15 

CD15 expression has also been used to isolate highly tumorigenic self-renewing 

GBM cells [80].  To see if we could enrich for self-renewing and proliferating 

neurosphere cells, we sorted U373NS and GS7-25 cells based on CD15 expression.  

CD15-positive and negative cells isolated by live cell sorting from U373NS (Figure 

2.8A) and GS7-25 (Figure 2.8 B) formed similar numbers of neurospheres.  For example, 

U373NS CD15+ and CD15- cells formed 33 (± 20) and 50 (± 17) neurospheres 

respectively, and GS7-25 CD15+ and CD15- cells formed 77 (± 12) and 81 (± 27) 

neurospheres respectively. 

Neurosphere formation is inhibited at lower concentrations of chemotherapy drugs 

than those required to inhibit bulk cell proliferation 

The goal of this study is to better understand the effects of chemotherapy on  
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Figure 2.7:  CD133+ and CD133- cells were isolated using live cell sorting, and were 
then plated out for neurosphere assays.  Shown here is the result of a neurosphere assay 
of sorted primary GS9-6 cells.  After being plated, only CD133- cells but not CD133+ 
cells proliferated or formed neurospheres.  This pattern of exclusive proliferation of the 
CD133-cell fraction is consistent for all of the cell lines sorted for CD133 expression. 
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Figure 2.8:  CD15+ and CD15- cells were isolated using live cell sorting, and were then 
plated out for neurosphere assays.  CD15-positive and negative cells isolated by live cell 
sorting from (A) U373NS and (B) GS7-25 formed similar numbers of neurospheres, 
indicating that CD15 expression did not enrich for NICs. 
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tumor-initiating cells, which we believe are represented by NICs in vitro.  To determine 

how chemotherapy drugs affect neurosphere formation, which is a measure of NIC 

proliferation, we measured neurosphere formation in non-transformed and GBM 

neurosphere cultures without or with treatment with BCNU or TMZ.  Because of their 

rapid decay in aqueous solution [107, 108], these drugs likely persist only a few hours, 

but their effects on tumor cells last longer [109]. After 7 or 10 days, we counted the 

number of neurospheres that formed without or with drug treatment.   For these 

experiments, we quantified neurosphere formation after drug treatment for the non-

transformed GFP PTEN +/+ and transformed GBM-like PET2 cells derived from non-

transformed (Figure 2.9 A,B), the established rat cell line C6NS, the established human 

cell line U373NS (Figure 2.9 C,D), and three primary GBM cell lines GS7-2, GS7-25, 

and GS9-6 (Figure 2.9 E,F).  When starting these experiments, we had expected that 

NICs would be resistant to chemotherapy, and would continue proliferating even when 

treated with chemotherapeutic agents.  Following treatment with BCNU or TMZ, 

however, neurosphere formation was inhibited at fairly low concentrations of drugs in a 

dose-dependent manner (Figure 2.9).   

To determine the sensitivity of bulk or total cells to chemotherapy, we 

performed MTT or MTS assays to measure the total number of viable cells in cultures at 

the time that the neurospheres were counted after treatment with either BCNU or TMZ.  

Data from MTT assays done with non-transformed GFP PTEN +/+ and PET2 total cells 

indicates that TMZ may be less toxic to non-transformed cells compared with BCNU 

(Figure 2.10).  MTS assays done with GBM cultures indicate that the total cells in some  
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Figure 2.9:  We determined how chemotherapy drugs affect neurosphere formation and 
proliferation by quantifying neurospheres 7-10 days after BCNU or TMZ treatment of 
single cell suspensions for A,B) the non-transformed GFP PTEN +/+ cells, transformed 
PET2 cells derived from non-transformed GFP PTEN +/+ cells, C,D) the established rat 
cell line C6NS, the established human cell line U373NS, and D,E) three GBM primary 
human cell lines: GS7-2, GS7-25, and GS9-6.  Following treatment with BCNU or TMZ, 
neurosphere formation was inhibited at fairly low concentrations of drugs in a dose-
dependent manner for all cell lines tested. 
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cultures, such as GS9-6, are more sensitive to the chemotherapy drugs compared with 

other lines (Figure 2.11).  Overall, inhibition of bulk cell proliferation compared with 

neurosphere formation showed that bulk cell growth inhibition required higher doses of 

chemotherapy drugs for all cultures tested (Figure 2.10 and Figure 2.11).   

To clearly show the difference in drug concentration required to inhibit 

neurosphere formation compared with inhibiting bulk or total cell proliferation, we 

calculated the drug concentrations at which neurosphere formation was inhibited by 50% 

(IC50), the drug concentrations at which bulk cell numbers were decreased by 50% 

(MTS/MTT IC50) and the concentration at which bulk cells numbers were decreased by 

90% (MTS/MTT IC90) (Figure 2.12 and 2.13). GFP PTEN +/+ and PET2 cells had 

similar sphere IC50 values for treatment with BCNU or TMZ.  The MTT IC50 and MTT 

IC90 values were both 5-fold (BCNU) and 1.4-2.0-fold (TMZ) higher for PET2 than for 

GFP PTEN +/+, indicating that normal GFP PTEN +/+ bulk cells are more sensitive to 

BCNU and TMZ than the transformed PET2 cells (Figure 2.12 A-B). 

The sensitivities of the GBM cultures to BCNU and TMZ varied, but there was 

one consistent finding. The concentration of chemotherapy drug required to inhibit  

neurosphere formation is much less than that required to inhibit bulk cell proliferation. 

The MTS IC50‟s for the inhibition of bulk cell proliferation following BCNU treatment 

were 2.5 to 40 fold higher than those for sphere formation. For TMZ, the MTS IC50‟s 

were 5 to 240 fold higher than sphere IC50‟s. Finally, the IC90 values were substantially 

higher than the sphere IC50‟s for both BCNU and TMZ (Figure 2.13 A-B), indicating that  
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Figure 2.10:  We determined the sensitivity of bulk or total cells in non-transformed GFP 
PTEN +/+ and transformed PET2 cultures to BCNU or TMZ by doing MTT assays to 
measure the total number of viable cells in the culture with or without treatment.  GFP 
PTEN +/+ and PET2 bulk cell proliferation was inhibited at much higher doses of drug 
when compared with neurosphere inhibition following treatment with A) BCNU or B) 
TMZ.  Also, non-transformed bulk cells seem less sensitive to TMZ compared with 
BCNU. 
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Figure 2.11:  We determined the sensitivity of bulk or total cells in GBM lines C6NS, 
GS7-2, GS7-25, and GS9-6 cultures to A) BCNU or B) TMZ using MTS assays to 
measure the total number of viable cells in the culture with or without treatment.  In most 
cell lines, inhibition of GBM bulk cell proliferation required much higher doses of BCNU 
or TMZ compared to doses used to efficiently inhibit neurosphere formation. 
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Figure 2.12:  We calculated the drug concentrations at which neurosphere formation was 
inhibited by 50% (IC50), the drug concentrations at which total cell numbers were 
decreased by 50% (MTS/MTT IC50) and the concentration at which total cells numbers 
were decreased by 90% (MTS/MTT IC90).  Shown here are values for A) BCNU treated 
and B) TMZ treated non-transformed GFP PTEN +/+ and transformed PET2 cells. 
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Figure 2.13:  We calculated the drug concentrations at which neurosphere formation was 
inhibited by 50% (IC50), the drug concentrations at which total cell numbers were 
decreased by 50% (MTS/MTT IC50) and the concentration at which total cells numbers 
were decreased by 90% (MTS/MTT IC90).  Shown here are values for five GBM NS 
cultures that were A) treated with BCNU or B) TMZ. 
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sphere formation which measures NIC proliferation is inhibited at much lower doses of 

drug than that required to induce substantial toxicity. 

 

Chemotherapy Treatment Does Not Have a Consistent Effect on Stem Cell Marker 

Expression 

To further study the effects of chemotherapy drugs on glioblastoma cells, we 

quantified the percentages of cells expressing the stem cell markers CD133, CD15, and 

A2B5 by flow cytometry before and after chemotherapy treatment.  We analyzed cells 

treated with 50 µM BCNU and 200 µM TMZ for these studies because these 

concentrations block neurosphere formation by at least 80% but have only a modest 

effect on the number of total cells. Flow cytometry analysis shows that the percent of 

CD133+ cells decreased from 4.7 ± 0.9 in untreated PET2 cultures to 1.9 ± 0.7 (p=0.04) 

in cultures treated with 50 µM BCNU.  The percentages of CD133+ cells did not 

significantly decrease for the other cell lines tested.  Changes in the percentages of 

CD15+ cells following chemotherapy treatment are inconsistent between cell lines.  For 

GS7-2, the percentage of CD15+ cells decreased from 86 ± 1% to 61 ± 5% (p<0.02), but 

the other cell lines did not show significant change.  The percentages of A2B5+ cells 

significantly increased following chemotherapy treatment for PET2, U373NS and GS7-2 

but not for GS7-25 and GS9-6 (Table 2).  In summary, the baselines and changes in 

expression levels of the stem cell markers CD133, A2B5 and CD15 following 

chemotherapy treatment varied between cell lines. The neurosphere assay, on the other 

hand, provided a much more consistent result. Based on decreased neurosphere  
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Table 2.3:  PET2, U373NS, GS7-2, GS7-25, and GS9-6 cells were analyzed for the 
expression of stem cell markers before and after chemotherapy treatment using flow 
cytometry.  The baselines and changes in expression levels of the stem cells markers 
CD133, CD15, and A2B5 following chemotherapy treatment were inconsistent among 
neurosphere cultures. 
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formation, we conclude that stem cell proliferation is more sensitive to chemotherapy 

drugs than bulk cell proliferation. 

For some cell lines, NS formation resumes following a recovery period after 

chemotherapy treatment 

 Chemotherapy treatment resulted in a drastic reduction in neurosphere formation.  

Although neurosphere formation was inhibited, cells remaining after treatment appeared 

viable, with some cells looking very enlarged.  To see if neurosphere formation would 

resume following chemotherapy treatment, we observed treated cultures after giving 

them time to recover.  Essentially, chemotherapy treated cultures were given fresh media, 

re-incubated, and examined for resumed growth.  The treated cells had several possible 

fates (Figure 2.14).  Of the cells that did not proliferate, some may have died, some may 

have differentiated, and some may have entered a senescent state.  Dead, differentiated, 

and senescent cells would not be capable of forming neurospheres, and would not be able 

to restore a culture.  If NIC proliferation is inhibited in the presence of drug, but can be 

restored after a recovery period, NICs are most likely in a quiescent or reversibly arrested 

state. 

To determine if neurosphere formation resumes after chemotherapy treatment, 

neurospheres were counted after a recovery period. Experiments were done with cultures 

treated with 50 µM BCNU or 200 µM TMZ, which greatly decreased initial neurosphere 

formation (Figure 2.9). Specifically, initial neurospheres were counted 7 or 10 days 

(based on culture growth rate) after the addition of chemotherapy drugs. Then, fresh  
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Figure 2.14:  Following chemotherapy treatment, GBM cultures contain a heterogeneous 
mix of cells: cells that have died, differentiated, or become senescent.  There may also be 
populations of chemoresistant cells, and/or cells that have become quiescent or have 
arrested in the cell cycle that may be representative of cells contributing to tumor 
regrowth in vivo.   
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medium was added, and the culture was allowed to recover for an additional 7-10 days of 

in the absence of drugs.  Neurospheres counted after the recovery period include both the 

initial spheres formed by day 7 or 10 and new spheres that formed during the recovery 

period (Figure 2.15). 

The cultures varied greatly in their recovery from the two chemotherapy 

drugs.  Normal GFP PTEN +/+ cells did not recover from 50 µM  BCNU treatment, but 

did recover from 200 µM TMZ treatment (5-fold increase in sphere formation 

approaching statistical significance, p<0.13), indicating that 200 µM TMZ is less toxic to 

normal neural precursor cells compared with 50 µM BCNU.  The transformed PET2 cells 

showed dramatic 13- and 17-fold increases in the number of spheres following BCNU 

and TMZ treatments, respectively (Figure 2.15 A).  For U373NS, the number of 

neurospheres increased nearly 2-fold during the recovery period for both BCNU and 

TMZ (Figure 2.15 B).  For GS7-2, there was a dramatic 5-fold increase in neurospheres  

during the recovery period after 50 µM BCNU treatment. In contrast, the GS7-2 

neurospheres did not increase significantly after treatment with 200 µM TMZ (Figure 

2.15 C).  For both chemotherapy drugs, the number of neurospheres for C6NS, GS7-25, 

and GS9-6 cultures did not significantly increase in the recovery period (Figure 2.15 

B,C).  These results indicate that some treated cultures contain NICs that may have 

entered a quiescent or reversibly arrested state following chemotherapy treatment. 
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Figure 2.15:  Neurospheres were counted after a recovery period (“R”).  Some cultures 
such as PET2, U373NS, and GS7-2 showed significantly increased neurosphere 
formation after a recovery period.  These results indicate that some treated cultures 
contain NICs that may have entered a quiescent or reversibly arrested state following 
chemotherapy treatment. 
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MTS recovery 

To determine the effects of chemotherapy on the total or bulk cells in neurosphere 

cultures after a recovery period, we performed MTT or MTS assays following the 

recovery period (Figure 2.16).  MTT data indicates that non-transformed GFP PTEN +/+  

cultures were no longer viable two weeks after BCNU treatment, whereas a fraction of 

PET2 positive cells had remained viable.  Both GFP PTEN +/+ and PET2 cultures 

contained viable fractions of total cells two weeks after TMZ treatment (Figure 2.16 A).  

MTS data collected from the other GBM neurosphere cultures indicated that all cultures 

contain a fraction of viable cells following chemotherapy and a recovery period (Figure 

2.16 B,C). 

 

Secondary Sphere formation shows that NICs are restoring GBM cultures 

To measure maintained NIC viability and self-renewal after chemotherapy 

treatment, we also measured secondary sphere formation.  In these experiments, 14 or 20 

day cultures were titrated into single cells, and sphere formation was measured to see if 

NICs were still capable of repopulating the culture (Figure 2.17).  The lack of recovery 

from 50 µM BCNU for GFP PTEN +/+ cells was confirmed by the lack of secondary 

sphere formation.  GFP PTEN +/+ cells formed secondary spheres following 200 µM 

TMZ treatment, confirming that 200 µM TMZ was less toxic to these normal 

neurosphere cells compared with 50 µM BCNU.  PET2 and U373NS cells formed 

secondary spheres following treatment with both drugs.  GS7-2 formed secondary sphere  
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Figure 2.16:  We repeated MTT or MTS assays after a recovery period (“R).  MTS 
recovery data indicates that ~two weeks after treatment, all of the GBM lines contain a 
population of viable cells.     
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Figure 2.17:  We quantitated secondary sphere formation after chemotherapy treatment.  
After a recovery period, cultures were resuspended into single cells, and the number of 
secondary spheres that formed was quantitated.  PET2, GS7-2, and U373NS cultures 
maintained viable NICs that were capable of forming secondary spheres after BCNU 
treatment.  GFP PTEN +/+, PET2, and U373NS cultures contained viable NICs that were 
capable of neurosphere formation following TMZ treatment. 
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formation following treatment with 50 µM BCNU but not 200 µM TMZ. GS9-6 did not 

form secondary neurospheres after treatment with 50 µM BCNU or 200 µM TMZ. 

In summary, for some cell cultures, inhibition of neurosphere formation by the 

chemotherapy drugs TMZ and BCNU is reversible. Following a recovery period, some  

cultures show a robust increase in neurosphere formation, indicating that NICs were 

viable but did not proliferate during chemotherapy treatment. Even for lines that did not  

show 14 day recovery, secondary sphere formation confirmed that some NICs avoided 

chemotoxicity and restored the neurosphere cultures. 

 

TMZ-treated cultures maintained their tumorgenicity  

 After demonstrating that some NICs treated with clinically relevant TMZ 

concentrations are capable of recovery and/or secondary sphere formation indicating that 

they are repopulating the culture, we wanted to determine whether the cells that survive 

and recover are still tumorigenic. To test this, U373NS cultures were treated with DMSO 

control or 200 M TMZ and injected subcutaneously into the right flank of nude mice.  

The control DMSO treated cells formed palpable tumors in an average of 15 days for 7/7 

xenografts.  TMZ treatment increased the latency of tumor formation, however, the tumor 

incidence was similar to the DMSO control xenografts. Palpable tumors formed for 6/7 

TMZ-treated U373NS xenografts in an average of 43 days, indicating that TMZ treated 

NICs maintained tumorgenicity (Figure 2.18).  

 



58 

 

 

 

 

 

 

Figure 2.18:  To determine if GBM neurosphere cultures remained tumorigenic after 
chemotherapy treatment, treated cells were subcutaneously injected into the right flank of 
nude mice.  U373NS cells were treated with DMSO as a control or TMZ.  Although the 
latency of tumor formation was increased following TMZ treatment, chemotherapy 
treated neurosphere cells were still capable of forming tumors.  20 days after injection, 
DMSO treated U373NS cells had formed tumors in 7/7 mice.  70 days after injection, 
TMZ treated U373NS cells had formed tumors in 6/7 mice. 
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The tumor suppressor p53 is mutated in some GBM cell cultures 

 The tumor suppressor p53 plays a role in many cellular functions, including DNA 

damage signaling, proliferation, and resistance to apoptosis.  p53 cDNA was sequenced 

to determine if our cell lines contained any p53 mutations (Table 3).  Non-transformed 

GFP PTEN +/+ and primary human GBM GS7-2 and GS9-6 cultures had the wild type 

p53 sequence.  PET2 cultures had a C132W mutation, which was transcriptionally 

inactivated as judged by a WAF1 reporter construct [102].  GS7-2 cultures had a mutated 

F113V sequence. Amino acid 113 mutation has been documented thus far in four tumors 

(Sanger Cosmic Database), including one F113V mutation in a glioblastoma.  The 

parental line of U373NS, U373MG, is already known to lack functional p53 [18]. 

Normal and Transformed Neurosphere Cultures Accumulate DNA Damage, 

Indicating that Survival and Recovery are not Solely DNA Damage Dependent 

 We found that the transformed PET2 neurosphere cultures were more resistant to 

treatment with chemotherapy drugs, in particular to TMZ, than the normal GFP PTEN  

+/+ neurosphere cells (Figure 2.15).  To determine if this resistance was due to a lack of 

DNA damage, we used the comet assay to measure accumulated DNA damage in 

untreated GFP PTEN +/+ and PET2 neurosphere cells and cells treated with 50 M 

BCNU or 200 M TMZ.  Following treatment with 50 M BCNU, GFP PTEN +/+ and 

PET2 cells had 6.1 ± 0.4 and 4.7 ± 1.6 fold increases in comet tail moments, respectively, 

demonstrating a similar degree of DNA damage (Figure 2.19 A). Treatment with 200 M 

BCNU resulted in even greater increases (34 ± 12 fold) in comet tail moment for PET2  
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Table 2.4:  Non-transformed and GBM cell lines were tested to determine whether they 
expressed wild-type or mutant forms of p53.  Non-transformed GFP PTEN +/+, GS7-25, 
and GS9-6 expressed wild-type p53.  Transformed PET2 and GBM cell lines U373NS 
and GS7-2 expressed mutant forms of p53. 
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Figure 2.19: We used the comet assay to assess DNA breaks in GFP PTEN +/+ and 
PET2 cells. Data are presented as the ratio of the comet tail moments of treated to 
untreated cells. (A) Following treatment with 50 M BCNU, GFP PTEN +/+ and PET2 
cells accumulated a similar number of DNA breaks.  PET2 cells showed more DNA 
breaks after treatment with 200 M BCNU. (B) PET2 cells accumulated more DNA 
breaks compared with GFP PTEN +/+ following treatment with 200 or 800 M TMZ. 
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cells. Following treatment with 200 M TMZ, GFP PTEN +/+ and PET2 cells comet tail 

moments increased 2.0 ± 0.2 and 10 ± 4 fold, respectively. Thus, contrary to the similar 

extent of DNA damage observed following 50 M BCNU treatment, PET2 cells 

accumulated more DNA damage than GFP PTEN +/+ cells following treatment with 200 

M TMZ (Figure 2.19 B). PET2 cells treated with 800 M TMZ also sustained more 

damage (29 ± 10 fold) than GFP PTEN +/+ cells (4 ± 2 fold).  Therefore, we concluded 

that PET2 cells are not resistant to accumulating DNA damage, and the relative resistance 

of the PET2 cells compared with GFP PTEN +/+ cells is not due to a lack of DNA 

damage. 

Some neurosphere cultures undergo reversible cell cycle arrest 

Based on the observation that some chemotherapy treated cells looked very 

enlarged, resembling cells arrested in the cell cycle, we decided to analyze the cell cycle 

profiles of our cultures.  To determine whether cells undergo cell cycle arrest in response 

to treatment with 50 M BCNU or 200 M TMZ, we carried out propidium iodide flow 

cytometry on treated and untreated cultures.  Propidium idodide flow cytometry has been  

extensively used to analyze cell cycle stage and apoptosis [110].  Originally, we analyzed 

cells 10 days after the addition of chemotherapy drugs for the primary lines and 7 days 

after addition of drugs for the other lines. At 7-10 days, the most heavily damaged cells 

were dead, allowing us to analyze the cell cycle profiles of the surviving cells. The results 

varied depending upon the cell line and the drug treatment.  GFP PTEN +/+ cells treated 

with 50 M BCNU were not viable, resulting in mostly cell debris (Figure 2.20).  The  
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Figure 2.20:  We analyzed the cell cycle status of neurosphere cultures before and after 
chemotherapy treatment using propidium iodide FLOW cytometry. These data 
demonstrate cell death, an increased fraction of cells in G2/M or S phase, or both 
following drug treatment of the non-transformed GFP PTEN +/+ neurospheres and three 
primary glioblastoma neurosphere cultures. 
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profile of GFP PTEN +/+ cells following treatment with 200 M TMZ was 

indistinguishable from untreated cells.  GS9-6 cells treated with either 50 M BCNU or 

200 M TMZ also were mostly cell debris.  The other glioblastoma cell lines tested were 

viable.  A fraction of GS7-2 cells were in G2/M phase for BCNU and S phase for TMZ.  

There was an increase of GS7-25 cells in G2/M phase following treatment with BCNU.  

These data demonstrate cell death, an increased fraction of cells in G2/M or S phase, or 

both following drug treatment of the non-transformed GFP PTEN +/+ neurospheres and 

three primary glioblastoma neurosphere cultures.  

To more closely monitor the cell cycle stages of PET2 and U373NS cells, cultures 

that underwent significant recovery of NIC proliferation after  treatment with both BCNU 

and TMZ, we did cell cycle analysis of these cultures three and seven days after 

treatment.  In response to 50 M BCNU or 200 M TMZ, PET2 and U373NS cells 

showed accumulation of cells in S and/or G2/M when analyzed three days post-treatment 

(Figure 2.21).  We next tested whether cells resumed a normal cell cycle profile.  At 7 

days post- treatment, the profiles for PET2 cells resembled those for untreated cells 

except for increased debris. The profile for BCNU-treated U373NS cells 7 days post-

treatment showed a smaller fraction of cells accumulated in G2/M as well as increased 

debris.  For TMZ-treated U373NS cells, the G2/M accumulation had dissipated, but there 

were cells still accumulated in S phase. Overall, we see a smaller fraction of cells arrested 

in G2/M at seven days compared with three days for PET2 and U373NS (Figure 2.21).  

These results indicate that these cultures have undergone reversible cell cycle arrest in  
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Figure 2.21:  To more closely monitor the cell cycle stages of PET2 and U373NS cells, 
cultures that underwent significant recovery of NIC proliferation after  treatment with 
both BCNU and TMZ, we did propidium iodide flow cytometry of these cells three and 
seven days after treatment.  These results indicate that these cultures have undergone 
reversible cell cycle arrest in response to BCNU and TMZ.   
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response to BCNU and TMZ.  The recovery of neurosphere formation in the recovery 

week (Figure 2.15), suggests that NICs are included in the reversibly arrested fractions. 

 

Chk1/2 inhibitors in combination with chemotherapy did not prevent NIC recovery 

Previous studies have shown that combining chemotherapy treatment with Chk1 

inhibitors enhances the cytotoxic effects of chemotherapy [79, 111].  Based on these 

studies, we decided to treat GBM neurosphere cultures that underwent reversible cell 

cycle arrest with a combination of chemotherapy and Chk1 or Chk1/2 inhibitor to see if 

we could inhibit NIC recovery and enhance cyotoxicity.  Combined treatment of 

PET2NS and U373NS cultures with chemotherapy drug and the Chk1 inhibitor 

isogranulatamide (ISO) did not significantly inhibit neurosphere formation.  Recovery of 

neurosphere formation was decreased in U373NS with combined treatment, but this 

inhibition of recovery was not significant (Figure 2.22).  Combined treatment of PET2 

and U373NS cultures with chemotherapy drug and the Chk1/Chk2 inhibitor 

debromohymenialdisine (DBH) seemed to decrease recovery of neurosphere formation 

compared to chemotherapy treatment alone, but this reduced NIC recovery was also not 

significant (Figure 2.23). 
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Figure 2.22:  Chemotherapy drug and the Chk1 inhibitor Isogranulotamide (ISO) were 
added to cultures concomitantly to see if combined treatment could prevent neurosphere 
recovery and enhance chemotoxicity.  Combined treatment of PET2NS and U373NS 
cultures with chemotherapy drug and the Chk1 inhibitor ISO did not significantly inhibit 
neurosphere formation.  Recovery of neurosphere formation was decreased in U373NS 
with combined treatment, but this inhibition of recovery was not significant. 
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Figure 2.23:  Chemotherapy and the Chk1/2 inhibitor DBH were added to cultures 
concomitantly to see if combined treatment could enhance chemotoxicity.  Combined 
treatment of PET2 and U373NS cultures with chemotherapy drug and the Chk1/Chk2 
inhibitor DBH seemed to decrease recovery of neurosphere formation compared to 
chemotherapy treatment alone, but this reduced NIC recovery was not significant. 
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Discussion 

Using the neurosphere assay as an in vitro assay to predict the efficacy 

of chemotherapy treatment in vivo 

 We were interested in determining the effects of chemotherapy in GBM-initiating 

progenitor cells, which we believe are represented by NICs in vitro.  Sorting for 

previously established stem cell markers did not enrich for proliferating cells, nor did the 

expression of stem cell markers correlate to the percent of NICs in our neurosphere 

cultures.  Counting the number of neurospheres that form after plating single cells is a 

method of quantitating proliferating NICs in a culture.  The neurosphere assay is a classic 

procedure used to measure neural stem or progenitor cell content which we have used 

throughout our studies.   

 There are several possible reasons explaining why previously established stem 

cell markers, such as CD133, did not enrich for proliferating or neurosphere-initiating 

cells in our culture system.  For example, some reports claim that CD133 expression is 

cell cycle dependent [85, 86].  CD133-expressing neural stem cells are found to be 

predominantly in the S, G2, or M phase of the cell cycle, whereas CD133 negative cells 

primarily reside in G1/G0 [86].  The same accumulation of CD133 negative cells in 

G1/G0 was also observed in embryonic stem, colon cancer, and melanoma cells.  When 

CD133-negative cells are cultured after sorting, a fraction of cells resume expressing 

CD133 [85], similar to results we observed after sorting (data not shown).  These results 

indicate that CD133 expression may correlate more with cell-cycle status than stem cell-
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like properties such as self-renewal. Worth mentioning perhaps is that prolonged G0 

arrest or quiescence is characteristic of stem-cells.  A lack of CD133 expression therefore 

may be more effective if used in combination with another stem cell marker to isolate 

quiescent stem cells. 

 Although CD133 expression has been used to isolate tumor-initiating stem cells 

[36], not all tumors express CD133 [80-82].  Reports show that 27% of cell lines derived 

from primary GBMs [81] and 40% of freshly isolated GBM specimens do not contain 

CD133-expressing cells [80].  CD133-negative cells isolated from primary GBMs were 

still capable of forming tumors in nude mice [81] and rats [82].  Fifty percent of tumors 

formed from CD133-negative primary GBM cells contained a population of cells that 

expressed CD133 [82].  Overall, these results show that CD133 expression varies among 

primary GBMs, CD133-negative cells are tumorigenic, and that CD133 expression can 

be restored in tumors derived from CD133-negative cells. 

  Because of controversies surrounding stem cell isolation using stem cell markers, 

we used the neurosphere assay to measure stem/progenitor cell content.  To determine the 

“long-term” effects of chemotherapy treatment on NICs, we devised an assay to measure 

the recovery of neurosphere formation after treatment.  We treated neurosphere cultures 

with clinically relevant doses of chemotherapy drugs that drastically inhibited 

neurosphere formation, counted the neurospheres that formed after 7-10 days, and again 

counted neurospheres after an additional 7-10 days.  Surprisingly, although chemotherapy 

treatment initially drastically inhibited sphere formation, some neurosphere cultures 
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resumed neurosphere formation after a recovery period.  Thus, for some cultures, the 

inhibition of neurosphere formation in response to chemotherapy treatment was not due 

to exclusively to chemotoxicity or senescence, but perhaps due to the inhibited 

proliferation of NICs.   

MTS recovery data indicates that two weeks after treatment, all of the GBM lines 

contain a population of viable cells.  Although a fraction of total cells remains viable after 

chemotherapy treatment, NICs do not recover for all cultures.  In cultures in which NIC 

proliferation is not restored, it is likely that the total cells eventually undergo mitotic 

catastrophe, or perhaps differentiate and lose the capability to restore the culture.  In 

cultures in which NIC proliferation is restored, the total cells may be undergoing mitotic 

catastrophe or naturally dying off, but populations of total cells will likely be restored by 

the viable NICs.   

We also performed secondary sphere assays in which treated NICs were allowed 

to form neurospheres that were dissociated and replated to allow for “secondary sphere 

formation”.  Secondary sphere formation confirmed that some NICs treated with 

clinically relevant doses of chemotherapy had avoided chemotoxicity and were capable of 

restoring the culture.  In addition, TMZ-treated neurosphere cultures were capable of 

forming tumors, once again confirming that a fraction of GBM initiating cells had 

remained viable and tumorigenic.   

Although the neurosphere assay is a classic assay used to measure neural 

stem/progenitor cell content, there are some limitations to this culture system.  First of 
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all, in vitro and in vivo environments are very different.  In vitro, neurospheres are 

cultured on plastic in growth-factor enriched media.  Whereas this culture system 

enriches for neural stem/progenitor cell growth, it is very different from the in vivo 

environment in which GBM stem/progenitor cells are maintained.  Whereas growth 

factors are added to neurosphere culture media to promote stem/progenitor proliferation, 

a larger fraction of stem/progenitor cells likely remains quiescent in vivo [112].  

Alternatively, some researchers believe that stem/progenitor cells require a specific in 

vivo environment or “Niche” to be maintained properly [113-115].  Nestin+/CD133+ 

brain cancer stem/progenitor cells localize to capillaries in brain tumors.  Brain 

endothelial cells secrete factors that help maintain brain cancer stem/progenitor cells in a 

self-renewing, undifferentiated state [113].  In order to grow cells more closely 

resembling patient tumors, some researchers believe that surgically removed tumor tissue 

should be injected into anatomically equivalent locations in immune-deficient mouse 

brains and grown as xenografts [114].    

A second limitation of in vitro cultures is that neurosphere cultures are established 

cell lines, even if they are established from primary tumor specimens.  When establishing 

a primary cell line, the majority of cells contained within the primary tissue sample do 

not survive, enriching for only a small fraction of cells.  The clonal frequency of cells 

derived from primary glioblastoma specimens is between 0.5 and 31% [42].  This small 

fraction of cells is thought to be the self-renewing stem cell population.  Various types of 

cells such as endothelial cells or blood cells that contribute to the in vivo niche likely do 

not survive under these conditions.  Only 50% of primary GBM specimens that formed 
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clonal colonies in vitro could develop into an established, steadily expanding, stable cell 

lines [42], indicating that an in vivo niche may in fact be critical in maintaining GBM 

stem/progenitor cells in some tumors. 

In addition to the in vitro environment being so different from the in vivo 

environment, cells maintained in long-term cultures can accumulate mutations with time.  

The genetic profiles of primary malignant GBMs, primary malignant GBM cultures 

grown as adherent cells in FBS, and primary malignant GBM cultures grown on agar as 

spheroids were analyzed by comparative genomic hybridization.  Malignant GBM 

cultures grown as adherent cells were only 62% genetically similar to the primary tissue 

from which they were derived.  GBM cells grown as spheroids were 89% genetically 

similar to the primary tissue, indicating that spheroid cultures do undergo some genetic 

changes, but are more representative of the primary glioblastoma compared with adherent 

cultures [116]. 

 Despite the fact that there are limitations to our culture system, we still believe 

that our in vitro experiments and results help predict the efficacy of chemotherapy 

treatments in vivo.  Based on our results, we see that neurosphere formation in vitro is 

inhibited by chemotherapy.  Following chemotherapy treatment, GBM growth is also 

inhibited resulting in tumor remission [117].  Neurosphere cultures that show recovery of 

neurosphere formation following a recovery period also show significant secondary 

sphere formation, indicating that NICs remained viable and could repopulate neurosphere 

cultures following chemotherapy treatment in vitro.  Tumor recurrence in GBM patients 
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confirms that a fraction of cells remains viable and capable of regrowing a tumor 

following chemotherapy treatment in vivo [15].  Chemotherapy-treated neurospheres that 

recover following treatment are capable of forming tumors in mice, confirming in vivo 

that GBM cells cultured as neurospheres and treated in vitro remained viable and 

tumorigenic.  These results indicate that our in vitro experimental system replicates how 

cells respond to chemotherapy in vivo.    

DNA damage and G2 cell cycle checkpoints 

Based on our Comet assay data from PET2 cells, we can make a couple of 

conclusions.  PET2 cells accumulate breaks in DNA following chemotherapy treatment, 

indicating that these GBM-like cells are not resistant to accumulating DNA damage.  

Based on recovery experiments, we can also conclude that some PET2 cells are resistant 

to DNA damage-induced cell death.  The DNA damage response involves several 

pathways, including DNA repair, cell cycle checkpoint arrest, and apoptosis.  Cell cycle 

checkpoints are critical for monitoring genomic integrity and stability.  In the presence of 

DNA damage, cell cycle arrest can provide time for DNA repair.  If DNA is damaged 

beyond repair, cells may enter the senescence or apoptosis pathway [118, 119].  Some 

GBM neurosphere cultures, such as PET2, undergo reversible cell cycle arrest, which 

may be one mechanism of chemoresistance. In addition, PET2 cells express mutant p53, 

which makes cells more resistant to apoptosis and hence may also be contributing to 

PET2 survival. 

Mismatch Repair, the MRN complex, and p38 
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 The MRN complex containing the proteins Mre11, Rad50, and Nbs1 plays an 

important role in the early activation of the DNA damage response, and possibly a role in 

maintaining G2 arrest.  The MRN protein complex has been shown to be one of the 

earliest sensors of TMZ-induced DNA damage.  MRN is activated in response to TMZ-

induced O6-meG lesions that form within minutes of drug exposure rather than the TMZ-

induced DNA single and double strand breaks that form 24-72 hours after TMZ exposure.  

Specifically, MRN complex foci formation is driven by the activation of the mismatch 

repair system in response to O6-meG mismatches.  MRN mediates activation of ATM, 

which targets Chk1 and Chk2.  The MRN complex therefore is thought to be an early 

sensor for double strand breaks, as well as being an activator of kinases required for cell 

cycle arrest.  Cells with functional MRN and mismatch repair can undergo prolonged 

arrest in the G2 phase of the cell cycle in response to TMZ-induced lesions.  Suppression 

of Mre11, a component of the MRN complex, did not prevent MGMT deficient U87 cells 

from undergoing G2 arrest, but did significantly reduce the ability of these cells to 

maintain G2 cell cycle arrest, and increased cell survival [120].  These results indicate 

that prolonged G2 arrest may be detrimental to cells with functional MRN complex and 

MMR pathways.   

 p38 is a stress activated mitogen-activated protein kinase (MAPK) that can also 

be involved in the induction of the G2/M checkpoint following DNA damage [121].  

Similar to the MRN complex, p38 is activated in response to MMR processing of TMZ-

induced O6-meG lesions in MMR-proficient cells.  Following DNA damage-induced 

activation, p38 activates the G2 cell cycle checkpoint.  In one study, selective inhibitors 
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of p38 dramatically inhibited the ability of U87 cells to undergo G2 cell cycle arrest 

following TMZ treatment.  In this study, TMZ-induced G2 cell cycle arrest mediated by 

p38 was dependent on phosphorylation of Cdc25 and Cdc2, and independent of Chk1 or 

Chk2 phosphorylation.  TMZ treated cells in which p38 function was inhibited had 

reduced colony formation efficiency, and showed an increase in the percent of β-

galactosidase positive senescent cells and cells with abnormal nuclei.  Cells with 

functional p38 on the other hand avoid senescence and premature entrance into mitosis 

by maintaining prolonged G2 arrest, indicating that p38 may be involved in allowing 

cells with damaged DNA to survive mitosis [122].  p38 MAPK-mediated G2 cell cycle 

arrest following chemotherapy treatment may be a mechanism of chemoresistance in 

some cells.     

ATM/ATR/AKT/p53/Chk1/2 

 Treatment with TMZ can inhibit cell growth and induce G2/M cell cycle arrest in 

MMR proficient cells via several pathways.  Growth and cell cycle arrest induced by 

TMZ treatment is associated with activation of ATM and ATR kinases.  Although ATM 

is activated, it is not required for G2 arrest.  ATM and ATR phophorylate p53, Chk1, and 

Chk2.  Chk1 and Chk2 can also phosphorylate p53, Cdc25A, and Cdc25C resulting in G2 

cell cycle arrest [123].  Cells expressing wild-type p53 predominantly arrest in G1 phase, 

whereas cells expressing mutant p53 bypass the G1 checkpoint and arrest in S or G2 

phase [124, 125].  Cdc25B has also been shown to be upregulated following DNA 
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damage.  This increase in Cdc25B expression is associated with recovery from G2/M cell 

cycle arrest [111].   

PET2 and U373NS cultures both had significant recovery of neurosphere 

formation following chemotherapy treatment, and both underwent reversible G2/M or S 

phase arrest.  Both PET2 and U373NS cells express a mutant form of p53.  Mutations in 

p53 can make cells resistant to earlier cell cycle checkpoints [124, 125], which might 

explain why PET2 and U373NS cultures arrest in G2/M or S phase.  This cell cycle arrest 

may have provided time for DNA repair and hence made cells resistant to apoptosis and 

mitotic catastrophe. 

Chk1/Chk2 Inhibition 

 Chk1 and Chk2 are activated in response to DNA damage.  Whereas Chk2 

activation is associated more with IR induced DNA damage, Chk1 activation is primarily 

initiated by DNA-replication blocking agents, such as UV or chemotherapy treatment 

[125, 126].  Chk1 is phosphorylated in response to DNA damage, and remains 

phosphorylated during the repair of double strand breaks [127].  Deficiency of Chk1 in 

ES cells results in severe defects in proliferation, and a defective G2/M DNA damage 

checkpoint, indicating that Chk1 is important in maintaining DNA damage checkpoints 

[128].  Compared with normal cells, cancer cells, especially those that express defective 

p53, more frequently bypass the G1 checkpoint and rely more on G2 arrest to protect 

against DNA damage [125].  In cells with non-functional p53, G2 arrest is dependent on 

Chk1.  Chk1-dependent G2 arrest also protects cells from oxidative stress [127].  
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Abrogating the G2 cell cycle checkpoint forces cells to divide with unrepaired DNA, 

which can result in enhanced cell death.  Inhibiting G2 cell cycle arrest by inhibiting 

Chk1 is one approach researchers are using to enhance current cancer therapies [125, 

129, 130].   

Abrogating cell cycle checkpoints by inhibiting Chk1/2 has been proposed in 

previous studies as one approach to enhancing standard GBM therapies [79].  In a study 

using CD133+ neurosphere initiating cells, IR resulted in an increase in the CD133+ 

neurosphere initiating fraction, and induced the upregulation of several DNA damage 

checkpoint genes including Chk1/2.  Combined IR and treatment with the Chk1/2 

inhibitor DBH prevented neurosphere formation, indicating that this combined treatment 

was chemotoxic to NICs [79]. DBH is a specific and potent inhibitor of Chk1/2, but not 

ATM or ATR [131]. 

Inhibition of Chk1/2 using the compound UCN-01 results in reduced inhibition of 

Cdc25B, which is associated with recovery from G2/M arrest.  UCN-01 induced exit 

from cell cycle arrest in chemotherapy treated AML cells, which resulted in enhanced 

cytotoxicity [111].  UCN-01 abrogates DNA damage induced G2 and/or S phase arrest 

and sensitizes human colon cancer cells to DNA damaging agents, most selectively in 

p53 deficient cells [125, 132].  Another compound with structural similarities to UCN-01 

used to inhibit Chk1 is isogranulatimide (ISO).  Although structurally similar, ISO is a 

more potent inhibitor of Chk1 than Chk2 [133].    
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Based on these previous studies, we decided to treat GBM neurosphere cultures 

that underwent reversible cell cycle arrest with a combination of chemotherapy and Chk1 

or Chk1/2 inhibitor to see if we could enhance cyotoxicity.  Combined treatment of 

PET2NS and U373NS cultures with chemotherapy drug and the Chk1 inhibitor ISO 

(Figure 2.22) or the Chk1/Chk2 inhibitor DBH (Figure 2.23) did not significantly inhibit 

neurosphere formation, or recovery of neurosphere formation following treatment.  These 

results imply that avoiding chemotoxicity is not dependent on Chk1/2 mediated G2/M 

arrest. 

Chemoresistance 

Some GBM cell lines do not arrest and/or do not contain populations of NICs that 

recovery following chemotherapy treatment, but do contain NICs capable of secondary 

sphere formation.  These results indicate that some GBM NICs are chemoresistant.  Some 

of these NICs that continue to proliferate in the presence of chemotherapy may be 

accumulating toxic DNA damage and will probably undergo mitotic catastrophe.  

Secondary sphere formation shows that a fraction of NICs have still remained viable 

during chemotherapy treatment, and that these NICs can restore the neurosphere culture 

if given time.  These NICs may maintain quiescent G0 arrest, may have an upregulated 

DNA repair response, or may be more resistant to apoptosis. 

Many mechanisms likely contribute to GBM cell survival.  MGMT is a methyl 

transferase that can repair chemotherapy-induced lesions.  MGMT is a “suicide” repair 

protein that can become saturated with continuous drug exposure, which is generally how 

chemotherapy is administered: for several sequential days.  So, even cells expressing 
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MGMT can accumulate toxic DNA damage.  The majority of our cultures do not express 

MGMT, so chemoresistance is likely due to another mechanism.   

Mutations in the oncogene p53 may also contribute to chemoresistance.  Several 

of our cultures express a mutant form of p53.  Cells that express a mutant form of p53 

have higher numbers of proliferating NICs [75], and are more resistant to apoptosis [75, 

134].  Cancer development is sometimes associated with p53 inactivation and decreased 

apoptosis [76].  In cells with wild-type p53, apoptosis triggered by TMZ-induced DNA 

breaks involves the Fas/CD95/Apo-1 receptor pathway.  In cells with mutant p53, 

apoptosis triggered by TMZ-induced DNA breaks involves the less efficient 

mitochondrial apoptotic pathway [17].  Inhibition of p53 enhances clonogenic survival, 

whereas rescuing p53 function in cells with mutant p53 causes cells to become more 

chemosensitive [135].  Expressing a mutant form of p53 enhances cell survival and 

decreases apoptosis in response to chemotherapy. 

Clinical studies determining the prognostic value of p53 mutations in the response 

of GBMs to chemotherapy are somewhat controversial.  Mutations in p53 are associated 

with resistance to several different chemotherapeutic agents in several cancers such as 

breast, rectal, colorectal, and ovarian [136].  A study analyzing 32 GBM patients 

concluded that p53 status had no prognostic value in determining patient survival [137].  

Another study analyzing 301 GBM patients also concluded that p53 status was not 

significantly associated with median progression-free or overall survival [138].  Contrary 

to these reports, yet another study analyzing 114 GBMs found that patients that had 
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detectable levels of p53 have significantly better overall survival [139].  Gene transfer of 

wild-type p53 into cells with mutant p53 sensitized GBM cells to chemotherapy and 

radiation [140].  Overall, these results indicate that GBMs with mutations in p53 might be 

more resistant to therapy compared with cells expressing wild-type p53. 

Many mechanisms likely contribute to GBM chemoresistance, and these 

mechanisms are likely different from patient to patient depending on the patient‟s specific 

genetic and/or chromosomal aberrations.  Even within individual GBM neurosphere 

cultures, I believe chemotherapy treatment results in a complex heterogeneity of cells.  A 

fraction of cells likely undergoes mitotic catastrophe.  Cells that accumulate extensive 

DNA damage but do not undergo mitotic catastrophe likely become senescent.  In some 

GBM cultures, a fraction of cells appears to undergo reversible cell cycle arrest.  In some 

GBM cultures, there is likely a fraction of quiescent cells as well.  We believe that the 

chemoresistant, reversibly arrested, and quiescent chemotherapy-treated GBM cells are 

representative of the GBM cells responsible for tumor regrowth in vivo.  Due to the 

complex heterogeneity of cells that arises following chemotherapy treatment, successful 

treatments will have to include a patient specifically designed treatment protocol 

including chemotherapy and additional drugs to target patient-specific mechanisms of 

chemoresistance. 
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Future Directions 

We believe that our experimental system allows us to replicate in vitro how GBM 

cells respond “long-term” to chemotherapy treatment in vivo.  Following surgical 

resection, GBM tissue can be used to establish patient specific primary GBM 

neurosphere cultures.  Using our experimental system, we can treat patient specific 

cultures with various chemotherapy drugs and treatment regiments and look at 

neurosphere formation after chemotherapy treatment, after a recovery period following 

chemotherapy treatment, and after trituration of recovered cultures and an extended 

recovery period.  Within weeks, researchers can determine what drug treatment and 

regiment is most effective in preventing neurosphere formation and recovery.  Using this 

data, we can then predict what drug treatment would be most efficacious for treating a 

patient‟s GBM and preventing recurrence in vivo. 

Results shown and discussed in this thesis indicate that GBMs are heterogenous, and that 

GBM cultures grown in vitro respond differently to chemotherapy.  Within individual 

GBM cultures, we see a heterogenous mix of cells including fractions of chemoresistant 

and/or reversibly arrested cells.  Although some GBM cultures do not survive 

chemotherapy treatment, several do.  Survival and recovery of these cultures indicates 

that additional drug treatments may be required to effectively kill off GBM cells (Figure 

2.24). 
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Figure 2.24:  Future approaches to enhancing chemotherapy may require a combination 
of drugs administered in a particular dosing schedule.  A) We found that following TMZ 
or BCNU treatment, neurosphere cultures contain a fraction of quiescent and/or 
mitotically arrested cells.  B) In order to kill arrested GBM cells, chemotherapy 
treatments may required a combination of drugs. C) GBMs also contain fractions of 
chemoresistant cells that may be more susceptible to cell death if a combination of drugs 
is used. 
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Several pathways are activated in response to DNA damage.  Cell cycle arrest is 

one response, and can prevent cells from accumulating additional DNA damage, and can 

provide time for DNA repair [118, 119].  We propose that cell cycle arrest may be 

contributing to GBM cell survival following chemotherapy treatment.       

p38 is a kinase that is activated in response to processing O6-meG lesions induced 

by TMZ, and is also involved in inducing G2/M checkpoints following DNA damage 

[121].  Inhibition of p38 in addition to TMZ treatment inhibited cells from undergoing 

G2 arrest, reduced colony formation efficiency, and increased the percent of senescent 

cells and cells with abnormal nuclei [122].  This approach may have been effective at 

preventing recovery and survival in our cell lines as well.  Several p38 inhibitors are in 

phase II clinical trials [141].  Treating patients with a combination of chemotherapy and 

p38 inhibitors may enhance the induction of senescence or cell death for some GBMs. 

One approach we tried using to enhance TMZ treatment was the addition of 

Chk1/2 inhibitors.  Chk1 is phosphorylated in response to DNA damage [127], and is 

important in maintaining DNA damage-induced cell cycle checkpoints [128].  p53 mutant 

cells need Chk1 to arrest in G2 [127].  Inhibiting G2 cell cycle arrest by inhibiting Chk1 

can enhance cell death and is one approach that has been used to enhance current cancer 

therapies [125, 129, 130].  Although our results indicate that inhibiting Chk1/2 does not 

enhance chemotoxicity, we may have obtained different results with a different dosing 

schedule.  For example, TMZ-induced DNA single and double strand breaks take 24-72 

hours to form after exposure to drug.  Apoptosis trigged by TMZ-induced double strand 
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breaks doesn‟t occur until at least four days after treatment [17].  Chk1 is phosphorylated 

in response to DNA damage [127], prior to the induction of cell cycle arrest.  Results here 

were obtained from experiments in which TMZ and Chk1 or Chk1/2 inhibitor were added 

concomitantly.  Inhibition of Chk may have been more effective if inhibitors were 

administered 24 hours or more after chemotherapy treatment, which is when Chk1/2 are 

activated.   

Experiments by Gilbert et al. show that the dosing schedule is critical when 

combining chemotherapy with another drug treatment.  TMZ treatment induced a fraction 

of cells to become senescent, based on β-galactosidase staining.  When the γ-secretase 

inhibitor DAPT was added 24 hours after TMZ, the percent of senescent cells in the 

culture doubled.  Combined TMZ followed by DAPT treatment prevented recovery of 

neurosphere formation, as well as secondary sphere formation, indicating that this 

combined treatment was effective at preventing recovery of neurosphere cultures after 

chemotherapy treatment alone.  These results were not obtained when TMZ and DAPT 

were added concomitantly, indicating that a specific dosing schedule is required to be 

effective when combining drug treatments [142]. 

p53 likely contributes to chemoresistance by making cells more resistant to 

apoptosis, and by contributing to cell cycle arrest.  Another possible approach for future 

therapy might be the reintroduction of wt-p53 into cells that express mutant p53.  Wt-p53 

can be introduced into cells [143], which may make them more sensitive to the toxic 

effects of chemotherapy. 
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Although cell cycle arrest may be one mechanism contributing to GBM cell 

survival following chemotherapy treatment, cell-cell contact of GBM or neurosphere 

cells derived from GBMs may also be contributing to chemoresistance and/or survival of 

GBM cells. We saw that when chemotherapy drugs were added to single cell 

suspensions, neurosphere formation was inhibited at fairly low doses of drug (Figure 

2.9).  If chemotherapy drugs were added to neurospheres, the neurospheres would 

continue growing.  This observation indicates that cell-cell adhesion may contribute to 

chemoresistance.  This might also explain why chemotherapy is effective following 

surgical resection where the remaining cells have been separated from the main tumor 

mass. 

Overall, the results presented in this thesis and in many other studies indicate that 

current treatments are not effective in curing GBM patients.  Based on the heterogeneity 

of GBMs, future therapies should be patient-specific, and may require a combination of 

several different drugs and dosing schedules.  Hopefully, our in vitro studies and 

experimental system can contribute to the design of successful patient-specific therapies. 
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Appendix 1: 

Determining the role of embryonic specific microRNAs in the 

differentiation of neural precursors from murine embryonic stem cells 

 

Summary 

MicroRNA (miRNA) expression changes during brain development.  We had 

hypothesized that expression levels of specific miRNAs change during the differentiation 

of murine embryonic stem cells (mESCs) to neural precursors, and that miRNAs are 

involved in regulating either maintenance of stem-cell properties, or early neuronal 

differentiation.  We had proposed to identify miRNAs and corresponding target genes 

that are required for proper differentiation of mESCs to neural precursors. 

 

Introduction 

Discovery of Gene Regulation by miRNAs 

miRNAs are a class of short RNA molecules that participate in gene regulation 

known as RNA interference (RNAi).  They are generated from primary RNA transcripts 

(pri-miRNAs) that range from several hundred to several thousand bases in length.  Pri-

miRNAs are cleaved in the nucleus by the RNase III nuclease Drosha into short hairpin 

structures of approximately 70 nts.  Short hairpin precursors are called pre-miRNAs.  

Characteristic of all RNase III cleavage products, pre-miRNAs have 3‟ 2 nt overhangs.  

Following export into the cytoplasm mediated by Exportin-5, pre-miRNAs are then 
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cleaved by the RNase III nuclease Dicer into approximately ~22 nt mature miRNA 

duplexes [144, 145].  While a miRNA:miRNA* duplex is generated from each pre-

miRNA, miRNA* sequences are detected at a much lower frequency in cDNA libraries 

[146, 147].  miRNA:miRNA* duplexes are separated by helicases.  miRNAs then bind 

the 3‟ UTR of target mRNAs, inhibiting gene expression post-transcriptionally [148].  

See Figure A.1. 

Many miRNAs are expressed in specific tissues or cell-types, and that expression 

of specific miRNAs often changes during development.  The tissue and cell-specificity of 

miRNA expression suggests that miRNAs are involved in cell fate determination.  In fact, 

inhibition of the miRNA miR-143 inhibited adipocyte differentiation in human pre-

adipocytes, leading to the conclusion that miR-143 regulates adipocyte differentiation 

[149].  miR-181 was found to promote B-cell differentiation from hematopoietic 

progenitor cells [150, 151].  Since we terminated this study, several microRNAs have 

been identified as regulators of neurogenesis in embryonic and adult brain [152].    

One of the first studied miRNAs let-7 controls developmental timing in C. 

elegans.  let-7 is complementary to sequences in the 3‟ untranslated region (UTR) of 

several genes [153].  Similar to let-7, some mammalian miRNAs, such as miR-1 and 

miR-124, are capable of downregulating multiple target genes [146, 154].  Analysis of 

human, mouse, rat, and dog genomes identified several common regulatory motifs in 

promoters and 3‟UTRs of genes.  Based on miRNA sequence complementarity to these 

regulatory motifs, authors predicted that several mammalian miRNAs are capable of  
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Figure A.1:  miRNAs are critical regulators of gene expression.  A)  Pri-miRNAs are 
transcribed and cleaved in the nucleus into short hairpin structures called pre-miRNAs.  
B)  Following export into the cytoplasm, pre-miRNAs are then cleaved into 
approximately ~22 nt mature miRNA:miRNA* duplexes, which are separated by 
helicases.  C)  miRNAs then bind the 3‟ UTR of target mRNAs, inhibiting gene 
expression post-transcriptionally by inhibiting mRNA translation. 
Modified from [155, 156]. 



90 

 

binding multiple target genes [157].  In addition to miRNAs being capable of binding 

multiple targets, some target genes also contain multiple miRNA binding sites for either 

the same miRNA or for multiple miRNAs, indicating a very complex regulatory network 

mediated by miRNAs [158].   

 Mammalian ESCs express miRNAs that are down-regulated upon differentiation 

into embroid bodies (EBs).  These miRNAs are not expressed in adult tissues.  The ESC 

specificity of these miRNAs suggested that they are involved in early mammalian 

development [159].  The ESC-associated miRNAs identified in Houbaviy, et al are also 

conserved in human ESCs [160].  Their conservation indicates that these miRNAs are 

biologically important.    Interestingly, Dicer deficiency, and hence the inability of cells 

to produce mature miRNAs, is embryonic lethal [161].  Specifically, Dicer null ESCs are 

not capable of differentiating into the three germ layers [162].  These results demonstrate 

that RNAi is in fact required for early differentiation and development of murine ESCs.   

Similar to ESCs, analysis of miRNA expression in brain tissue has identified 

several miRNAs specific to differentiating brain [163, 164].  Specifically, the analysis of 

miRNA expression in developing brain tissue shows that the expression pattern of several 

miRNAs changes during brain development, with groups of some miRNAs decreasing, 

and some increasing [163, 165].  Much progress has been made in understanding of the 

role miRNAs play in brain development [152, 166].  Based on the specific expression 

pattern of miRNAs in the developing brain, and the known roles of several miRNAs in 
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the early development of multiple organisms, we had hypothesized that miRNAs are 

involved in the regulation of early neural development. 

The changes in expression levels of mESC specific miRNAs during early neural 

development can be examined by differentiating mESCs with Retinoic Acid (RA).  

mESCs treated with RA differentiate into neuron-like cells that express a variety of 

neural genes including Wnt-1, which is expressed during neural tube development, and 

MASH1, which is expressed in neuronal precursors but not mature neurons [167].   

If a miRNA is upregulated upon early differentiation, it may be involved in 

silencing genes involved in maintaining pluripotency and sustained self-renewal.  

Inhibiting a miRNA involved in maintaining stem cell-like properties should induce 

differentiation and/or inhibition cell proliferation.  If a miRNA is downregulated upon 

early differentiation, it may also be involved in suppressing genes involved in early 

differentiation.  Inhibiting a miRNA involved in suppressing differentiation should 

induce differentiation. 

The function of a miRNA can be studied by inhibiting the miRNA with antisense 

oligonucleotides called antagomirs [156, 168, 169].  Oligonucleotides with sequences 

complimentary to an exogenous siRNA or endogenous miRNA and a 2‟O-methyl 

overhang for stability can be synthesized and used as potent, irreversible, and 

stoichiometric inhibitors of siRNA or miRNA function [156].  2‟O-methyl-

oligonucleotide binding to a siRNA or miRNA prevents the the siRNA or miRNA from 
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binding to its target gene, and hence prevents the inhibition of that target gene (Figure 

A.2). 

To validate whether 2‟O-methyl oligonucleotides were efficiently inhibiting gene 

expression, we set up an experimental system in HeLa cells using luciferase-expressing 

target constructs, exogenous miRNA mimics, and 2‟O-methyl oligonucleotide inhibitors.  

In HeLa cells, luciferase expression from miR290-295 target constructs could be 

inhibited with exogenous miRNA duplexes.  When transfected with inhibitory 2‟O-

methyl oligonucleotides, target luciferase expression was not inhibited by exogenous 

miRNA duplexes in HeLa cells, indicating that antisense oligonucleotide inhibition was 

successful in inhibiting miRNA inhibition of luciferase expression from target constructs.  

When electroporated into mESCs, luciferase expression from miR290-295 target 

constructs was inhibited with endogenous miRNA duplexes.  Unfortunately, inhibition of 

luciferase by endogenous miRNAs was not inhibited when co-electroporated with 2‟O-

methyl oligonucleotide inhibitors for the majority of the luciferase target genes.  2‟O-

methyl oligonucleotide inhibition was only partially effective at inhibiting miR290 

inhibition of target luciferase gene expression.  Inhibition of miR290 with 2‟O-methyl 

oligonucleotide inhibitor did not induce any obvious phenotypic change in mESCs or 

mESCs inducted to differentiate into EBs.  
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Figure A.2:  Schematic of luciferase assays.  A)  miRNA recognition elements were 
cloned into the luciferase expressing vector PRL-TK.  B)  When electroporated into 
mESCs, endogenous miRNAs in mESCs or C) transfected exogenous miRNAs in HeLa 
cells will inhibit luciferase expression.  D)  Inhibitory 2‟O-methyl oligonucleotides 
complimentary to the miRNA of interest will bind to miRNAs, preventing miRNAs from 
repressing target gene expression, or in this case, luciferase target expression. 
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Materials and Methods 

Cell Culture 

HeLa cells were cultured in DMEM with 10% FCS.  AB2.2 mESCs were grown 

on inactivated SNL76 murine embryonic fibroblast (MEF) feeder cells, and maintained in 

DMEM with 15% FCS tested for ES maintenance (Hyclone), 1 mM -mercaptoethanol, 

2mM L-glutamine, 1mM penicillin/streptomycin. 

SNL76 MEF cells express leukemia inhibitory factor (LIF), which is required for 

mESC growth and maintenance.  Feeder cells are inactivated by treatment with 10mg/ml 

of Mitomycin C (Roche) to prevent them from outgrowing mESCs.  Feeder cells are 

grown on gelatin-coated plates in DMEM, 7% FCS, and 1mM penicillin/streptomycin.   

Early mESC Differentiation 

mESCs were differentiated into embroid bodies (EBs) using a couple of different 

protocols.  First, mESCs were grown on gelatin-coated plates in LIF-free media for four 

or fourteen days.  Second, mESCs were grown in bacterial dishes without LIF for four or 

eight days.  In addition to growing mESCs in bactertial dishes without LIF, some cells 

were treated with 0.5 µM retinoic acid (RA) to induce neural differentiation [167]. 

Northern Blotting 

 Northern blotting was used to assess levels of mESC specific miRNA levels in 

mESCs and slightly differentiated EBs.  RNA was isolated from mESCs, MEFs, and EBs 

using TRI Reagent-LS (Molecular Research Center, Inc, Cincinnati, OH), followed by 

ethanol precipitation.  RNA was denatured by boiling for two minutes in formamide 
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loading buffer (98% v/v deionized formamide, 10 mM EDTA, 0.025% w/v xylene 

cyanol, and 0.025% w/v bromophenol blue) prior to loading and running on a 15% 

denaturing polyacrylamide gel (National Diagnostics SequaGel Sequencing System, 

Atlanta, GA).  RNA was transferred to a N+ Hybond membrane (GE LifeSciences, 

Piscataway, NJ) using a semi-dry transfer apparatus, and crosslinked to the membrane 

using UV.  miRNAs of interest (sequences are listed in [159]) were probed with γ32P-

radiolabeled anti-sense miRNAs complementary to our miRNAs of interest (Dharmacon, 

Lafayette, CO), and detected using a FLA-5000 phosphoimager (Fuji).  miRNA intensity 

was quantified using Image Reader FLA-5000 version 1.0 and Image Gauge version 3.45 

(Fuji).   

Cloning miRNA Target constructs  

 To experimentally validate miRNA target gene inhibition, we created Luciferase 

expressing plasmids with miRNA binding sites.  One and four miRNA binding sites, or 

recognition elements, were cloned into the 3‟UTR of a pRL-TK luciferase vector 

(Promega, Madison, WI) for all six miRNAs and their anti-sense sequences.  Specifically, 

oligonucleotides with sequences complimentary to our miRNAs of interest and their 

antisense sequences were ordered from Dharmacon with Xba and Not1 restriction site 

overhangs.  Prior to cloning into pRL-TK plasmids, oligonucleotide pairs, or 

miRNA:miRNA* mimics, were annealed at room temperature for one hour in Tris-

EDTA.  Target pRL-TK luciferase plasmids were cut with Xba and Not1 (NEB, Ipswich, 

MA) and agarose gel purified prior to ligation with annealed miRNA binding sequences 
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or recognition elements using T4 ligase (Invitrogen) in provided ligation buffer overnight 

at 16ºC.  

Transfection, Electroportation, and Luciferase assays 

To confirm functional luciferase expression from these cloned constructs, HeLa 

cells were transfected using Lipofectamine 2000 (Invitrogen) using protocols provided 

with pRL-TK plasmids containing the miRNA recognition elements, as well as PGL2 

luciferase plasmids (Promega) for use as an internal control for experimental variations.  

Introduction of DNA into mESCs was most efficient when mESCs were electroporated 

with plasmids previously incubated with Lipofectamine 2000.  Specifically, mESCs were 

electroporated in 1 ml of OptiMEM (Invitrogen) in a 0.4 cm cuvette using a Bio-Rad 

electroporator set to 300 V and 900 µF. 

Levels of luciferase expression were assayed using Dual-Luciferase Reporter 

Assay Stop and Glo substrates (Promega) and a Mediators PhL luminometer (ImmTech 

Incorporated) 24 hours after transfection or electroporation.  Values for luciferase activity 

were calculated by dividing target pRL-TK luciferase values by control PGL2 luciferase 

values to normalize between readings.  The optimal concentrations of target pRL-TK 

construct were determined by comparing target luciferase expression to control PGL2 

luciferase expression in HeLa cells.  Experiments were repeated until equal expression 

levels of luciferase were obtained for both control and target contructs.   

Inhibition of miRNA function using sequence specific inhibitors 
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In some cases, 2‟-O-methyl olignonucleotides complimentary to a miRNA can be 

irreversible inhibitors of miRNA function [156].  To examine inhibition of miRNA 

function using complementary 2‟-O-methyl or 2‟cholesterol-O-methyl oligonucleotides 

(Dharmacon), both target pRL-TK and control PGL2 luciferase plasmids, exogenous 

miRNA duplexes, and inhibitory oligonucleotides were transfected into HeLa cells 

followed by luciferase assay.  To examine inhibition of endogenous miRNAs in mESCs, 

mESCs were electroporated with luciferase plasmids and inhibitory oligonucleotides 

(Figure A.2). 

Assessing the proliferation and differentiation of mESC and EB cultures following 

inhibition of miR290 

Proliferation of mESCs or EBs electroporated with 2‟O-Me‟s against miR290 or 

against target non-specific and non-inhibitory (miR292) control 2‟O-Me‟s was assessed 

by MTT Assay.  Treated cultures were triturated break up ES or EB colonies, and viable 

cells were measured using 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) reagent according to  manufacturer‟s instructions (Promega Corp, 

Madison, WI) as mentioned in Materials and Methods in Chapter 2.   

A loss of AP staining is a measure of early differentiation.  mESCs or 

differentiated EBs electroporated with 2‟O-Me‟s against miR290 or miR292 2‟O-Me‟s 

were stained with alkaline phosphatase (AP) according to manufacturer‟s instructions 

(Chemicon/Millipore, Temecula, CA).  Briefly, mESCs were fixed with 4% 

paraformaldehyde for 1-2 minutes, rinsed with provided rinse buffer, and stained with 
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staining solution for AP activity.  Cells and/or neurospheres positive for AP became 

purple.  

 mESCs, 4 day EBs, 8 day EBs, and 8 day EBs treated with RA were assayed by 

RT-PCR for several stem and differentiation cell markers.  RNA was isolated using TRI 

Reagent-LS (Molecular Research Center, Inc, Cincinnati, OH), followed by ethanol 

precipitation according to manufacturer‟s protocol.  Briefly, cDNA was made using a 

SuperScript cDNA synthesis kit (Invitrogen).  cDNA (2 μl) was amplified with Platinum 

Taq DNA High Fidelity Polymerase (Invitrogen). The primers for amplification of: 

OCT4 cDNA (expressed in ESCs) were 5‟-GTTGGAGAAGGTGGAACCAACTC-3‟ 

and 5‟-CTTCAGCAGCTTGGCAAATG-3‟ [170]; Rex-1 cDNA (expressed in ESCs) 

were 5‟-AAAGTGAGATTAGCCCCGAG-3‟ and 5‟-TCCCATCCCCTTCAATAGCA-

3‟; Brachyury (expressed in mesoderm/primitive streak) were 5‟-

CATGTACTCTTTCTTGCTGG-3‟ and 5‟-GGTCTCGGGAAAGCAGTGGC-3‟ [171]; 

BMP4 cDNA (expressed in ectoderm/mesoderm) were 5‟-

TGTGAGGAGTTTCCATCACG-3‟ and 5‟-CAGCGAAGGACTGCAGGGCT [171]; 

HNF-4 cDNA (expressed in endoderm) were 5‟-CTTCCTTCTTCATGCCAG-3‟ and 5‟-

ACACGTCCCCATCTGAAG-3‟ [172]; Pax6 cDNA (expressed in neuroectoderm) were 

5‟-GCTTCATCCGAGTCTTCTCCGTTAG-3‟ and 5‟-

CCATCTTTGCTTGGGAAATCCG-3‟ [171]; FGF-5 cDNA (upregulated upon 

differentiation) were 5‟-GGCAGAAGTAGCGCGACGTT-3‟ and 5‟-

TCCGGTGCTCGGACTGCTT-3‟; and for HPRT (housekeeping control) were 5‟-

GCTGGTGAAAAGGACCTCT-3‟ and 5‟-CACAGGACTAGAACACCTGC-3‟ [173]. 
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Results 

Expression Levels of mESC specific miRNAs change upon differentiation 

 We analyzed the expression levels of mESC-specific miRNAs in mESCs, and 

mESCs that had been encouraged to form differentiated EBs.  Northern blotting of RNA 

isolated from mESCs, and EBs that had been grown on gelatin-coated plates in the 

absence of LIF for four or fourteen days indicated that miR292 was slightly upregulated 

at four, and even more so at fourteen days of growth without LIF.  Interestingly, the 

expression levels of miR290, miR291, miR292*, miR293, and miR294 increased after 

four days of growth without LIF, and then decreased after fourteen days of growth 

without LIF (Figure A.3A). 

 Northern blotting of RNA isolated from mESCs, and EBs that had been grown in 

bacterial plates in the absence of LIF with or without RA for four or eight days also 

showed changes in mESC specific miRNA expression levels.  Expression levels of 

miR291 increased with growth in the absence of LIF, and were even higher following 

treatment with RA.  Expression levels of miR290, miR292, miR292*, and miR293 were 

greater after eight days of growth without LIF compared with levels expressed in mESCs.  

Unlike miR291, expression levels of miR290, miR292, miR292*, and miR293 decreased  



100 

 

 

Figure A.3:  Expression levels of mES specific miRNA change upon differentiation.  A) 
miR292 was slightly upregulated at four and even more so at fourteen days of growth 
without LIF whereas the expression levels of miR290, miR291, miR292*, miR293, and 
miR294 increased after four days of growth without LIF, and then decreased after 
fourteen days of growth without LIF.  Expression levels of miR291 increased with 
growth in the absence of LIF, and were even higher following treatment with RA.  
Expression levels of miR290, miR292, miR292*, and miR293 were greater after eight 
days of growth without LIF compared with levels expressed in mESCs.  Unlike miR291, 
expression levels of miR290, miR292, miR292*, and miR293 decreased in RA-treated 
EBs compared with miRNA levels of eight day EBs not exposed to RA. 
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in RA-treated EBs compared with miRNA levels of eight day EBs not exposed to RA 

(Figure A.3B).   

miRNA target constructs express Luciferase which can be inhibited using miRNA 

duplexes 

 To measure miRNA target gene inhibition, we cloned miRNA binding sequences 

or recognition elements containing sequences complimentary to our miRNAs of interest 

into a luciferase expressing plasmid.  Specifically, miRNA binding sites were cloned into 

the 3‟UTR of a pRL-TK luciferase expressing plasmid.  At first, we were inserting only 

one miRNA binding site into the 3‟UTR of pRL-TK.  To enhance miRNA binding to 

target constructs, we cloned luciferase expressing plasmids containing four miRNA 

binding sites or recognition elements in the 3‟UTR of pRL-TK.  When transfected into 

HeLa cells, these miRNA target constructs expressed luciferase after 24 hours.  Since 

HeLa cells do not express mESC specific miRNAs, exogenous miRNA duplexes or 

mimics had to be introduced to inhibit luciferase target plasmid expression (Figure 

A.3C).  When transfected into HeLa cells along with luciferase target plasmids, 

exogenous miRNAs partially inhibited luciferase target gene expression.  Shown in 

Figure Figure A.4 is experimental data from luciferase assays in HeLa cells done using 

miRNA target constructs for miR290 (Figure A.4A) and miR294 (Figure A.4B), and 

inhibitory exogenous miRNA duplexes.  Data shown is representative of data obtained 

from luciferase assays done with the other miRNA target constructs.       
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Figure A.4:  In HeLa cells, miRNA target constructs express luciferase after 24 hours.   
When co-transfected with exogenous miRNA duplexes, target luciferase expression is 
inhibited.  When 2‟O-methyl oligonucleotides complimentary to miRNAs of interest 
were co-transfected with luciferase target plasmids and exogenous miRNA duplexes, 
miRNAs were inhibited resulting in target luciferase expression. Shown here is data 
obtained from experiments done with A) miR290 and B) miR294 target constructs, 
miRNA duplexes, and inhibitors.      
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In mESCs, luciferase target gene expression is inhibited by endogenous miRNAs.  

Shown in Figure A.5 is experimental data from luciferase assays in mESCs cells using 

target constructs for miR290 (Figure A.5A), and miR294 (Figure A.5B), which is 

representative of data obtained from luciferase assays done with the other miRNA target 

constructs.  The level of target luciferase inhibition in mESCs is determined by 

comparing to luciferase expression from a pRL-TK vector that does not have miRNA 

binding sites.   

Inhibition of target construct luciferase expression by miRNA mimics is blocked using 

2’O-methy oligonucleotides in HeLa cells 

After confirming inhibition of miRNA target construct luciferase expression using 

exogenous miRNA duplexes or mimics, we tested the efficacy of 2‟O-methyl 

oligonucleotides in blocking miRNA-mediated target inhibition in HeLa cells.  To 

determine if inhibitory 2‟O-Me oligonucleotides could block luciferase target inhibition, 

HeLa cells were electroporated with luciferase constructs, exogenous miRNA:miRNA* 

duplexes, and inhibitory 2‟O-Me oligonucleotides.  When target constructs were 

transfected with exogenous miRNA duplexes, target luciferase expression was inhibited.  

When target constructs were were electroporated with exogenous miRNA duplexes and 

inhibitory 2‟O-Me oligonucleotides, miRNA function was inhibited resulting in reduced 

inhibition of target construct luciferase expression (Figure A.4).  Functional target 

luciferase expression, inhibition by exogenous miRNA duplexes, and at least partial 

restoration of luciferase expression by 2‟O-methyl oligonucleotide inhibition was  
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Figure A.5:  In mESCs, miRNA target construct luciferase expression is inhibited by 
endogenous miRNA duplexes.  When 2‟O-methyl oligonucleotides complimentary to 
miRNAs of interest were co-electroporated with luciferase target plasmids, only 2‟O-
methyl oligonucleotides complimentary to miR290 were effective at partially preventing 
miRNA-mediated target luciferase expression.  Shown here is data obtained from 
experiments done with A) miR290 and B) miR294 target constructs and 2‟O-methyl 
oligonucleotide inhibitors.      
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confirmed for all target constructs made in HeLa cells. Data for experiments in HeLa 

cells done with miR290 and miR294 are shown in Figure A.4. 

2’O-methyl oligonucleotide inhibitors of endogenous miRNAs in mESCs were only 

effective for miR290 

To determine if inhibitory 2‟O-Me oligonucleotides could block luciferase target 

inhibition by endogenous miRNAs in mESCs, mESCs were electroporated with 

luciferase constructs and inhibitory 2‟O-Me oligonucleotides.  Unfortunately, 2‟O-Me 

oligonucleotide inhibition was only successful at partially preventing miRNA-mediated 

target luciferase inhibiton for miR290.  Shown in Figure A.5 is luciferase data from 

mESCs electroporated with miR290 target constructs with or without inhibitory 2‟O-Me 

oligonucleotides against miR290 or miR292-as as a non-functional target non-specific 

control.  miRNA target construct luciferase expression is inhibited by endogenous 

miRNAs.  When co-electroporated with 2‟O-Me oligonucleotides complimentary to 

miR290, target luciferase expression is partially restored (Figure A.5A).  When co-

electroporated with 2‟O-Me oligonucleotides complimentary to the other miRNAs, target 

luciferase constructs still express luciferase, indicating that 2‟O-Me oligonucleotides did 

not inhibit miRNA function for miR291-295.  Shown in Figure A.5B shows luciferase 

data from mESCs electroporated with miR294 target constructs with or without 

inhibitory 2‟O-Me oligonucleotides against miR294 or miR292 as a non-specific control, 

which is representative of data obtained for the other miRNAs studied.          
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Inhibition of miR290 using 2’O-methyl oligonucleotides did not induce any obvious 

phenotypic changes in mESCs 

 Electroporation of mESCs with 2‟O-methyl oligonucleotides against miR290 did 

not induce any obvious changes in mESC phenotype.  Data obtained from MTT assays 

indicated that the proliferative potential of cultures did not change with miR290 

inhibition (data not shown).  Specifically, mESCs electroporated with 2‟O-methyl 

oligonucleotides complimentary to miR290 showed equal proliferative protential 

compared with mESCs electroporated with 2‟O-methyl oligonucleotides complimentary 

to miR292.  In addition, partial inhibition of miR290 with inhibitory 2‟O-methyl 

oligonucleotides did not induce mESCs to differentiate, nor did miR290 inhibition 

prevent differentiation into EBs.  Specifically, mESCs did not lose AP staining, nor did 

EBs gain AP staining when electroporated with 2‟O-methyl oligonucleotides 

complimentary to miR290 (data not shown).  Based on RT-PCR, mir290 inhibition in 

mESCs or EBs induced no change in stem or differentiated cell marker expression (data 

not shown).  Overall, preliminary experiments indicated that inhibition of miR290 

function by 2‟O-methyl oligonucleotide inhibition induced no changes in mESC or mEB 

phenotype, proliferation potential, or maintenance of stem-like characteristics. 

 

Discussion 

 Shortly after the withdrawal of the growth factor LIF, which is required for the 

maintenance of stem cell-like self-renewal, the expression levels of several mESC-
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specific miRNAs increases, and then decreases by eight to fourteen days.  This 

upregulation of miRNAs implies that some miRNAs may be involved in the early 

differentiation of mESCs.  Several mESC specific miRNAs are also upregulated when 

RA acid is added to cells grown without LIF, which induces early neural differentiation.  

The upregulation of miRNAs with RA-induced neural precursor differentiation implies 

that some miRNAs expressed in mESCs may be involved in the early differentiation of 

mESCs to neural precursors.  Inhibition of these miRNAs should hence prevent 

differentiation.  The levels of other mESC specific miRNAs decreases with 

differentiation, indicating that these miRNAs are involved in maintaining stem-cell-like 

properties.  Inhibition of these miRNAs should induce differentiation. 

 Although successful at inhibiting miRNA function in HeLa cells, 2‟O-methyl 

oligonucleotide inhibitors were only successful at partially mediating miR290 inhibition 

of miR290 luciferase target plasmid luciferase expression in mESCs.  Results obtained 

from experiments done with luciferase target plasmids imply that 2‟O-methyl 

oligonucleotide inhibition is largely not effective in mESCs.  Attempts at inhibiting 

endogenous miR290 function in mESCs or in differentiated 4d EBs, or EBs treated with 

RA did not result in any obvious changes in cell phenotype or proliferation rates.  

Overall, inhibition of miR290 did not induce differentiation of mES cells, nor did it 

prevent differentiation in cells induced to differentiate. 

 Since the termination of this study, several groups have determined that antisense 

inhibition of individual or multiple mESC-specific miRNAs was not a successful 
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approach in producing a significant phenotype in mESCs or EBs.  Some miRNAs have 

redundant functions, and can be expressed at very high levels, making it difficult if not 

impossible to determine the function of individual mESC-specific miRNAs.   mESC-

specific miRNAs have since been determined to be essential for embryonic stem cell self-

renewal, and G1/S cell cycle progression.  Studies successfully elucidating the function 

of mESC-specific miRNAs have been done by re-introducing miRNAs into mESCs 

deficient in Dicer (Dgcr8-/-cells), which is required for miRNA biogenesis (Figure A.1) 

[174-177]. 

 Dgcr8-/- ESCs retain expression of self-renewal and pluripotency markers [174, 

177].   However, self-renewal is reduced in Dgcr8-/- ESCs due to accumulation of cells in 

the G1 phase of the cell cycle [175].  Dgcr8-/- ESCs express lower levels of de novo 

methyltransferases resulting in reduced de novo DNA methylation, and indicating that de 

novo DNA methylation in ES cells is controlled by miRNAs [178].  Introduction of 

miR294 restores self-renewal based on colony-formation in Dgcr8-/- ESCs [174].  

Introduction of miR291, miR292, and miR295 fully rescued G1 cell cycle accumulation 

in mESCs.  Expression levels of p21 are increased in Dgcr8-/- ESCs.  Experiments have 

shown that p21 is a target of mESC-specific miRNAs.  Other regulators of cell-cycle 

transitions are also likely targets of mESC-specific miRNAs [175, 176]. 

 



109 

 

References 
 
1. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, Hahn WC, Ligon KL, 

Louis DN, Brennan C et al: Malignant astrocytic glioma: genetics, biology, and paths to 
treatment. Genes Dev 2007, 21(21):2683-2710. 

2. Wen PY, Kesari S: Malignant gliomas in adults. N Engl J Med 2008, 359(5):492-507. 
3. Report: CBTRUS:  Central Brain Tumor Registry of the United States, 2009: 
 http://www.cbtrus.org/reports/reports.html 
4. Ichimura K, Bolin MB, Goike HM, Schmidt EE, Moshref A, Collins VP: Deregulation of the 

p14ARF/MDM2/p53 pathway is a prerequisite for human astrocytic gliomas with G1-S 
transition control gene abnormalities. Cancer Res 2000, 60(2):417-424. 

5. Nakamura M, Watanabe T, Klangby U, Asker C, Wiman K, Yonekawa Y, Kleihues P, 
Ohgaki H: p14ARF deletion and methylation in genetic pathways to glioblastomas. 
Brain Pathol 2001, 11(2):159-168. 

6. Hulleman E, Quarto M, Vernell R, Masserdotti G, Colli E, Kros JM, Levi D, Gaetani P, 
Tunici P, Finocchiaro G et al: A role for the transcription factor HEY1 in glioblastoma. J 
Cell Mol Med 2009, 13(1):136-146. 

7. Khasraw M, Bell D, Wheeler H: Long-term use of temozolomide: could you use 
temozolomide safely for life in gliomas? J Clin Neurosci 2009, 16(6):854-855. 

8. Villano JL, Seery TE, Bressler LR: Temozolomide in malignant gliomas: current use and 
future targets. Cancer Chemother Pharmacol 2009, 64(4):647-655. 

9. Walker MD, Alexander E, Jr., Hunt WE, MacCarty CS, Mahaley MS, Jr., Mealey J, Jr., 
Norrell HA, Owens G, Ransohoff J, Wilson CB et al: Evaluation of BCNU and/or 
radiotherapy in the treatment of anaplastic gliomas. A cooperative clinical trial. J 
Neurosurg 1978, 49(3):333-343. 

10. Handbook of Brain Tumor Chemotherapy, First edn: Elsevier; 2006. 
11. Fung LK, Ewend MG, Sills A, Sipos EP, Thompson R, Watts M, Colvin OM, Brem H, 

Saltzman WM: Pharmacokinetics of interstitial delivery of carmustine, 4-
hydroperoxycyclophosphamide, and paclitaxel from a biodegradable polymer implant 
in the monkey brain. Cancer Res 1998, 58(4):672-684. 

12. Baker SD, Wirth M, Statkevich P, Reidenberg P, Alton K, Sartorius SE, Dugan M, Cutler D, 
Batra V, Grochow LB et al: Absorption, metabolism, and excretion of 14C-
temozolomide following oral administration to patients with advanced cancer. Clin 
Cancer Res 1999, 5(2):309-317. 

13. Ostermann S, Csajka C, Buclin T, Leyvraz S, Lejeune F, Decosterd LA, Stupp R: Plasma 
and cerebrospinal fluid population pharmacokinetics of temozolomide in malignant 
glioma patients. Clin Cancer Res 2004, 10(11):3728-3736. 

14. Rosso L, Brock CS, Gallo JM, Saleem A, Price PM, Turkheimer FE, Aboagye EO: A new 
model for prediction of drug distribution in tumor and normal tissues: 
pharmacokinetics of temozolomide in glioma patients. Cancer Res 2009, 69(1):120-127. 

15. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, Belanger K, 
Brandes AA, Marosi C, Bogdahn U et al: Radiotherapy plus concomitant and adjuvant 
temozolomide for glioblastoma. N Engl J Med 2005, 352(10):987-996. 



110 

 

16. Roos WP, Batista LF, Naumann SC, Wick W, Weller M, Menck CF, Kaina B: Apoptosis in 
malignant glioma cells triggered by the temozolomide-induced DNA lesion O6-
methylguanine. Oncogene 2007, 26(2):186-197. 

17. Roos WP, Kaina B: DNA damage-induced cell death by apoptosis. Trends Mol Med 
2006, 12(9):440-450. 

18. Ishii D, Natsume A, Wakabayashi T, Hatano H, Asano Y, Takeuchi H, Shimato S, Ito M, 
Fujii M, Yoshida J: Efficacy of temozolomide is correlated with 1p loss and methylation 
of the deoxyribonucleic acid repair gene MGMT in malignant gliomas. Neurol Med Chir 
(Tokyo) 2007, 47(8):341-349; discussion 350. 

19. Tolcher AW, Gerson SL, Denis L, Geyer C, Hammond LA, Patnaik A, Goetz AD, Schwartz 
G, Edwards T, Reyderman L et al: Marked inactivation of O6-alkylguanine-DNA 
alkyltransferase activity with protracted temozolomide schedules. Br J Cancer 2003, 
88(7):1004-1011. 

20. Donson AM, Addo-Yobo SO, Handler MH, Gore L, Foreman NK: MGMT promoter 
methylation correlates with survival benefit and sensitivity to temozolomide in 
pediatric glioblastoma. Pediatr Blood Cancer 2007, 48(4):403-407. 

21. Esteller M, Garcia-Foncillas J, Andion E, Goodman SN, Hidalgo OF, Vanaclocha V, Baylin 
SB, Herman JG: Inactivation of the DNA-repair gene MGMT and the clinical response of 
gliomas to alkylating agents. N Engl J Med 2000, 343(19):1350-1354. 

22. Martinez R, Schackert G, Yaya-Tur R, Rojas-Marcos I, Herman JG, Esteller M: Frequent 
hypermethylation of the DNA repair gene MGMT in long-term survivors of 
glioblastoma multiforme. J Neurooncol 2007, 83(1):91-93. 

23. Kohonen-Corish MR, Cooper WA, Saab J, Thompson JF, Trent RJ, Millward MJ: Promoter 
hypermethylation of the O(6)-methylguanine DNA methyltransferase gene and 
microsatellite instability in metastatic melanoma. J Invest Dermatol 2006, 126(1):167-
171. 

24. Rabik CA, Njoku MC, Dolan ME: Inactivation of O6-alkylguanine DNA alkyltransferase 
as a means to enhance chemotherapy. Cancer Treat Rev 2006, 32(4):261-276. 

25. Dolan ME, Pegg AE: O6-benzylguanine and its role in chemotherapy. Clin Cancer Res 
1997, 3(6):837-847. 

26. Quinn JA, Jiang SX, Reardon DA, Desjardins A, Vredenburgh JJ, Rich JN, Gururangan S, 
Friedman AH, Bigner DD, Sampson JH et al: Phase II trial of temozolomide plus o6-
benzylguanine in adults with recurrent, temozolomide-resistant malignant glioma. J 
Clin Oncol 2009, 27(8):1262-1267. 

27. Jordan CT, Guzman ML, Noble M: Cancer stem cells. N Engl J Med 2006, 355(12):1253-
1261. 

28. Zhang M, Rosen JM: Stem cells in the etiology and treatment of cancer. Curr Opin 
Genet Dev 2006, 16(1):60-64. 

29. Ishikawa F, Yoshida S, Saito Y, Hijikata A, Kitamura H, Tanaka S, Nakamura R, Tanaka T, 
Tomiyama H, Saito N et al: Chemotherapy-resistant human AML stem cells home to 
and engraft within the bone-marrow endosteal region. Nat Biotechnol 2007, 
25(11):1315-1321. 

30. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J, Minden M, 
Paterson B, Caligiuri MA, Dick JE: A cell initiating human acute myeloid leukaemia after 
transplantation into SCID mice. Nature 1994, 367(6464):645-648. 



111 

 

31. O'Brien CA, Pollett A, Gallinger S, Dick JE: A human colon cancer cell capable of 
initiating tumour growth in immunodeficient mice. Nature 2007, 445(7123):106-110. 

32. Seigel GM, Campbell LM, Narayan M, Gonzalez-Fernandez F: Cancer stem cell 
characteristics in retinoblastoma. Mol Vis 2005, 11:729-737. 

33. Chen YC, Hsu HS, Chen YW, Tsai TH, How CK, Wang CY, Hung SC, Chang YL, Tsai ML, Lee 
YY et al: Oct-4 expression maintained cancer stem-like properties in lung cancer-
derived CD133-positive cells. PLoS One 2008, 3(7):e2637. 

34. Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-Gasser AM, Gasser M, Zhan Q, 
Jordan S, Duncan LM, Weishaupt C et al: Identification of cells initiating human 
melanomas. Nature 2008, 451(7176):345-349. 

35. Charafe-Jauffret E, Ginestier C, Birnbaum D: Breast cancer stem cells: tools and models 
to rely on. BMC Cancer 2009, 9:202. 

36. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM, Cusimano 
MD, Dirks PB: Identification of human brain tumour initiating cells. Nature 2004, 
432(7015):396-401. 

37. Vescovi AL, Galli R, Reynolds BA: Brain tumour stem cells. Nat Rev Cancer 2006, 
6(6):425-436. 

38. Al-Hajj M, Clarke MF: Self-renewal and solid tumor stem cells. Oncogene 2004, 
23(43):7274-7282. 

39. Reynolds BA, Tetzlaff W, Weiss S: A multipotent EGF-responsive striatal embryonic 
progenitor cell produces neurons and astrocytes. J Neurosci 1992, 12(11):4565-4574. 

40. Reynolds BA, Weiss S: Clonal and population analyses demonstrate that an EGF-
responsive mammalian embryonic CNS precursor is a stem cell. Dev Biol 1996, 
175(1):1-13. 

41. Singh SK, Clarke ID, Hide T, Dirks PB: Cancer stem cells in nervous system tumors. 
Oncogene 2004, 23(43):7267-7273. 

42. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S, Fiocco R, Foroni C, Dimeco F, 
Vescovi A: Isolation and characterization of tumorigenic, stem-like neural precursors 
from human glioblastoma. Cancer Res 2004, 64(19):7011-7021. 

43. Galderisi U, Cipollaro M, Giordano A: Stem cells and brain cancer. Cell Death Differ 
2006, 13(1):5-11. 

44. Reya T, Morrison SJ, Clarke MF, Weissman IL: Stem cells, cancer, and cancer stem cells. 
Nature 2001, 414(6859):105-111. 

45. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, Dirks PB: Tumour-initiating cells: 
challenges and opportunities for anticancer drug discovery. Nat Rev Drug Discov 2009, 
8(10):806-823. 

46. Fasano CA, Dimos JT, Ivanova NB, Lowry N, Lemischka IR, Temple S: shRNA knockdown 
of Bmi-1 reveals a critical role for p21-Rb pathway in NSC self-renewal during 
development. Cell Stem Cell 2007, 1(1):87-99. 

47. Pardal R, Clarke MF, Morrison SJ: Applying the principles of stem-cell biology to cancer. 
Nat Rev Cancer 2003, 3(12):895-902. 

48. Polyak K, Hahn WC: Roots and stems: stem cells in cancer. Nat Med 2006, 12(3):296-
300. 

49. Wicha MS, Liu S, Dontu G: Cancer stem cells: an old idea--a paradigm shift. Cancer Res 
2006, 66(4):1883-1890; discussion 1895-1886. 



112 

 

50. Visvader JE, Lindeman GJ: Cancer stem cells in solid tumours: accumulating evidence 
and unresolved questions. Nat Rev Cancer 2008, 8(10):755-768. 

51. Harmes DC, DiRenzo J: Cellular quiescence in mammary stem cells and breast tumor 
stem cells: got testable hypotheses? J Mammary Gland Biol Neoplasia 2009, 14(1):19-
27. 

52. Kippin TE, Martens DJ, van der Kooy D: p21 loss compromises the relative quiescence of 
forebrain stem cell proliferation leading to exhaustion of their proliferation capacity. 
Genes Dev 2005, 19(6):756-767. 

53. Coller HA, Sang L, Roberts JM: A new description of cellular quiescence. PLoS Biol 2006, 
4(3):e83. 

54. Mellor HR, Ferguson DJ, Callaghan R: A model of quiescent tumour microregions for 
evaluating multicellular resistance to chemotherapeutic drugs. Br J Cancer 2005, 
93(3):302-309. 

55. Sang L, Coller HA, Roberts JM: Control of the reversibility of cellular quiescence by the 
transcriptional repressor HES1. Science 2008, 321(5892):1095-1100. 

56. Rivard N, L'Allemain G, Bartek J, Pouyssegur J: Abrogation of p27Kip1 by cDNA 
antisense suppresses quiescence (G0 state) in fibroblasts. J Biol Chem 1996, 
271(31):18337-18341. 

57. Saito Y, Uchida N, Tanaka S, Suzuki N, Tomizawa-Murasawa M, Sone A, Najima Y, Takagi 
S, Aoki Y, Wake A et al: Induction of cell cycle entry eliminates human leukemia stem 
cells in a mouse model of AML. Nat Biotechnol 2010. 

58. Li L, Ross AH: Why is PTEN an important tumor suppressor? J Cell Biochem 2007, 
102(6):1368-1374. 

59. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi PP, Yin Y: Essential role for nuclear 
PTEN in maintaining chromosomal integrity. Cell 2007, 128(1):157-170. 

60. Yilmaz OH, Valdez R, Theisen BK, Guo W, Ferguson DO, Wu H, Morrison SJ: Pten 
dependence distinguishes haematopoietic stem cells from leukaemia-initiating cells. 
Nature 2006, 441(7092):475-482. 

61. Groszer M, Erickson R, Scripture-Adams DD, Dougherty JD, Le Belle J, Zack JA, 
Geschwind DH, Liu X, Kornblum HI, Wu H: PTEN negatively regulates neural stem cell 
self-renewal by modulating G0-G1 cell cycle entry. Proc Natl Acad Sci U S A 2006, 
103(1):111-116. 

62. Sun H, Lesche R, Li DM, Liliental J, Zhang H, Gao J, Gavrilova N, Mueller B, Liu X, Wu H: 
PTEN modulates cell cycle progression and cell survival by regulating 
phosphatidylinositol 3,4,5,-trisphosphate and Akt/protein kinase B signaling pathway. 
Proc Natl Acad Sci U S A 1999, 96(11):6199-6204. 

63. Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A, Zack JA, Kornblum HI, 
Liu X, Wu H: Negative regulation of neural stem/progenitor cell proliferation by the 
Pten tumor suppressor gene in vivo. Science 2001, 294(5549):2186-2189. 

64. Maher EA, Furnari FB, Bachoo RM, Rowitch DH, Louis DN, Cavenee WK, DePinho RA: 
Malignant glioma: genetics and biology of a grave matter. Genes Dev 2001, 
15(11):1311-1333. 

65. Ge H, Gong X, Tang CK: Evidence of high incidence of EGFRvIII expression and 
coexpression with EGFR in human invasive breast cancer by laser capture 
microdissection and immunohistochemical analysis. Int J Cancer 2002, 98(3):357-361. 



113 

 

66. Moscatello DK, Holgado-Madruga M, Godwin AK, Ramirez G, Gunn G, Zoltick PW, Biegel 
JA, Hayes RL, Wong AJ: Frequent expression of a mutant epidermal growth factor 
receptor in multiple human tumors. Cancer Res 1995, 55(23):5536-5539. 

67. Wikstrand CJ, Reist CJ, Archer GE, Zalutsky MR, Bigner DD: The class III variant of the 
epidermal growth factor receptor (EGFRvIII): characterization and utilization as an 
immunotherapeutic target. J Neurovirol 1998, 4(2):148-158. 

68. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS, You MJ, Tang Y, DeFrances J, 
Stover E, Weissleder R et al: Epidermal growth factor receptor and Ink4a/Arf: 
convergent mechanisms governing terminal differentiation and transformation along 
the neural stem cell to astrocyte axis. Cancer Cell 2002, 1(3):269-277. 

69. Boockvar JA, Kapitonov D, Kapoor G, Schouten J, Counelis GJ, Bogler O, Snyder EY, 
McIntosh TK, O'Rourke DM: Constitutive EGFR signaling confers a motile phenotype to 
neural stem cells. Mol Cell Neurosci 2003, 24(4):1116-1130. 

70. Ding H, Shannon P, Lau N, Wu X, Roncari L, Baldwin RL, Takebayashi H, Nagy A, Gutmann 
DH, Guha A: Oligodendrogliomas result from the expression of an activated mutant 
epidermal growth factor receptor in a RAS transgenic mouse astrocytoma model. 
Cancer Res 2003, 63(5):1106-1113. 

71. Holland EC, Celestino J, Dai C, Schaefer L, Sawaya RE, Fuller GN: Combined activation of 
Ras and Akt in neural progenitors induces glioblastoma formation in mice. Nat Genet 
2000, 25(1):55-57. 

72. Huang HS, Nagane M, Klingbeil CK, Lin H, Nishikawa R, Ji XD, Huang CM, Gill GN, Wiley 
HS, Cavenee WK: The enhanced tumorigenic activity of a mutant epidermal growth 
factor receptor common in human cancers is mediated by threshold levels of 
constitutive tyrosine phosphorylation and unattenuated signaling. J Biol Chem 1997, 
272(5):2927-2935. 

73. Lal A, Glazer CA, Martinson HM, Friedman HS, Archer GE, Sampson JH, Riggins GJ: 
Mutant epidermal growth factor receptor up-regulates molecular effectors of tumor 
invasion. Cancer Res 2002, 62(12):3335-3339. 

74. Rodier F, Campisi J, Bhaumik D: Two faces of p53: aging and tumor suppression. Nucleic 
Acids Res 2007, 35(22):7475-7484. 

75. Meletis K, Wirta V, Hede SM, Nister M, Lundeberg J, Frisen J: p53 suppresses the self-
renewal of adult neural stem cells. Development 2006, 133(2):363-369. 

76. Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, Venere M, 
Ditullio RA, Jr., Kastrinakis NG, Levy B et al: Activation of the DNA damage checkpoint 
and genomic instability in human precancerous lesions. Nature 2005, 434(7035):907-
913. 

77. Ishikawa T, Zhang SS, Qin X, Takahashi Y, Oda H, Nakatsuru Y, Ide F: DNA repair and 
cancer: lessons from mutant mouse models. Cancer Sci 2004, 95(2):112-117. 

78. Hide T, Takezaki T, Nakamura H, Kuratsu J, Kondo T: Brain tumor stem cells as research 
and treatment targets. Brain Tumor Pathol 2008, 25(2):67-72. 

79. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, Dewhirst MW, Bigner DD, Rich 
JN: Glioma stem cells promote radioresistance by preferential activation of the DNA 
damage response. Nature 2006, 444(7120):756-760. 

80. Son MJ, Woolard K, Nam DH, Lee J, Fine HA: SSEA-1 is an enrichment marker for tumor-
initiating cells in human glioblastoma. Cell Stem Cell 2009, 4(5):440-452. 



114 

 

81. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, Oefner PJ, Aigner L, 
Brawanski A, Bogdahn U, Beier CP: CD133(+) and CD133(-) glioblastoma-derived cancer 
stem cells show differential growth characteristics and molecular profiles. Cancer Res 
2007, 67(9):4010-4015. 

82. Wang J, Sakariassen PO, Tsinkalovsky O, Immervoll H, Boe SO, Svendsen A, Prestegarden 
L, Rosland G, Thorsen F, Stuhr L et al: CD133 negative glioma cells form tumors in nude 
rats and give rise to CD133 positive cells. Int J Cancer 2008, 122(4):761-768. 

83. Rebetz J, Tian D, Persson A, Widegren B, Salford LG, Englund E, Gisselsson D, Fan X: Glial 
progenitor-like phenotype in low-grade glioma and enhanced CD133-expression and 
neuronal lineage differentiation potential in high-grade glioma. PLoS One 2008, 
3(4):e1936. 

84. Shmelkov SV, Butler JM, Hooper AT, Hormigo A, Kushner J, Milde T, St Clair R, Baljevic 
M, White I, Jin DK et al: CD133 expression is not restricted to stem cells, and both 
CD133+ and CD133- metastatic colon cancer cells initiate tumors. J Clin Invest 2008, 
118(6):2111-2120. 

85. Jaksch M, Munera J, Bajpai R, Terskikh A, Oshima RG: Cell cycle-dependent variation of 
a CD133 epitope in human embryonic stem cell, colon cancer, and melanoma cell 
lines. Cancer Res 2008, 68(19):7882-7886. 

86. Sun Y, Kong W, Falk A, Hu J, Zhou L, Pollard S, Smith A: CD133 (Prominin) negative 
human neural stem cells are clonogenic and tripotent. PLoS One 2009, 4(5):e5498. 

87. Ogden AT, Waziri AE, Lochhead RA, Fusco D, Lopez K, Ellis JA, Kang J, Assanah M, 
McKhann GM, Sisti MB et al: Identification of A2B5+CD133- tumor-initiating cells in 
adult human gliomas. Neurosurgery 2008, 62(2):505-514; discussion 514-505. 

88. Colin C, Baeza N, Tong S, Bouvier C, Quilichini B, Durbec P, Figarella-Branger D: In vitro 
identification and functional characterization of glial precursor cells in human gliomas. 
Neuropathol Appl Neurobiol 2006, 32(2):189-202. 

89. Storms RW, Trujillo AP, Springer JB, Shah L, Colvin OM, Ludeman SM, Smith C: Isolation 
of primitive human hematopoietic progenitors on the basis of aldehyde 
dehydrogenase activity. Proc Natl Acad Sci U S A 1999, 96(16):9118-9123. 

90. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, Jacquemier J, 
Viens P, Kleer CG, Liu S et al: ALDH1 is a marker of normal and malignant human 
mammary stem cells and a predictor of poor clinical outcome. Cell Stem Cell 2007, 
1(5):555-567. 

91. Corti S, Locatelli F, Papadimitriou D, Donadoni C, Salani S, Del Bo R, Strazzer S, Bresolin 
N, Comi GP: Identification of a primitive brain-derived neural stem cell population 
based on aldehyde dehydrogenase activity. Stem Cells 2006, 24(4):975-985. 

92. Gritti A, Parati EA, Cova L, Frolichsthal P, Galli R, Wanke E, Faravelli L, Morassutti DJ, 
Roisen F, Nickel DD et al: Multipotential stem cells from the adult mouse brain 
proliferate and self-renew in response to basic fibroblast growth factor. J Neurosci 
1996, 16(3):1091-1100. 

93. Rietze RL, Valcanis H, Brooker GF, Thomas T, Voss AK, Bartlett PF: Purification of a 
pluripotent neural stem cell from the adult mouse brain. Nature 2001, 412(6848):736-
739. 

94. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, Pastorino S, Purow BW, 
Christopher N, Zhang W et al: Tumor stem cells derived from glioblastomas cultured in 



115 

 

bFGF and EGF more closely mirror the phenotype and genotype of primary tumors 
than do serum-cultured cell lines. Cancer Cell 2006, 9(5):391-403. 

95. Clarke MF: A self-renewal assay for cancer stem cells. Cancer Chemother Pharmacol 
2005, 56 Suppl 1:64-68. 

96. Gal H, Makovitzki A, Amariglio N, Rechavi G, Ram Z, Givol D: A rapid assay for drug 
sensitivity of glioblastoma stem cells. Biochem Biophys Res Commun 2007, 358(3):908-
913. 

97. Golmohammadi MG, Blackmore DG, Large B, Azari H, Esfandiary E, Paxinos G, Franklin 
KB, Reynolds BA, Rietze RL: Comparative analysis of the frequency and distribution of 
stem and progenitor cells in the adult mouse brain. Stem Cells 2008, 26(4):979-987. 

98. Louis SA, Rietze RL, Deleyrolle L, Wagey RE, Thomas TE, Eaves AC, Reynolds BA: 
Enumeration of neural stem and progenitor cells in the neural colony-forming cell 
assay. Stem Cells 2008, 26(4):988-996. 

99. Reynolds BA, Rietze RL: Neural stem cells and neurospheres--re-evaluating the 
relationship. Nat Methods 2005, 2(5):333-336. 

100. Chauffert B, Dimanche-Boitrel MT, Garrido C, Ivarsson M, Martin M, Martin F, Solary E: 
New insights into the kinetic resistance to anticancer agents. Cytotechnology 1998, 
27(1-3):225-235. 

101. Viale A, De Franco F, Orleth A, Cambiaghi V, Giuliani V, Bossi D, Ronchini C, Ronzoni S, 
Muradore I, Monestiroli S et al: Cell-cycle restriction limits DNA damage and maintains 
self-renewal of leukaemia stem cells. Nature 2009, 457(7225):51-56. 

102. Li L, Dutra A, Pak E, Labrie JE, 3rd, Gerstein RM, Pandolfi PP, Recht LD, Ross AH: EGFRvIII 
expression and PTEN loss synergistically induce chromosomal instability and glial 
tumors. Neuro Oncol 2009, 11(1):9-21. 

103. Zhang X, Ren R: Bcr-Abl efficiently induces a myeloproliferative disease and production 
of excess interleukin-3 and granulocyte-macrophage colony-stimulating factor in mice: 
a novel model for chronic myelogenous leukemia. Blood 1998, 92(10):3829-3840. 

104. Kondo T, Setoguchi T, Taga T: Persistence of a small subpopulation of cancer stem-like 
cells in the C6 glioma cell line. Proc Natl Acad Sci U S A 2004, 101(3):781-786. 

105. Sen A, Kallos MS, Behie LA: New tissue dissociation protocol for scaled-up production 
of neural stem cells in suspension bioreactors. Tissue Eng 2004, 10(5-6):904-913. 

106. Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, Tsukamoto AS, Gage FH, 
Weissman IL: Direct isolation of human central nervous system stem cells. Proc Natl 
Acad Sci U S A 2000, 97(26):14720-14725. 

107. Friedman HS, Kerby T, Calvert H: Temozolomide and treatment of malignant glioma. 
Clin Cancer Res 2000, 6(7):2585-2597. 

108. Ueda-Kawamitsu H, Lawson TA, Gwilt PR: In vitro pharmacokinetics and 
pharmacodynamics of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU). Biochem 
Pharmacol 2002, 63(7):1209-1218. 

109. Gunther W, Pawlak E, Damasceno R, Arnold H, Terzis AJ: Temozolomide induces 
apoptosis and senescence in glioma cells cultured as multicellular spheroids. Br J 
Cancer 2003, 88(3):463-469. 

110. Riccardi C, Nicoletti I: Analysis of apoptosis by propidium iodide staining and flow 
cytometry. Nat Protoc 2006, 1(3):1458-1461. 



116 

 

111. Didier C, Cavelier C, Quaranta M, Galcera MO, Demur C, Laurent G, Manenti S, 
Ducommun B: G2/M checkpoint stringency is a key parameter in the sensitivity of AML 
cells to genotoxic stress. Oncogene 2008, 27(27):3811-3820. 

112. Morshead CM, Reynolds BA, Craig CG, McBurney MW, Staines WA, Morassutti D, Weiss 
S, van der Kooy D: Neural stem cells in the adult mammalian forebrain: a relatively 
quiescent subpopulation of subependymal cells. Neuron 1994, 13(5):1071-1082. 

113. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, Oh EY, Gaber MW, 
Finklestein D, Allen M et al: A perivascular niche for brain tumor stem cells. Cancer Cell 
2007, 11(1):69-82. 

114. Shu Q, Wong KK, Su JM, Adesina AM, Yu LT, Tsang YT, Antalffy BC, Baxter P, Perlaky L, 
Yang J et al: Direct orthotopic transplantation of fresh surgical specimen preserves 
CD133+ tumor cells in clinically relevant mouse models of medulloblastoma and 
glioma. Stem Cells 2008, 26(6):1414-1424. 

115. Fuchs E, Tumbar T, Guasch G: Socializing with the neighbors: stem cells and their niche. 
Cell 2004, 116(6):769-778. 

116. De Witt Hamer PC, Van Tilborg AA, Eijk PP, Sminia P, Troost D, Van Noorden CJ, Ylstra B, 
Leenstra S: The genomic profile of human malignant glioma is altered early in primary 
cell culture and preserved in spheroids. Oncogene 2008, 27(14):2091-2096. 

117. Ziobro M, Rolski J, Grela-Wojewoda A, Zygulska A, Niemiec M: Effects of palliative 
treatment with temozolomide in patients with high-grade gliomas. Neurol Neurochir 
Pol 2008, 42(3):210-215. 

118. Lukas J, Lukas C, Bartek J: Mammalian cell cycle checkpoints: signalling pathways and 
their organization in space and time. DNA Repair (Amst) 2004, 3(8-9):997-1007. 

119. Jeggo PA, Lobrich M: Contribution of DNA repair and cell cycle checkpoint arrest to the 
maintenance of genomic stability. DNA Repair (Amst) 2006, 5(9-10):1192-1198. 

120. Mirzoeva OK, Kawaguchi T, Pieper RO: The Mre11/Rad50/Nbs1 complex interacts with 
the mismatch repair system and contributes to temozolomide-induced G2 arrest and 
cytotoxicity. Mol Cancer Ther 2006, 5(11):2757-2766. 

121. Thornton TM, Rincon M: Non-classical p38 map kinase functions: cell cycle checkpoints 
and survival. Int J Biol Sci 2009, 5(1):44-51. 

122. Hirose Y, Katayama M, Stokoe D, Haas-Kogan DA, Berger MS, Pieper RO: The p38 
mitogen-activated protein kinase pathway links the DNA mismatch repair system to 
the G2 checkpoint and to resistance to chemotherapeutic DNA-methylating agents. 
Mol Cell Biol 2003, 23(22):8306-8315. 

123. Caporali S, Falcinelli S, Starace G, Russo MT, Bonmassar E, Jiricny J, D'Atri S: DNA 
damage induced by temozolomide signals to both ATM and ATR: role of the mismatch 
repair system. Mol Pharmacol 2004, 66(3):478-491. 

124. Eastman A: Cell cycle checkpoints and their impact on anticancer therapeutic 
strategies. J Cell Biochem 2004, 91(2):223-231. 

125. Yu Q, La Rose J, Zhang H, Takemura H, Kohn KW, Pommier Y: UCN-01 inhibits p53 up-
regulation and abrogates gamma-radiation-induced G(2)-M checkpoint independently 
of p53 by targeting both of the checkpoint kinases, Chk2 and Chk1. Cancer Res 2002, 
62(20):5743-5748. 



117 

 

126. Rainey MD, Black EJ, Zachos G, Gillespie DA: Chk2 is required for optimal mitotic delay 
in response to irradiation-induced DNA damage incurred in G2 phase. Oncogene 2008, 
27(7):896-906. 

127. Macip S, Kosoy A, Lee SW, O'Connell MJ, Aaronson SA: Oxidative stress induces a 
prolonged but reversible arrest in p53-null cancer cells, involving a Chk1-dependent 
G2 checkpoint. Oncogene 2006, 25(45):6037-6047. 

128. Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, Luo G, Carattini-Rivera S, 
DeMayo F, Bradley A et al: Chk1 is an essential kinase that is regulated by Atr and 
required for the G(2)/M DNA damage checkpoint. Genes Dev 2000, 14(12):1448-1459. 

129. Kawabe T: G2 checkpoint abrogators as anticancer drugs. Mol Cancer Ther 2004, 
3(4):513-519. 

130. Sturgeon CM, Roberge M: G2 checkpoint kinase inhibitors exert their radiosensitizing 
effects prior to the G2/M transition. Cell Cycle 2007, 6(5):572-575. 

131. Curman D, Cinel B, Williams DE, Rundle N, Block WD, Goodarzi AA, Hutchins JR, Clarke 
PR, Zhou BB, Lees-Miller SP et al: Inhibition of the G2 DNA damage checkpoint and of 
protein kinases Chk1 and Chk2 by the marine sponge alkaloid 
debromohymenialdisine. J Biol Chem 2001, 276(21):17914-17919. 

132. Eastman A, Kohn EA, Brown MK, Rathman J, Livingstone M, Blank DH, Gribble GW: A 
novel indolocarbazole, ICP-1, abrogates DNA damage-induced cell cycle arrest and 
enhances cytotoxicity: similarities and differences to the cell cycle checkpoint 
abrogator UCN-01. Mol Cancer Ther 2002, 1(12):1067-1078. 

133. Jiang X, Zhao B, Britton R, Lim LY, Leong D, Sanghera JS, Zhou BB, Piers E, Andersen RJ, 
Roberge M: Inhibition of Chk1 by the G2 DNA damage checkpoint inhibitor 
isogranulatimide. Mol Cancer Ther 2004, 3(10):1221-1227. 

134. Devlin HL, Mack PC, Burich RA, Gumerlock PH, Kung HJ, Mudryj M, deVere White RW: 
Impairment of the DNA repair and growth arrest pathways by p53R2 silencing 
enhances DNA damage-induced apoptosis in a p53-dependent manner in prostate 
cancer cells. Mol Cancer Res 2008, 6(5):808-818. 

135. Hermisson M, Klumpp A, Wick W, Wischhusen J, Nagel G, Roos W, Kaina B, Weller M: 
O6-methylguanine DNA methyltransferase and p53 status predict temozolomide 
sensitivity in human malignant glioma cells. J Neurochem 2006, 96(3):766-776. 

136. Royds JA, Iacopetta B: p53 and disease: when the guardian angel fails. Cell Death Differ 
2006, 13(6):1017-1026. 

137. Reavey-Cantwell JF, Haroun RI, Zahurak M, Clatterbuck RE, Parker RJ, Mehta R, Fruehauf 
JP, Brem H: The prognostic value of tumor markers in patients with glioblastoma 
multiforme: analysis of 32 patients and review of the literature. J Neurooncol 2001, 
55(3):195-204. 

138. Weller M, Felsberg J, Hartmann C, Berger H, Steinbach JP, Schramm J, Westphal M, 
Schackert G, Simon M, Tonn JC et al: Molecular predictors of progression-free and 
overall survival in patients with newly diagnosed glioblastoma: a prospective 
translational study of the German Glioma Network. J Clin Oncol 2009, 27(34):5743-
5750. 

139. Birner P, Piribauer M, Fischer I, Gatterbauer B, Marosi C, Ungersbock K, Rossler K, Budka 
H, Hainfellner JA: Prognostic relevance of p53 protein expression in glioblastoma. 
Oncol Rep 2002, 9(4):703-707. 



118 

 

140. Gjerset RA, Turla ST, Sobol RE, Scalise JJ, Mercola D, Collins H, Hopkins PJ: Use of wild-
type p53 to achieve complete treatment sensitization of tumor cells expressing 
endogenous mutant p53. Mol Carcinog 1995, 14(4):275-285. 

141. Bracht C, Hauser DR, Schattel V, Albrecht W, Laufer SA: Synthesis and biological testing 
of N-aminoimidazole-based p38alpha MAP kinase inhibitors. ChemMedChem, 
5(7):1134-1142. 

142. Candace A. Gilbert M-CD, Richard P. Moser, and Alonzo H. Ross: Gamma-Secretase 
Inhibitors Enhance Temozolomide Treatment of Human Gliomas by Inhibiting 
Neurosphere Repopulation and Xenograft Recurrence. Cancer Research 2010, In press. 

143. Levesque AA, Eastman A: p53-based cancer therapies: Is defective p53 the Achilles heel 
of the tumor? Carcinogenesis 2007, 28(1):13-20. 

144. Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ: Processing of primary 
microRNAs by the Microprocessor complex. Nature 2004, 432(7014):231-235. 

145. Gregory RI, Chendrimada TP, Shiekhattar R: MicroRNA biogenesis: isolation and 
characterization of the microprocessor complex. Methods Mol Biol 2006, 342:33-47. 

146. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004, 
116(2):281-297. 

147. Murchison EP, Hannon GJ: miRNAs on the move: miRNA biogenesis and the RNAi 
machinery. Curr Opin Cell Biol 2004, 16(3):223-229. 

148. Inui M, Martello G, Piccolo S: MicroRNA control of signal transduction. Nat Rev Mol Cell 
Biol, 11(4):252-263. 

149. Esau C, Kang X, Peralta E, Hanson E, Marcusson EG, Ravichandran LV, Sun Y, Koo S, 
Perera RJ, Jain R et al: MicroRNA-143 regulates adipocyte differentiation. J Biol Chem 
2004, 279(50):52361-52365. 

150. Chen CZ, Li L, Lodish HF, Bartel DP: MicroRNAs modulate hematopoietic lineage 
differentiation. Science 2004, 303(5654):83-86. 

151. Chen CZ, Lodish HF: MicroRNAs as regulators of mammalian hematopoiesis. Semin 
Immunol 2005, 17(2):155-165. 

152. Liu C, Zhao X: MicroRNAs in adult and embryonic neurogenesis. Neuromolecular Med 
2009, 11(3):141-152. 

153. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR, 
Ruvkun G: The 21-nucleotide let-7 RNA regulates developmental timing in 
Caenorhabditis elegans. Nature 2000, 403(6772):901-906. 

154. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, Bartel DP, Linsley PS, 
Johnson JM: Microarray analysis shows that some microRNAs downregulate large 
numbers of target mRNAs. Nature 2005, 433(7027):769-773. 

155. Du T, Zamore PD: microPrimer: the biogenesis and function of microRNA. Development 
2005, 132(21):4645-4652. 

156. Hutvagner G, Simard MJ, Mello CC, Zamore PD: Sequence-specific inhibition of small 
RNA function. PLoS Biol 2004, 2(4):E98. 

157. Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K, Lander ES, Kellis M: 
Systematic discovery of regulatory motifs in human promoters and 3' UTRs by 
comparison of several mammals. Nature 2005, 434(7031):338-345. 

158. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB: Prediction of mammalian 
microRNA targets. Cell 2003, 115(7):787-798. 



119 

 

159. Houbaviy HB, Murray MF, Sharp PA: Embryonic stem cell-specific MicroRNAs. Dev Cell 
2003, 5(2):351-358. 

160. Suh MR, Lee Y, Kim JY, Kim SK, Moon SH, Lee JY, Cha KY, Chung HM, Yoon HS, Moon SY 
et al: Human embryonic stem cells express a unique set of microRNAs. Dev Biol 2004, 
270(2):488-498. 

161. Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA, Elledge SJ, 
Anderson KV, Hannon GJ: Dicer is essential for mouse development. Nat Genet 2003, 
35(3):215-217. 

162. Kanellopoulou C, Muljo SA, Kung AL, Ganesan S, Drapkin R, Jenuwein T, Livingston DM, 
Rajewsky K: Dicer-deficient mouse embryonic stem cells are defective in 
differentiation and centromeric silencing. Genes Dev 2005, 19(4):489-501. 

163. Kim J, Krichevsky A, Grad Y, Hayes GD, Kosik KS, Church GM, Ruvkun G: Identification of 
many microRNAs that copurify with polyribosomes in mammalian neurons. Proc Natl 
Acad Sci U S A 2004, 101(1):360-365. 

164. Sempere LF, Freemantle S, Pitha-Rowe I, Moss E, Dmitrovsky E, Ambros V: Expression 
profiling of mammalian microRNAs uncovers a subset of brain-expressed microRNAs 
with possible roles in murine and human neuronal differentiation. Genome Biol 2004, 
5(3):R13. 

165. Miska EA, Alvarez-Saavedra E, Townsend M, Yoshii A, Sestan N, Rakic P, Constantine-
Paton M, Horvitz HR: Microarray analysis of microRNA expression in the developing 
mammalian brain. Genome Biol 2004, 5(9):R68. 

166. Coolen M, Bally-Cuif L: MicroRNAs in brain development and physiology. Curr Opin 
Neurobiol 2009, 19(5):461-470. 

167. Bain G, Ray WJ, Yao M, Gottlieb DI: Retinoic acid promotes neural and represses 
mesodermal gene expression in mouse embryonic stem cells in culture. Biochem 
Biophys Res Commun 1996, 223(3):691-694. 

168. Cheng AM, Byrom MW, Shelton J, Ford LP: Antisense inhibition of human miRNAs and 
indications for an involvement of miRNA in cell growth and apoptosis. Nucleic Acids 
Res 2005, 33(4):1290-1297. 

169. Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, Stoffel M: 
Silencing of microRNAs in vivo with 'antagomirs'. Nature 2005, 438(7068):685-689. 

170. Boiani M, Gentile L, Gambles VV, Cavaleri F, Redi CA, Scholer HR: Variable 
reprogramming of the pluripotent stem cell marker Oct4 in mouse clones: distinct 
developmental potentials in different culture environments. Stem Cells 2005, 
23(8):1089-1104. 

171. Fehling HJ, Lacaud G, Kubo A, Kennedy M, Robertson S, Keller G, Kouskoff V: Tracking 
mesoderm induction and its specification to the hemangioblast during embryonic 
stem cell differentiation. Development 2003, 130(17):4217-4227. 

172. Duncan SA, Nagy A, Chan W: Murine gastrulation requires HNF-4 regulated gene 
expression in the visceral endoderm: tetraploid rescue of Hnf-4(-/-) embryos. 
Development 1997, 124(2):279-287. 

173. Elefanty AG, Robb L, Birner R, Begley CG: Hematopoietic-specific genes are not induced 
during in vitro differentiation of scl-null embryonic stem cells. Blood 1997, 90(4):1435-
1447. 



120 

 

174. Melton C, Judson RL, Blelloch R: Opposing microRNA families regulate self-renewal in 
mouse embryonic stem cells. Nature 2010, 463(7281):621-626. 

175. Wang Y, Baskerville S, Shenoy A, Babiarz JE, Baehner L, Blelloch R: Embryonic stem cell-
specific microRNAs regulate the G1-S transition and promote rapid proliferation. Nat 
Genet 2008, 40(12):1478-1483. 

176. Wang Y, Blelloch R: Cell cycle regulation by MicroRNAs in embryonic stem cells. Cancer 
Res 2009, 69(10):4093-4096. 

177. Wang Y, Medvid R, Melton C, Jaenisch R, Blelloch R: DGCR8 is essential for microRNA 
biogenesis and silencing of embryonic stem cell self-renewal. Nat Genet 2007, 
39(3):380-385. 

178. Sinkkonen L, Hugenschmidt T, Berninger P, Gaidatzis D, Mohn F, Artus-Revel CG, Zavolan 
M, Svoboda P, Filipowicz W: MicroRNAs control de novo DNA methylation through 
regulation of transcriptional repressors in mouse embryonic stem cells. Nat Struct Mol 
Biol 2008, 15(3):259-267. 

 
 


	Title Page
	Signature Page
	Dedication
	Acknowledgements
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Preface
	Chapter I: Introduction
	Chapter II: Chemotherapy treated glioblastoma cultures contain populations of chemoresistant cells and cells arrested in the cell cycle that may be responsible for tumor regrowth in vivo
	Appendix 1: Determining the role of embryonic specific microRNAs in the differentiation of neural precursors from murine embryonic stem cells
	References

