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Abstract 
Primary glioblastoma (GBM) is the most common and lethal primary malignant 

brain tumor, with a median patient survival of only 15 months from the time of 

diagnosis. GBM is particularly challenging to treat due to its aggressive and invasive 

nature, and has proven resistant to therapeutic advances, with no significant 

improvement in outcomes over the past several decades. Understanding of the 

molecular characteristics of GBM, however, has improved dramatically, with genetic, 

epigenetic, and transcriptomic classifications now able to divide GBM into subtypes that 

provide prognostic information and guide the organization of clinical trials. One of the 

most frequent genetic alterations that has been identified in GBM is homozygous 

deletion of the methylthioadenosine phosphorylase (MTAP) gene, which occurs in 50% 

of all GBM cases. Despite its common occurrence, it is unclear what contribution MTAP 

loss makes in the pathogenesis of GBM or whether this genetic alteration can be used as 

a therapeutic target.  

MTAP is a metabolic enzyme in the salvage pathway of adenine and methionine 

and its absence results in the accumulation of its metabolic substrate, 

methylthioadenosine (MTA), within and around tumor cells.  MTA is known to inhibit 

activity of methyltransferases, raising the possibility that MTA accumulation is 

interfering with regulatory processes within the cell.  
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We utilized patient-derived GBM cell lines in vitro and GBM xenografts in vivo, 

to characterize consequence of MTAP deletion in GBM through analysis of DNA 

methylation, gene expression, and response to therapeutic agents. We show that MTAP 

loss promotes the formation of glioma stem-like cells through epigenomic dysregulation. 

We show these epigenetic changes influence gene expression patterns and alter the 

sensitivity to epigenome-modifying drugs. We also demonstrate that MTAP-null GBM 

cells are more tumorigenic in experimental models and that patients with MTAP 

deletion have poor disease outcomes.   Finally, we show that targeting metabolic 

liabilities of MTAP-null cells through inhibition of de novo purine synthesis specifically 

depletes the therapy-resistant, stem-like cell subpopulation of GBM.   

As the final component of this work, we explore the impact of MTA 

accumulation in the tumor microenvironment. We found that MTA alters the function of 

immune cells through adenosine receptor signaling, suggesting that modulation of 

adenosine receptor signaling in GBM may improve the native immune response and the 

efficacy of immunotherapeutics in the treatment of this disease. 

This work thus establishes MTAP deletion as a pathogenic genetic alteration in 

the process of gliomagenesis by illustrating its contribution to the formation of the 

cancer cell epigenomic landscape, stemness characteristics, growth, and response to 

therapeutic agents. 
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1. Introduction  

1.1 Permissions 

This dissertation contains original materials as well as text and figures from 

books and articles that are published or in submission. Accordingly, all permissions 

were obtained from the publishers for reproduction of figures and text. The work 

described in this dissertation was primarily performed by the candidate, who was aided 

throughout the process by mentors, collaborators, and colleagues who provided 

intellectual and experimental support and contributions, which are chronicled in the 

acknowledgements section. This introductory chapter contains text and a figure from a 

first-authored book chapter on the genetics of glioma (Sampson & Duke University. 

Medical Center), published in The Duke Glioma Handbook by Cambridge Press. 
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1.2 Overview of Glioblastoma 

Glioblastoma (GBM) is the most common malignant brain tumor, representing 

almost half (45.6%) of all primary CNS malignancies (Figure 1), and is one of the 

deadliest cancers overall, with an average survival of 12 months after diagnosis and a 

five-year survival of <5.0% (Killela et al., 2014; Ostrom et al., 2014). Glioblastoma is a 

term used to describe grade IV gliomas, which are graded I-IV based on the 

histopathological and clinical criteria set by the World Health Organization (WHO) 

(Louis, International Agency for Research on Cancer., World Health Organization., & 

Deutsches Krebsforschungszentrum Heidelberg., 2007).  

 

Figure 1: Histologic Distribution of Adult CNS Malignancies. Glioblastoma 
comprises nearly half of all malignant brain tumors, n=119,674. Data from CBTRUS 

statistical report 2011-2014. 
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Histologically, glioblastomas are characterized by highly anaplastic cells with 

frequent mitoses, vascular proliferation, and necrosis. The majority of GBMs arise de 

novo as primary GBMs without evidence of a lower-grade precursor lesion, while a small 

subset (5-10% of cases) are secondary GBMs, which develop from lower-grade gliomas 

(II-III) and have a milder course. While histologically these two types of GBM are largely 

indistinguishable, there are key differences between primary and secondary GBM in 

terms of the populations they affect, their clinical behavior, and the underlying genetic 

alterations that drive their development (Figure 2). Primary GBM, accounting for >90% 

of GBMs, typically arises in older patients with a mean age of 62 years, while secondary 

GBM, which accounts for the remaining 5-10% of cases, has a mean age at diagnosis of 

45 years (Louis et al., 2007). While it usually takes several years for secondary GBM to 

develop from a lower-grade astrocytoma, most patients with primary GBM experience 

their first symptoms only 3 months before diagnosis (Ohgaki & Kleihues, 2007). 

Secondary GBM is also inherently less aggressive, with patients exhibiting a better 

overall survival from the time of diagnosis than patients with primary GBM (Louis et al., 

2007). Glioblastoma, like all cancers, at the most basic level is a genetic disease, caused 

by the accumulation of genetic alterations that enable deregulated cell growth and 

proliferation, resulting in tumor formation. Investigations into the genetic composition 

of gliomas have revealed frequent mutations and copy number alterations that are 

characteristic of distinct glioma subtypes. 
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Figure 2: Glioma progression is characterized by distinct genetic alterations known to 
give rise to various glioma subtypes. Note the differences between primary GBM and 
secondary GBM in terms for frequency (90% vs 10%) and genetic alterations. Primary 
GBM is characterized by alterations the TERT promoter and in tumor suppressor and 
oncogenic signaling pathways, and secondary GBM is characterized by mutations in 
IDH1/2, ATRX, and TP53. Reprinted with permission (Sampson & Duke University. 

Medical Center) 

Recent studies have clarified a set of distinct genetic alterations that largely 

characterize each type of glioma, generating tumor-specific molecular signatures. This 

not only gives insight into the biological mechanisms behind these cancers, but also 

provides more objective genetics-based markers for diagnosis of glioma subtypes, 

enabling more accurate prognostic stratification of patients (Killela et al., 2014). Until 

recently, clinical history was the primary method of differentiating between primary 
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and secondary GBM, due to their histologic similarity.  However, recent genomic 

analyses have revealed that these two subtypes of GBM are not only clinically, but also 

genetically, distinct diseases. Genetically, primary GBM is most clearly distinguished by 

TERT promoter mutations and the absence of IDH1/2 mutations, and is further 

characterized by loss of chromosomal arm 10q housing the PTEN gene, loss of the 9p21 

locus containing tumor suppressor genes CDKN2A/CDKN2B, amplification of 

chromosome 7 containing EGFR, and frequent mutations in TP53, PIK3CA, PTEN, AKT, 

and STAT, as well as a myriad of less frequent alterations.  Secondary GBM, on the other 

hand, is characterized by frequently co-occurring mutations in IDH1/2, ATRX, and TP53, 

without TERT promoter mutations or 10q chromosomal loss (Brennan et al., 2013; Killela 

et al., 2014; Killela et al., 2013) (Figure 2).  

Translating the newly acquired understanding of the molecular characteristics of 

glioblastoma to effective treatment strategies has proven to be a formidable challenge.  

Despite the advances that have been made in the surgical management and adjuvant 

treatment of GBM, malignant glioma remains an incurable disease with a dismal 

prognosis, accounting for >13,000 deaths per year in the United States.(Ostrom et al., 

2014)  Given the aggressive nature of GBM and general resistance to therapy, it has been 

established that maximal total surgical resection of the tumor bulk provides the best 

outcome, with many studies focusing on how to maximize resection while sparing the 

surrounding healthy brain. Unfortunately, GBM cells are also highly invasive, and thus 
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tumor cells seed throughout the healthy brain, migrating far away from the original 

tumor site, rendering it impossible to remove all of them surgically. Thus, development 

of targeted therapies that are able to effectively eliminate tumor cells throughout the 

brain parenchyma is needed in order to entirely rid the brain of residual disease. The 

most significant advancement in the adjuvant treatment of GBM in the last two decades 

has been the introduction of the alkylating agent temozolomide, which targets rapidly 

proliferating cells by inducing DNA damage, prolonging survival in only a minority of 

GBM patients. Despite the limited response in most patients, nearly all GBM patients are 

treated with a combination of surgery, radiation therapy, and temozolomide, with the 

hope that they will be part of the subset of patients that benefit from this treatment 

approach.   

One promising therapeutic focus for GBM is the development of 

immunotherapy. Immunotherapy is the use of the patients’ own immune system, or the 

use of immune altering agents or engineered immune cells to target tumor cells.  

Immunotherapy provides great potential for treating cancer, and has completely 

reshaped the way we think about and treat certain cancer types (Beatty & Gladney, 2015; 

Motz & Coukos, 2013). Despite recent progress, however, the promise of 

immunotherapy-based approaches for treating brain tumors, in particular GBM, remains 

to be fully realized (Y. Lin & Okada, 2016; McGranahan, Li, & Nagpal, 2017; Reardon et 

al., 2013). GBM is characterized by its immune suppressive nature and is known to 
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actively employ multiple strategies to escape immune surveillance and to create an 

immunosuppressive microenvironment (Nduom, Weller, & Heimberger, 2015). As such, 

to fully harness the power of immunotherapy for GBM requires better understanding 

and more effective strategies for countering the tumors’ immunosuppressive effects. 

Recent studies, in both glioma and other types of cancers, have linked genetic alterations 

to tumor cells’ evasion of immune surveillance and manipulation of the immune 

microenvironment, providing new opportunities for tailoring treatment based on glioma 

cells’ genetic composition (C. F. Chen et al., 2017; Coelho et al., 2017; Hodges, Ferguson, 

& Heimberger, 2016). As an example, recent discoveries have linked IDH1 mutations in 

glioma to immune evasion through interference with immune activation pathways, 

demonstrating a new opportunity for devising highly specific immunological treatments 

in this subset of tumors (Amankulor et al., 2017; Kohanbash et al., 2017; Schumacher et 

al., 2014; X. Zhang et al., 2016). Thus, identifying additional cancer-specific mutations 

that provide glioma cells with a similar immune escape advantage likely will provide 

new rationale for immunotherapeutic designs.  Despite the incredible advances within 

this field, to date no immunotherapies have been approved for treatment of GBM 

patients. 

There is a desperate need for development of targeted therapies that can 

eliminate tumor cells effectively. It is increasingly evident that individualized medicine 

with genomic analysis used on a case-by-case basis will be a necessary tool in assessing 
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each patient’s disease characteristics and optimizing management, with the hope that 

future care will be complemented by effective personalized therapies targeting the 

genetic aberrations specific to each patient’s cancer.  

 

1.3 MTAP Deletion in Glioblastoma 

One of the most frequent genetic alterations in GBM is deletion of the MTAP 

gene from chromosome 9. Homozygous deletion of the MTAP gene locus occurs in 50% 

of all GBM cases, rendering it one of the most common genetic alterations in GBM 

(Figure 3) (Bertino, Waud, Parker, & Lubin, 2011; Brennan et al., 2013; Cancer Genome 

Atlas Research, 2008; Nobori et al., 1991). It also occurs with considerable frequency in 

other cancer types including lung, bladder, and pancreatic cancer. 

 

Figure 3: MTAP deletion is one of the most common genetic alterations in 
GBM. Data from https://cbioportal.org 
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 MTAP is located on chromosome 9 and is frequently co-deleted with the 

adjacent tumor suppressor gene, CDKN2A, lending to the perception of MTAP deletion 

as a passenger event rather than driver alteration in the formation of GBM. Clues from 

other cancer types and experimental models suggest, however, that MTAP deletion is 

functionally consequential. Germline mutations in MTAP result in an autosomal-

dominant bone cancer syndrome, and while homozygous MTAP knockout is embryonic 

lethal, heterozygous MTAP knockout promotes lymphoma in mice (Kadariya et al., 

2009). This evidence suggests that MTAP functions independently of CDKN2A in 

contributing to tumor-suppression, corroborating work reporting a tumor-suppressive 

role for MTAP in breast cancer cell lines (Christopher, Diegelman, Porter, & Kruger, 

2002). It has also been demonstrated that rescue expression of MTAP in some MTAP-

deleted cell line models results in reduced invasive potential, loss of anchorage-

independent growth, and decreased tumor formation in animal xenograft models 

(Behrmann et al., 2003; Bertino et al., 2011). Furthermore, the homozygous deletion of 

the MTAP gene in cases where CDKN2A has been left intact, or the repression of MTAP 

expression through promoter methylation, has been reported in NSCLC and 

astrocytoma, and further supports the idea that MTAP plays an independent, functional 

role in tumorigenesis (Behrmann et al., 2003; Schmid et al., 1998). Most recently, it was 

shown that MTAP expression levels are an independent prognostic indicator in lung 

cancer and have greater prognostic significance than the expression of P16, the transcript 
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of CDKN2A (Su et al., 2014). Finally, MTAP-deficiency has recently been reported as 

independently associated with poor clinical outcomes in patients of several non-GBM 

cancer types (C. F. Li et al., 2014; X. Lin et al., 2016; Marce et al., 2006; Zhi et al., 2016). 

Despite the collective evidence of these findings, MTAP deletions are still largely 

overlooked due to the more obvious effects of CDKN2A deletions, and in most cancer 

types, including GBM, the functional effects of MTAP deletions have yet to be explored. 

 

1.4 Impact of MTAP Deletion on Cellular Biology 

The amount of work that has been done to investigate the functional 

consequences of MTAP deletion has been relatively slim. Perhaps the best known work 

is a collection of articles published in 2016, which all demonstrated that MTAP deletion 

sensitizes tumor cells to PRMT5 inhibition, providing a potential avenue for targeted 

therapy against MTAP-deleted tumors (Kryukov et al., 2016; Marjon et al., 2016; 

Mavrakis et al., 2016). These studies showed that MTA accumulation in the context of 

MTAP deletion potently inhibits protein arginine methyltransferase 5 (PRMT5), which 

catalyzes the addition of post-translational methyl groups to proteins in numerous 

pathways in order to regulate their function. Though the ability of MTA to inhibit 

PRMT5 was previously known (Bigaud & Corrales, 2016; Cole, 2008; Huang, 2002; Lee & 

Cho, 1998; Oliva, Galletti, Zappia, Paik, & Kim, 1980), these papers brought to light the 
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functional inhibition of PRMT5 at physiologically relevant MTA levels in MTAP-deleted 

tumor cells.  

In addition to PRMT5 inhibition, MTA is known to have several other functions 

within the cell, one of which is regulation of polyamine metabolism. MTA is a byproduct 

of both spermidine and spermine synthase activity, and has been shown to negatively 

regulate the activity of these enzymes. Models of MTAP deficient cells, however, show 

that MTAP loss results in upregulation of polyamine levels, suggesting likely feedback 

regulation downstream of MTA that stimulates polyamine production (Christopher et 

al., 2002). Increased polyamine levels could alter several functions within the cell, 

including chromatin regulation, and have been linked to increased tumor malignancy 

(Hobbs & Gilmour, 2000; Levin, Jochec, Shantz, & Aldape, 2007). 

Another question that arises when considering the functional consequences of 

MTA accumulation is the effect of MTA on the extracellular microenvironment. MTA 

has been shown to signal through adenosine receptors (Limm, Wallner, Milenkovic, 

Wetzel, & Bosserhoff, 2014) and to inhibit fibroblast growth factor-stimulated protein 

tyrosine phosphorylation (Maher, 1993), leaving open the possibility that MTA signaling 

on the tumor cell surface, or on the surface of other cells, such as immune cells, might be 

altering cell function and dynamics within the tumor. 
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1.5 MTAP Deletion as a Potential Therapeutic Target  

Regardless of its role in tumor development, MTAP deficiency has received some 

degree of consideration as a potential target in cancer treatment due to a metabolic 

weakness introduced by this alteration. In normal (or MTAP+/+) cells, 

methylthioadenosine (MTA), generated during polyamine biosynthesis, is cleaved by 

MTAP to produce adenine and methionine precursor methylthioribose-1-P, salvaging 

these metabolites for further cell use (Figure 4). 

 

Figure 4: MTAP salvages adenine and methionine from MTA a byproduct of 
polyamine synthesis. 

 In MTAP-deficient tumor cells, the absence of this salvage pathway is expected 

to sensitize cells to inhibition of de novo purine synthesis and to methionine deprivation. 

MTAP is ubiquitously expressed throughout the body, so most normal tissues should be 
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relatively immune to this treatment strategy, as MTAP will continue to supply AMP and 

methionine. MTAP-specific substrates such as MTA or 5’deoxyAdenosine (5’dAdo) can 

improve the selectivity of this approach by providing MTAP+/+ cells with an additional 

purine source for adenine production (Figure 5) (Christopher et al., 2002).  

 

Figure 5: MTAP loss sensitizes cells to inhibition of de novo purines synthesis 
with L-Alanosine. The specificity of this treatment approach for targeting MTAP 
deleted cells can be improved with the addition of an exogenous MTAP substrate 

such as MTA or 5’dAdo. 

Inhibition of the de novo purine biosynthesis pathway has been tested historically 

in several MTAP-/- cancer models, and using a variety of small molecule inhibitors, 

though attempts at clinical translation have ultimately failed due to insufficient 

therapeutic responses (Bertino et al., 2011; Harasawa et al., 2002; Kindler, Burris, 

Sandler, & Oliff, 2009; W. Li et al., 2004; Yu, Batova, Shao, Carrera, & Yu, 1997). Notably, 

previous in vivo studies all seem to have overlooked the availability of purines in the 
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microenvironment that can be transported across the cell membrane to rescue purine-

starved cells (Fig. 3), which will be addressed later in this document.  
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2. Models for Studying MTAP Deletion in Glioblastoma 

2.1 Patient derived glioblastoma cell lines  

In order to study the effect of MTAP deletion in GBM we utilized numerous in 

vitro and in vivo models that allowed careful examination of the consequences of this 

alternation on various aspects of cellular biology and tumor behavior. The principle 

models for most of the work in this project were primary glioblastoma tissue cultures 

generated from patient samples. These models were generated through the Preston 

Robert Tisch Brain Tumor Center Tissue Bank by Rui Yang as chronicled in the 

acknowledgements. These primary cultures grow well in vitro and can be injected into 

the caudate nucleus of immune-compromised mice to generate orthotopic GBM models. 

We have performed whole-exome sequencing on these cell lines, which allowed us to 

take into consideration the genetic background of the samples as we designed our 

experiments. A subset of these GBM cell lines were identified as having similar genetic 

backgrounds, which allowed them to be reasonably compared in our study. Among 

these cell lines, 5 have homozygous MTAP deletions and 2 are MTAP wildtype, while all 

samples have either CDKN2A or TP53 mutations. MTAP status was confirmed by 

quantitative PCR (Figure 6). In order to validate functional MTAP loss we used liquid 

chromatography tandem mass spectrometry (LC-MS/MS) to quantify the accumulation 

of the MTAP substrate MTA in the culture media and cell pellet of several of these cell 

lines (Figure 6).  



 

16 

 

Figure 6: MTAP loss results in MTA accumulation in GBM cells. (A) Copy 
Number real-time PCR was used to confirmed MTAP status in 8 GBM tissue cultures 
(mean +/- SEM). (B) LC-MS/MS measurements show dramatically elevated levels of 

the metabolite, MTA, in culture media (left) and cell pellets (right) of MTAP-null 
cells. 

2.1.1 MTAP restoration in patient derived MTAP-null cell lines 

Using several of the primary GBM cell lines cell lines described above we 

reintroduced MTAP expression to the cell through a retroviral vector, MigR1 (see section 

3.1.3, Appendix B). We validate functional restoration of MTAP in these models through 

measuring MTAP gene expression, MTAP protein levels, and levels of MTA 

accumulation in the culture media. MTAP restoration effectively increased MTAP levels 

and depleted MTA levels (Figure 7). 

 

Figure 7: MTAP restoration decreases MTA levels. (A) Western blot showing 
restoration of MTAP protein. (B) MTA in culture media measured by LC-MS/MS. 
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2.3 Transformed astrocyte model 

Another model we relied on heavily in our experiments is the transformed 

astrocyte model. This model is advantageous in that it allows analysis of cells in the 

process of transformation, when much of the genetic and epigenetic signature of tumor 

cells is being defined. Additionally, this model, which starts with cells that are 

presumably normal human astrocytes, has a carefully controlled set of genetic 

alterations which allowed more precise testing of the consequences of MTAP deletion on 

cell biology. We accomplished MTAP deletion through CRISPR/Cas9 mediated gene 

knockout and also functionally inhibited MTAP with a small molecule inhibitor in order 

to test the consequences of MTAP deficiency and MTA accumulation. The 

transformation process was based on previous work (F. Li, Liu, Sampson, Bigner, & Li, 

2016) and details of our methods are outlined in section 3.1.2. We validated functional 

MTAP loss in this model by measuring MTA levels (Figure 8). 

 

Figure 8: MTAP loss in transformed astrocytes results in increased MTA 
levels. (A) MTA was measured by LC-MS/MS in spent media from control or MTAP 

knockout cells. (B) MTA was measured by LC-MS/MS in spent media from cells 
treated with DMSO control or MTAP inhibitor, MTDIA, at the indicated doses and 

normalized to the number of cell in the well. 
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2.4 U251MG 

In order to have a glioma model where normal MTAP function is lost we utilized 

the human glioblastoma cell line U251MG and knocked out the MTAP gene locus using 

the CRISPR/Cas9 system (see section 3.1.3). We validated MTAP loss in this model by 

western blot and measured accumulation of MTA in the culture media of MTAP 

knockout cells by liquid chromatograph mass spectrometry (Figure 9). 

 

Figure 9: MTAP deletion by CRISPR/Cas9 in U251MG cells results in increased 
MTA levels. (A) Schematic showing strategy for CRISPR knockout of the MTAP gene 

in human U251 cells. (B) Western Blot showing loss of MTAP after CRISPR-CAS9-
mediated gene knockout in two clones. (C) LC-MS/MS confirms MTA accumulation 

in U251MG cell culture media following MTAP knockout in clones 14 and 66. 

 

2.5 CT-2A 

In order to have a GBM cell model that can be used in immunocompetent mice, 

we knocked out Mtap in the CT-2A murine glioblastoma cell line. CT-2A is a chemically 

induced glioblastoma from the C57Bl/6 model that has been shown to faithfully 

reproduce many aspects of human GBM. We knockout out Mtap using the CRISPR/Cas9 

system and screened for Mtap deletion as described in section 7.1.2  
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3. MTAP Loss Alters the Stemness of Glioblastoma Cells 
While one of the defining characteristics of cancer has long been that cancer cells 

are undifferentiated compared to the tissues from which they arise, a relatively new 

concept in cancer biology is that a subpopulation of tumor cells maintain more stemness 

features than other tumor cells. These cells, now known as cancer stem cells or cancer 

stem-like cells, are being attributed with many of the worst qualities of cancer. They are 

thought to be responsible for tumor initiation and recurrence, to be resistant to 

chemotherapy and radiation therapy, and to accelerate tumor growth. Accordingly, 

countless studies are now being done to define the characteristics of these cells and to 

pursue therapeutic strategies that target this cell population. Our finding that MTAP 

deletion contributes to the formation of these stem-like cell populations not only 

identifies MTAP as a pathogenically-consequential genetic alteration, but provides new 

insight into the biology and characteristics of cancer stem cells. 

3.1 Materials and Methods 

3.1.1 Cell lines and cell culture. 

 Primary tissue cultures were derived with consent from patient tumor samples 

obtained by the Duke Brain Tumor Center. These patient-derived cultures were 

maintained in human neural stem cell (NSC) media (STEMCELL, cat# 05751), 

supplemented with EGF, FGF, and Heparin and plated onto laminin coated plates. All 

experiments were performed within the first 20 passages. The human U251MG cell line 
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(Sigma, cat #09063001) and the transformed astrocyte model (see below) were cultured 

using the same medium conditions. The U-138 MG (ATCC HTB-16) cell line was 

maintained in Minimum Essential Medium Eagle (Sigma cat #M4655), supplemented 

with 10% fetal bovine serum (FBS; Corning cat #35-010-CV), Sodium Pyruvate (Thermo 

cat #11360), and non-essential amino acids (Thermo cat #11140). All cell lines were 

maintained in a humidified atmosphere at 37°C and with 5% CO2. Cells were tested for 

Mycoplasma at the Duke Cell Culture Facility, and cell line authentication was 

performed on each cell line using short tandem repeat (STR) profiling to match 

derivative cell lines to parental primary tissue culture and to confirm the identity of 

U251MG parental and MTAP knockout clones. 

3.1.2 Reprogramming and transformation of normal human 
astrocytes. 

Normal human astrocytes (Lonza, cat #CC-2565) were obtained from Duke Cell 

Culture Facility. Reprogramming and transformation were performed as previously 

described (F. Li et al., 2016). Briefly lentivirus cocktails of the 4 core factors (OMRP) 

were prepared via packaging in 293FT cells in NSC media supplied with 3% FBS. 

Normal human astrocytes within passage 6 were incubated overnight in the lentivirus 

cocktail in the presence of 6 µg/ml of polybrene and were subsequently cultured in the 

same NSC media with 3% FBS. Cells were transduced with CRISPR lentivirus for MTAP 

knockout 7-10 days after initial transduction.  Otherwise, DMSO (1:6000) or the MTAP 

inhibitor, MTDIA (MedKoo Biosciences, Inc, cat #407244) was added to the media (1 
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µg/ml or 3 µg/ml of MTDIA) for 2 more weeks, at which point cultures were switched to 

FBS-free NSC media, in the presence of vehicle control (DMSO) or MTDIA. Cells were 

used for RT-PCR analysis of gene expression or FACS analyses starting from week 4 

post transduction (and 3 weeks after starting MTDIA incubation). All antibodies used 

for FACS analyses were from Miltenyi, including anti-CD133-PE (cat #130-080-801), anti 

CD133-APC (cat #130-098-829), Annexin V-PE (cat #130-108-112), IgG1-PE (cat #130-092-

212), and IgG1-APC (cat #130-098-846).    

3.1.3 Plasmid construction and generation of derivative cell 
populations. 

The CRISPR system was used for knockout of MTAP in U251MG. The plasmid 

pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene plasmid #48138). 

Double-stranded oligonucleotides were inserted into restricted enzyme BbsI-linearized 

PX458 to construct plasmids for CRISPR targeting of human MTAP. For transient 

plasmid transfection, plasmids (2 plasmids at 1:1 ratio for achieving the desired gene 

deletion/mutations) and Transfex (ATCC, cat# ACS-4005) were mixed and used for cell 

transfection according to manufacturer’s instructions. Three to four days after the 

transfection, green fluorescent protein–positive (GFP+) cells were sorted via 

fluorescence-activated cell sorting (BD FACSVantage SE cell sorter, Duke Cancer 

Institute) to obtain the GFP+ population. Sorted cells were plated at single-cell densities 

and allowed to expand for 21 days, at which point DNA was prepped from each colony 

to screen for a deletion in MTAP (exon 1-exon 3) using PCR amplification across the 
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deleted region as shown in Supplementary Fig. S4. MTAP overexpression in MTAP-null 

cell lines was achieved using the retroviral vector, MigR1 (Appendix B) (Pear et al., 

1998).  

Lentiviral CRISPR/CAS9 was used to knockout MTAP in the transformed 

astrocyte model. LentiCRISPR v2 plasmid was purchased from Addgene (cat #52961). 

The same guides as with pX458-sgRNA-MTAP construct were used and the cloning 

protocol was based on Zhang Feng Lab protocol. Lentivirus was generated by the Duke 

RNAi facility. The transformed astrocytes were infected using 3 multiplicity of infection 

(MOI) in a 6-well plate with 8 ug/mL of polybrene. Fresh media was added the 

following day. No selection methods were used. 

3.1.4 Drug sensitivity. 

Temozolomide (Medkoo Biosciences, cat #100810) was suspended in DMSO. 

Cells were plated out in 96-well laminin-coated plates (2,000 cells/well in 100 µl 

medium), and adhered for at least 12 hours before adding drugs. Cell viability was 

analyzed using CCK-8 (DojinDo, cat #ck04). At each experimental time point, 10 µl of 

CCK-8 solution was added to each well and incubated for 4 to 12 hours. Plates were read 

at 450nm by a multimode microplate reader (Infinite M200 PRO; Beckman).  

3.1.5 In vivo tumorigenesis.  

Animal use and care protocol was approved by the Institutional Animal Care 

and Use Committee (IACUC). Orthotopic intracranial tumors were generated using 
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patient-derived cell line 13-0302 in 6 week old NOD-SCID-gamma (NSG) male mice. 

Briefly, cells were suspended in serum-free media and 25% methylcellulose and 300,000 

cells were injected using a stereotaxic frame into the right caudate nucleus of 

anesthetized NSG mice in accordance with an IACUC-approved protocol. Mice were 

monitored for weight loss and neurological symptoms and were sacrificed after either 

losing 20% body weight or becoming moribund. Kaplan Meier curves and the log-rank 

test P value were generated using Graphpad Prism. 

Tumorigenesis of transformed astrocytes was tested in athymic nu/nu (Nude) 

mice (6 weeks old; Jax strain 002019) obtained from the Duke Division of Laboratory 

Animal Resources Breeding Core. Cells to be transplanted were cultured for 4 weeks 

after transformation in NSC media as described above in the presence of MTDIA 

(dissolved in DMSO) or DMSO control. Cells were then transduced with Lentiviral 

PLX304-Luciferase, were selected for 3 days with blasticidin, and cultured for 2 more 

weeks in NSC media with or without MTDIA. At the time of transplantation, cells were 

counted and suspended in serum free medium with 25% methylcellulose and were 

injected at concentrations of either 10,000 cells per animal or 200,000 cells per animal. 

Each cell line was injected into equal numbers of males and females. Tumor growth was 

estimated using bioluminescent imaging as described below. Mice were monitored for 

weight loss and neurological symptoms and were sacrificed after either losing 20% body 
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weight or becoming moribund. Kaplan Meier survival curves and the log-rank test P 

value were generated using Graphpad Prism. 

3.1.6 Bioluminescent imaging 

Mice implanted with luciferase-expressing xenografts were imaged on an IVIS 

XR imaging system using the Living Image software (PerkinElmer). Prior to imaging, 

mice were weighed and injected with 15 mg/kg luciferin (GoldBio Cat# LUCNA-1) 

suspended in saline. At 12 minutes after luciferin injection, total flux (photons/second) 

was measured within a defined region surrounding the intracranial tumor site. 

Exposure was set to consistently defined parameters for all images and time points.  

3.1.7 Cell Differentiation. 

In order to test the effect of MTAP status on cell differentiation, tumor cells were 

plated in polyornithine and laminin coated plates in differentiation medium, which 

consisted of neurobasal medium (Neurobasal®, Invitrogen cat #21104-049) 

supplemented with serum-free 2% B-27 (Invitrogen, cat #17504-044) and 2mM 

GlutaMAX-I (Invitrogren cat #35050-061). Cells were incubated for 7 to 10 days then 

harvested for gene expression analysis. 

3.1.8 Preparation of RNA and RT- qPCR. 

Total RNA was extracted using quick-RNA mini prep kit (Zymo Research, cat# 

11-328) or Allprep DNA/RNA/Protein mini kit (Qiagen, cat #8004) following the 

manufacturer’s protocols. Concentration of RNA was determined by Nanodrop Lite 
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Spectrophotometer (Thermo Scientific). For gene expression analysis, reverse 

transcription was performed to convert total RNA into single-strand complementary 

DNA (cDNA) using the RNA to cDNA EcoDry Premix (Clontech, cat #639547). 

Subsequently, qPCR was performed following the aforementioned qPCR procedure. 

Each reaction included a cDNA template equivalent of 10 ng of total RNA, using the 

following program: 95°C, 3 minutes; 95°C, 15 seconds and 63°C 25 seconds; 95°C 15 

seconds and 61°C 25 seconds; 40 cycles of 95°C 15 seconds and 60°C 25 seconds, then a 

standard dissociation curve from 65°C to 95°C of 5 seconds/ 5 degree increment. The 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was used as the internal 

control for RT-qPCR as it was shown to be a reliable internal control gene for gliomas 

(Kreth et al., 2010). 

3.1.9 Oligos and primers. 

All oligos and primers used for the study were synthesized by IDT or Eton Bio 

and are listed in Tables 1 and 3 of Appendix A. Quantitative PCR was performed using 

KAPA SYBR Fast 2x Universal master mix (KK4602) according to the manufacturer’s 

protocols on a BIO-RAD CFX96 Real-Time System. 

3.1.10 Genomic DNA preparation and q-PCR experiments. 

Using QIAamp DNA Mini Kit (QIAGEN, cat #51306) or Allprep 

DNA/RNA/Protein mini kit (Qiagen, cat #8004), gDNA (genomic) was extracted 

following the manufacturer’s protocol. Concentration and purity of DNA was assessed 
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by Nanodrop Lite and Qubit 2.0 Fluorimeter (Life Technologies, CA). Gene copy 

number assays were performed using genomic primers within the target gene 

(Supplementary Table 1) and compared to Line1 amplification.  All qPCR was SYBR 

green label-based and was performed on CFX96 Real-Time System (BIO-RAD). The 

qPCR data were analyzed using Bio-Rad CFX Manager 3.1. For each reaction, the 

melting curve was checked to confirm the specificity of the qPCR reaction.  

3.1.11 Methylation assays.  

Bisulfite conversion of DNA was done using the Zymo EZ DNA Methylation kit 

(cat# D5001, Zymo Research, Irvine, CA, USA) prior to running the Illumina 

Methylation EPIC protocol. For each sample, 500 ng of high molecular weight DNA 

were used and bisulfite conversion followed the manufacturer’s protocol with the 

following exceptions: constant vortexing for 10 minutes was done during step 2 instead 

of frequent vortexing, and the alternative thermocycler conditions were used for step 4 

and 5, with the thermocycler program as follows: 95⁰C for 30 seconds, 50⁰C for 

60minutes x16 cycles, then 4⁰C hold.  

The Illumina MethylationEPIC array (cat# WG317-1001, Illumina, San Diego, CA, 

USA) was processed at the Duke Molecular Physiology institute following the 

manufacturer’s Infinium HD Methylation protocol. Briefly, the samples were denatured 

and amplified overnight for 20 to 24 hours, and then fragmented, precipitated and 

resuspended. Samples were then hybridized to the Illumina Infinium Methylation EPIC 
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BeadChip for 16 to 24 hours. Finally, the BeadChips were washed to remove any 

unhybridized DNA and then labeled with nucleotides to extend the primers to the DNA 

sample. The BeadChips were then imaged using the Illumina iScan system (Illumina, 

San Diego, CA, USA). Data was processed using GenomeStudio software. 

Methylation-specific PCR was determined using a quantitative DNA methylation 

assay. Briefly 20 ng of total DNA was incubated in the presence or absence of 

methylation-sensitive restriction enzymes at 37°C for 1 hour, followed by real-time PCR. 

Non-methylated DNA, which is sensitive to restriction enzyme digestion, shows a lower 

cycle threshold (Ct) value after enzyme digestion than the same sample incubated 

without enzymes. Levels of methylation (%) were determined using the formula 100x2-

∆CT, where ∆CT is the difference in Ct value from the cut reaction minus the non-cut 

reaction. Methylation standards were run for comparison. Restriction enzymes were 

purchased from NEB labs. Primers and probes were synthesized by Integrated DNA 

Technologies.  

Global DNA methylation was measured using the MethylFlash Global DNA 

Methylation (5-mC) enzyme-linked immunosorbant assay (ELISA) Easy Kit 

(Colorimetric) (EpiGentek, cat #p-1030) in a 96-well microplate format following the 

manufacturer’s protocols. The DNA was quantified using the Qubit 2.0 Fluorimeter (Life 

Technologies, CA). Plates were read at 450nm by a multimode microplate reader 

(Infinite M200 PRO; Beckman). 
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3.1.12 Immunoblotting. 

Total proteins were extracted from cells using RIPA Buffer (Thermo Scientific, cat 

#89901) or with the Allprep DNA/RNA/Protein mini kit (Qiagen, cat# 8004). Protein 

concentrations were determined by Pre-Diluted Protein Assay standards (Thermo 

Scientific, cat #NA165380) using Pierce BCA Protein Assay Kit (Thermo Scientific, cat 

#RD231228). Along with NuPAGE Sample Reducing Agent (10X; Life Technologies, cat 

#NP0004) and NuPAGE LDS Sample Buffer (4X; Thermo Scientific, cat #NP0007) 20 ug 

of total protein was loaded onto Novex NuPAGE 4% to 12% Bis-Tris Protein Gels 

(Thermo Scientific, cat #NP0322BOX) and transferred to nitrocellulose membranes (BIO-

RAD, cat #1620090). Membranes were blocked with 5% milk in washing buffer (50 mM 

Tris-HCI pH 7.5, 150 mM NaCI, and 0.05% Tween 20) at room temperature for 2 hours. 

Membranes were then incubated at 4°C overnight with anti-MTAP (Cell Signaling 

technology, cat #4158; 1:1,000 dilution), anti-PRMT5 (Cell Signaling Technology, cat 

#2252; 1:1000 dilution), anti-Beta Actin (clone D6A8; Cell Signaling Technology, cat 

#8457; 1:2,000 dilution)  or anti-H4R3me2s (Sigma-Aldrich, cat #SAB4300870; 1:1000 

dilution). The secondary antibody used in all cases was anti-rabbit IgG, HRP-linked 

Antibody (Cell Signaling Technology, cat #7074s; 1:2500 dilution). Immunoblot bands 

were detected using SuperSignal West-pico Chemiluminescent Substrate (Thermo 

Scientific cat #34080), and scanned/quantified via the ChemiDoc MP Imaging System 

(Bio-Rad). 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwib_dXWqL3QAhWosVQKHb2RCYsQFggnMAA&url=https%3A%2F%2Fwww.thermofisher.com%2Forder%2Fcatalog%2Fproduct%2FNP0004&usg=AFQjCNGdSc8FSULPa1miWfC_kvRbtIzkvA&bvm=bv.139250283,d.eWE
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwje6vmGqr3QAhVlyFQKHf2FAIMQFggyMAE&url=https%3A%2F%2Fwww.fishersci.com%2Fshop%2Fproducts%2Fnupage-4-12-bt-gel-1-0mm12w%2Fnp0322box&usg=AFQjCNEg8Nz94mfsvPZpTO-abpSzFcn-hw&bvm=bv.139250283,d.eWE
https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwiOh63ypL_QAhWUZX4KHSrzAp0YABAA&ohost=www.google.com&cid=CAASIuRoPbmK3PKjjhWqctNomYUCsdp1-snZBPzOxWiP4gLxTPA&sig=AOD64_2_-bC1HxZenoG7sYHbz2jaAcNKaA&q=&ved=0ahUKEwiqharypL_QAhXGwFQKHQCRDn8Q0QwIGQ&adurl=
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3.1.13 Immunohistochemistry. 

Brain tumor sections were stained using antibodies against CD133 (Cell 

Signaling, cat# 64326) or IgG isotype control (Cell Signaling, cat# 3900) on the Leica Bond 

RXM automated system. Stained slides were scanned using the Vectra automated 

pathology imaging system (PerkinElmer) and positive cells were quantified using 

inForm software (PerkinElmer).  

3.1.14 Gene expression microarray. 

The RNA was extracted as described above. Samples were analyzed using the 

Affymetrix Human Genome U133 Plus 2.0 array according to the manufacturer’s 

protocols by the Duke Sequencing and Genomic Technologies Shared Resource. Data 

was analyzed using the Affymetrix Expression Console and Affymetrix Transcriptome 

Analysis Console v3.0 software. 

3.1.15 Analysis of TCGA data. 

All TCGA data was downloaded from the online portal https://tcga-

data.nci.nih.gov/docs/publications/tcga/ and through cbioportal.org (Cerami et al., 2012; 

Gao et al., 2013). The most recently published 2013 GBM data set was used for all 

analyses. For each analysis, the maximum number of complete cases available 

(confirmed IDH1/2 wildtype) were used unless otherwise stated, as IDH mutations are 

known to independently influence epigenetics and cellular differentiation. Analyses 

performed include gene expression (385 samples), methylation (72 samples), and patient 
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survival (242 samples). We utilized MTAP expression levels to categorize patients rather 

than gene copy number because MTAP is known to be silenced epigenetically in a 

variety of cancer types (Behrmann et al., 2003; Hellerbrand et al., 2006; Ishii et al., 2005; 

Leal et al., 2007), and our analysis of DNA methylation and gene expression data in 

patients suggests it can also be epigenetically silenced in GBM (Supplementary Fig. S5). 

For most of the analyses, samples were divided into 3 groups based on MTAP 

expression (low, medium, high) and a t Test was used to compare the “low” and “high” 

groups to find differences in gene expression and methylation between these two 

groups. 

3.1.16 Pathway analysis. 

Pathway analysis was done using the DAVID 6.8 platform at david.ncifcrf.gov 

(Huang da, Sherman, & Lempicki, 2009a, 2009b). For pathway analysis of gene 

expression differences between in vitro samples and between patient cohorts, all genes 

found to be “significant” by the parameters defined in the manuscript were included in 

the analysis. Unless otherwise stated,  for pathway analysis of differentially methylated 

CpG islands and shores all probes with a methylation difference greater than 10% were 

included, with a maximum of 3000 genes allowed by DAVID (if more than 3,000 probes 

showed greater than 10% methylation difference, those with the highest difference were 

included).  
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3.1.17 Statistical analysis. 

Statistical tests were performed using Statgraphics Centurion (ANOVA, Kruskal 

Wallis, Mann Whitney U) and Graphpad Prism (t tests and log rank test for Kaplan-

Meier curves). All experiments were repeated to ensure reproducibility of results. Unless 

otherwise indicated, pooled data from multiple experiments was used for each figure. A 

P value cutoff of 0.05 was used to determine significance in all cases except where 

corrections were applied for larger data sets (ie. Bonferonni). 

 

3.2 MTAP loss promotes the genesis of glioma stem-like cells in 
an astrocyte model of transformation 

To explore the effect of MTAP loss on gliomagenesis, we initially utilized a 

model of astrocyte transformation (F. Li et al., 2016). We transduced primary human 

astrocytes with four previously defined reprogramming/ transforming factors: Oct4, 

Myc (T58A), H-Ras (G12V), and p53DD (F. Li et al., 2016).  Cells in the process of 

transformation were transduced with lentiviral CRISPR/CAS9 targeting MTAP, or were 

exposed to methylthio-DADMe-Imunicillin A (MTDIA), a specific small molecule 

inhibitor of MTAP enzymatic activity (Basu et al., 2011; Evans et al., 2005). The initial in 

vitro reprogramming/ transformation led to the rapid expansion of tumor cells with 

morphological and growth characteristics indicative of transformation, as described 

previously (F. Li et al., 2016) (Figure 10). 
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Figure 10: MTAP knockout in transformed astrocytes. (A) Transduction of 
NHA cells with GFP (left) did not affect cell growth or morphology while 

transduction with transformation factors (right) resulted in a rapidly expanding 
population capable of spheroid growth. (B) Detection (by PCR) of successful MTAP 

gene knockout using primers that span the region of the MTAP locus targeted by 
CRISPR/CAS9 for excision. (C) Western blot confirmed loss of MTAP expression 

following CAS9-mediated gene knockout. 

We found, however, that MTAP deficient cells had more potent sphere-forming 

capabilities compared to the control cells, and displayed heightened resistance to 

temozolomide, both characteristics typical of glioma stem-like cells (Figure 11) (Bao et 

al., 2006; Lathia, Mack, Mulkearns-Hubert, Valentim, & Rich, 2015; F. Li et al., 2016; G. 

Liu et al., 2006; Ulasov, Nandi, Dey, Sonabend, & Lesniak, 2011).  

 

Figure 11: MTAP inhibition during transformation increases sphere-forming 
capability of transformed astrocytes and decreases sensitivity to temozolomide. 
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Most notably, we found that MTAP knockout and MTDIA treatment both 

resulted in higher CD133 expression on the cell surface compared to control. Surface 

expression of CD133 (AC133 epitope) has been reported to be one of the principle 

markers of GBM stem-like cells (Figure 12) (Bao et al., 2006; Lathia et al., 2015; Singh et 

al., 2003; Singh et al., 2004), and is required for GSC maintenance (Brescia et al., 2013).  

 

Figure 12: MTAP loss upregulates CD133 Expression. (A) Flow cytometry 
showed progressive increase in CD133 expression following astrocyte transformation 

that was enhanced by MTAP inhibition. (B) MTAP knockout resulted in more 
CD133+ cells (top) and higher levels of CD133 expression (bottom). 

Additionally, CD133-positive stem-like cell populations contribute to therapeutic 

resistance and tumor recurrence (Lathia et al., 2015), and heightened expression of 
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CD133 is associated with poor clinical outcomes in GBM patients (Zeppernick et al., 

2008). Consistent with the known contribution of CD133-positive cells to tumorigenicity, 

intracranial implantation of the transformed astrocytes into immune compromised mice 

confirmed that cells with deficient MTAP function during the process of transformation 

had increased tumorigenic potential (Figure 13). 

 

Figure 13: MTAP inhibition increases tumorigenesis of transformed astrocytes. 
(A) Intracranial tumor growth measured by bioluminescence after implanting 100,000 

MTDIA-treated cells into the brain of nude mice. (B) Kaplan-Meier curve showing 
survival of animals from A. (C) Injecting only 10,000 cells again resulted in shorter 

survival of animals injected with cells that underwent MTAP inhibition during 
transformation. 

The potentiation of the CD133-positive subset of cells in our transformed 

astrocytes was accompanied by higher levels of PROM1 transcription. Consistent with 

previous studies demonstrating that PROM1 expression can be regulated by epigenetics 

(Gopisetty, Xu, Sampath, Colman, & Puduvalli, 2013; Shmelkov et al., 2004; Tabu et al., 

2008), we found that MTAP-deficient transformed astrocytes expressing higher levels of 

PROM1 had reduced levels of DNA methylation in the PROM1 promoter (Figure 14). 

Several additional lines of evidence support an epigenetic mechanism underlying the 

potentiation of the CD133+ cell population following MTAP loss-of-function in 
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transformed astrocytes. First, the CD133+ cell population gradually increased over a 

course of several weeks (Figure 14), in agreement with time-dependent DNA 

methylation reprogramming in glioma cells (Turcan et al., 2012). Second, MTAP deletion 

and inhibition both resulted in homogenous populations of CD133-positive cells that 

express CD133 at a level that is not observed in the control populations, or in their 

starting populations, arguing against selective depletion of the initial CD133-low or 

CD133-negative cells (Figure 15). 

 

Figure 14: MTAP loss results in upregulated PROM1 Expression and 
hypomethylation of the PROM1 promoter. (A) PROM1/CD133 transcription measured 

by RT-PCR on day 60 after transformation. (B) DNA methylation in the PROM1 
promoter of control transformed astrocytes relative to MTDIA treated cells measured 

by the MethylationEPIC array. (C) Same as in B but using MTAP knockout cells 
instead of MTAP inhibition. (D) MTAP inhibition results in gradual upregulation of 

PROM1/CD133. 
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Figure 15: MTAP inhibition increases CD133 expression levels above that seen 
in control populations in a reversible processes. Cells were maintained in stem cell 

conditions. 

Finally, DNA methylation array analysis revealed significant enrichment of 

hypomethylated gene CpG islands in the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways regulating pluripotency of stem cells, indicating that the CD133 

change was part of a larger reprogramming process (Figure 16). Together, these findings 

are consistent with the well-established role of epigenetic dysregulation in establishing 

brain tumor cell identity/stemness (Kim & Costello, 2017; Mack, Hubert, Miller, Taylor, 

& Rich, 2016), and suggest that MTAP loss of function promotes gliomagenesis by 

potentiating the formation of glioma stem-like cells. 
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Figure 16: MTAP loss results in hypomethylation of numerous pathways in 
this cell model, including pathways regulating pluripotency of stem cells. Genes from 

the stem cell regulating pathways are listed in the box in the bottom right 

 

3.3 MTAP loss of function reshapes the identity of glioblastoma 
cells  

To further assess the pathogenic impact of MTAP loss in GBM, we established 

genetic gain- or loss-of-MTAP-function models using GBM cell lines and patient-derived 
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primary GBM cultures (see section 2.1.1). Consistent with what we found in the 

transformed astrocyte model, orthotopic injection of patient-derived GBM cells into 

immune-compromised mice revealed more potent tumorigenicity in MTAP-deficient 

GBM cells compared to cells in which MTAP function had been restored (Wilcoxon P 

value < 1x10-4; Figure 17A). 

 

Figure 17: MTAP deletion promotes tumorigenesis and alters gene expression 
in GBM cells. (A) Restoration of MTAP expression in MTAP-null patient-derived 

GBM cells (13-0302) resulted in prolonged survival (140 vs 116 days median survival) 
after intracranial transplantation into immunocompromised (NSG) mice (n=9 animals 

per arm, Wilcoxon test P value < 1x10-4). (B) Heat map showing relative gene 
expression fold change in MTAP-null cells compared with MTAP-expressing cells of 

each of the indicated isogenic cell pairs. 520 genes with significantly different 
expression across all 5 isogenic cell pairs. Right: DAVID analysis of upregulated 

genes (319 probes) in MTAP-null cells shows significant enrichment of numerous 
activated KEGG pathways. (C) EGFR expression after MTAP restoration. (t test P 
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value ***<5x10-4; 12-0160 n=14 from 4 independent experiments, 13-0302 n=10 from 3 
independent experiments, error bars = SEM. EGFR copy number analysis by qPCR 
(mean +/- SEM). (D) Mean EGFR expression with 2.5-97.5 percentile for 375 patients 

divided into low, medium, and high MTAP expression (n=125 each group). (E) 
Multifactor ANOVA interaction plot of least squares means +/- standard error shows 

that EGFR expression is negatively associated with MTAP expression, independent of 
the significant effect produced by EGFR copy number (EGFR CN) status (Multifactor 
ANOVA: MTAP expression category P value < 0.0001; EGFR copy number P value < 

1x10-4, MTAP copy number P value = 0.018, MTAP copy number vs MTAP expression 
interaction P value= 0.048) 

We then analyzed gene expression in these cell models by microarray and 

observed that MTAP status consistently affects the expression of a large number of genes 

across multiple isogenic cell pairs (Figure 17B) involving known pathways critical to 

cancer (Hong et al., 2017). Among the genes of particular relevance to GBM that were 

influenced by MTAP expression was the epidermal growth factor receptor (EGFR), a 

predominant oncogene and therapeutic target in GBM (Schwechheimer, Huang, & 

Cavenee, 1995; Taylor, Furnari, & Cavenee, 2012). The level of EGFR transcript was 

significantly upregulated in the absence of MTAP (Figure 17C). Analysis of The Cancer 

Genome Atlas (TCGA) gene expression data confirmed an inverse correlation between 

the expression of MTAP and EGFR across patient samples, independent of EGFR copy 

number (Figure 17D and 17E). 

Also notable was that the levels of PROM1 transcript were potentiated by MTAP 

loss in GBM cells, supporting the finding from transformed astrocytes. Analysis of 

PROM1 expression by microarray and real-time reverse transcription polymerase chain 

reaction (RT-PCR) revealed an inverse correlation between PROM1 and MTAP 
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expression in these models (Figure 18A). Similar to what was observed in transformed 

astrocytes this change was a gradual process that occurred over the course of several 

passages. Furthermore, the reduction of PROM1 expression after MTAP restoration in 

GBM cell lines was correlated with reduced numbers of CD133-positive cells in vitro and 

in orthotopic xenograft tissue samples (Figure 18B and 18C). 

 

Figure 18: MTAP restoration causes reduced expression of CD133. (A) PROM1 
expression after restoration of MTAP in patient-derived GBM models (t test P value 

***<5x10-4; 12-0160 n=14 from 4 independent experiments, 13-0302 n=10 from 3 
independent experiments, error bars = SEM. (B) Flow cytometry showing surface 

CD133 expression following MTAP restoration. (C) Immunohistochemistry of CD133 
in GBM xenografts. Representative images (left) and quantification of individual 

slides (right) are shown (n=6 slides from 3 separate xenografts, t test P value **<.01, 
*<.05, error bars show standard deviation). 
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Figure 19: MTAP restoration results in altered differentiation in GBM cells. 
Gene expression analysis by RT-PCR of stem and progenitor marker genes in isogenic 
patient-derived cell lines. All data is pooled from at least 2 independent experiments 

(t test P value *<.05, **<.005, ***<5x10-4, n.s. = not significant, error bars = SEM). 

To further illuminate the link between MTAP expression status and the 

identity/stemness of GBM cells, we investigated several stemness markers in various 
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culture conditions. Under both stem cell and differentiation culture conditions, MTAP-

null cells consistently had elevated PROM1 expression compared to cells in which 

MTAP expression had been restored (Figure 19). Though there was no consistent pattern 

for lineage progenitor expression under stem cell conditions, under differentiation 

conditions MTAP-null cells reliably demonstrated elevated expression of lineage 

progenitors when compared to MTAP-expressing cells (Figures 19 and 20). Additionally, 

each lineage marker gene was significantly affected by culture conditions only in the 

MTAP-null cells, but not in the MTAP-expressing cells (Figures 19 and 20), with similar 

findings from genes tested in the transformed astrocyte model (Figure 21). 

 

Figure 20: Immunofluorescence of selected stemness markers in 12-0160 
patient-derived isogenic GBM cell lines. MTAP restoration in 12-0160 cells decreases 

the cells’ ability to differentiate into multiple lineages. 

These findings are consistent with a defining characteristic of cancer stem cells 

being the ability to differentiate into a multiple lineages to create a heterogeneous cell 

population (Lathia et al., 2015), and the finding that glioblastoma stem cells have 

elevated levels of GFAP (Okawa et al., 2017). 
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Figure 21: MTAP deficiency in transformed astrocytes increases differentiation 
capabilities. Gene expression analysis by RT-qPCR of (A) MTDIA-treated cells and 

(B) MTAP knockout cells (t test P value *<.05, **<.005, ***< 5x10-4, n.s. = not 
significant, error bars = SEM). 

Finally, TCGA microarray data supported the findings from in vitro cell models 

with differential expression of several stemness and differentiation marker genes based 

on MTAP expression in tumor samples (Fig. 22). MTAP expression was negatively 

correlated with expression of marker genes SOX2, OLIG2, PROM1, NES, GFAP, and 

PAX6, and was positively correlated with BMP4, MCM2, and MYC. Interestingly, 

though MYC and PROM1 expression were not positively correlated in this data set 

(Figure 22C), MYC is known to positively regulate PROM1 (Gopisetty et al., 2013; J. 
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Wang et al., 2008), suggesting a potential mechanism for promoting PROM1 expression 

in MTAP-intact tumor cells. Together, these results demonstrate that MTAP loss affects 

the expression of cell lineage marker genes and contributes to shaping GBM cell identity 

and differentiation capability. 

 

Figure 22: MTAP expression is correlated with altered expression of progenitor 
and lineage marker genes in GBM samples. (A) Gene expression data from TCGA 

shows significant correlation between MTAP expression and various 
stemness/differentiation markers (n=385; EGFR R2 = 0.11, P value < 1x10-4; PROM1 R2 

= 0.02, P value = 0.005; GFAP R2 = 0.16, P value < 1x10-4; Nestin R2 = 0.17, P value < 
1x10-4). (B) Heat map showing expression of MTAP and stemness/differentiation 

genes from TCGA, n=385 samples.  (C) MTAP expression correlation with PROM1 
(left; R2=.02, P < 5x10-3) and MYC (middle; R2=0.08, P < 1x10-4) and MYC expression 

correlation with PROM1 (Right, R2=0.007, P = 0.09). 
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Additional analysis of gene expression differences between cases with low 

MTAP expression (n=128 of 385 samples) and high MTAP expression (n=128) revealed a 

set of genes that were predominately upregulated in low MTAP expressing samples (572 

differentially expressed genes, Bonferroni-corrected t test P value < 4x10-6) that were 

enriched for the “glioma” KEGG pathway (P =.017) (Figure 23). 

 

Figure 23: TCGA GBM samples with low MTAP expression have upregulation 
of glioma pathway genes. Left: Heat map showing gene expression (z-score) of the 

most differentially expressed genes between low– and high–MTAP-expressing cases 
in TCGA GBM dataset. Genes were selected using a t test comparing the expression 

of 12,400 genes available in the Affymetrix microarray platform between 33% of 
patients with lowest MTAP expression (128 patients) and 33% of patients with highest 

MTAP expression and selecting all genes with a P value <4x10-6. Unsupervised 
hierarchical clustering revealed clusters labeled at the bottom. Average expression 
level for the included genes is shown below the heat map. Right: Average MTAP 
expression (top) was calculated for the 3 clusters from the heat map with a t test P 

value ***<.001, *<.05, whiskers show min to max.  A simple regression analysis 
(bottom) shows a significant correlation between MTAP expression and overall gene 

expression levels in this gene set (R2 = 0.19, P value = 2.2x10-16). 
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Lastly, survival analysis of GBM patients revealed significantly reduced disease-

free survival in patients with MTAP deletion (log-rank P value = 0.012). This previously 

unknown association with poor clinical outcome in GBM patients was independent of 

frequently co-altered genes, including CDKN2A and EGFR (Figure 24). 

 

Figure 24: MTAP deletion is associated with decreased survival in GBM 
patients. Top: Data from 281 TCGA GBM patients shows a significant decrease in 

progression-free survival among patients with MTAP deletion (left, log-rank P value = 
0.01, median survival 7.4 vs 9.7 months) but not with CDKN2A deletion (middle, log-

rank P value = 0.13) or EGFR amplification (right, log-rank P value = 0.97). Bottom: 
Plot showing co-occurrence of MTAP, CDKN2A, and EGFR genetic alterations in 281 

GBM patients from the 2013 TCGA GBM data set. 

As a comparison, we also looked at survival based on expression of MTAP, 

CDKN2A, and EGFR in TCGA glioma samples (Ceccarelli et al., 2016). Samples were 

divided into two parts based on the median expression of the genes and survival of the 

low and high gene expression groups were compared. Again, MTAP expression had the 

largest impact on survival (log-rank P value < 1x10-4) and EGFR expression had no 

significant impact (Figure 25). 
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Figure 25: Low MTAP Expression is associated with significantly decreased 
survival in glioma samples. Survival of glioma patients from the pan glioma study 

(low grade glioma + GBM) was compared based on expression of each MTAP, 
CDKN2A, or EGFR. Samples (n=667) were divided by the median expression of each 
gene and the high and low cohorts were plotted in a Kaplan-Meier curve. Log-rank P 

values show a significant difference based on MTAP (p < 1x10-4) and CDKN2A (P < 
1x10-4), but not EGFR (p = 0.06). 

3.4 Conclusions regarding the impact of MTAP loss on tumor 
cell stemness 

From these studies there is a clear association between MTAP status and gene 

expression profile and tumorigenicity in experimental models and in human GBM. 

Particularly notable is the impact of MTAP loss on the expression of glioma stem cell 

marker CD133, which is elevated with MTAP deficiency. MTAP also has a clear 

correlation with other markers of stemness and differentiation. Overall, we conclude 

that MTAP deficient GBM cells have an increased capacity to differentiate to multiple 

lineages, a hallmark of glioma stem like cells (Lathia et al., 2015), supporting the idea 

that the differential PROM1/CD133 expression is indeed associated with functional 

GSCs. The impact of MTAP status on these processes is time dependent and reversible, 

with some indication that epigenetic alterations underlie the observed changes, a 

hypothesis that will be explored further in the subsequent chapter.  
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4. MTAP Deletion Results in Dysregulation of the 
Epigenome 

One of the first phenotypes that became apparent after generating cell line pairs 

isogenic for MTAP, was that there was a change in epigenetic regulation. We arrived at 

this conclusion based on several different experiments which are outlined in the 

subsequent sections. During the course of this project, it was demonstrated by several 

other groups (Kryukov et al., 2016; Mavrakis et al., 2016), as well as our lab (Hansen at 

al, In Revision), that MTAP deletion alters histone methylation levels within the cell. We 

are the only group to date that has reported an impact of MTAP status on DNA 

methylation.  

4.1 MTAP deletion alters sensitivity to epigenome-modifying 
drugs 

Based on the hypothesis that MTA might be causing epigenetic changes due to 

its methyltransferase inhibitory activity, we screened a library of 94 epigenetic 

modifying drugs (see Appendix B) of various classes, including methyltransferase 

inhibitors and histone deacetylase inhibitors. While the majority of drugs resulted in no 

difference in toxicity against our isogenic cell lines, several drugs showed differential 

toxicity in at least 2 out of 3 cell lines tested.  

4.1.1 Sinefungin 

Sinefungin is a pan-methyltransferase inhibitor capable of inhibiting any enzyme 

that utilizes S-Adenosyl-methionine (SAM) as a methyl donor. It inhibits DNA 
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methyltransferases, RNA methyltransferases, histone methyltransferases, and protein 

methyltransferases. It is similar in structure to S-Adenosylhomocysteine, which is the 

product after loss of a methyl group from SAM. MTA and Sinefungin are also 

structurally similar (Figure 26), so it was not particularly surprising when we saw that 

MTAP status impacts the sensitivity to sinefungin, confirming that these two molecules 

likely carry out redundant or competing functions within the cell.  

 

Figure 26: MTAP loss decreases sensitivity to sinefungin. Left: molecular 
structure of sinefungin and methylthioadenosine shown for comparison. Right: 

Sensitivity of 12-0160 and 12-0342 primary GBM cell lines to sinefungin is increased 
after MTAP restoration. 

 

4.1.2 HDAC Inhibitors 

Two histone deacetylase inhibitors (HDACs) that were included in our screen 

had an MTAP-dependent effect on the cells. 4-iodo-SAHA and SB939 both had increased 

toxicity against cells in which MTAP function had been restored (Figure 27). 4-iodo-

SAHA is a hydrophobic derivative of SAHA, a well-known HDAC inhibitor, and 

preferentially inhibits HDAC1 and HDAC6. SB939 is a pan-HDAC inhibitor with an 
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IC50 of 40-140nM against all class I and class II HDACs, with the exception of HDAC6, 

which requires much higher doses of SB939 to achieve functional inhibition. Thus the 

common target of both drugs is HDAC1. Though it is not immediately clear how MTAP 

deletion could alter sensitivity to HDAC inhibitors, one likely explanation is through 

altered polyamine levels. As was mentioned previously, MTA accumulation results in 

increased polyamine production, which has been shown to alter histone acetylation and 

modulate HDAC activity. Therefore, future studies should investigate the consequences 

of MTA accumulation in terms of chromatin structure, and the potential impact on 

HDAC inhibitor therapy. 
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Figure 27: HDAC inhibitors SB93 and 4-iodo-SAHA show increased toxicity 
against cells in which MTAP function has been restored. Cells were cultured for three 

days in the presence of inhibitor and quantified by CCK8. 

4.1.3 DNA methyltransferase Inhibitor 

A third drug category in which we saw differential sensitivity based on MTAP 

status in one of our cell lines was DNA methyltransferase inhibitors (Figure 28). 

Decitabine, a cytidine analog, is incorporated into DNA strands upon DNA replication, 

functioning as an antimetabolite. When DNMTs interact with DNA in order to replicate 

methylation onto the daughter strand they become irreversibly bound by decitabine, 

blocking further methyltransferase activity. It is yet unclear why we saw differential 

sensitivity of our isogenic cell pair to decitabine, but perhaps some clues based on 
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methylation quantification can be found in the next section. It also is worth noting that 

DNA methyltransferase and histone deacetylase function are intertwined, as DNMTs 

play a role in recruiting HDACs to the chromatin. 

 

Figure 28: MTAP-null cells show increased sensitivity to decitabine, a DNA 
methyltransferase inhibitor. Cells were cultured for 5 days and quantified by CCK8. 

 

4.2 MTAP loss results in an altered DNA methylome 

The finding that MTAP status alters the sensitivity to epigenome-modifying 

drugs, in addition to the altered methylation of PROM1 in our astrocyte model and the 

upregulated genes and pathways we identified using our in vitro models (Figure 17) 

being reported as methylation-sensitive (M. Li et al., 2009) led us to further investigate 

the effect of MTAP status on the epigenome. We analyzed global DNA methylation (5-
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mC) levels from isogenic in vitro models and found increased bulk DNA methylation in 

MTAP-expressing cells compared to their MTAP-deficient counterparts (Figure 29). 

 

Figure 29: MTAP-null cells have decreased global 5-mC levels as measured by 
a 5-mC ELISA assay. 

 

 To achieve better resolution of MTAP’s effect on DNA methylation, we utilized 

the Illumina MethylationEpic microarray to analyze DNA methylation (5-mC) at 

850,000+ sites across the genome. Analysis of general methylation patterns in the 

matched GBM isogenic cell lines revealed overall hypomethylation in MTAP-null cells 

compared to MTAP-expressing controls (Figure 30). Specifically we saw that loci with 

the greatest methylation difference between the isogenic pairs were the most likely to be 

hypomethylated in MTAP null cells. These larger methylation changes were deemed to 

be the most consequential based on an integrative analysis of methylation and gene 

expression array data (Figure 31). 
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Figure 30: MTAP-null cells are hypomethylated. (A) Table shows the degree of 
methylation change between isogenic cell pairs for each of the illumina 

MethylationEPIC probes and the percent that are hypomethylated in MTAP-deleted 
cells. (B) the most differentially methylated probes across the three isogenic cell pairs 
reveal hypomethylation in MTAP-deficient cells. (C) Graphical representation of data 
in (A) showing that loci with a larger methylation difference between isogenic pairs 

are more likely to be hypomethylated in cells lacking MTAP. 

 

 

Figure 31: Hypomethylation in MTAP null cells is linked to gene expression 
changes. (A) Percentage of genes with greater than 2-fold expression change based on 

degree of methylation change (x-axis) following change of MTAP status in isogenic 
cell pairs. (B) Logistic regression provides a prediction for the probability of 

hypomethylation at any given locus in MTAP null cells based on the magnitude of 
methylation change seen at that locus between MTAP-null and MTAP-expressing 
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cells (analysis of deviance P value <1x10-4). (C) Logistic regression based on 
methylation and gene expression array data from GBM isogenic models (N=19500) 
shows increasing probability of gene expression fold change of greater than 2-fold 
with increasing change in methylation at any given locus (Analysis of deviance P 

value < 1x10-4) 

4.3 DNA Hypomethylation in MTAP-deficient cells is 
concentrated in stem-cell-regulatory pathways. 

Specific examination of the PROM1-associated methylation loci confirmed that 

MTAP restoration in GBM cells resulted in increased methylation in the PROM1 

promoter region (Figure 32A), consistent with the finding from transformed astrocytes. 

Furthermore, analysis of all genes with differential methylation in CpG islands again 

revealed enrichment of hypomethylated loci in the KEGG pathway regulating 

pluripotency of stem cells (Benjamini-Hochberg P value 0.049), the only significantly 

enriched pathway (Figure 32B and C).   
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Figure 32: MTAP deleted cells have hypomethylated stem cell signaling 
pathways. (A) Comparison between MTAP-expressing and MTAP-null GBM cells was 

performed by calculating average beta value for each probe across 3 isogenic cell 
pairs, 12-0160, 13-0302, and U251MG. Probes were classified as either hypomethylated 
or hypermethylated in MTAP-null cells compared to MTAP-expressing cells and were 

analyzed using DAVID. Using the top 250 genes from each category (>20% 
methylation difference per probe) revealed only one significantly enriched pathway. 

No other set of input probes yielded any significantly enriched groups. (B) Individual 
hypomethylated genes in the KEGG pathway signaling pathways regulating 
pluripotency of stem cells from each sample set are shown.  (C) Analysis was 
performed as in (A) except methylation data from TCGA patient samples was 

grouped by MTAP expression into low– versus high–MTAP-expressing groups. 
Probes were classified as hypomethylated or hypermethylated in low-MTAP-
expressing samples. Input of the top 3,000 genes for each category yielded the 

illustrated enriched pathways. 

Analysis of TCGA methylation data further corroborated the link between MTAP 

expression, DNA methylation, and pathways governing stem-like cancer cells. First, we 
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again observed elevated methylation of loci clustered in the promoter region of PROM1 

in GBM samples with high MTAP expression (Figure 33A). Second, similar to our in vitro 

models, genome-wide analysis of differentially methylated loci between low– and high–

MTAP-expressing samples revealed hypomethylation in low–MTAP-expressing cases 

(Figure 33B-D).  

 

Figure 33: Low MTAP expression correlates with hypomethylation in GBM 
samples. PROM1 promoter methylation in TCGA dataset using the illumina 450k 

methylation showing samples with high MTAP expression compared to samples with 
low MTAP expression, n=72 samples. (F) Heat map shows 1,600 methylation probes 

selected using a t test comparing the 24 patients with lowest MTAP expression to the 
24 patients with highest MTAP expression (N=72 patients total). All probes with a 
Bonferroni-corrected P value < 4x10-6 were included. Unsupervised hierarchical 

clusters were analyzed for average methylation across all genes (top right, t test P 
value < 1x10-6) and for average MTAP gene expression (bottom right, Kruskal-Wallis 
P value < 1x10-4). (G) Methylation 450k array data from 72 TCGA patients. For each 

CpG locus, average methylation between the 24 patients with lowest MTAP 
expression was compared with average methylation of 24 patients with highest MTAP 

expression. (H) Methylation values for all CpGs with 15% differential methylation 
(panel G) were averaged for each of the 72 samples and compared to MTAP 

expression (correlation coefficient = 0.44 , R2 = 0.19 , P value = 3x10-4). 

Regression analysis of the most differentially methylated loci between low–

MTAP- and high–MTAP-expressing GBM cases revealed a positive correlation between 
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DNA methylation and MTAP expression (correlation coefficient=0.44, R2 = 0.19, P value = 

3x10-4) (Figure 33D). Remarkably, analysis of CpG-islands in low-MTAP samples again 

demonstrated hypomethylation of genes in KEGG pathways regulating pluripotency of 

stem cells (Figure 32D). Collectively, these findings from GBM patients support that loss 

of MTAP expression results in an altered DNA methylation landscape that specifically 

influences pathways regulating GBM cell stemness and differentiation. 

4.4 PRMT5 inhibition phenocopies the effect of MTAP deficiency 
on stem cell pathway regulation 

Recent biochemical studies identified PRMT5 to be potently inhibited by MTA 

accumulation in tumor cells following MTAP loss (Kryukov et al., 2016; Mavrakis et al., 

2016). Notably, PRMT5 is an arginine methyltransferase responsible for the repressive 

histone methylation mark histone H4 arginine 3 dimethylation (H4R3me2s), which has 

been reported as necessary for the recruitment of DNMT3A to maintain DNA 

methylation in the β-globin locus (Zhao et al., 2009). To test if PRMT5 is involved in the 

link between MTAP loss and altered DNA methylation and GBM cell identity, we 

utilized a small molecule specific inhibitor of PRMT5, EPZ015666. First, we confirmed 

that absence of MTAP or the presence of EPZ015666 both resulted in reduced H4R3me2s 

levels, illustrating functional inhibition of PRMT5 (Figure 34A-C). We found that 

sustained PRMT5 inhibition rescued PROM1 expression in a dose-dependent fashion 

following MTAP restoration in GBM cell lines and similarly caused dose-dependent 

upregulation of PROM1 transcription in transformed astrocytes (Figure 34D). This 
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transcription upregulation was accompanied by gradual upregulation of CD133 

expression in transformed, MTAP-intact astrocytes (Figure 34E and F).  

 

Figure 34: PRMT5 inhibition, which results from MTAP loss, causes 
upregulation of CD133. (A-C) Western blots showing (A) H4R3me2s levels based on 

MTAP status and (B,C) PRMT5 inhibition in various cell lines. (D) PROM1 
expression was measured by RT-qPCR after inhibition of PRMT5 with small 

molecule inhibitor EPZ015666 for (left) 30 days in 12-0160 MTAP-null GBM cells or 
(right) 14 days in transformed astrocytes (data pooled from 2 experiments, t test P 
value *<0.05, **<0.005, ***<5x10-4, n.s. = not significant, error bars = SEM). (E) Flow 
cytometry shows that EPZ015666 treatment for 21 days results in a dose-dependent 

increase in PROM1 expression in transformed astrocytes. (F) Flow cytometry 
histogram of CD133 staining shows increased CD133 expression in EPZ015666- and 
MTDIA-treated samples compared with control. Inset shows non-staining controls. 

Analysis of DNA methylation following EPZ015666 treatment in MTAP wildtype 

U251MG and transformed astrocyte tumor models showed hypomethylation globally 

and in the PROM1 promoter region (Figure 35A and B) and, more importantly, in CpG 

islands of KEGG signaling pathways regulating pluripotency of stem cells (Benjamini-

Hochberg P value 3.5x10-3) (Figure 35C and D). While it is unlikely that inhibition of 

PRMT5 alone can explain the effects of MTAP loss on GBM cells, these results 
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demonstrate the effect of MTAP status on DNA methylation and altered cellular identity 

can be partially replicated by chronic PRMT5 inhibition, a natural consequence of MTAP 

loss (Kryukov et al., 2016; Mavrakis et al., 2016). 

 

Figure 35: PRMT5 inhibition causes hypomethylation of stem cell regulatory 
pathways. (A) 5-mC ELISA following EPZ015666 treatment for 30 days in MTAP 

wildtype U251MG cells and transformed astrocytes. (B) PROM1 promoter 
methylation of transformed astrocytes is shown for control cells relative to 

EPZ015666-treated cells (Left panel), and to MTAP knockout cells for comparison 
(right panel). (C) Comparison of MethylationEPIC probes from gene CpG islands in 

cells cultured with or without PRMT5-inhibitor EPZ015666 shows significant 
enrichment of signaling pathway regulating pluripotency of stem cells. (D) Table 

showing specific genes hypomethylated following EPZ015666 treatment in the KEGG 
Signaling pathways regulating the pluripotency of stem cells. 
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4.5 MTAP Status is associated with altered methylation of the 
MGMT promoter and differential sensitivity to temozolomide 

GBM patients are commonly treated with alkylating agents such as 

temozolomide. These drugs function by alkylating DNA guanine residues, forming O6-

methylguanine, a pro-mutagenic alteration that results in DNA damage and cell toxicity.  

O6-methylguanine DNA methyltransferase (MGMT) is a protein responsible for 

removing alkyl groups from O6-methylguanine, mediating protection from physiologic 

and pharmacologic DNA alkylation. Therefore, cancer patients with decreased levels of 

tumor MGMT protein often show increased response to treatment with alkylating 

agents. MGMT promoter methylation has been shown to result in decreased MGMT 

expression due to epigenetic silencing, and is seen in almost half (48.5%) of GBM 

patients (Brennan et al., 2013). Accordingly, GBM patients with MGMT promoter 

methylation show a significant survival benefit when treated with temozolomide and 

radiotherapy compared to patients lacking MGMT promoter methylation (21.7 vs. 12.7 

months, respectively). G-CIMP+ patients, which show broad methylation, have an 

increased likelihood to have MGMT promoter methylation (79%), although MGMT 

promoter methylation is also seen in G-CIMP negative GBMs (46%) (Hegi et al., 2005). 

In light of the widespread DNA methylation changes we observed, we also 

investigated the methylation and expression of O6-methylguanine methyltransferase 

(MGMT). MGMT promoter methylation status and gene expression are clinically 

significant due to MGMT’s role in mediating resistance to temozolomide (Everhard et 
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al., 2009; Hegi et al., 2005). Quantitative analysis of MGMT expression in our cell models 

revealed decreased MGMT transcript levels following MTAP overexpression and 

increased MGMT expression following MTAP knockout (Figure 36A). Importantly, 

MTAP status, and altered expression of MGMT correlated with altered sensitivity to 

temozolomide (Figure 36B).  

 

Figure 36: MTAP loss results in downregulation of MGMT and decreased 
sensitivity to temozolomide. (A) MGMT expression was measured by RT-qPCR in 

(top) 12-0160 and (bottom) transformed astrocytes. (B) TMZ sensitivity was measured 
in (top) 12-0160 and (bottom) transformed astrocytes. Cell viability was quantified by 

CCK8. 

Analysis of MGMT promoter methylation by methylation-specific PCR and by 

pyrosequencing show differential methylation of the MGMT promoter based on MTAP 

status (Figure 37).  
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Figure 37: MTAP loss results in MGMT promoter hypomethylation. (A) 
Methylation-specific qPCR and (B) pyrosequencing of the MGMT promoter shows 

hypomethylation in MTAP null U251 cells (top) and 12-0160 cells (bottom). (C) Plots 
showing mean methylation percentage +/- 95% LSD intervals of MGMT promoter 

CpGs 76-79 (panel B) by pyrosequencing analysis in U251 cells (Top, T-test p-value 
6x10-4) and  12-0160 cells (bottom, T-test p-value < 1x10-6). 

 

Finally, analysis of TCGA data showed that MTAP expression is negatively 

correlated with MGMT expression in GBM samples (Figure 38). Furthermore, comparing 

TCGA methylation and gene expression data showed that all four MGMT promoter loci 

that are hypomethylated in samples with elevated MGMT expression (Bady et al., 2012), 

are also hypomethylated in samples with low MTAP expression, supporting the 

possibility that MTAP status is influencing the MGMT promoter methylation state in 

GBM. 
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Figure 38: Low MTAP expression correlates with elevated MGMT expression 
and decreased MGMT promoter methylation in TCGA GBM samples. (Left) 
Correlation of MGMT and MTAP expression from TCGA Agilent gene expression 
microarray, n= 606 samples. (Middle) TCGA samples for which both gene expression 
and DNA methylation data were available (n=85 samples) were divided into groups 
with high or low MGMT expression (n=40 each group) and MGMT promoter 
methylation was analyzed for each group. (Right) MTAP expression (40/85 samples) 
was compared to the same 4 CpGs in the MGMT promoter as in the middle panel. 

4.6 Conclusions regarding the impact of MTAP deletion on 
epigenetics. 

We observed an impact of MTAP deletion on DNA methylation at the level of 

single gene promoters, such as MGMT and PROM1, as well as genome wide alterations, 

particularly in pathways involved in cell identity and stemness regulation. While 

inhibition of PRMT5 by MTAP substrate MTA may play a role in this phenomenon 

through altered chromatin modifications, this is likely not the entire explanation for the 

observed changes. The focused impact in pathways regulating stemness and cell identity 

suggests the involvement of specific transcription factors and regulators that target 

patterned regions of the genome. One highly speculative potential explanation involves 

adenosine receptor signaling, which is discussed in chapter 7 of this document, and 

demonstrates that methylthioadenosine is able to act on adenosine receptors at the cell 
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surface, triggering a signaling cascade that influence transcription factors such as Stat3, 

CREB, and NF-kB. Altered activity of these transcription factors can redirect the fate of a 

cell and alternatively regulate internal epigenetic processes. Another potential mode of 

interference with DNA methylation is through dysregulation of S-

adenosylhomocysteine (SAH). MTA is known to inhibit s-adenosylhomocysteine 

hydrolase (SAHH) (Chaleon, Perignon, Hamet, & Cartier, 1984), which metabolizes 

SAH, a well-characterized inhibitor of DNA methyltransferases (H. C. Lin, Song, & Hu, 

2011). Thus, MTA accumulation could result in the accumulation of SAH, which would 

result in functional inhibition of DNA methylation and lead to hypomethylation in the 

context of intact demethylase activity. While these speculative mechanisms may indeed 

play a role, it is worth again noting that, inhibition of PRMT5 in our studies was able to 

cause a decrease in methylation and increase in CD133 and MGMT transcript levels, 

similarly, if not to the same extent, as was seen with MTAP loss of function, suggesting 

this known deficit in MTAP deleted tumor cells may be responsible for many of the 

phenotypes we observed. As homozygous PRMT5 deletion is toxic to cells, perhaps 

MTAP deletion is able to provide a permissible level of PRMT5 inhibition while 

maintaining cell viability. More work will need to be done to study the mode of action of 

PRMT5 in the many cellular processes it engages in and the regulation of MTA levels 

within the cell.   
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5. Purine deprivation as a therapeutic strategy in MTAP-
null GBM 

MTAP-deficient tumor cells lack purine salvage capability, making them more 

vulnerable to inhibition of de novo purine synthesis (Lubin & Lubin, 2009). Inhibition of 

the de novo purine biosynthesis pathway has been tested in several MTAP-/- cancer 

models, using a variety of small molecule inhibitors (Bertino et al., 2011; Harasawa et al., 

2002; W. Li et al., 2004; Yu et al., 1997). One such inhibitor, L-Alanosine, was tested in 

two clinical trials in 2004 for treatment of various MTAP-deleted tumors, but ultimately 

failed due to insufficient therapeutic responses (Kindler et al., 2009). The reason for the 

ineffectiveness observed in this trial is difficult to determine, though important 

components of the treatment strategy were not incorporated, such as the use of a 

secondary protective agent (ie. 5dAdo) as described in section 1.5, suggesting potential 

for achieving better outcomes. Notably, previous in vivo studies all seem to have 

overlooked the availability of purines in the microenvironment that can be transported 

across the cell membrane to rescue purine-starved cells.  Additional drugs that interfere 

with de novo purine synthesis, many of which are already in clinical use for other 

indications, including toxic metabolites 6-thioguanine and 6-mercaptopurine and the 

folic acid antagonist, methotrexate, have also demonstrated enhanced potency against 

MTAP-deleted cancers in various cell lines, providing a basis for additional testing in 

more representative tumor models (Coulthard et al., 2011; Lubin & Lubin, 2009). 
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5.1 MTAP null GBM cells are sensitized to purine synthesis 
inhibition by L-Alanosine. 

We utilized a panel of 7 patient derived GBM cell lines for which we confirmed 

MTAP status by quantitative copy number PCR to test the sensitivity of various drugs 

targeting purine production pathways. Of the drugs tested, L-Alanosine, an inhibitor of 

de novo purine synthesis, was the most effective in selectively targeting MTAP null cells 

(Figure 39A). L-Alanosine inhibits adenylosuccinate synthase (ADSS), the penultimate 

step in the purine synthesis pathway, which means the cells will still be able to produce 

normal levels of guanine and inosine nucleotides and be selectively deficient in 

adenosine generation. This is notable because adenine, the nucleobase for adenosine, is 

the direct target of MTAP and thus L-Alanosine is selectively targeting the precise 

vulnerability introduced by MTAP deletion in tumor cells. Though MTAP WT cells were 

less sensitive to L-Alanosine there was still considerable toxicity, especially at higher 

concentrations. To address this we combined an exogenous MTAP substrate, 5’ 

deoxyadenosine (5’dAdo) with L-alanosine and saw rescue of the WT cells (Figure 39B 

and C, Appendix B). Surprisingly, this combination resulted in increased toxicity against 

MTAP null cells. As no effect is observed with 5’dAdo treatment alone, the added 

toxicity of 5’dAdo against MTAP-/- cells when combined with L-alanosine is perhaps 

explained by the fact that 5’dAdo weakly inhibits other purine salvage enzymes such as 

SAH hydrolase (SAHH), thus blocking one of the only remaining intracellular purine 

sources available. 
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Figure 39: L-Alanosine selectively targets MTAP null cells. (A) MTAP null 
(red) and MTAP WT (black) patient derived cell lines were treated with L-Alanosine. 
(B) Addition of MTAP substrate 5’dAdo rescued MTAP WT cells from L-Alanosine 
toxicity while increasing toxicity against MTAP deleted cells. (C) L-Alanosine + 
5’dAdo treatment of all cell lines in panel (A). 

We next used our MTAP-deleted cells in which MTAP function had been 

restored through retroviral insertion of the MTAP open reading frame, as well as our 

MTAP WT cells in which we deleted MTAP using CRISPR/Cas9, in order to verify that 

the differential sensitivity to L-Alanosine is due to MTAP status and not cell line 

variability. When we administered L-Alanosine in conjunction with 5’dAdo to these 

cells we again saw selective sensitivity of MTAP deleted cells to this regimen (Figure 40). 

 

Figure 40: L-Alanosine + 5'dAdo is selectively toxic against MTAP deleted 12-
0160, 12-0342, and U251MG cells, and not their MTAP expressing isogenic 

counterparts 
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5.2 Exogenous purines rescue cells from L-Alanosine toxicity. 

In order to test the hypothesis that exogenous purines are able to rescue L-

Alanosine-treated cells in vivo, and to validate that alanosine-mediated inhibition of 

GBM growth was due to purine starvation, we supplemented our culture media with 

purines (adenosine, adenine, ATP) at the time of L-alanosine treatment and incubated 

for 3 days. As hypothesized, we observed that exogenous purine supplementation was 

able to rescue MTAP-/- cells from L-alanosine toxicity (Figure 41). It is known that 

extracellular adenosine enters cells via equilibrative nucleoside transporters (ENTs), for 

which several inhibitors have been developed that are in clinical use to treat human 

disease (Choi & Berdis, 2012). When we added ENT inhibitors such as dipyridamole or 

dilazep to our culture media, in addition to L-Alanosine and exogenous purines, we saw 

attenuation of the protective effects of adenosine on alanosine-treated cells (Figure 41B). 

 

Figure 41: Exogenous purines rescue cells from L-Alanosine toxicity. (A) 
Varying doses of Adenine, adenosine, or ATP were added to the culture media at the 
time of L-Alanosine treatment and cell viability was measured after three days by 
CCK8. 
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These experimental findings suggest that adenosine transport inhibitors could 

provide an important component to successfully treating MTAP-/- tumors with purine 

synthesis inhibition in vivo, necessitating further investigation. This treatment strategy 

might have particular relevance in the context of GBM, given the fact that adenosine 

functions as a neuromodulator in the brain and is present at concentrations up to 2.5uM 

in the intracerebral extracellular space (Dunwiddie & Diao, 1994; Porkka-Heiskanen, 

Strecker, & McCarley, 2000).  

5.3 L-Alanosine blocks tumor growth in vivo 

We tested the ability of L-Alanosine to inhibit tumor growth in vivo using a 

subcutaneous xenograft model. Patient-derived subcutaneously xenograft models of 

GBM were grown in nude mice and L-Alanosine was injected intraperitoneally. Using 

two different GBM xenograft models saw that L-Alanosine inhibited tumor growth as 

measured by tumor volume and animal survival (Figure 42). 
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Figure 42: L-Alanosine delays tumor growth in subcutaneous xenograft 
models. Intraperitoneal injection of L-Alanosine delays subcutaneous tumor growth 

of (A) 12-0160 and (B) 10-0171 cells and prolongs animal survival. 

 We next tested the efficacy of combined L-Alanosine and the purine transport 

inhibitor, dipyridamole, via intraperitoneal (IP) injection in nude, tumor-bearing mice, 

in order to deterimine the therapeutic potential of theses drugs against MTAP-deleted 

tumors. As a combination treatment, L-alanosine and Dipyridamole did not significantly 

inhibit tumor growth compared to L-Alanosine alone. Though there was a slight trend 

towards prolonged mean survival in animals who received combined reatment, there 

was no difference in the log-rank test of Kaplan Meier curves (Figure 43).  
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Figure 43: Treatment of subcutaneous tumors with L-Alanosine + 
Dipyridamole. (A) Plot showing (A) subcutaneous 10-0171 tumor volume, (B) Kaplan-
Meier survival curves, and (C) mean survival of nude mice treated with 
intraperitoneal L-Alanosine and dipyridamole for 21 days.  

Perhaps most interesting, however, was that dipyridamole as a single agent 

slighlty inhibited tumor growth and prolonged surivival, supporting that extracellular 

purines might have a role in promoting tumor progression. Additional studies will need 

to be performed using orthotopic xenograft models to account for the unique 

intracranial microenvironment. These studies are limited by the lack of available 

reagents that cross the blood-brain barrier, as dipyridamole does not penetrate the brain. 

  

5.4 Combination of purine deprivation with toxic nucleotides 
increases efficacy and specificity 

Another drug that shows promise of being able to selectively target MTAP-

deleted GBM cell lines is the toxic nucleotide 6-thioguanine (6-TG). We found that not 

only did 6-TG have increased efficacy against MTAP deleted GBM cells, but that the 

addition of MTAP substrate 5’dAdo again even further decreased viability of cells that 
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were MTAP null, while rescuing MTAP WT cells from 6-TG toxicity, similar to what was 

seen with L-Alanosine (Figure 44). 

 

Figure 44: Toxic nucleotide 6-TG combined with 5'dAdo selectively targets 
MTAP-deleted cells. Varying concentrations of 6-TG or L-Alanosine, as indicated, 
with or without the addition of 5’dAdo (30uM) were added to MTAP –deleted cells 

(left) or MTAP WT cells (right) and cell viability was quantified using CCK8. 

We next asked whether combining purine starvation with toxic nucleotides 

would maintain specificity against MTAP-deleted cell lines. Again using patient-derived 

GBM cell lines, we combined L-Alanosine, 6-TG, and 5’dAdo in vitro and saw the 

combination of all three drugs broadened the therapeutic window and more specifically 

targeted MTAP-deleted cells (Figure 45). 
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Figure 45: Purine deprivation combined with toxic nucleotide therapy 
specifically targets MTAP deleted cells 

 

5.5 Additional therapeutic targets and considerations. 

The other salvage pathway that is lost with MTAP deficiency is methionine 

salvage, we therefore tested the sensitivity of GBM cells to 2-aminobicyclo-(2,2,1)-

heptane-2-carboxylic acid (BCH), an inhibitor of the methionine cell surface transporter 

SLC38A7. Not surprisingly, treatment of cells with BCH as a single agent resulted in a 

mild inhibition of cell proliferation (Figure 46), indicating the potential for utilizing this 

strategy as part of a combination therapy or potentially restricting methionine intake in 

patients with MTAP-deleted tumors.  
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Figure 46: Methionine transport inhibition inhibits growth of MTAP deleted 
cells. Cells were treated for 3 days with methionine transport inhibitor BCH and cell 

viability was quantified by CCK8. 

Another consideration was that perhaps MTAP deleted cells have altered 

AMP/ATP ratios due to the deficiency of purine salvage, which might influence activity 

of 5’ AMP-activated protein kinase (AMPK) and regulation of cell proliferation and 

other processes. We therefore tested the effect of AMPK activator, Metformin, on patient 

derived GBM cells and saw that MTAP deleted cell lines were more sensitive to 

metformin than were MTAP WT cell lines (Figure 47). 
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Figure 47: MTAP deleted cells have increased sensitivity to AMPK activation. 
Cells were treated with Metformin for 3 days and quantified by CCK8. 

 

5.6 Cells respond to L-alanosine with upregulation of purine 
production and related pathways 

In order to better understand the cellular response to purine deprivation therapy, 

we performed proteomic and gene expression microarray analysis on L-Alanosine-

treated tumor cells in vitro, and RNAseq on L-Alanosine treated tumor xenografts in 

vivo. Pathway analysis of upregulated genes revealed activation of AMPK and FoxO 

signaling as a response to nutrient stress. Additionally, enzymes involved in the de novo 

purine synthesis pathway were upregulated along with several of the interacting 

pathways, such as glycolysis and the pentose phosphate pathway, which provide the 

metabolites necessary for purine production. 

One protein that we saw consistently upregulated in the Alanosine-treated cells 

is heat shock protein 90 (HSP90). HSP90 provides a scaffold for purine production in a 
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complex called the purinosome. One way we validated this finding was through the use 

of a small molecule fluorescent inhibitor irreversibly binds HSP90. We used this agent to 

quantify the levels of HSP90 by flow cytometry and saw upregulation of HSP90, at least 

on the cell surface, in cells treated with L-Alanosine (Figure 48A). We also tested 

whether combination of L-Alanosine with HSP90 inhibitors could improve anti-tumor 

efficacy by countering the tumor’s efforts to increase purine synthesis. While HSP90 

inhibitors (17-AAG) alone more effectively targeted MTAP deleted cells, HSP90 

inhibition in combination with L-Alanosine heightened the selectivity against MTAP-

null cells in vitro and augmented the in vivo tumor response (Figure 48B and C). This 

response highlights the potential to improve the efficacy of purine deprivation therapy 

through combinatorial approaches. The efficacy of additional drug combinations in vivo, 

including standard of care drug Temozolomide, remain to be demonstrated.  

 

Figure 48: HSP90 inhibition improves the efficacy of L-alanosine against 
MTAP-null GBM. (B-C) Patient-derived glioblastoma cells (12-0160) were treated with 
HSP90 inhibitor 17-AAG in combination with L-Alanosine (0.4uM) in vitro (B) and in 

vivo (B) for treatment (150 mg/kg Alanosine, 50 mg/kg 17-AAG) of nude mice with 
subcutaneous xenografts (right). 
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6. Purine deprivation specially targets CD133+ MTAP-
null cells. 

Our previous observation that MTAP loss potentiates the formation of CD133-

positive, stem-like GBM cells prompted us to explore the feasibility of leveraging MTAP 

deficiency as a therapeutic nexus for eliminating these cells, which are characterized as 

being radio and chemo resistant. Validation of the purine starvation principle in MTAP-

null GBM cells and the finding that MTAP loss potentiates GBM stem-like cells, together 

with the recent discovery that purine synthesis is especially important for maintenance 

of GSCs (X. Wang et al., 2017), led us to hypothesize that the CD133-positive subset of 

tumor cells in MTAP-null GBM cultures may have enhanced sensitivity to purine 

starvation. 

6.1 Materials and Methods 

6.1.1 Flow Cytometry. 

For measuring L-alanosine treatment response, cells were treated with varying 

concentrations of L-Alanosine for 72 hours after which cells were stained using isotype 

control, anti-CD133, or Annexin V and analyzed with the BD FACSCalibur flow 

cytometer. 

6.1.2 In vivo tumorigenesis and drug response.  

Animal use and care protocol was approved by the Institutional Animal Care 

and Use Committee (IACUC). For subcutaneous xenografts, tumors were generated 
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using patient derived cell lines in athymic nude mice. Xenograft tissues were harvested, 

minced, suspended, and injected subcutaneously into the flank of additional athymic 

nude mice age 6-12 weeks (10 mice per treatment arm). Treatment began when all 

tumors in the cohort were above the minimum threshold of 200mm3. L-Alanosine 

(Medkoo Biosciences, Cat#200130) was suspended in normal saline and 225mg/kg were 

injected intraperitoneally following a 5 day on, 2 day off schedule for the duration of 21 

days. Tumor volume was measured by handheld calipers. Animals were sacrificed once 

the tumor size had reached both 1000mm3 and 5 x its original size at the beginning of the 

study.  

To evaluate efficacy of L-alanosine for the treatment of intracranial tumors, 

luciferase-expressing, patient-derived cell lines were injected into the right caudate 

nucleus of nude mice using a stereotaxic frame. . Mice were monitored for neurological 

symptoms and were sacrificed after either losing 20% body weight or becoming 

moribund. For tumors monitored by bioluminescent imaging, cells were transduced 

with retroviral luciferase prior to implantation and at the time of imaging mice were 

injected with 15mg/kg D-Luciferin and imaged on an IVIS Lumina XR imager. 

Treatment was initiated 4 weeks after tumor implantation. Mice received daily I.P. 

injections of L-Alanosine 225 mg/kg for the specified duration. Tumor response to 

treatment was monitored by bioluminescence on an IVIS Lumina XR imager and 

analyzed using Living Image software. Animals were sacrificed when moribund.  
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6.2 Alanosine depletes CD133+ cells in vitro 

In order to determine the effect of L-Alanosine against the GBM stem-like cell 

population we cultured patient-derived GBM cell lines for 3 days in the presence of 

various doses of L-Alanosine quantified the number of cells positive for stem cell marker 

CD133 using flow cytometry. We found that treatment of MTAP-null GBM cultures with 

L-alanosine preferably depletes the CD133-positive subpopulation of cells in a dose-

dependent manner (Figure 49), a process that was accompanied by an increased fraction 

of apoptotic cells. The increase in apoptosis in conjunction with the decrease in CD133-

positive cells suggests that the stem cell population is dying in response to L-alanosine, 

instead of merely differentiating or losing the CD133 marker. 

 

Figure 49: L-Alanosine depletes CD133-positive cells and increases apoptosis. 
Top: Cells were stained for the AC133 epitope and quantified by flow cytometry after 
3 days of L-alanosine treatment. Bottom: L-alanosine treated cells were stained for 
apoptosis marker Annexin-V and quantified by flow cytometry. 
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6.2 Exogenous purines rescue CD133+ cells from L-Alanosine 
toxicity. 

An important question was whether the depletion of CD133+ cells was due to 

purine deprivation or some off-target effect of L-Alanosine. We supplemented the 

culture media with exogenous adenine at the time of L-alanosine treatment in order to 

nullify the purine starvation and simulate intact MTAP activity (adenine is the direct 

product of MTAP). Supplementation of the culture media with adenine rescued the 

CD133-positive cell population from L-alanosine toxicity, confirming the cause of cell 

depletion was purine starvation (Figure 50). 

 

Figure 50: Adenine rescues CD133+ cells from L-alanosine toxicity. (A) Flow 
cytometry shows that L-Alanosine treatment for 3 days has a dose-dependent effect 

against CD133 positive cells in 12-0106 (top) or 12-0160 (bottom) cells. (B) 
Administration of exogenous adenine is able to rescue CD133-positive GBM cells 

from L-Alanosine toxicity. Cells were stained with anti-CD133 antibody and 
quantified by flow cytometry. 

 

6.3 Alanosine depletes CD133+ cells in vivo 

To further test this purine deprivation strategy in vivo, we established orthotopic 

xenografts using MTAP-null, patient-derived GBM cultures in nude mice, and treated 
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the mice with alanosine as a single agent. We found that a six-week treatment regimen 

was well-tolerated by mice and effectively suppressed tumor progression in vivo as 

monitored by bioluminescence and animal survival (Figure 51). Of note, we observed a 

more durable suppression of tumor growth when treating a cell line with a higher 

fraction of CD133-positive cells, consistent with the idea that CD133-positive cells have 

heightened sensitivity to alanosine (Figure 51D). More importantly, gene expression 

analysis of xenograft tumor samples demonstrated reduced PROM1 expression 

following alanosine treatment (Figure 51E), confirming that CD133+ GBM cells are 

uniquely susceptible to purine starvation in the in vivo tumor microenvironment. 

Altogether, these results support that MTAP loss provides an opportunity for exploiting 

purine starvation as a therapeutic intervention in GBM. 
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Figure 51: L-Alanosine inhibits intracranial tumor growth and depletes CD133. 
(A) Bioluminescent monitoring in representative control or L-Alanosine treated 

animals shows inhibition of tumor growth at 3 weeks. (B) Average total flux 
(photons/second) was calculated for each cohort with 12-0160 intracranial xenografts 
(n=5 mice per group) normalized to the first day of treatment. Treatment was started 
35 days after cell injection. Mice were treated with i.p. L-Alanosine daily for 42 days. 

Vertical line over control bioluminescence curve indicates date of first animal 
sacrifice, ANOVA P-value = 0.019. (C) Kaplan-Meier curves showing prolonged 

survival of alanosine-treated animals from panel H. Median Survival = 99 vs 135 days, 
log-rank P-value < 0.005. (D) Average bioluminescence values showing response of 

13-0302 intracranial xenografts to L-Alanosine (225mg/kg), n=7 animals per arm. 
Treatment began 15 days after cell injection and mice were treated for 35 days 

(ANOVA P-value < 1x10-4). (E) PROM1 expression was measured by RT-qPCR using 
RNA from treated 12-0160 intracranial xenograft tissue (n = 6 samples per condition, 

each sample was measured in triplicate in 2 independent experiments, P < 0.05). 
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7. Impact of MTA on the tumor microenvironment 
A significant focus of our studies regarding MTAP deletion in GBM has been 

investigating the link between MTAP loss in GBM cells and the impact on the GBM 

microenvironment. We found that MTAP expression correlates with the expression of 

genes regulating innate or adaptive immune response in both experimental cell models 

and in GBM samples. We discovered that in GBM tissues, low expression level of MTAP 

is associated with altered immune cell populations indicative of a more 

immunosuppressive context. In particular, we were able to illustrate that MTAP loss-

induced MTA accumulation stimulates M2 alternative macrophage activation. We found 

that this effect of MTA on macrophages is independent of IL4/IL3 signaling, is mediated 

by the adenosine A2B receptor and STAT3 signaling, and is distinct from the actions of 

adenosine. Finally, our studies show that the MTA-induced alternative macrophage 

activation can be pharmacologically reversed. These results provide a basis for blocking 

adenosine A2BR signaling as immunotherapy for MTAP-null GBMs and have significant 

ramifications for the role of MTAP deletion in gliomagenesis.  

7.1 Materials and Methods 

7.1.1 Cell lines and cell culture. 

RAW 264.7 and THP-1 macrophage cell lines were obtained from the Duke Cell 

culture Facility. BV-2 cells were a generous gift from Dr. Tso-Pang Yao. RAW 264.7 and 

BV-2 cells were maintained in DMEM with 4.5g/L L-glucose (Sigma Cat #D6429) 

supplemented with 10% heat-inactivated FBS and anti-anti (antibiotic/antimycotic). 

THP-1 cells were cultured in RPMI 1640 with 10% heat-inactivated FBS and anti-anti. 
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CT-2A cells were a generous donation from Dr. Darrell Bigner. The cells were 

maintained in DMEM/F12 (Gibco Cat #11330-032) supplemented with B-27 (Gibco Cat 

#17504-044), EGF (Stemcell), and FGF (Stemcell) and grown in suspension. Primary 

tissue cultures were derived with consent from patient tumor samples obtained by the 

Duke Brain Tumor Center. These patient-derived cultures were maintained in human 

neural stem cell (NSC) media (STEMCELL, cat# 05751), supplemented with EGF, FGF, 

and Heparin and plated onto laminin coated plates. All experiments were performed 

within the first 20 passages. 

7.1.2 Plasmid construction and generation of derivative cell 
populations. 

The CRISPR system was used for knockout of Mtap in CT-2A. Two double-

stranded oligonucleotides that encode sgRNA targeting exon 1 and exon 3 of Mtap were 

cloned into the px552-pEASY plasmid. CT-2A cells were transfected simultaneously 

with sgRNA plasmid and the px458 plasmid containing cas9 and GFP. For transient 

plasmid transfection, plasmids (2 plasmids at 1:1 ratio for achieving the desired gene 

deletion/mutations) and Transfex (ATCC, cat# ACS-4005) were mixed and used for cell 

transfection according to manufacturer’s instructions. Three to four days after the 

transfection, green fluorescent protein–positive (GFP+) cells were sorted via 

fluorescence-activated cell sorting (BD FACSVantage SE cell sorter, Duke Cancer 

Institute) to obtain the GFP+ population. Sorted cells were plated at single-cell densities 

and allowed to expand for 21 days, at which point DNA was prepped from each colony 
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to screen for a deletion in MTAP (exon 1-exon 3) using PCR amplification across the 

deleted region. sgRNA and primer sequences are shown in Appendix A.  

7.1.3 In vitro macrophage polarization. 

Raw 264.7 cells were plated in a 12 well dish and stimulated with 

methylthioadenosine (MTA) (Cayman Cat #15593) or adenosine (Sigma Cat #A9251) for 

12 hours, at which point they were collected for analysis. Cytokines IL4 (Peprotech Cat 

#200-04) and IL-13 (Peprotech Cat #200-13) were added within one hour of 

MTA/adenosine administration at a dose of 5ng/mL. THP-1 stimulation with MTA was 

identical to RAW 264.7 cells except that the cells were first differentiated using PMA 

(Cayman Cat #10008014) for 24 hours, then cultured in fresh media for 24 hours prior to 

stimulation. To test the impact of A2B and A2A receptors on MTA-mediated macrophage 

polarization, A2AR inhibitor Istradefylline (Selleckchem Cat #S2790) or A2BR inhibitor 

PSB 0788 (Tocris Cat #3199) were added simultaneously with MTA or adenosine, except 

in the indicated experiments where delayed administration of the A2BR inhibitor was 

tested.  To further explore downstream signaling pathways STAT3 inhibitor Stattic 

(Tocris Cat # 2798), CREB inhibitor 666-15 (Tocris, Cat #5661) and C/EBP inhibitor 

betulinic acid (Tocris Cat #3906) were added at the time of MTA/adenosine 

administration. To test the effect of physiological accumulations of MTA from tumor 

cells, spent media from CT-2A parental or MTAP knockout cells was collected and 

added to the macrophage media in a 2:1 ratio and cells were plated for 12 hours prior to 

measuring response.  
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7.1.4 Preparation of RNA and RT- qPCR. 

Total RNA was extracted using quick-RNA mini prep kit (Zymo Research, cat# 

11-328) following the manufacturer’s protocols. Concentration of RNA was determined 

by Nanodrop Lite Spectrophotometer (Thermo Scientific). For gene expression analysis, 

reverse transcription was performed to convert total RNA into complementary DNA 

(cDNA) using the RNA to cDNA EcoDry Premix (Clontech, cat #639547). Subsequently, 

real-time qPCR was performed following the aforementioned qPCR procedure. Each 

reaction included a cDNA template equivalent of 10 ng of total RNA. The 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta-Actin genes were used 

as internal expression controls for RT-qPCR with reliable results. When beta Actin was 

used as the control amplicon the following program was followed: 95°C, 3 minutes; 41 

cycles of 95°C 10 seconds and 68°C 20 seconds, then a standard dissociation curve from 

65°C to 95°C of 5 seconds/ 5 degree increment. When Gapdh was utilized as the internal 

control the following program was used: 95°C, 3 minutes; 40 cycles of 95°C 10 seconds, 

60°C 20 seconds, and 72°C 1 second, then a standard dissociation curve from 65°C to 

95°C of 5 seconds/ 5 degree increment. 

7.1.5 Oligos and primers. 

All oligos and primers used for the study were synthesized by Eton Bio and are 

listed in Tables 3 and f of Appendix B. Quantitative PCR was performed using KAPA 

SYBR Fast 2x Universal master mix (KK4602) according to the manufacturer’s protocols 

on a BIO-RAD CFX96 Real-Time System. 
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7.1.6 Gene expression microarray. 

The RNA was extracted as described above. Samples were analyzed using the 

Affymetrix Human Genome U133 Plus 2.0 array according to the manufacturer’s 

protocols by the Duke Sequencing and Genomic Technologies Shared Resource. Data 

was analyzed using the Affymetrix Expression Console and Affymetrix Transcriptome 

Analysis Console v3.0 software. 

7.1.7 Pathway analysis. 

Pathway analysis was done using the DAVID 6.8 platform at david.ncifcrf.gov 

(Huang da et al., 2009a, 2009b). For pathway analysis of gene expression differences 

between in vitro samples and between patient cohorts, all genes found to be “significant” 

by the parameters defined in the manuscript were included in the analysis, with a 

maximum of 3000 genes allowed by DAVID (if more than 3,000 probes showed 

significantly different expression levels between the two populations, those with the 

highest difference were included).  

7.1.8 Gene Set Enrichment Analysis. 

Gene set enrichment analysis was performed using the GSEA 3.0 software as 

previously described. Custom gene sets were generated containing HLA genes and 

inflammatory signaling molecules. Gene sets are listed in Table 2 of Appendix B.  

7.1.9 Analysis of TCGA data. 

     All TCGA data was downloaded from the online portal https://tcga-

data.nci.nih.gov/docs/publications/tcga/ and through cbioportal.org (Cerami et al., 2012; 

Gao et al., 2013). The most recently published 2013 GBM data set was used for all 



 

89 

analyses. For each analysis, the maximum number of complete cases available 

(confirmed IDH1/2 wildtype) were used unless otherwise stated, as IDH mutations are 

known to independently influence epigenetics and cellular differentiation. Analyses 

performed include gene expression (385 samples). We utilized MTAP expression levels to 

categorize patients rather than gene copy number because MTAP is known to be silenced 

epigenetically in a variety of cancer types (Behrmann et al., 2003; Hellerbrand et al., 2006; Ishii 

et al., 2005; Leal et al., 2007), and our analysis (Hansen et al, submitted)  of DNA methylation 

and gene expression data in patients suggests it can also be epigenetically silenced in GBM. To 

perform this analysis, samples were equally divided into quartiles based on MTAP 

expression and a t Test was used to compare the “low” and “high” groups to find 

differences in gene expression between these two groups. 

7.1.10 Statistical analysis.   

Statistical tests (student’s t test, ANOVA) were performed using Graphpad 

Prism. All experiments were repeated to ensure reproducibility of results. Unless 

otherwise indicated, pooled data from multiple experiments was used for each figure. A 

P value cutoff of 0.05 was used to determine significance in all cases except where 

corrections were applied for larger data sets (i.e. Bonferonni). 
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7.2 MTAP loss in GBM cells is associated with an 
immunosuppressive gene expression profile  

We established patient-derived GBM cell lines, verified MTAP status, and used 

the Affymetrix gene expression microarray to characterize their global gene expression 

profile. Analysis of differentially regulated genes (unpaired ANOVA comparing MTAP 

WT vs MTAP null cell lines) revealed a list of downregulated inflammatory pathways, 

including the KEGG pathway of antigen processing and presentation (Figure 52A). One 

group of genes common to all these pathways are the HLA genes, which were found to 

be consistently downregulated in tumor cells that lack MTAP (Figure 52B). We compiled 

a gene set with all HLA genes measured the gene expression microarray (Supporting 

data Table 2) and performed gene set enrichment analysis (GSEA) as previously 

described (Subramanian et al., 2005) to examine the correlation of this set of genes with 

MTAP status. GSEA confirmed that MTAP null cells displayed markedly lower 

expression of human leukocyte antigens (HLA) genes, including HLA Class I and both α 

and β chains of HLA class II (Figure 52C). Consistent with our finding of differentially 

expressed inflammatory pathways, GSEA using gene sets of inflammatory cytokines 

showed that MTAP WT cells had enriched expression of inflammatory cytokines 

compared to MTAP null cells (Figure 52D). Examination of individual genes showed 

that while several genes that regulate adaptive immune response were affected (IL2, 

CTLA4, and CD44), most differentially expressed genes were associated with the innate 

immune response, including those that regulate monocyte/macrophage proliferation, 
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differentiation and activation, such as CSF1, IL13, IL34, IL37, ALOX5, and toll-like 

receptor related genes, TLR4, TIRAP, and LY96 (Figure 51E).  

 

Figure 52: MTAP loss results in downregulation of inflammatory mediators in 
GBM cells. (A) DAVID pathway analysis of 3,000 most downregulated genes in 

MTAP null cells reveals downregulated pathways related to inflammatory processes. 
(B) Heat map showing HLA genes are downregulated in MTAP null GBM cell lines 
compared to MTAP WT cell lines. All transcripts with t test P value <0.05 comparing 
the MTAP deleted and MTAP WT cell lines are included. 17/25 HLA transcripts are 

significantly downregulated (29 unique probes). No HLA transcripts are significantly 
upregulated in MTAP deleted cells. (C) Gene set enrichment analysis using a list of 

all HLA genes in the Affymetrix 2.0 plus microarray demonstrates significant 
enrichment of HLA genes in MTAP WT cell lines, Normalized Enrichment Score = -

2.18, FDR q-value < 0.001. (D) Pathway analysis using a list of inflammatory cytokines 
(see supporting data for gene set) demonstrates enrichment of inflammatory gene 

expression in MTAP WT compared to MTAP deleted cell lines, Normalized 
Enrichment Score = -2.12, FDR q-value < 0.001. (E) Heat map comparing expression of 

individual transcripts between the MTAP deleted and MTAP WT cell lines. 
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Collectively, these results illustrate that MTAP expression correlates with 

numerous immune-regulatory genes in a manner suggesting that loss or reduction of 

MTAP expression contributes to the immune-suppressive nature of GBM cells. 

7.3 Loss of MTAP expression is associated with an 
immunosuppressive molecular profile in GBM  

To evaluate the relevance of the above in vitro findings to GBM, we tested the 

link between MTAP expression and the immune response in GBM tumors, taking 

advantage of The Cancer Genome Atlas (TCGA) large gene expression dataset (Cerami 

et al., 2012; Gao et al., 2013). (Cerami et al., 2012; Gao et al., 2013). First, we analyzed 

expression of individual inflammatory mediators/regulators from the TCGA GBM 

dataset. 

 

Figure 53: Low MTAP expression is associated with a reduction in 
inflammatory gene expression. Heat map shows correlation of individual 

inflammatory genes with MTAP expression (top row). 
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Consistent with the findings from the in vitro models, this analysis showed that 

low MTAP expression was correlated with lower expression of cytokines known to 

promote inflammatory responses (e.g. CCL4, CCL5, IL2, TNF, IFNG), and with higher 

expression of genes known to be involved in regulating monocyte/macrophage 

activation, including TGFB1, CHI3L1, CHII3L2, HRH1, TREM2, and P2RY13 (Figure 53, 

Table 1). 

Table 1: Correlation of MTAP expression with immune modulators in GBM. 
The average columns and P value (t test) column are from a comparison between the 

quartile with the lowest MTAP expression to the quartile with the highest MTAP 
expression. 

Gene Slope R-squared Average Low Average High P value 

TGFB1 -0.11845 0.014976 0.329945 0.029277 0.036422 
CSF1 -0.08004 0.006993 -0.06516 -0.10649 0.77436 

HRH1 -0.26103 0.079969 0.390308 -0.25497 4.20E-06 

CHI3L1 -0.36853 0.1646 0.295866 -0.48087 5.89E-07 

CHI3L2 -0.3199 0.113739 0.172142 -0.47907 5.25E-06 

TREM2 -0.20621 0.04988 0.066118 -0.27371 0.02324 

P2RY1 -0.19131 0.040691 0.023447 -0.2968 0.027636 

IL18 -0.03652 0.001457 0.034574 -0.04901 0.552271 

CCL4 0.100226 0.010852 -0.22203 0.13968 0.010375 

TNF 0.137471 0.018334 -0.1783 0.199802 0.04343 

CCL18 0.149861 0.019592 -0.18931 0.203144 0.009147 

CCL13 0.118342 0.012651 -0.31783 0.139894 0.000697 

CCL23 0.083166 0.007079 -0.29623 -0.01201 0.012521 

CCL5 0.10679 0.010812 -0.09386 0.23781 0.038829 

CXCL9 0.162906 0.024657 -0.06463 0.281421 0.037724 

CXCL13 0.155493 0.024131 -0.25261 0.20678 0.000216 

IL12B -0.05133 0.002865 -0.04718 -0.14884 0.409046 

CCL1 0.175136 0.033898 -0.32567 -0.00535 0.027263 

IFNG 0.191842 0.033652 -0.34398 0.273336 0.000293 

IL2 0.136666 0.017383 -0.1963 0.174038 0.016903 

IL22 0.192791 0.040887 -0.25309 0.228087 0.00031 

MTAP 1 1 -1.10886 1.429072 5.14E-76 
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Next, we employed CIBERSORT, a recently developed method for 

deconvolution of gene expression data and estimation of immune cell fractions in 

human cancers (B. Chen, Khodadoust, Liu, Newman, & Alizadeh, 2018; Gentles et al., 

2015; Newman et al., 2015). This method was chosen for several reasons: (i) it has been 

successfully used for analyzing a large number of samples across multiple cancer types 

(Gentles et al., 2015), (ii) it is readily compatible with the microarray-based platform of 

the largest available GBM expression dataset, and (iii) this approach’s unique 

consideration of data normalization and noise control can be particularly helpful when 

analyzing GBM samples which are known for their heterogeneity and diffusiveness 

(Newman, Gentles, Liu, Diehn, & Alizadeh, 2017). To validate the application of this 

approach to glioma samples, we first evaluated the TCGA low-grade glioma dataset 

(Ceccarelli et al., 2016) by testing the immune cell components in tumors with wild-type 

or mutant IDH1/2, since the effect of IDH mutations on glioma immune suppression has 

been well defined (Amankulor et al., 2017; Kohanbash et al., 2017; X. Zhang et al., 2016). 

In particular, it has been shown that IDH mutation is correlated with lower levels of 

CD8+ and CD4+ T cells and lower macrophage infiltration (Amankulor et al., 2017; 

Kohanbash et al., 2017), and our CIBERSORT analysis of the low grade glioma gene 

expression dataset from TCGA (n=530 samples) (Ceccarelli et al., 2016) revealed a profile 

consistent with these previously reported observations (Figure 54). Interestingly, 

CIBERSORT also revealed a previously unknown effect of IDH mutation on numbers of 
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macrophages, mast cells, plasma cells, and B cells, with a higher representation of each 

cell type, except macrophages, in IDH-mutant gliomas. 

 

Figure 54: CIBERSORT analysis of TCGA low grade glioma. RNAseq gene 
expression data from 506 low grade glioma samples was analyzed using CIBERSORT, 

which revealed several immune cell types differentially represented based on IDH 
status (n=94 IDH WT). A t test was used to compare IDH WT and IDH null immune 

population proportions. * P < 0.05, ** P < 0.005*** P < 0.0005, **** P < 5x10-5, bars show 
mean +/- standard error.  All data points for the three macrophage subtypes are shown 

at bottom. 

We extended the same analysis to the GBM dataset from TCGA (385 GBM 

patient samples; IDH1-wildtype) (Brennan et al., 2013) to examine the link between 
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MTAP loss and the GBM immune microenvironment. As MTAP alteration can occur 

through homozygous gene deletion or epigenetic silencing, we compared the two 

groups of patients with the highest and lowest MTAP expression (upper and lower 

quartiles, n=96 each) (Figure 55). 

 

Figure 55: CIBERSORT analysis on TCGA GBM samples. CIBERSORT was 
used to approximate immune populations in GBM samples based on gene expression 
microarray data. Comparison was made between samples with low MTAP expression 

(lower quartile, n=96) and samples with high MTAP expression (upper quartile), 
which revealed several immune cell types differentially represented, bars show mean 

+/- standard error, t test P value * P < 0.05, ** P< 0.005, *** P < 0.0005. 

This analysis revealed reduced fractions of activated CD4 T cells in tumors with 

low MTAP expression (Figure 56A). Additionally, two types of innate immune cells 

were identified as differentially represented between these two groups of tumors. First, 
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there was a lower fraction of γδ T cells in the low-MTAP expressing tumors (Figure 56B); 

and second, a significantly higher fraction of M2 macrophages were observed in low-

MTAP tumors compared to high MTAP-expressing tumors (Figure 56C).  

To corroborate the findings from our CIBERSORT analysis, we utilized a recently 

developed platform for identifying individual immune cell types based on a 366 

microarray dataset complied from multiple independent studies (Charoentong et al., 

2017). This data set was previously used to generate a list of 782 genes that are specific to 

immune cell subpopulations (i.e. not expressed in tumor cells or normal tissue) 

(Charoentong et al., 2017). We analyzed this list of genes in the TCGA GBM dataset and 

found that among the 641 of these genes for which expression data was available in the 

GBM microarray dataset, 306 of them were differentially expressed between the MTAP-

low and MTAP-high GBM populations (upper quartile vs lower quartile, n=96 each 

group, t test P value < 0.05), with an even distribution between the two groups (146 

genes upregulated in MTAP-low tumors, 159 genes upregulated in MTAP-high tumors) 

(Figure 56D). When these two derivative lists of genes were linked to their respective 

immune cell subtypes using the previously defined immune cell gene signatures 

(Charoentong et al., 2017), we found that the genes upregulated in MTAP-low tumors 

were predominantly associated with macrophages and monocytes, while those genes 

upregulated in MTAP-high tumors were expressed in activated CD4 T cells, natural 

killer cells, and γδ T cells (Figure 56E, Figure 57).  
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Figure 56: MTAP loss is correlated with an immunosuppressive gene signature 
in GBM samples. (A-C) Comparison of upper and lower MTAP expression quartiles 

(n=96 each category) using CIBERSORT analysis of GBM gene expression microarray 
data shows estimated proportions of (A) activated CD4 T cells (B) gamma delta T 

cells, and (C) M2 macrophages. t test P value * P < 0.05, ** P < 0.005, *** P < 0.0005. (D) 
Heatmap showing expression of 306 immune signature genes that are differentially 

expressed between the lower and upper MTAP expression quartiles in GBM patients. 
The gene list was derived from 782 immune-specific genes identified by Charoentong 
et al. Only 641 of the 782 genes were contained in the GBM microarray data set. Of the 

641 genes in the GBM dataset, 306 genes were differentially expressed based on 
MTAP, and are included in the heat map. (E) Clustered gene sets from (D) were 
analyzed using data from the immunologic genome project (www.immgen.org), 
which uses a compendium of microarray data from specific immune cell types to 
display which immune cells express the genes of interest. Clusters representing 

different immune cell types are marked at the top.  
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Collectively, the findings from our various analyses on the gene expression 

profiles of low MTAP and high MTAP expressing GBM samples suggest a reduction in 

immune-reactive T cells (Lamb, 2009) and an increase in immunosuppressive M2 

macrophages (Noy & Pollard, 2014) in samples with low MTAP expression and support 

the notion that MTAP deficiency is linked to a more immunosuppressive GBM 

microenvironment. 
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Figure 57: Low MTAP expressing tumors have gene expression signatures 
indicative of reduced activated T cells and B cells. A list of 782 genes specifically 

expressed in immune cells (from Charoentong, et al.) was analyzed in TCGA GBM 
microarray data. All genes which had significantly different expression between 

samples in the low and high MTAP expression quartiles (n=96 samples in each group) 
are shown for each of the above immune cell subtypes. The number of genes that 

were significantly altered and the total number of genes identified as specific for each 
immune cell subtype are shown in the top left corner of each panel (e.g., 13 out of 21 
total genes for activated CD4 t cells were significantly different between Low MTAP 
and high MTAP samples, and the 13 altered genes are shown in the chart). Black bars 

are samples with high MTAP expression, grey bars are samples with low MTAP 
expression. 
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7.4 MTA promotes M2 polarization of macrophages 

Among the aforementioned immune cell types that were found to be 

differentially represented between MTAP-low versus MTAP-high GBMs, the potential 

impact of MTAP loss on macrophage populations was particularly intriguing. 

Macrophages are the most abundant immune cell type in GBM, representing as many as 

half of all cells in the tumor mass (Charles, Holland, Gilbertson, Glass, & Kettenmann, 

2012), where they are known to play an immunosuppressive/protumoral role (Noy & 

Pollard, 2014). Macrophages can be regulated by adenosine signaling (Hasko & Pacher, 

2012), which potentiates the effect of cytokines in promoting alternative macrophage 

activation through adenosine A2 receptors (Csoka et al., 2012).  Studies focusing on 

pathogenic mechanism and treatment of pathogen-induced host inflammatory 

responses have found that MTA can suppress Lipopolysaccharide (LPS)-induced 

expression of inflammatory response genes, such as TNFα, via adenosine A2 receptors 

(Ara, Xia, Ramani, Mato, & Lu, 2008; Keyel et al., 2014). These indications, together with 

our finding of a higher fraction of M2 macrophages in low-MTAP-expressing GBMs as 

described above, led us to hypothesize that MTA potentiates M2 macrophage activation 

through adenosine receptor signaling. 

We tested this hypothesis using the well-established murine RAW 264.7 

macrophage cell line model (Csoka et al., 2012; Koscso et al., 2013). As expected, 

treatment of RAW 264.7 cells with M2 macrophage-inducing Th2-type cytokines, 
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interleukin (IL)-4 and IL-13, drove the cells toward the alternative type of activation, as 

demonstrated by the upregulated expression of Arginase 1 (Arg1), a canonical marker for 

M2 macrophages (Gordon, 2003) (Figure 58A). When MTA was used in combination 

with IL-4/IL-13, induction of Arg1 expression was dramatically augmented (Figure 58B). 

Remarkably, when MTA was used as a single agent to treat the cells, upregulated 

expression of Arg1 was also observed (Figure 58C). This effect was not limited to RAW 

264.7 cells as it was also observed in the murine BV-2 microglial cell line and in the 

human THP-1 cell line (Figure 58D). Notably, the effect of MTA on Arg1 expression was 

somewhat independent of and distinct from that of IL-4 or IL-13, as treatment of cells 

with MTA attenuated the expression Pparg and Mrc1, marker genes associated with the 

M2a subtype of macrophages that are typically induced by IL-4/IL-13 (Figure 58E) 

(Chawla, 2010; Ferrante et al., 2013). Also distinct from the effect of IL-4 or IL-13 was 

that MTA activated the expression of Vegfa, a classic feature of the M2d subtype of 

alternatively activated macrophages (Figure 58F and G) (Ferrante et al., 2013). In 

agreement with this finding from the in vitro model, we revisited the GBM gene 

expression data (TCGA) and validated that in GBM patients VEGFA expression was 

significantly higher in samples with low MTAP expression (Figure 58H). These results 

suggest that MTA promotes alternative macrophage activation resembling the M2d 

subtype and that this process likely occurs in MTAP deficient GBMs.  
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To validate that the phenotype induced by exogenously administered MTA is 

relevant to the GBM extracellular microenvironment, we generated an isogenic MTAP-

null derivative of the murine GBM cell line CT-2A. As expected, CRISPR-mediated 

homozygous deletion of MTAP in CT-2A cells led to the accumulation of MTA in the 

culture media (Figure 58I). We then tested the response of macrophages to spent media 

from the MTAP-null cell line as a way of simulating the tumor microenvironment. 

Exposure of RAW 264.7 cells to spent media from MTAP-null CT-2A cells strongly 

induced Arg1 expression (Figure 58J). While the exposure of RAW 264.7 cells to the 

spent media from the parental CT-2A (MTAP wildtype) cells had a minimal effect on 

Arg1 expression, the addition of exogenous MTA into this conditioned media strongly 

stimulated an alternative activation response (Figure 58J). Together, these results 

support the hypothesis that MTA in the extracellular compartment of MTAP-null GBM 

cells can work in concert with known M2 macrophage-stimulating cytokines in altering 

tumor associated macrophages, and/or directly promoting the alternative activation of 

macrophages as a single agent. 
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Figure 58: MTA promotes upregulation of M2 macrophage markers. (A) RAW 
264.7 cells were treated with IL-4 and IL-13 individually or in combination (5ng/mL 

for each cytokine) for 12 hours. Total RNA was prepared for Arg1 expression analysis 
(all gene expression was measured by RT-qPCR. (B) RAW 264.7 cells were treated 
with the indicated cytokines as in (A), together with different doses of MTA. (C) 

RAW 264.7 or (D) BV-2 cells were treated with different doses of MTA for 12 hours. 
(E-G) RAW 264.7 cells were treated with the indicated cytokines with or without MTA 
for 12 hours, and total RNA was isolated for measuring expression of (E) Pparg and (F, 

G) Vegfa. Ado=adenosine. (H) TCGA human GBM microarray data were used for 
analyzing VEGFA expression in tumors with low or high MTAP expression, n=96 

patients per group. (I) MTA was measured in spent cell culture media from CT-2A 
parental and MTAP knockout cell lines using LC-MS/MS. (J) Raw 264.7 cells were 

exposed to media collected from parental or MTAP knockout CT-2A cells for 12 hours 
before Arg1 gene expression was measured.  All experiments were repeated 

independently. All statistical comparisons were performed using an unpaired 
student’s t-test; * = P<0.05, ** = P<0.005, *** = P< 5x10-4, n.s. = not significant. 
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7.5 Regulation of macrophage activation by MTA requires the 
adenosine A2B receptor and STAT3 

Previous work has shown that the action of adenosine in modulating the innate 

immune response to cytokine signaling is achieved through the adenosine A2 receptors 

(Ferrante et al., 2013). We tested whether the effects of MTA are also mediated through 

these receptors using specific antagonists of A2A and A2B receptors. We found that an A2A 

receptor antagonist, Istradefylline, had only minimal effect on MTA-induced Arg1 

expression. In contrast, an antagonist of the A2B receptor, PSB 0788, failed to block the 

effect of IL-4/IL13 as expected, but potently attenuated the expression of Arg1 induced 

by MTA (Figure 59A), an effect which was also seen in the BV-2 cell model (Figure 59B). 

Furthermore, PSB 0788 also blocked the induction of Arg1 expression by the spent media 

of MTAP-null GBM cells (Figure 58J), and attenuated other MTA-stimulated M2 marker 

genes, including Vegfa, Timp1, and IL10, while countering the inhibitory effect of MTA 

on Mrc1 expression (Figure 59C). These results suggest that MTA acts through the 

adenosine A2B receptor to regulate macrophage activation. 
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Figure 59: The impact of MTA on M2 macrophage marker genes is blocked by 
inhibition of the A2B adenosine receptor and Stat3. (A) RAW 264.7 cells were treated 
with MTA and/or IL-4/IL-13 for 12 hours and simultaneously with (left) A2A receptor 
antagonist Istradefylline or (right) A2B receptor antagonist PSB 0788 and expression 
of Arg1 was determined by RT-qPCR. (B) The BV-2 microglial cell line was treated 
with MTA with or without A2B receptor antagonist PSB 0788 for 12 hours and Arg1 
expression was measured by RT-qPCR. (C) RAW 264.7 cells were treated with MTA, 

with or without A2B receptor antagonist PSB 0788 or A2A receptor antagonist 
Istradefylline for 12 hours and expression of Timp1, IL10 and Vegfa were determined 

by RT-qPCR. (D) RAW 264.7 cells were treated with MTA, with or without STAT3 
inhibitor Stattic or CREB inhibitor 666-15 for 12 hours, and expression of Timp1, IL10, 
and Vegfa were determined by RT-qPCR. All statistical comparisons were done using 

an unpaired student’s t-test; * = P<0.05, ** = P<0.005, *** = P< 5x10-4, n.s. = not 
significant. 
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The essential role of the adenosine A2B receptor in mediating the effect of MTA 

led us to ask whether a sustained contribution/function of this signaling pathway is 

required for maintaining the resultant macrophage activation state in this context. To 

address this question, we treated the cells with the A2B receptor antagonist at a delayed 

time point following treatment with M2-inducing cytokines and/or with MTA. We 

found that treatment of the already activated macrophages with the adenosine A2B 

receptor antagonist was still able to abolish Arg1 expression (Figure 60). 

 

Figure 60: Delayed A2B receptor antagonism results in downregulation of Arg1 
expression.  

To further illuminate the downstream mediators of MTA-stimulated A2B receptor 

signaling, we tested the role of transcriptional regulators CREB and STAT3, as these are 

reported to function downstream of adenosine receptors and are known to regulate 

Arg1, Vegfa, and IL10, among other genes (Hasita et al., 2010; Nakamura et al., 2015; 

Rebe, Vegran, Berger, & Ghiringhelli, 2013; Ruffell et al., 2009; Vasquez-Dunddel et al., 

2013). We found that the inhibition of STAT3 completely abrogated the MTA-induced 
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expression of all three genes. In contrast, inhibition of CREB had only marginal or no 

effect on MTA-induced gene expression (Figure 59D). These results suggest that STAT3 

is a necessary component of MTA-stimulated A2B receptor signaling in inducing M2d 

macrophage polarization. 

7.6 MTA and adenosine activate different signaling pathways 

As both adenosine and MTA signal through adenosine receptors, we sought to 

determine if there were any quantitative or qualitative differences in their effect on 

macrophage activation. We treated RAW 264.7 macrophages with equimolar 

concentrations of adenosine or MTA and tested the expression of macrophage activation 

markers in response to each metabolite. To our surprise, we found that MTA much more 

potently stimulated expression of Arg1, Vegfa, and Timp1 than did adenosine (Figure 

61A). Adenosine also did not have the same impact as MTA in reducing expression of 

Pparg (Figure 61B). Interestingly, MTA and adenosine had similar impacts on the 

upregulation of IL10 expression (Figure 61C). The impact of adenosine, however, on 

both IL10 and Timp1 expression was impervious to PSB 0788, suggesting adenosine was 

acting through a different receptor than MTA to induce expression of these genes 

(Figure 59A and C). Notably, the impact of MTA on IL10 was also only partially reduced 

by A2B receptor antagonism (Figures 59B and 61C), but the effect of MTA and adenosine 

on IL10 expression were both effectively blocked by betulinic acid, an inhibitor of 

transcription factor C/EBP (CEBPA/CEBPB) (Figure 61D), consistent with reports of 
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C/EBP being a critical regulator of IL10 expression (Brenner et al., 2003) and indicating a 

partial convergence of the adenosine and MTA signaling pathways through this 

transcription factor. Similarly, STAT3 inhibitor stattic was also able to block induction of 

IL10 expression by adenosine as we had observed with MTA (Figure 61E). However, 

whereas MTA-induced expression of IL10 was unaffected by CREB inhibition (Figure 

59D), addition of CREB inhibitor 666-15 at the time of adenosine treatment was able to 

block induction of IL10 expression by adenosine (Figure 61E), indicating that even in the 

downstream signaling pathways there are distinct mechanisms responsible for MTA and 

adenosine-mediated responses in macrophages.  

To further illuminate the distinct/overlapping roles of MTA and adenosine, we 

investigated the expression of IL6, another important regulator of macrophage activation 

(Mauer et al., 2014; Q. Wang et al., 2018) that has been reported to be upregulated in 

response to adenosine signaling (Fiebich et al., 2005; Rees et al., 2003; Schwaninger, 

Neher, Viegas, Schneider, & Spranger, 1997; Schwaninger et al., 2000; L. Zhang, 

Franchini, Wehrli Eser, & Dip, 2012). We found that adenosine much more potently 

upregulated IL6 than did MTA, and that while inhibition of STAT3 decreased IL6 

expression in the context of MTA treatment, STAT3 inhibition had no effect after 

adenosine treatment (Figure 61F). Perhaps most surprising was that adenosine-mediated 

upregulation of IL6 expression was dramatically increase by A2A antagonist 

istradefylline, as well as by inhibition of either C/EBP or CREB (Figure 61G). The effect 
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of MTA on IL6 expression, however was only increased by C/EBP inhibitor, betulinic 

acid, while CREB inhibition had no effect and A2A antagonism slightly downregulated 

IL6 expression.  Thus, while the effect of MTA and adenosine on IL6 expression again 

showed some overlap (both metabolites upregulated IL6, though adenosine to a greater 

extent, and the addition of C/EBP inhibition further increased IL6 expression in response 

to both), the dramatic differences in IL6 regulation in response to MTA or adenosine 

highlight the quantitative distinction in the degree to which different receptors and 

pathways are activated by these two metabolites.  
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Figure 61: MTA and adenosine have distinct effects on macrophages. (A) RAW 
264.7 cells were treated with the MTA or adenosine with or without A2B receptor 

antagonist PSB 0788 for 12 hours and Arg1, Vegfa, Timp1 expression were measured by 
RT-qPCR (B) RAW 264.7 cells were treated with MTA or Adenosine for 12 hours and 
Pparg expression was measured by RT-qPCR. (C and D) Raw 264.7 cells were treated 
with MTA or adenosine for 12 hours with or without (C) A2B receptor antagonist PSB 
0788 or (D) C/EBP inhibitor betulinic acid (B. Acid) as indicated and IL10 expression 

was measured by RT-qPCR. (E) IL10 expression was measured by RT qPCR following 
adenosine treatment with or without STAT3 inhibition (Stattic), CREB inhibition 
(666-15), or A2AR antagonist Istradefylline. (F and G) RAW 264.7 cells were treated 

with MTA or adenosine for 12 hours with or without the indicated inhibitors and IL6 
expression was measured by RT-qPCR. All samples were collected 12 hours after 

treatment. All statistical comparisons were performed using an unpaired student’s t-
test; * = P<0.05, ** = P<0.005, *** = P< 5x10-4, n.s. = not significant. 
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The finding that adenosine upregulates both IL10 and IL6 expression while MTA 

stimulates only IL10 provides a potential explanation for the distinct gene expression 

patterns resulting from MTA or adenosine treatment (Figure 61A and B). It is recognized 

that IL-10 has a more anti-inflammatory effect than IL-6, despite both cytokine receptors 

activating Jak1/STAT3 (Braun, Fribourg, & Sealfon, 2013; Nakamura et al., 2015; 

Niemand et al., 2003). This difference in inflammatory signaling is thought to be due to 

feedback regulation of IL-6 signaling by STAT3-induced Socs3 (Niemand et al., 2003), 

whose expression was upregulated following both MTA and adenosine treatment in our 

model (Figure 62). 

  

Figure 62: Canonical STAT3 target Socs3 is upregulated in macrophages 
following treatment with MTA or adenosine. 

 Collectively these results suggest that MTA and adenosine each engage a 

distinct balance of adenosine receptor signaling, resulting in a divergent pathway 

activation and gene expression profiles (Figure 63). This unique effect of MTA on 

macrophage M2 activation is not shared by adenosine, requires the adenosine A2B 
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receptor, STAT3, and C/EBP, and indicates an immunosuppressive effect of MTA 

accumulation in MTAP deficient GBM. 

 

Figure 63: Simplified proposed mechanism of MTA and adenosine-mediated 
signaling in macrophages. Using small molecule inhibitors specific to the A2B receptor 

(PSB 0788) and the A2A receptor (Istradefylline) as well as inhibitors of STAT3 
(Stattic), CREB (666-15) and C/EBP (Betulinic Acid), we measured expression of M2 
macrophage-associated marker genes following treatment with MTA or adenosine. 
The ability of MTA to upregulate M2 macrophage marker genes was dependent on 

A2B receptor signaling, and required C/EBP and STAT3. Upregulation of IL10 
expression by adenosine was blocked by inhibition of STAT3, C/EBP or CREB, while 

inhibition of the A2A receptor, C/EBP, or CREB resulted in upregulation of IL6 
expression after adenosine treatment.  Arrows at the top indicate the receptors that 

most likely mediate the response to MTA and adenosine, with arrow thickness 
indicating the degree to which these receptors may be involved. However, both MTA 
and adenosine will each likely interact with multiple types of adenosine receptors to 

varying degrees and we did not pharmacologically test the impact of adenosine on the 
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A1A and A3A receptors in this model. We saw that A2B receptor antagonism at the time 
of MTA treatment fully blocked upregulation of Timp1, Vegfa, and Arg1 but did not 

completely inhibit IL10 upregulation (Figures 58C and 60C), suggesting MTA 
signaling is likely being mediated by more than one receptor/pathway, possibly A3A, 

as this receptor has several downstream mediators in common with A2B. Similarly, A2A 
receptor antagonism did not block IL10 upregulation in response to adenosine 

treatment, suggesting involvement of another receptor in activating downstream 
C/EBP signaling. However, we did see upregulation of IL6 expression following A2A 

receptor antagonism at the time of adenosine treatment, indicating that the A2A 
receptor does play a role in the signaling balance mediated by adenosine in this 

model. Furthermore, the different results from CREB and STAT3 inhibition on IL6 
expression at the time of Adenosine or MTA treatment strongly indicate different 

signaling pathways mediating the response to these metabolites.  Gray arrows 
indicate putative pathways based on previous literature (Antonioli, Blandizzi, Pacher, 

& Hasko, 2013; J. F. Chen, Lee, & Chern, 2014; A. M. Liu & Wong, 2004). 

7.7 Conclusions regarding the impact of MTA on the tumor 
immune microenvironment 

Understanding and targeting the immuno-suppressive mechanisms of GBM is a 

critical step toward improving treatment for this lethal cancer type (Nduom et al., 2015). 

In this study, we provide multiple lines of evidence to link MTAP loss, one of the most 

common genetic/epigenetic events in GBM, to changes in the tumor immune 

microenvironment. We demonstrate using in vitro tumor models that MTAP deleted 

cells have a more anti-inflammatory gene expression signature, and that this 

immunosuppressive state is recapitulated in the gene expression and immune infiltrate 

data from GBM patient samples. Loss of MTAP is expected to have profound impact on 

tumor cells, including conferring susceptibility to PRMT5 inhibition (Kryukov et al., 

2016; Mavrakis et al., 2016) and reshaping the methylome landscape and identity of 

GBM cells (Hansen et al, In Revision). Thus, it is not surprising that MTAP status also 
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influences the expression of immune regulatory genes within this cell population. The 

type of differential gene expression analysis we performed on cultured tumor cells, 

without comprehensively considering non cell-autonomous effects on tumor immune 

infiltrates, is an obvious limitation. Nevertheless, findings from these in vitro models 

were supported by the results from GBM samples, including differential expression of 

immune regulatory genes and differential representation of immune cell types.  

We discovered through our analysis of GBM samples that one of the cell types 

profoundly affected by MTAP status was the macrophage, with MTAP loss pushing 

macrophages toward alternative, immune-suppressive M2 polarization. Utilizing in vitro 

models we verified that the process of M2 activation in this context is influenced by 

MTA signaling through the adenosine A2B receptor and is dependent on the activity of 

STAT3, ultimately resulting in upregulation of M2 marker genes Arg1, IL10, and Vegfa. 

This represents a unique mechanism of alternative activation and a potentially 

significant contribution to the immunosuppressive tumor microenvironment in GBM, 

which is known for an abundance of immunosuppressive tumor-associated 

macrophages. 

It has previously been demonstrated that MTA can directly suppress the 

proliferation and function of T lymphocytes (Henrich et al., 2016; Vandenbark, Ferro, & 

Barney, 1980). Our findings complement these studies by showing that MTA, which 

accumulates in MTAP-deficient tumor cells, can also influence innate immune cells. 
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Further research involving in vivo, using orthotopic GBM models will be necessary to 

illuminate the functional interplay between MTAP loss and the function of innate 

immune cells in GBM, and how they collectively influence the adaptive immune 

characteristics within the tumor. One question raised by this study is what might be the 

long term impact of the uptake/accumulation of MTA (i.e., via nucleoside transporters) 

on the epigenomes and epiproteomes of immune cells, an aspect awaiting further 

investigation, though previous studies indicate this might play an important role 

(Bigaud & Corrales, 2016; Bonham et al., 2010; Richard, Morel, & Cleroux, 2005). 

Furthermore, we note that the experimental results represent a limited view of the 

complex time scale of the signaling mechanisms and responses involved. Nevertheless, 

our findings are revealing, as they unambiguously demonstrate the rapid effect of 

adenosine receptor A2B signaling initiated by MTA, in a manner distinct from adenosine, 

on the identity and functionality of macrophages, the most abundant immune cell type 

in GBM tumors (Charles et al., 2012).  

Importantly, our finding that the macrophage response to MTA is distinct from 

the response to adenosine suggests that MTAP-deficient GBMs with aberrant MTA 

accumulation likely have an impact on the immune environment in a manner that is 

qualitatively and/or quantitatively different from tumors which simply accumulate 

adenosine as a mechanism of immune evasion (Morello, Pinto, Blandizzi, & Antonioli, 

2016; Ohta, 2016). Using in vitro models we found that MTA more potently stimulated 
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expression of M2 macrophage marker genes Arg1, Vegfa, and Timp1 and that MTA and 

adenosine are both capable of upregulating IL10 expression through divergent 

pathways, which eventually converge on the transcription factors C/EBP and STAT3, as 

inhibition of each was able to block upregulation of IL10 in response to either MTA or 

adenosine. IL-10 and IL-6 both engage receptors on the cell surface which activate the 

JAK-STAT signaling pathway. STAT3 is known to positively regulate Arg1, Vegfa, and 

Timp1, and we showed that inhibition of STAT3 completely eradicated the upregulation 

of these genes in response to MTA, confirming a dominant/ obligatory role of STAT3 as 

a mediator of MTA-stimulated M2 polarization. Additionally, the exclusive 

upregulation of IL10 expression by MTA, as opposed to combined IL6 and IL10 

upregulation initiated by adenosine, is a potential explanation for why MTA as a single 

agent produces a more anti-inflammatory gene expression profile, in accordance with 

the reported differences between IL-6 and IL-10 mediated STAT3 activation (Braun et al., 

2013; Niemand et al., 2003).  

The reasons for the different effects of MTA and adenosine on the activation of 

macrophage marker genes remains unclear. One possible explanation is that these two 

metabolites engage the various adenosine receptors involved to a different extent. 

Adenosine is known to have the highest affinity for the A1 and A3 receptor subtypes, 

followed by A2A receptors, and has much lower affinity for the A2B receptor by about 50-

fold (Fredholm, Irenius, Kull, & Schulte, 2001). Based on the clear impact of A2B receptor 
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antagonism in mitigating the effects of MTA (but not the effects of adenosine) in our 

model, one possibility is that MTA either more potently or more exclusively activates 

A2B than does adenosine (Figure 61), though it is likely that each metabolite exerts some 

degree of influence on all four adenosine receptor subtypes with varying affinities. In 

theory, and depending on cell type, the response to MTA or adenosine will include a 

summarization of purinergic signaling through a combination of these receptors. 

Activation of G-protein coupled adenosine A2A and A2B receptors invariably results in 

increased cAMP levels, but each receptor can couple with more than one type of G 

protein (Fredholm, AP, Jacobson, Klotz, & Linden, 2001) resulting in distinct 

combinations of downstream signaling pathways (Antonioli et al., 2013; J. F. Chen et al., 

2014). It is these types of subtle differences in adenosine receptor function which are 

likely responsible for the different outcomes following MTA or adenosine treatment in 

this model. Specifically, evidence from our macrophage model showing robust 

stimulation of IL6 expression by adenosine that is unaffected by inhibition of A2BR and is 

augmented by inhibition of A2AR is indicative of involvement of the A2A receptor and 

also the A1 receptor as likely contributors to the adenosine response in these cells. 

Though we did not specifically test the involvement of A1 or A3 receptors in our model, 

the A1 receptor has been shown in HEK293 cells to activate the transcription factor NF-

kB (A. M. Liu & Wong, 2004), a well-documented regulator of IL6 expression (Brasier, 

2010; Matsusaka et al., 1993; McFarland et al., 2013; Yoon et al., 2012). We found that 
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inhibition of another transcription factor, C/EBP, which is activated downstream of the 

A2A receptor, phenocopied A2AR inhibition in further upregulating IL6 expression after 

adenosine treatment. NF-kB and C/EBP are known to physically associate with one 

another, resulting in inhibition of promoters with NF-kB enhancer motifs (Stein, 

Cogswell, & Baldwin, 1993). Thus, when considering the potential combinations of 

receptors involved in generating this response to adenosine, the A1A receptor could lead 

to activation of NF-kB, and the A2A/A2B receptors could lead to activation of C/EBP. 

Inhibition of A2A receptors or C/EBP would then throw off the balance of these two 

signaling pathways to favor IL-6 upregulation through NF-kB.  We found that MTA, on 

the other hand, has only a minimal effect on IL6 expression, which was increased only 

when combined with a C/EBP inhibitor, and not with a CREB inhibitor or A2A 

antagonist, supporting the idea that MTA signaling is predominantly mediated through 

the A2B receptor, which was required for the upregulation of the other M2 polarization 

gene, and which has been reported as capable of directly inhibiting NF-kB activation 

(Sun et al., 2012).  

Overall, the complicated roles of adenosine in regulating inflammation, as well 

as its tumor-promoting functions, are beginning to be more widely recognized (Hasko & 

Cronstein, 2013).  Adenosine receptors and the adenosine-generating enzymes, CD39 

and CD73, are being investigated as therapeutic targets, either through stimulating or 

countering the adenosine receptor signaling pathways in order to control pathogenic 
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inflammation or treat advanced cancers (J. F. Chen, Eltzschig, & Fredholm, 2013; Hay et 

al., 2016; Silverman et al., 2008). In GBM, adenosine (and upregulation of CD39 and 

CD73) has been shown to contribute to immunosuppression (Xu et al., 2013).  

Additionally, A2B receptor signaling has been shown to promote tumor metastasis and 

stimulate tumor angiogenesis (Desmet et al., 2013; Sorrentino, Miele, Porta, Pinto, & 

Morello, 2015). Our finding that the effect of MTA on macrophage functionality is 

mediated by the adenosine A2B receptor and is amenable to pharmacological 

intervention adds a new line of evidence to support the rationale of targeting A2B 

receptor signaling, in particular in MTAP-deficient GBMs. Development of MTAP-

deficient, immune-competent GBM models will be necessary for further investigating 

the effectiveness of this strategy in vivo. We speculate in the case of MTAP-null GBM, 

given the abundant presence of tumor-associated macrophages and the characteristic 

immunosuppressive microenvironment, that the effect of A2B antagonists will be a 

particularly relevant area for investigation, with the potential to significantly impact 

tumor growth and augment immunotherapeutic interventions in MTAP-deleted GBM.
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8. Conclusions 
In summary, this work shows that loss of MTAP, a metabolic enzyme, shapes the 

DNA methylome landscape and affects the identity and stemness of GBM cells as well 

as alters the immune response to GBM. The finding that MTAP can act as such a 

profound regulator of epigenetic dynamics has broad implications for our 

understanding of the functional interplays between metabolism and epigenetics in 

cancer cells. In this regard, the effect of MTAP status on the DNA methylome is 

reminiscent of the effects of genetic mutations in other metabolic genes (such as IDH1/2, 

FH, and SDH) in glioma and other cancer types. While the cellular contexts and 

outcomes are different, in each case a mutated metabolic gene induces the accumulation 

of aberrant metabolites, which in turn act on epigenetic regulators to alter the DNA 

methylome landscape (Letouze et al., 2013; Lu et al., 2012; Turcan et al., 2012; Xiao et al., 

2012). This study thus provides a new example supporting the emerging concept of 

aberrant metabolism-induced epigenetic alterations in tumor cells (Kaelin & McKnight, 

2013; Koivunen et al., 2012) and highlights the possibility of yet other metabolic 

alterations contributing to aberrant epigenetic regulation as previously speculated (Lu & 

Thompson, 2012). We note that the distinct mediators underlying the spectrum of effects 

associated with MTAP loss are likely far more complicated than any single factor. The 

mechanistic roles of the inhibition of PRMT5, as well as other biochemical consequences 

of MTAP loss, including altered metabolic flux, compromised activity of additional 
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methyltransferases, and perturbed regulation of polyamine pathways (of which MTA is 

a byproduct), remain to be explored in future studies.  

 

Figure 64: Consequences of MTA accumulation in MTAP deleted tumor cells. 
MTA is known to regulate several processes including PRMT5 activity (as well as that 

of other methyltransferases), polyamine production, and we show that MTA 
influences adenosine receptors on macrophages. Further work will be needed to 

investigate the role of purinergic signaling by MTA on tumor cells.  

The novel link shown here between MTAP loss, altered DNA methylation, and 

stem-like GBM cells provides mechanistic support for a role of MTAP loss in GBM 

pathogenesis, as aberrant DNA methylation is a key feature of cancer cells (Baylin & 

Jones, 2011; Mack et al., 2016; Sharma, Kelly, & Jones, 2010; Tsai & Baylin, 2011; Vidal et 

al., 2017), and the expression of CD133 is associated with poor clinical outcomes in GBM 

patients (Zeppernick et al., 2008). Stem-like tumor cells have been extensively 

characterized and are well accepted as a major culprit in GBM pathogenesis and in 
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tumor resistance to chemo- and radiotherapy (Bao et al., 2006; Lathia et al., 2015). We 

note that while PROM1 expression defines stem cells that can give rise to cancer in 

different organs (Zhu et al., 2016), and CD133 (AC133) is a well-established protein 

marker of GBM stem-like cells (Singh et al., 2003), a wide range of additional protein 

markers have been identified, each associated with distinct cellular characteristics, 

cellular origins, and cellular hierarchy (Lathia et al., 2015). Thus, MTAP loss may 

potentiate only certain aspects or sub-types of stem-like GBM cells, and further studies 

in additional GBM pathogenesis models will be required to fully elucidate this link. 

Nevertheless, while a variety of factors regulate the homeostasis of GSCs (Fan et al., 

2010; Lathia et al., 2015), the results described here support that loss of MTAP, one of the 

most common genetic alterations in GBM, contributes to the genesis and/or maintenance 

of these cells and is involved in regulating their characteristics in GBM pathogenesis. 

We stress that although MTAP loss may potentiate GBM pathogenesis, it also 

provides a unique and promising opportunity for exploiting novel therapeutic strategies 

against GBM. While the straightforward principle of purine starvation has previously 

been tested in several cancer cell lines and even in a clinical trial for cancers originating 

from tissues other than the brain, with therapeutic promise unrealized (Kindler et al., 

2009), we here establish the proof-of-principle for potential therapeutic efficacy in GBM 

using both in vitro and in vivo models. Notably, the protective effect we demonstrated 

from extracellular purines suggests that the previously observed lack-of-benefit from 
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other cancer types could be due to available purines in the tumor microenvironment 

(Kindler et al., 2009), and that blocking nucleotide transporters and/or implementing 

dietary interventions (e.g., low purine diets) could potentially be exploited in future 

studies aiming to optimize purine deprivation-based cancer treatment. In the case of 

GBM, our finding that a single, low-toxicity purine synthesis inhibitor leads to extended 

survival and preferably depletes the CD133+ subset of GBM cells is noteworthy. Given 

the prominent role of stem-like tumor cells in GBM pathogenesis and resistance to  

treatment (Bao et al., 2006; Lathia et al., 2015; Zeppernick et al., 2008), the finding that 

this subset of GBM cells is potentiated by MTAP loss, yet is particularly vulnerable to 

purine starvation, suggests that purine deprivation-based therapy may be a uniquely 

suitable strategy for treatment of MTAP-null GBM.  

Finally, the profound impact of MTA signaling through adenosine receptors on 

the surface of macrophages indicates MTAP loss plays a role in suppressing the 

antitumoral immune response and has important implications for immunotherapy 

treatment in GBM. We experimentally demonstrated that MTA promoted the 

immunosuppressive alternative activation (M2) of macrophages and were able to show 

using data from GBM patient samples that this effect is occurring in GBM. We also 

established that antagonism of the A2B adenosine receptor can reverse the effect of MTA 

on macrophage activation, suggesting there is potential for pharmacologically 

improving the immune response and efficacy of immunotherapy in MTAP-deleted 
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GBM. Given the importance of the immune response in regulating tumor growth and, 

likely is an important reason for the decreased progression free survival in patients with 

MTAP-null GBM. 

Overall, this work establishes MTAP as a tumor suppressor gene in glioblastoma 

with MTAP loss promoting tumorigenesis through reprograming of the tumor cell and 

promoting stemness characteristics, migration and mobility, drug resistance, and 

immune evasion. Simultaneously, this work also establishes MTAP loss of function as a 

therapeutic focus in GBM, with MTAP null cells being sensitized to purine deprivation 

treatment in a manner that selectively targets the drug-resistant glioma stem-like cell 

population. These combined factors suggest that MTAP loss is a critical event in the 

process of gliomagenesis and should be a consideration in GBM classification and 

therapeutic trial design.    
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Appendix A 

Table 2: Primers and oligonucleotides for human MTAP gene knockout and 
insertion 

Assay Gene Primer 
Name Sequence (5’-3’) 

CRISPR 
sgRNA 

MTAP hMTAP_sgRNAex1_
sense CACCGGCTCATCTCACCTTCACGG 

  hMTAP_sgRNAex1_
antisense AAACCCGTGAAGGTGAGATGAGCC 

  hMTAP_sgRNAex6_
sense CACCGTCTGCCCGGGAGCTAAAACG 

  hMTAP_sgRNAex6_
antisense AAACCGTTTTAGCTCCCGGGCAGAC 

        

Cloning 
MTAP hMTAP_ORF_F ttaataCTCGAgcagacatggcctctggca 

  hMTAP_ORF_R tatgccGAATTCttaatgtcttggtaataaaacagaa 
        

MTAP KO 
screening 
primers 

MTAP hMTAPscreen#1 GGGAGGAAGAGGAGGAGTCA 

  hMTAPscreen#2 GGGATCATTTGCAAGCGTA 

  hMTAPscreen#3 AAGAAATCAACTTGGTAAACATTGG 
  hMTAPscreen#4 CACCCAGAAACCCATGCTAT 

 

Table 3: Primers and Oligonucleotides for mouse Mtap gene knockout 

Assay Gene Primer Name Sequence (5’-3’) 
mMtap 
CRISPR 

sgRNA Exon 1_sgRNA CCTCGGGCTCCGCCTGCACGGCG 

 Exon 3_sgRNA CCATCCGATGCCTTAATTTTGGG 
    

Primers for 
screening 
Mtap KO 
clones 

MTAP mMTAP_KOsreen_Ex1_F AGGAAGAGGAGGAGCCAGAG 

 mMTAP_KOsreen_Ex1_R AGGGGGAAATGAAGCCGAAG 

 mMTAP_KOsreen_Ex3_F GCCTTGCCTTTCACACCATG 

 mMTAP_KOsreen_Ex3_R TCTTAGGGCCTCGTGTCGTA 
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Table 4: Primers and oligonucleotides for studying effect of MTAP loss on 
differentiation 

Assay Gene Primer 
Name Sequence (5’-3’) 

RT-PCR 

GAPDH hGAPDH_RT_ F TTGCCATCAATGACCCCTTCA 

  hGAPDH_RT_ R CGCCCCACTTGATTTTGGA 

EGFR EGFR_RT_2F CCCACTCATGCTCTACAACCC 

  EGFR_RT_2R TCGCACTTCTTACACTTGCGG 

MTAP MTAP_RT_F TGATGGAAGTCATTCTTGTGCC 

  MTAP_RT_R GGAGGGTTTCTGACCATTCTGTG 

PROM1 PROM1_RT_1F CAGAGTACAACGCCAAACCA 

  PROM1_RT_1R AAATCACGATGAGGGTCAGC 

GFAP hGFAP_RT_2F GCACGCAGTATGAGGCAATG 

  hGFAP_RT_2R TAGTCGTTGGCTTCGTGCTT 

TUBB3 TUJ1_RT_1F GGGCATCTCTTGAGAACAAA 

  TUJ1_RT_1R GCACGTACTTGTGAGAAGAG 

NES Nestin_RT_1F CAGCGTTGGAACAGAGGTTGG 

  Nestin_RT_1R TGGCACAGGTGTCTCAAGGGTAG 

GALC hGALC_RT_1F CCAGAGCCCTATACGTTCTCA 

  hGALC_RT_1R CCATGGCAACCCAATGAGTG 
        

Copy 
Number 
qPCR 

Line1 hLine1_89bp_F TCACTCAAAGCCGCTCAACTAC 

  hLine1_89bp_R TCTGCCTTCATTTCGTTATGTACC 

EGFR hEGFR_CNexon6_F AGCGACTGCCTGGTAAGATG 

  hEGFR_CNexon6_R AATTGACAGCTCCCCCACAG 

MTAP hMTAP_CNexon8_F ATGTTTCCTGCGTCCTCACT 

  hMTAP_CNexon8_R GATAGGCAAGGGCATGAAAG 
        

Methylation 
Specific 
qPCR 

PROM1 Forward CTACAGGAAATGGATGCTGT 

  Reverse GTGGGGATCTGCCTCAGTC 

  Probe /56-FAM/GCTCAGCCGGTCCAATCAGA-
/3IABkFQ/ 
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Table 5: Primers and oligonucleotides for macrophage study 

Assay Gene Primer Name Sequence (5’-3’) 

Mouse 
RT-PCR 
 

Actin mbeta Actin RT_1F GGCTGTATTCCCCTCCATCG 

 mbeta Actin RT_1R CCAGTTGGTAACAATGCCATGT 

Gapdh mGapdh_RT_1F AACTTTGGCATTGTGGAAGG 

 mGapdh_RT_1R GGATGCAGGGATGATGTTCT 

Arg1 mArg1_RT_1F CTTTTAGGGTTACGGCCGGT 

 mArg1_RT_1R CAGCAGACCAGCTTTCCTCA 

IL-10 mIL10_RT_1F CAGAGAAGCATGGCCCAGAA 

 mIL10_RT_1R GCTCCACTGCCTTGCTCTTA 

IL-6 mIL6_RT_1F CCACTCCCAACAGACCTGTC 

 mIL6_RT_1R GCAAGTGCATCATCGTTGTTC 

Vegfa mVegfa_RT_1F GACCCTGGCTTTACTGCTGT 

 mVegfa_RT_1R CACCAGGGTCTCAATCGGAC 

Timp1 mTimp1_RT_2F TTCTTGGTTCCCTGGCGTAC 

 mTimp1_RT_2R TCTGGTAGTCCTCAGAGCCC 

Mrc1 mMrc1_RT_1F GAGCCTGGAAAGAGCTGTGT 

 mMrc1_RT_1R CTGATTAGGGCAGCCGGTAG 

Pparg mPparg_RT_1F CGGTTTCAGAAGTGCCTTGC 

 mPparg_RT_1R AACAGCTTCTCCTTCTCGGC 

Socs3 mSocs3_RT_1F GGAGATTTCGCTTCGGGACT 

 mSocs3_RT_1R GGAGCTGAAGGTCTTGAGGC 
        

Human 
RT-PCR 

GAPDH hGAPDH_RT_1F TTGCCATCAATGACCCCTTCA 
 hGAPDH_RT_1R CGCCCCACTTGATTTTGGA 

ARG1 hARG1-RT-1F AAAAGATGCGCCCTCTGTCA 
 hARG1-RT-1R CTGTAGGGCCTTCTTCCACC 
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Appendix B 

 

Figure 65: Cell Morphology of MTAP null and MTAP WT cells after L-
Alanosine treatment. 

 

Figure 66: Diagram for process of restoring MTAP to tumor cells. Cells were 
infected with retrovirus expressing MTAP and green fluorescent protein (GFP). 
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