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Abstract 

Malignant gliomas account for more than 80% of all primary brain malignancies 

and 14,000 deaths in the U.S. annually. Despite aggressive treatment, malignant gliomas 

are largely fatal, as their invasive nature renders them prone to rapid recurrence. 

Gliomas are classified according to histopathologic criteria which are critical to 

treatment planning, as certain subtypes show increased sensitivity to particular 

therapeutic agents. However, gliomas often exhibit extensive tumor heterogeneity and 

ambiguity among histologic features.  

Recently, a number of large-scale genomic studies identified mutations in the 

TERT promoter and IDH1/2 in ~80% of all gliomas. Based on the occurrence of these 

mutations, gliomas can be classified into objective molecular subtypes that stratify 

patients into clear prognostic subgroups more effectively than by histology alone. 

However, current sequencing-based methods to identify these alterations are limited by 

low sensitivity (40% tumor cellularity), a major constraint on their clinical utility in the 

context of diffusely infiltrative gliomas. Importantly, this work also revealed that 20% of 

glioblastomas lack these alterations, delineating a subset of tumors known as the TERT 

promoter wildtype-IDH wildtype (TERTpWT-IDHWT) glioblastomas. 

Preliminary studies indicate that TERT promoter and IDH mutations can 

effectively stratify the majority (80%) of patients into clinically-relevant genetic 

subtypes, however current mutation detection methods lack sensitivity (Sanger 
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sequencing) or are overly time-consuming (next-generation sequencing). Here, we 

report the development of a qPCR-based approach which can provide more sensitive 

and rapid detection of these mutations and practical utility in glioma diagnosis by 

detecting low-abundance mutations (e.g., poorly sampled tumors). Finally, we report 

the genetic landscape of TERTpWT-IDHWT glioblastomas using whole exome and whole 

genome sequencing, revealing that these tumors harbor a unique set of genetic 

alterations and exhibit distinct genetic mechanisms of telomere maintenance from other 

known subgroups of GBM, including recurrent SMARCAL1 mutations and 

rearrangements upstream of TERT. Using cell-based assays and markers of alternative 

lengthening of telomeres (ALT), we provide evidence showing that SMARCAL1 acts as a 

tumor and ALT suppressor and that loss of function cancer-associated mutations are 

involved in ALT mechanism of telomere maintenance.  

These studies have identified the key underlying genetic alterations that 

characterize TERTpWT-IDHWT glioblastomas, and can serve as biomarkers for more 

accurate diagnosis and treatment of this glioma subgroup. By developing a sensitive 

diagnostic for the critical TERTp and IDH alterations, we facilitate accurate diagnosis 

and prognostication of glioma patients. 
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1. Introduction  

1.1 Permissions and Collaborative Work 

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

articles published or in submission. Accordingly, all permissions were obtained from the 

publishers for reproduction of these figures. The work detailed in this dissertation was 

primarily performed by the candidate, however many experiments were done in 

collaboration with members of ours and other laboratories, faculty, core facilities, and 

mentors who generously contributed to this work and are listed in the 

Acknowledgements section. This introductory chapter contains text and figures from co-

first authored book chapter  (Hansen et al., 2016) and review  (Waitkus et al., 2016) on the 

genetics of glioma and on the role of IDH mutations in glioma biology and classification. 

1.1 Overview and introduction to the dissertation 

Gliomas account for greater than 80% of all primary brain malignancies in adults 

and over 14,000 deaths annually in the United States  (Ostrom et al., 2014). Glioblastoma 

(GBM), the most common and deadly type of glioma, has a dismal median overall 

survival of <15 months despite aggressive treatment including surgery, chemotherapy, 

and radiation  (Stupp et al., 2005). The invasive and heterogeneous nature of gliomas 

makes curative surgical resection impossible and emergence of treatment resistance 

inevitable. Molecular markers are desperately needed to identify potential therapeutic 

targets to improve patient outcomes. 
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We recently identified recurrent genetic mutations in the promoter of telomerase 

reverse transcriptase (TERTp), which encodes the catalytic subunit of telomerase, and 

isocitrate dehydrogenase 1 and 2 (IDH1/2), enzymes involved in cell metabolism  (Killela 

et al., 2013; Parsons et al., 2008; Yan et al., 2009).  The mutual exclusivity or co-

occurrence of these alterations effectively stratify ~80% of all glioma patients into 

objective genetic subgroups, each with distinct clinical courses, more effectively than by 

histology alone  (Killela et al., 2014). Each of these genetic subgroups have other 

characteristic co-occurring alterations. For example, TERTpWT-IDHMUT tumors also bear 

inactivating mutations in alpha thalassemia mental retardation syndrome X (ATRX), 

which results in a distinct mechanism of telomere maintenance known as alternative 

lengthening of telomeres (ALT), whereas the remaining gliomas harboring mutations in 

the TERT promoter instead utilize telomerase activation for telomere 

maintenance  (Heaphy et al., 2011; Jiao et al., 2012; Killela et al., 2013). Hence these 

genetic subgroups of glioma also provide insight into the fundamental biology of 

tumorigenesis for each subtype. 

TERTp-IDH-based stratification for glioma classification is promising, however 

there are limitations to clinical utility. First, current methods for detecting these 

alterations lack sensitivity. Sanger sequencing has a limit of detection of 20% mutant 

allele fraction (~40% tumor cellularity for heterozygous mutations), which is insufficient 

for highly invasive and heterogeneous glioma biopsies  (Davidson et al., 2012). 
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Secondly, other sensitive approaches such as next generation sequencing (NGS) are 

time-consuming and costly. Finally, this classification has revealed the existence of an 

uncharacterized subset of TERTpromoter wildtype, IDH wildtype tumors (TERTpWT-

IDHWT), accounting for ~20% of all cases  (Eckel-Passow et al., 2015; Killela et al., 2014). 

These tumors lack objective biomarkers and are currently classified based on the absence 

of other mutations and therefore warrant further exploration. 

Based on these studies, we hypothesize that sensitive detection of TERTp/IDH 

mutations can effectively classify 80% of glioma into genetic subtypes, and that 

investigation of the remaining 20% of TERTpWT-IDHWT wildtype GBMs will reveal novel 

biomarkers and mechanisms of telomere maintenance. This dissertation details work 

carried out to investigate these hypotheses through two parts: 

First, to develop a sensitive diagnostic tool for detection of the TERT promoter 

and IDH1/2 hotspot mutations for molecular classification of glioma. In chapter two of 

this dissertation, we discuss the development of a locked-nucleic acid (LNA) allele-

specific qPCR (AS-PCR), called GliomaDx, targeting the hotspot mutations found in 

TERT and IDH1/2. We validate the sensitivity of this assay using samples with low 

tumor cellularity and test the performance on panels of patient tumor DNA. 

Second, to characterize the major genetic alterations in the TERTpWT-IDHWT 

GBMs and investigate their mechanisms of telomere maintenance. In chapter three of 

this dissertation, we profile the genetic alterations of this subset of tumors using next-
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generation sequencing to profile the exome and genome alterations of TERTpWT-IDHWT 

wildtype tumors. These genetic alterations are tied to the mechanisms of telomere 

maintenance in these tumors, and we follow up on two major discoveries related to 

inactivating mutations in SMARCAL1 and rearrangements upstream of TERT that we 

identify in this cohort.  

Development of a sensitive diagnostic for detecting the TERTp and IDH 

mutations will aid in bringing these biomarkers to clinical utility in diagnosis of glioma 

and assist in new applications with limited sample, including intra-operative diagnosis, 

stereotactic brain biopsy, and liquid biopsy. Characterization of the genetic landscape of 

the TERTpWT-IDHWT GBMs will provide genetic markers of this subset of 20% of GBMs 

and help elucidate their mechanisms of telomere maintenance. 

The overall framework for this dissertation is first a general introduction to the 

background of common and relevant genetic alterations in diffuse glioma. Then chapter 

two will focus on the work related developing a sensitive diagnostic, called GliomaDx, 

for detecting the TERTp and IDH mutations. Chapter three will focus on characterizing 

the TERTpWT-IDHWT GBMs and our identification of recurrent telomere maintenance-

related alterations in SMARCAL1 and TERT rearrangements in these tumors. In chapter 

four, we will summarize the findings of this dissertation, discuss ongoing projects and 

future work related to it, and end with a conclusion section.  
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1.2 Background on genetic alterations in diffuse gliomas 

1.2.1 Introduction 

Gliomas account for 80% of all primary CNS malignancies and are the second 

most common primary brain tumor in adults (Ostrom et al., 2014). Gliomas are graded I-

IV based on the histopathological and clinical criteria set by the World Health 

Organization (WHO) (Louis et al., 2007). While low grade (I-II) gliomas are generally 

slow-growing, high grade (III-IV) lesions are highly proliferative, invasive malignancies 

with poor prognosis. The focus of this introduction will be on adult diffuse gliomas, in 

particular progressive astrocytoma (grade II-III), oligodendroglioma (grade II-III), mixed 

oligoastrocytoma (grade II-III) and glioblastoma (grade IV, GBM). GBM is the most 

common malignant primary brain tumor (45.6%) and the most aggressive of the 

gliomas, with a patient median overall survival of approximately 12 months (Cancer 

Genome Atlas Research, 2008; Ostrom et al., 2014). 

The type and grade of a malignant glioma are major determinants of the treatment 

plan and overall prognosis of glioma patients. However, accurate histopathologic 

diagnosis of glioma can be very challenging, considering the extent of tumor 

heterogeneity, overlap of oligodendroglial and astrocytic features in some tumors, and 

ambiguity in criteria for particular subtypes. 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 
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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). This chapter will elaborate further on these 

key genetic alterations and our understanding of their roles in glioma tumorigenesis and 

progression. 

1.2.2 The purpose and utility of genomics in glioma 

Cancer 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. These alterations include recurrent point mutations in the promoter of 

telomerase reverse transcriptase (TERTp), seen in over 80% of primary GBMs and 

oligodendrogliomas, and mutations in the metabolic enzymes isocitrate dehydrogenase 

1 and 2 (IDH1, IDH2), which are found in over 78% of grade II and III astrocytomas, 

oligodendrogliomas, and secondary GBMs (Killela et al., 2014; Yan et al., 2009). 

Subsequent studies have defined the effects of these mutations on the glioma 

transcriptome, epigenome, metabolome, and proteome using primary tumor tissues, cell 

lines, and animal models. These efforts have aided our understanding of the functional 

purpose of these and other genetic alterations in glioma. Furthermore, identification of 

these recurrent mutations in tumors alongside histologic examination offers a more 
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precise method of classifying glioma subtypes, providing better prediction of tumor 

behavior, therapeutic response, and patient outcomes than diagnosis based on histologic 

features alone (Killela et al., 2014).  

Despite advances in surgical management and treatment, 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).  It is increasingly evident that genomic 

analysis on a case-by-case basis is a powerful tool in assessing each patient’s disease 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. With this in mind, the following sections will review the genomic 

features of each major subtype of diffuse glioma in adults and the function of these 

mutations in tumor biology. We will then discuss the implications of these genetic 

signatures on the diagnosis and prognosis of patients affected by glioma, illustrating the 

utility of genomic analysis in both advancing our understanding of glioma and 

improving management of this disease. 

1.2.3 Classification of Adult Gliomas 

As stated previously, the WHO has provided guidelines for the classification and 

grading of CNS tumors into various subtypes based primarily on histopathologic 

criteria (Louis et al., 2007). Low grade (I-II) gliomas are slow-growing tumors made up 

of well-differentiated tumor cells. While grade I tumors are largely curable, grade II 



 

 8 

gliomas often progress to higher grades. High grade gliomas (III-IV) are rapidly 

growing, malignant tumors that are made up of anaplastic cells that invade into 

neighboring tissue and have high rates of recurrence following surgical resection. 

The most common adult gliomas fall under the categories of astrocytic, 

oligodendroglial, oligoastrocytic, and ependymal tumors. The astrocytic tumors, 

accounting for 75% of gliomas, include: pilocytic astrocytoma (grade I), diffuse 

astrocytoma (grade II), anaplastic astrocytoma (grade III), and glioblastoma (GBM, 

grade IV)  (Louis et al., 2007; Ostrom et al., 2014) (Figure 1). Grade IV GBMs are the most 

aggressive of the gliomas and can either arise de novo as primary GBM or, less 

commonly, from a lower-grade lesion as a secondary GBM. The oligodendroglial tumors 

account for 5.7% of gliomas, and include oligodendroglioma (also known as well-

differentiated oligodendroglioma, grade II), and anaplastic oligodendroglioma (grade 

III). The mixed-histology oligoastrocytic tumors, which include oligoastrocytomas 

(grade II) and anaplastic oligoastrocytomas (grade III) account for 3.3% of gliomas. 

Finally, the ependymomas (grade I-III) account for 6.7% of gliomas. Though this list of 

glioma subtypes is not exhaustive, the most common entities have been included. The 

following section will detail the key histologic and epidemiologic characteristics of each 

subtype of glioma, while providing a brief introduction to the most relevant genetic 

alterations for glioma classification.  
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Figure 1: The major histologic subtypes of diffuse glioma and their associated genetic 

alterations and mechanisms of telomere maintenance. 

1.2.4 Grade I Pilocytic Astrocytomas 

Pilocytic astrocytoma is primarily a pediatric disease, but also affects young 

adults. This tumor commonly arises in the cerebellum and is characterized as a slow-

growing, well-circumscribed mass that rarely progresses to a higher-grade lesion and 

responds well to surgical resection (Louis et al., 2007).  Pilocytic astrocytomas are unique 

among gliomas as they usually possess few genetic alterations. These alterations often 

lead to activation of a single pathway, the mitogen-activated protein kinase (MAPK) 

pathway.  The most common alteration is KIAA1549-BRAF (73%), a chromosomal 

tandem duplication that results in the formation of a constitutively-active fusion protein. 
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Other alterations found in pilocytic astrocytoma include BRAF point mutations (V600E) 

and additional BRAF fusions that result in constitutive kinase activation. Inactivating 

mutations in the gene NF1 are also seen in pilocytic astrocytoma, usually in patients 

with neurofibromatosis type 1 (NF1), who have existing germline mutations and are at 

increased risk for developing these tumors (Jones et al., 2013). 

1.2.5 Grade II-III Ependymomas 

Ependymomas arise from ependymal cells that line the ventricular system and 

spinal cord, and account for 7% of all gliomas (Ostrom et al., 2014). In children, these 

tumors are most likely to occur intracranially (90%), while in adults they tend to localize 

to the spinal cord. Spinal cord ependymomas have a better outcome than intracranial 

lesions, however, the delicate location of the tumor can make surgical resection 

challenging and leave patients with neurological deficits. (Bettegowda et al., 2013) 

Ependymomas are grade II tumors that are slow-growing and generally amenable to 

surgical excision, while grade III anaplastic ependymomas are proliferative tumors that 

tend to infiltrate the surrounding tissues or metastasize along the ventricular 

system (Louis et al., 2007). Amplification of chromosome 7 and loss of chromosome arm 

22q are the most common genetic alterations in adults (Louis et al., 2007).  50% of adults 

with spinal cord ependymoma have mutations in the neurofibromatosis 2 (NF2) gene, 

located on 22q, and an increased incidence of ependymoma is seen in patients with the 
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disease neurofibromatosis type 2, who have germline mutations in NF2 (Bettegowda et 

al., 2013; Louis et al., 2007). 

1.2.6 Grade II-III Astrocytomas: Diffuse and Anaplastic Astrocytomas 

Diffuse and anaplastic astrocytomas together account for 12% of all primary CNS 

malignancies (Ostrom et al., 2014). These tumors commonly localize to the cerebral 

hemispheres and are characterized by indistinct borders with microscopic extensions 

that spread diffusely into the surrounding tissue. The invasive nature of these tumors 

makes them difficult to resect completely, predisposing patients to tumor recurrence 

and progression.  Histologically, grade II diffuse astrocytomas are composed of well-

differentiated astroglial tumor cells with mildly atypical nuclei and increased cellularity. 

Grade III anaplastic astrocytomas are characterized by the presence of mitotic figures, as 

well as increased nuclear atypia and cellularity relative to diffuse astrocytomas (Louis et 

al., 2007). Grade II and III astrocytomas can present de novo and both tend to progress to 

higher grades (II→III or II/III→IV). However, not all patients survive to the point of 

developing a grade IV secondary GBM, reflected in part by the incidence rate of grade II 

and III astrocytomas being 2 to 3 times greater than that of secondary GBM (Ohgaki et 

al., 2005).  The progression from low-grade (II) astrocytoma to secondary GBM takes an 

average of 5 years, therefore efforts are made to treat and closely monitor lower grade 

gliomas for progression  (Louis et al., 2007) (Figure 1). 
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Figure 2: Astrocytomas commonly exhibit co-occurring alterations in IDH1/2, 

TP53 and ATRX 

Compared to diffuse astrocytomas, anaplastic lesions present in older patients 

(median age of diagnosis 53 vs. 48 years) and have a poorer prognosis (five-year 

survival 27.3% vs. 47.4 %)  (Cairncross et al., 1998). Both grades II and III astrocytomas 

are characterized by a particular genetic signature, consisting of frequent (>75%) co-

occurring mutations in the genes IDH1/2, ATRX, and TP53 (Figure 2). 

 

1.2.7 Grade II-III Oligodendroglioma: Well-differentiated and 
Anaplastic Oligodendrogliomas 

Oligodendrogliomas account for 4.9% of all primary malignant brain tumors. The 

population affected by oligodendroglioma is generally younger than that of 

astrocytoma, with the median age of diagnosis for grade II and III oligodendroglioma 

being 43 and 49 years, respectively (Ostrom et al., 2014). In addition, oligodendrogliomas 

are generally less aggressive tumors than astrocytomas, with 79.5% of grade II and 

52.2% of grade III oligodendroglioma patients surviving past five years (Cairncross et al., 
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1998). Oligodendrogliomas frequently arise in the frontal lobes of the cerebral 

hemispheres and form microcalcifications around neurons and blood vessels that 

occasionally can be seen on radiographic imaging. Histologically, oligodendrogliomas 

are characterized by hypercellular masses of uniform and infiltrating cells with rounded 

nuclei and perinuclear halos, an artifact of formalin fixation and paraffin embedding 

that gives a characteristic “fried egg” appearance. Well-differentiated 

oligodendrogliomas (grade II) can evolve into high-grade (grade III) anaplastic 

oligodendrogliomas, which have increased mitotic activity, vascular proliferation, and 

necrosis (Louis et al., 2007). Oligodendrogliomas most frequently harbor IDH1/2 

mutations, TERT promoter mutations, 1p/19q chromosomal loss, and alterations in the 

genes encoding the transcriptional regulators CIC and FUBP1, with the co-occurrence of 

TERT promoter and IDH1/2 mutations seen in 79% of oligodendrogliomas (Figure 

3) (Bettegowda et al., 2011; Killela et al., 2013; Killela et al., 2014).  

 

Figure 3: Oligodendrogliomas exhibit co-occurring alterations in TERT promoter, 

IDH1/2, and 1p19q LOH 
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1.2.8 Grade II-III Oligoastrocytoma: Oligoastrocytoma and Anaplastic 
Oligoastrocytoma 

Oligoastrocytomas have histologic features of both astrocytomas and 

oligodendrogliomas: either diffusely intermixed or, less commonly, as biphasic tumors 

with these elements separated into distinct areas. Historically, the diagnosis of 

oligoastrocytoma has posed a challenge for neuropathologists due to poorly defined 

criteria for classification and subjectivity in interpretation of histologic features (Louis et 

al., 2007).  Although collectively oligoastrocytoma patients have a five-year survival of 

61.1%, there is a degree of clinical variability. (Louis et al., 2007) Recent work has helped 

ameliorate this histologic and clinical ambiguity by revealing a genetic delineation of 

oligoastrocytomas into two distinct groups: oligoastrocytomas with co-occurring 

mutations in ATRX, IDH1/2 and TP53, and oligoastrocytomas with co-occurring 

mutations in the TERT promoter, IDH1/2 and 1p/19q loss of heterozygosity, reflecting the 

genetic patterns of astrocytomas and oligodendrogliomas, respectively  (Killela et al., 

2014) (Figure 4). These genetic associations are evident clinically, as oligoastrocytoma 

patients with 1p/19q co-deletion have a longer progression-free survival than those with 

intact 1p/19q (60 vs. 30 months), paralleling the generally better prognosis of patients 

with oligodendrogliomas when compared to those with astrocytomas (Eoli et al., 2006). 
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Figure 4: Oligoastrocytomas exhibit genetic mutations consistent with either 

astrocytic or oligodendroglial histologies. 

1.2.9 Grade IV Glioblastoma: Primary and Secondary Glioblastoma 

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

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

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). Histologically, they are characterized by 

highly anaplastic cells with frequent mitoses, vascular proliferation, and necrosis. As 

mentioned previously, GBMs can develop in two different ways: either de novo as 

primary GBMs without evidence of a lower-grade precursor glioma, or as secondary 

GBMs, which develop from lower-grade gliomas (II-III). 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. Primary GBM, 

accounting for >90% of GBMs, typically arises in older patients with a mean age of 62 
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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 

et al., 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). 

Until recently, clinical history was the primary method of differentiating 

between primary 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. Primary GBM is most clearly 

distinguished by TERT promoter mutations in the absence of IDH1/2 mutations, while 

secondary GBM is characterized by co-occurring mutations in IDH1/2, ATRX, and TP53, 

without TERT promoter mutations (Figure 5) (Killela et al., 2013; Killela et al., 2014). 

Other alterations found in GBM, such as EGFR amplification, 10q loss of heterozygosity 

(LOH), and CDKN2A deletion, will be discussed in the following sections. 
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Figure 5: Primary GBMs harbor recurrent TERT promoter mutations whereas 

secondary GBMs have astrocytic signature alterations (IDH-TP53-ATRX). 

1.3 Signaling Pathway Alterations in Glioblastoma 

There have been a number of studies aimed at understanding the alterations that 

drive gliomagenesis from a genetic, epigenetic and transcriptional viewpoint. Many of 

these investigations have focused on GBM, however the findings have also provided 

insight into lower-grade gliomas as well, highlighting the importance of these mutations 

to glioma initiation and progression. This section outlines many of the significant 

discoveries resulting from these efforts, starting with the major signaling pathway 

alterations and transcriptional subtypes of GBM, followed by an in-depth discussion of 

the recurrent genetic mutations and their functions in glioma, including alterations in 

IDH1/2, the MGMT promoter, 1p/19q, CIC/FUBP1, ATRX, and the TERT promoter. 

1.3.1 Genetic alterations in the p53 pathway: TP53 and 
p14ARF/MDM2/MDM4 

Alterations to the p53 pathway occur in the vast majority of GBMs (86%), with 

deletion or mutation of TP53 (27.9%), amplification of MDM1/2/4 (15.1%), and 

homozygous deletion of CDKN2A/B (61%) occurring in a largely mutually exclusive 
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fashion (Brennan et al., 2013). p53 is a tumor suppressor encoded by TP53 that functions 

as a critical regulator of the mammalian cell cycle, promoting repair pathway activation, 

growth arrest, or apoptosis in response to stressors such as DNA damage, oxidative 

stress, and oncogene activation. Though tumor suppressors generally require loss of 

both alleles in order to lose regulatory control, TP53 mutations can act in a dominant 

negative fashion, wherein a heterozygous mutation is sufficient to compromise native 

p53 regulatory function and promote oncogenesis. MDM2/4 and p53 are connected to 

each other in an auto-regulatory negative feedback loop in which p53 activates 

transcription of MDM2/4, which in turn target p53 for ubiquitin-mediated proteasomal 

degradation, limiting p53’s growth-suppressive activity in the absence of cellular stress.  

CDKN2A encodes two proteins through alternate reading frames P16Ink4A and P14ARF. 

P14ARF responds to over-activation of growth signaling pathways by inhibiting MDM2, 

allowing p53 to accumulate within the cell, inducing cell cycle arrest and/or apoptosis.  

1.3.2 Genetic alterations in the Rb pathway: RB1, CDK4, CDKN2A/B 

The Rb pathway is altered in 79% of GBMs, with inactivating alterations in RB1 

(7.6%), amplifications of CDK4 (14%), and homozygous deletions of CDKN2A/B (61%) 

occurring with high mutual exclusivity (Brennan et al., 2013). RB1 loss of heterozygosity 

is also found in approximately 40% of GBMs. Rb is a tumor suppressor that normally 

binds and inactivates E2F transcription factors, which are potent drivers of G1→S cell 

cycle progression. Rb is phosphorylated by cyclin-dependent kinases, CDK4 and CDK6, 
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blocking the ability of Rb to bind E2F and allowing cell cycle progression. In addition to 

its role in the p53 pathway, CDKN2A is also involved in the RB pathway, where P16INK4A 

inhibits cyclin-dependent kinases, leaving Rb bound to E2F and halting the cell cycle. 

The high frequency of CDKN2A deletions and its regulatory role in both the p53 and Rb 

pathways, indicate the importance of CDKN2A loss of function as a mechanism for GBM 

tumorigenesis. 

1.3.3 Genetic alterations in the RTK/PI3K/AKT pathway: EGFR, 
PDGFRA, PIK3CA, PIK3R1, PTEN, AKT 

Alterations to the RTK/PI3K/AKT pathway occur in 90% of GBMs, with 39% of 

cases bearing two or more alterations in this pathway.  Amplification of genes that 

encode receptor tyrosine kinases (RTKs) occurs in 66% of GBMs (EGFR 57.4%; PDGFRA 

13.1%; FGFR 3.2%; MET 1.6%), leading to increased activation of the PI3K/AKT signaling 

pathway (Brennan et al., 2013). Normally, cells depend on RTKs to respond to external 

growth factor cues to activate pathways that stimulate cell growth and proliferation. 

However, cancer cell proliferation is innately uncoupled from such external cues, 

allowing tumors to grow in the absence of environmental proliferative signals. In GBM, 

this independence is accomplished through alterations of RTKs, such as gene 

amplification and/or mutations that lead to receptor auto-activation. EGFR amplification 

is the most common of these, occurring in more than half of GBMs. Among EGFR-

amplified tumors, many also have EGFR mutations, the most common of which is an in-

frame deletion of exons 2-7 that results in a truncated, constitutively-active receptor 
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variant known as EGFRvIII. GBM with EGFRvIII (and EGFR overexpression) are among 

the most aggressive GBMs and show prominent activation of STAT signaling.  Recent 

work indicates that EGFR co-localizes with and phosphorylates EGFRvIII, which in turn 

phosphorylates the oncogenic transcription factor STAT3, suggesting a possible role for 

the co-occurrence of EGFRvIII and EGFR amplification in GBM (Fan et al., 2013). 

Alterations affecting the downstream targets of RTK signaling include mutation or 

deletion of PTEN (41%) and mutation or amplification of PI3KCA/PI3KR1 (25%). 

Normally, activation of RTKs increases PI3K activity, which phosphorylates the 

phospholipid PIP2 to generate PIP3, a powerful membrane-bound, intracellular signaling 

molecule that activates several fundamental cellular processes via AKT activation. The 

phosphatase and tensin homolog (PTEN) protein directly counteracts the actions of PI3K 

by dephosphorylating PIP3. Heterozygous loss of chromosome 10q is seen in most GBMs 

(>90%), and as PTEN is located in this region, it is one of the most frequently targeted 

tumor suppressors in GBM (Brennan et al., 2013). 

1.4 The Transcriptional Subtypes of Glioblastoma 

Several large-scale studies have provided evidence that GBM can be classified 

according to gene expression patterns (Brennan et al., 2013; Phillips et al., 2006; Verhaak 

et al., 2010). These classifications have been refined over time, with the current system 

incorporating four groups: Classical, Proneural, Neural, and Mesenchymal (Verhaak et 

al., 2010). The Classical group exhibits the highest frequency of EGFR alterations, 
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including EGFR amplification, EGFRvIII and other mutations in the receptor. In 

addition, they are characterized by frequent CDKN2A/B deletions, a lack of TP53 

mutations, high expression levels of notch and sonic hedgehog pathway components 

and broad amplifications of chromosomes 19 and 20. The Proneural group exhibits high 

expression levels of the oligodendroglial development genes PDGFRA, OLIG2, and 

NKX2-2, and consists of two primary subgroups based on DNA methylation patterns: G-

CIMP and Non G-CIMP (Glioma-CpG island methylator phenotype, detailed in 

epigenetics section). The G-CIMP group of Proneural GBMs have mutations in IDH1, 

TP53, ATRX and MYC, while the Non G-CIMP subtype have TP53 mutations and 

amplifications in PDGFRA, CDK4, SOX2 and EGFR. The Neural group, consisting of the 

oldest patients on average, has no unique genetic alterations compared to the other 

subtypes, but is characterized by expression of genes typically seen in neurons, such as 

NEFL, GABRA1, SLC12A5, and SYT1. The Mesenchymal GBMs display an expression 

pattern typical of mesenchymal cells, particularly markers CHI3L1 and MET. This group 

is observed to have frequent mutations in NF1, PTEN, and TP53 (Brennan et al., 2013; 

Verhaak et al., 2010). 

The expression patterns observed in these subtypes provide insights into the 

connection between common genetic alterations in GBM and their effects on the 

transcriptome.  The following sections provide an in-depth description of the most 
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common mutations in glioma and outline a newer, simplified molecular classification 

system that stratifies patients into clinically-relevant groups. 

1.5 IDH1 and IDH2 mutations in progressive glioma 

Perhaps the most significant result of the 2008 genomic sequencing study carried 

out by scientists at Duke University and Johns Hopkins University, was the discovery of 

recurrent missense mutations in a single codon of the gene IDH1 (Parsons et al., 2008). 

The alteration found in IDH1 was highly frequent in secondary GBM, and was 

associated with younger age and co-occurring mutations in TP53. IDH1 and its isoform 

IDH2 are involved in cellular energy production and catalyze identical reactions.  

However, IDH1 functions in the cytoplasm and peroxisomes, while IDH2 is localized to 

the mitochondria. Because secondary GBMs progress from lower-grade tumors, the next 

critical step was to perform a large-scale investigation of IDH1 and IDH2 in lower-grade 

gliomas (Yan et al., 2009). After analyzing over 400 CNS tumors, mutations in IDH1/2 

were identified in over 80% of grade II and III astrocytomas, oligodendrogliomas, and 

secondary GBMs, establishing it as a highly frequent mutation, and a critical diagnostic 

marker of diffuse gliomas. Furthermore, IDH1/2 mutations invariably code for a single 

amino acid substitution at a critical arginine residue in the IDH1/2 enzymatic active site 

(R132 and R172, respectively) and occur in a mutually exclusive fashion (Yan et al., 

2009). 
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The discovery of these mutations has clear clinical relevance, as patients with 

IDH1/2-mutant tumors have significantly longer median overall survival than those 

with IDH1/2-wildtype tumors in the case of both GBMs (31 vs. 15 months) and 

anaplastic astrocytomas (65 vs. 20 months). Furthermore, IDH1/2 mutations provide a 

clear marker for discriminating between subtypes of GBM, as mutations are rare in 

primary GBM (<5%) but very common in secondary GBM (85%) (Figure 5) (Yan et al., 

2009). Additional investigations were subsequently conducted to assess the mutation 

status of IDH1/2 in other neoplasms. Frequent IDH1/2 mutations were discovered in 

acute myeloid leukemia (AML), cartilaginous tumors (i.e. Ollier disease, Maffucci 

syndrome), and intrahepatic cholangiocarcinoma (Amary et al., 2011; Borger et al., 2012; 

Mardis et al., 2009). 

In glioma, mutations in IDH1 affect the arginine residue, R132, with the most 

frequent alteration (91%) being a single base-pair substitution of adenine for guanine, 

changing the encoded amino acid to histidine (R132H), although there are additional 

rare mutations, including R132C, R132S, R132G, R132L, R132V, R132P (collectively < 

8%) (Yang et al., 2012). Mutations in glioma are also found in IDH2 at residue R172, the 

analogous locus of R132 in IDH1. Although rare (2% of all IDH1/2 mutations in glioma), 

IDH2 R172 mutations produce similar phenotypic results and are mutually exclusive 

with IDH1 R132 mutations (Yan et al., 2009). IDH2 R172K (arginine for lysine) is the most 

common IDH2 alteration in glioma; however, other less frequent mutations have been 
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identified at this locus, including R172M, R172W, and R172G. Interestingly, AML 

exhibits a different IDH1/2 mutation pattern than glioma, with mutations occurring 

more frequently in IDH2 than IDH1, and at residue R140, also in the active site, more 

often than R172 (Ward et al., 2010). 

1.5.1 IDH1/2 mutations cause the accumulation of the oncometabolite 
D-2HG in glioma 

IDH1 and IDH2 are enzymes that catalyze the reversible oxidative 

decarboxylation of isocitrate to α-ketoglutarate (α-KG, also known as 2-oxoglutarate) 

while producing CO2 and reducing the cofactor NADP+ to NADPH. The commonly 

mutated residues, R132 of IDH1 and R172 of IDH2, are located in the enzymatic active 

site and form hydrogen bonds with the substrate isocitrate.  Although IDH1/2 mutations 

were initially thought to confer a loss of function, subsequent work demonstrated that 

the IDH1 mutant enzyme exhibits decreased affinity for isocitrate and NADP+ and 

increased affinity for α-KG and the cofactor NADPH (Yan et al., 2009; Zhao et al., 2009). 

Most importantly, it was discovered that this change in substrate specificity gives 

mutant IDH1 the neomorphic ability to catalyze the NADPH-dependent reduction of α-

KG, forming the oncometabolite D-2-hydroxyglutarate (D-2HG), in a stereospecific 

manner (Figure 6). This discovery was confirmed in human glioma samples by mass 

spectrometry, where tissues with IDH1 R132 mutations had 100-fold excess levels of D-

2HG compared to IDH1-wildtype tumors (Dang et al., 2009). Further studies extended 

these findings to the analogous IDH2 mutations, revealing elevated levels of D-2HG in 
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samples from AML patients bearing IDH2-active site mutations (R172 and R140) (Ward 

et al., 2010). 

 

Figure 6: Neomorphic enzyme activity of mutant IDH enzymes. 

Both IDH1 and IDH2 function natively as homodimers, and as IDH1/2 mutations 

are almost always heterozygous, it was speculated the mutant IDH1/2 enzymes could 

bind their wildtype counterparts, forming heterodimers. Prior to the discovery of the 

neomorphic activity of mutant IDH1/2, studies found decreased NADPH levels in IDH1-

mutant cells, leading to the hypothesis that a dominant-negative interaction between the 

mutant and wildtype enzymes was occurring (Zhao et al., 2009). It was later shown, 

however, that mutant/wildtype heterodimer formation was specific to IDH1, and not 

IDH2, diminishing the likelihood that this phenomenon was the primary mechanism for 

the oncogenic effect of mutant IDH1/2 (Jin et al., 2011).  Subsequent work has shown that 

mutant IDH1 profits from close association with wildtype IDH1 as a source of α-KG and 

NADPH, which it quickly utilizes for production of D-2HG (Pietrak et al., 2011). 

Accordingly, loss of wildtype IDH1 results in lower levels of D-2HG produced within 

IDH1-mutant tumors (Jin et al., 2013). In the case of mutant IDH2, loss of the wildtype 

allele does not have the same effect likely due to the abundance of α-KG in the 
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mitochondria  (Ward et al., 2013). Importantly, it was demonstrated that the oncogenic 

effects of mutant IDH1/2 can be fully recapitulated in IDH1/2-wildtype cells by 

exogenous administration of cell-permeable D-2HG, further confirming the role of D-

2HG as an oncometabolite (Losman et al., 2013). 

1.5.2 Epigenetic modifications resulting from IDH1/2 mutations 

Hypermethylation of promoter CpG islands often results in gene silencing, a 

common mechanism utilized by cancers to decrease the expression of tumor suppressor 

proteins. In 2010, the TCGA undertook a large-scale analysis of promoter DNA 

methylation in glioma and found that IDH1-mutated tumors exhibited a 

hypermethylation pattern known as the glioma-CpG island methylator phenotype (G-

CIMP) (Noushmehr et al., 2010). Subsequent experiments revealed that the G-CIMP 

phenotype could be recapitulated in isogenic glial cell models by inducing of expression 

of mutant IDH1 (Turcan et al., 2012). These findings were extended to AML, in which 

cases with IDH1/2-mutations showed a similar hypermethylation phenotype. 

Additionally, this hypermethylation was also observed in cases with loss-of-function 

mutations in the gene TET2, and in a mutually exclusive fashion with IDH1/2 mutations, 

suggesting overlapping oncogenic roles (Figueroa et al., 2010) (Figure 7). 

α-KG is a cofactor required for proper functioning of many enzymes. As D-2HG 

and α-KG are structurally similar, it was hypothesized early on that D-2HG 

accumulation could have antagonistic effects on enzymes requiring α-KG as a cofactor, 
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due to competitive inhibition.  TET family proteins (TET1, TET2, TET3) are involved in 

DNA demethylation and require α-KG as a cosubstrate to catalyze 5-methylcytosine (5-

mC) hydroxylation to produce 5-hydroxylmethylcytosine (5-hmC). Soon after the 

discovery of D-2HG accumulation in IDH1/2 mutant tumors, it was found that D-2HG 

accumulation could competitively inhibit the demethylating function of TET 

proteins (Figueroa et al., 2010; Xu et al., 2011). Consistent with this, IDH1-mutated glioma 

samples had significantly lower levels of 5-hmC and higher levels of 5-mC compared to 

IDH1-wildtype tumors (Turcan et al., 2012; Xu et al., 2011). Together, these findings 

provide a clear link between IDH1/2 mutations, D-2HG accumulation, and the 

hypermethylator phenotype (Figure 7).  

 

Figure 7: Cellular effects of elevated D-2HG levels induced by mutant IDH1 in glioma 

cells. 
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In addition to DNA hypermethylation, IDH1/2 mutations are also associated 

with increased histone methylation  (Xu et al., 2011). Histone methylation can result in 

varying degrees of transcriptional activation or repression by affecting the interaction of 

histones with chromatin. In general, greater methylation at histone residues H3K4, 

H3K36, and H3K79 results in gene activation, while increased methylation on residues 

H3K9, H3K20, and H3K27 results in decreased gene expression.  Several key histone 

demethylases of the Jumonji C domain family (JmjC), such as KDM4C and KDM2A, are, 

like the TET proteins, α-KG-dependent dioxygenases, and have been similarly shown to 

be subject to D-2HG-mediated antagonism in IDH1/2-mutant tumors (Chowdhury et al., 

2011; Lu et al., 2012; Xu et al., 2011). Experimental data suggests that IDH1/2 mutations 

preferentially affect the inactivating histone methylation sites in vivo, as overexpression 

of mutant IDH1 or delivery of cell-permeable D-2HG to cells causes an increase in 

trimethylation of H3K9 and H3K27 and blocks cellular differentiation by decreasing the 

expression of genes required for progenitor cells to terminally differentiate (Figure 

7) (Lu et al., 2012). 

1.5.3 The role of HIF-1a in mutant IDH1/2-mediated oncogenesis 

Another proposed theory for the mechanism by which D-2HG accumulation 

promotes tumorigenesis is its effect on prolyl hydroxylases, such as EGLN1-3. Prolyl 

hydroxylases are α-KG-dependent enzymes that regulate HIF-1α levels by marking 

them for von-Hippel-Lindau (VHL)-mediated ubiquitination and subsequent 
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degradation. This is a tightly regulated step, as HIF-1α accumulation is a strong 

activator of many pathways including angiogenesis and metabolic processes. Initially, it 

was thought that D-2HG would inhibit prolyl hydroxylases, in line with the antagonist 

effect the molecule has on other α-KG-dependent enzymes, leading to HIF-1α 

accumulation. However, recent cell-based work suggests that D-2HG instead acts as an 

agonist for prolyl hydroxylases, leading to HIF-1α depletion and evidence of cellular 

transformation (Figure 7) (Koivunen et al., 2012; Xu et al., 2011). 

1.5.4 IDH1/2 mutations: early genetic lesions in gliomagenesis 

Though it is not yet clear which of the mechanisms described above is most 

responsible for the oncogenic effect of IDH1/2 mutations, the importance of mutant 

IDH1/2 to tumorigenesis is well-established.  In addition to their high frequency, IDH1/2 

mutations are also among the first alterations observed in low-grade glioma, occurring 

before other associated alterations such as TP53 mutation and 1p/19q co-deletion (Figure 

1) (Watanabe et al., 2009). 

Additional work done in murine models of AML showed that knock-in of 

IDH1/2 mutations induced selective proliferation of stem cells and early progenitor cells, 

but not of committed lymphoid or myeloid progenitor cells (Sasaki et al., 2012). This is 

consistent with previously mentioned studies that showed IDH1/2 mutations and D-

2HG accumulation inhibit normal differentiation processes by altering cellular 

epigenetics, suggesting that IDH1/2 mutations promote maintenance and expansion of 
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early progenitor cells (Lu et al., 2012). Although IDH1/2 mutation alone is not sufficient 

to directly cause oncogenic transformation, it is hypothesized that the expansion of these 

progenitors provides a platform for additional alterations to occur, increasing the 

likelihood of malignant transformation and tumor formation. These secondary 

alterations may dictate the tumorigenic lineage of early IDH1/2-mutant glial cells 

towards either oligodendroglioma or astrocytoma development. Gliomas that lack 

IDH1/2 mutations, such as primary GBM, likely achieve tumorigenicity through 

different genetic pathways, and potentially from a different population of glial 

progenitors. 

1.6 MGMT promoter methylation in glioblastoma and relevance 

to treatment response 

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 
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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). 

1.7 1p/19q loss of heterozygosity in oligodendroglioma 

Loss of Heterozygosity (LOH) of the 1p and 19q chromosomal arms is commonly 

observed in oligodendroglial tumors (78%) and almost always co-occurs with IDH1/2 

mutations (Figure 3) (Killela et al., 2013), 1p/19q LOH is highly specific for 

oligodendroglioma, as it is rarely seen in astrocytomas. Furthermore, patients with this 

co-deletion show better response to treatment with procarbazine, lomustine and 

vincristine (PCV) (Cairncross et al., 1998). Detection of this genetic alteration by 

fluorescence in situ hybridization (FISH) is therefore a common clinical test with both 

diagnostic and prognostic significance. 

The mechanism by which 1p/19q co-deletion occurs in oligodendroglioma is 

thought to be due to a concurrent translocation involving single copies of the whole 

arms of chromosomes 1 and 19, in which two derivative chromosomes are formed: 

der(1,19)(p10;q10) and der(1,19)(q10;p10). As der(1,19)(p10;q10) lacks a centromere, it is 

lost in subsequent cell division (Griffin et al., 2006). While most chromosomal 

translocations in cancer produce fusions that alter products of genes located near the 



 

 32 

breakpoint, such as the Philadelphia translocation producing the fusion gene BCR-ABL 

in chronic myelogenous leukemia (CML), the der(1,19)(q10;p10) breakpoints are in gene-

poor regions. Additionally, this translocation is always associated with LOH, suggesting 

that a more likely reason for this alteration is to expose inactivated tumor suppressor 

genes located on chromosome 1p and/or 19q.  

1.8 CIC/FUBP1 mutations: insights into the role of 1p/19q LOH in 

oligodendroglioma 

A recent discovery has shed light on a likely mechanism by which co-deletion of 

1p/19q promotes oncogenesis. Two tumor suppressor genes were found to be regularly 

mutated in tumors with 1p/19q LOH, known as CIC (Analog of Drosophila Capicua), 

located on chromosome 19q, and FUBP1 (Far Upstream Binding Protein 1), located on 

chromosome 1p. Mutations in these genes are common in oligodendroglioma, with 46% 

bearing mutations in CIC and 24% in FUBP1. Additionally, oligodendrogliomas with 

mutations in CIC and FUBP1 also had co-occurring loss of 1p/19q in 98% of cases (Jiao et 

al., 2012). 

Human CIC has not been well characterized; however, it is highly analogous to 

CIC in Drosophila where it functions as a transcription factor downstream of RTK 

pathways, normally repressing transcription of several genes until phosphorylation by 

RTK signaling. Most of the mutations identified in CIC are missense mutations in the 

DNA binding arm, known as the HMG Box, or are frameshift mutations, indicating 
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likely inactivation of the transcription factor and loss of transcriptional 

inhibition (Bettegowda et al., 2011). 

FUBP1 binds to an upstream regulatory region, known as the far-upstream 

element (FUSE), of the MYC oncogene where it has been shown to negatively regulate 

MYC expression. MYC is a well-studied transcription factor that is commonly implicated 

in cancer, as it up-regulates expression of many genes that can drive tumor growth. All 

alterations identified in FUBP1 in oligodendroglioma were frameshift or nonsense, 

predicted to be inactivating. FUBP1 loss could therefore promote oncogenesis through 

the overexpression of MYC (Bettegowda et al., 2011). 

1.9 Telomere maintenance mechanisms in glioma: ATRX and 

TERT promoter mutations 

Telomeres are repeating DNA sequences that extend from the ends of each 

chromosome to protect them from harmful fusion events and against natural 

chromosomal shortening that occurs during replication, known as the end-replication 

problem. Critical to the maintenance of telomeres is the multi-subunit enzyme complex 

known as telomerase. The catalytic subunit of this complex is telomerase reverse 

transcriptase (TERT), which, to counteract telomere attrition, adds nucleotide repeats to 

the ends of chromosomes by using an RNA template (TERC). Telomerase is active in 

stem and germline cells, where it is necessary to maintain their ability to proliferate. 

However, in most normal, differentiated cells, telomerase activity is relatively low, 

allowing for progressive shortening of the telomere ends with each cell division. This 
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eventually leads to cell senescence or apoptosis, thereby limiting the replicative potential 

of most cells in the body, likely as a natural defense mechanism to avoid the possibility 

of cancer development that increases as DNA damage accumulates over the lifespan of a 

cell. Maintaining telomere length is therefore critical to the ability of cancer to 

continually proliferate. Accordingly, the majority of human cancers (>90%) exhibit 

increased telomerase activation. While the specific mechanisms by which telomerase 

activation occurs have been somewhat elusive, increasing expression of the catalytic 

subunit, TERT, is known to play an important role in this process. Recent discoveries, 

outlined below, provide an explanation of how this might be accomplished in many 

cancers (Heidenreich et al., 2014).  

1.9.1 TERT promoter mutations are frequent in primary GBM and 
oligodendroglioma 

Recently, highly recurrent point mutations were identified in the promoter of the 

gene, TERT. These mutations were first discovered in melanoma (frequency >70%) at 

two hotspot loci -124 and -146 bp upstream of the transcription start site, named C228T 

and C250T, respectively (Figure 8) (Horn et al., 2013; Huang et al., 2013). In addition to 

the high frequency of these alterations, this finding was particularly significant because 

most recurrent mutations in cancer are found in protein-coding sequences, whereas 

these were identified in the non-coding, gene-regulatory region. TERT C228T and C250T 

have been shown to increase TERT expression 2-4 fold, providing a mechanism for 

telomerase activation in these cancers (Huang et al., 2013). It is currently hypothesized 
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that this increased expression is due to transcription factors, most notably GABP, being 

recruited to de novo sites generated by the TERT promoter mutations, as each creates an 

identical 11-bp nucleotide stretch containing a binding motif (5’-CCGGAA/T-3’) for the 

E-twenty six/Ternary Complex Factor (Ets/TCF) transcription factors (Bell et al., 

2015)(Figure 8).  Interestingly, a single nucleotide polymorphism (SNP), rs2853669, 

abolishes a native ETS-binding site in the TERT promoter, which, when co-occurring 

with C228T/C250T mutations, has been shown to decrease TERT expression relative to 

C228T/C250T mutations alone in glioma patients (Labussiere et al., 2014).  

 

 

Figure 8: The TERT promoter mutations occur at two loci (C228T or C250T) upstream 

of the transcriptional start site (TSS) of TERT.  

These alterations generate a de novo transcription factor binding motif, enabling 

increased TERT expression and telomerase activation. 

Following the discovery of TERT promoter mutations in melanoma, a large-scale 

study of 60 different cancer types was carried out to determine if these alterations were 
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present in cancers from other tissues. TERT promoter mutations were found at a high 

frequency in a subset of cancers including glioma (51%), bladder (67%), and liver cancer 

(44%), and absent from others, such as colon, pancreatic and breast cancers (Killela et al., 

2013). The distribution of these mutations led to a hypothesis that cancers originating 

from tissues with low rates of self-renewal, such as glia, utilize TERT promoter 

alterations to increase expression of TERT, while those from tissues that constantly self-

renew, such as the bowel, have actively proliferating stem cells and, therefore, do not 

require these alterations for telomerase activation.  

Specifically in glioma, TERT promoter mutations are highly frequent in two 

histologic subtypes, primary GBM (83%) and oligodendroglioma (78%), and largely 

absent in astrocytomas of all grades (II-IV) (Killela et al., 2013).  These mutations have 

strong prognostic implications for patients with both low and high grade tumors. 

Among primary GBM patients, those with TERT promoter mutations display 

approximately half the median overall survival as those without (14 vs. 27 months). 

Conversely, in low-grade (II) glioma, patients with TERT promoter mutations have 

better overall survival than those who do not (205.5 vs. 130.7 months) (Killela et al., 

2014). 

Other studies have elaborated on the relevance of TERT promoter mutations to 

cancer. A recent study demonstrated that, unlike adult gliomas, pediatric high grade 

gliomas largely lack these mutations, and instead show hypermethylation of a subset of 
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5 CpG sites in the TERT promoter, which are associated with increased TERT 

expression (Castelo-Branco et al., 2013). 

1.9.2 ATRX mutations and the ALT phenotype in astrocytomas 

Although the majority of cancers maintain telomere length through telomerase 

activation, a smaller subset of cancers (10%) have been shown to use a telomerase-

independent mechanism of telomere maintenance known as alternative lengthening of 

telomeres (ALT). ALT relies on DNA recombination events to elongate telomeres, often 

producing telomeres with varying lengths, and forming promyelocytic leukemia (PML) 

bodies, a characteristic phenotype of cancer cells that utilize this mechanism. A subset of 

gliomas use ALT instead of telomerase for telomere maintenance through inactivating 

(nonsense, frameshift) mutations in the gene ATRX (Alpha Thalassemia/Mental 

Retardation Syndrome X-Linked) (Heaphy et al., 2011; Jiao et al., 2012).  The ATRX 

protein forms a chromatin-remodeling complex with DAXX (death-associated protein 6) 

and is responsible for modulating histone H3.3 incorporation into the telomere region of 

DNA. Disruptions of this chromatin-remodeling complex by mutations in ATRX or, less 

frequently DAXX, results in genomic destabilization, leading to recombination events 

that allow for telomere lengthening. ATRX and DAXX mutations were previously 

identified in other tumor types that exhibit ALT, such as pancreatic neuroendocrine 

tumors (Jiao et al., 2011). A large-scale analysis of ATRX in gliomas found frequent 

inactivating mutations in grade II-III astrocytomas (71%), oligoastrocytomas (68%), and 
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secondary glioblastomas (57%), leading to the ALT phenotype through loss of ATRX 

expression (Jiao et al., 2012). 

These discoveries indicate that gliomas rely on two primary mechanisms for 

telomere maintenance: telomerase activation by TERT promoter mutations leading to 

TERT overexpression, or ALT due to inactivating ATRX mutations. Studies to date have 

shown that in glioma, mutations in these two genes are mutually exclusive and highly 

associated with particular histologic subtypes, with TERT promoter mutations 

predominantly found in primary GBMs and oligodendrogliomas, and ATRX mutations 

being characteristic of astrocytomas and secondary GBMs  (Killela et al., 2013). 

1.10 Molecular Diagnosis of Glioma 

Tumor grade and histologic subtype are diagnostic criteria that help guide 

appropriate therapy and inform prognosis for glioma patients. However, accurate 

diagnosis of glioma subtypes is challenging for several reasons. First, there are often 

highly similar morphologic features among tumors of different types, such as 

astrocytomas, oligodendrogliomas, and oligoastrocytomas. Second, there is high inter-

observer variability among neuropathologists for diagnosis of glioma, largely due to the 

inherent subjectivity in the interpretation and application of diagnostic criteria. Finally, 

even among tumors of the same histologic type, clinical presentation and course can 

vary substantially. For example, although primary and secondary GBM are largely 

indistinguishable histologically, patients with secondary GBM are diagnosed at a 
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younger age (45 years vs. 62 years) and have a longer clinical course than patients with 

primary GBM  (Ohgaki et al., 2005). The subjectivity in these challenging diagnoses and 

the variability seen clinically, stress the importance of generating additional tumor-

specific criteria that provide an objective, unbiased, and accurate means of diagnosis. 

The discovery of the genetic alterations detailed in this chapter has greatly 

assisted our understanding of the biology of malignant glioma and revealed that, at the 

molecular level, malignant gliomas encompass a set of distinct entities, each with their 

own genetic signatures. These include co-occurring alterations in IDH1/2, TP53, and 

ATRX in astrocytomas and secondary GBMs (Figure 2, Figure 5), co-occurring mutations 

in IDH1/2, the TERT promoter, and 1p/19q LOH in oligodendrogliomas (Figure 3), and 

TERT promoter mutations in primary glioblastomas (Figure 5). Finally, the 

diagnostically-ambiguous oligoastrocytomas have genetic patterns associated with 

either oligodendroglioma or with astrocytoma (Figure 4).  

These molecular signatures assist histologic diagnosis by addressing difficulties 

in two key areas: distinguishing primary from secondary GBM, and defining 

oligoastrocytomas as either oligodendroglioma or astrocytoma. These patterns for 

characterizing glioma can be further simplified by using only the most frequent 

alterations, namely TERT promoter and IDH1/2 mutations (Figure 9). The mutual-

exclusivity or co-occurrence of these mutations helps define genetic subtypes of glioma: 

primary GBM (TERTpMUT; IDH1/2WT), secondary GBM (TERTpWT; IDH1/2MUT), 



 

 40 

astrocytomas (TERTpWT; IDH1/2MUT), and oligodendrogliomas (TERTpMUT; IDH1/2 

MUT) (Killela et al., 2014). Outliers to these patterns, for example patients with 

histologically diagnosed astrocytomas that have mutations characteristic of 

oligodendroglioma, often follow a clinical course that more closely associates with the 

tumor’s genetic signature (i.e. in this case, exhibit longer survival, more consistent with 

diagnosis of oligodendroglioma).  

 

Figure 9: TERTp and IDH1/2 based classification of tumors provides clear 

stratification of diffuse glioma subtypes into subgroups with distinct survival 

patterns. 

The utility of these genetic criteria in categorizing malignant glioma is evident 

when comparing to histologic diagnosis alone, with use of genetic signatures providing 

clearer stratification of patient overall survival (Figure 9). Therefore, these genetic 

patterns not only offer insights into the mechanisms of gliomagenesis, but also have 

clinical value both in assisting diagnosis and in providing more accurate prognostic 
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information. In the future, these genetic signatures may also facilitate biomarker-based 

clinical trial design and the development of targeted therapies for glioma patients. 

1.10.1 The new WHO guidelines for the classification of diffuse 
gliomas 

 As evidence of the utility of objective genetic markers into the classification of 

gliomas, recently the WHO Central Nervous System Tumor Classification was updated 

for diffuse gliomas. A number of changes have been made, but most notable are the 

stratification of astrocytoma, oligoastrocytoma, oligodendroglioma, and glioblastoma 

intointo IDH-mutant, IDH-wildtype, and not otherwise specified (NOS) categories 

(Figure 10). This is primarily done by IDH1 R132H immunohistochemistry or by 

sequencing. Other genetic alterations that have been incorporated include 1p/19q 

codeletion, specific to IDH-mutant gliomas with oligodendroglial features. Additionally, 

ATRX loss (by IHC) and TP53 mutation in IDH mutant lower grade gliomas, have also 

been incorporated as genetic parameters assisting in differentiating lower grade gliomas, 

although these are not required for diagnosis. 

 TERT promoter alterations have not yet been incorporated into the classification 

of diffuse glioma, despite their frequency in oligodendrogliomas and primary GBM.  

However, several recent studies have shown the value of this marker in not only 

identifying aggressive subsets of GBM, but also in identifying the major cohort we focus 

on in this dissertation, the TERTpWT-IDHWT GBMs. 
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Figure 10:  The 2016 WHO Classification of Tumors of the CNS, updated simplified 

algorithm for classification of diffuse gliomas based on histological and genetic 

features. 
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2. Sensitive and rapid detection of TERT promoter and 
IDH mutations in diffuse gliomas 

2.1  Introduction 

Diffuse gliomas account for over 80% of all primary malignant brain tumors. The 

highly invasive nature of these tumors prevents curative surgical resection and makes 

disease recurrence inevitable (Ostrom et al., 2014). Diagnosis of diffuse gliomas is 

particularly challenging due to histologic heterogeneity, single cell invasiveness, 

overlapping histologic features, and the anatomic location of these tumors, all of which 

can contribute to low tumor cellularity in specimens Prior to the incorporation of 

molecular markers such as 1p/19q co-deletion, one study suggested a diagnostic rate of 

oligodendrogliomas of 25%, which subsequently dropped to 5% after the incorporation 

of objective 1p/19q testing (McLendon, 2006). Accurate diagnosis of glioma subtype is 

critically important in the clinical setting because it guides clinical decision-making and 

the selection of treatment regimen and informs patient prognosis (van den Bent, 2010).  

Recent genomic sequencing efforts of diffuse gliomas (Brennan et al., 2013; 

Cancer Genome Atlas Research et al., 2015; Parsons et al., 2008; Verhaak et al., 2010) have 

identified recurrent genetic alterations that can be used objectively delineate molecular 

subtypes of diffuse glioma. In particular, mutations in isocitrate dehydrogenase 1 and 2 

(IDH1 and IDH2) and in the promoter of telomerase reverse transcriptase (TERTp) are 

among the most frequent recurrent mutations in adult diffuse gliomas (Killela et al., 

2013; Killela et al., 2014; Yan et al., 2009). TERTp mutations occur at two loci -124 and -146 
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bp upstream of the TERT transcription start site, named C228T and C250T, 

respectively (Killela et al., 2013) while the majority of IDH mutations (>90%) are IDH1 

R132H (c.395G>A) (Waitkus et al., 2016; Yan et al., 2009). Although other alterations are 

present in these tumors, only TERT promoter and IDH1/2 mutations exhibit high 

frequency, utility for subtype classification, and invariable localization to a specific base 

or codon. The TERTp-IDH mutation status can be can be used together to classify over 

80% of all diffuse gliomas into objective subgroups (Eckel-Passow et al., 2015; Killela et 

al., 2014) and IDH1 R132H mutation status is now part of the updated WHO 

classification criteria for diffuse gliomas. (Louis et al., 2016)  

Current standard techniques for mutation detection, such as Sanger sequencing, 

are limited by low sensitivity (Davidson et al., 2012; Gorniak et al., 2016) (20%-25% 

mutant allele fraction or 40-50% tumor cellularity for heterozygous mutations), which 

poses challenges to the utility of these objective biomarkers in glioma clinical specimens. 

Additionally, Sanger sequencing and newer approaches such as next-generation 

sequencing are time-consuming and require advanced barcoding for low level mutant 

allele detection, limiting their potential use in contexts requiring rapid diagnosis on 

frozen tissue specimens, such as intraoperative diagnosis (Kinde et al., 2011). Here, we 

developed GliomaDx, a qPCR-based allele-specific assay platform incorporating locked 

nucleic acid (LNA) modifications to achieve sensitive and rapid detection of the TERT 

promoter and IDH1 hotspot mutations in diffuse gliomas.  
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2.2  Materials and Methods 

2.2.1 Sample Preparation and consent. 

All patient tissue and associated clinical information were obtained with consent 

and approval from the Institutional Review Board from The Preston Robert Tisch Brain 

Tumor Center BioRepository (accredited by the College of American Pathologists). 

Tissue sections were reviewed by board-certified neuropathologists to confirm 

histopathological diagnosis, in accordance with WHO guidelines and tumor purity 

assessment was done using H&E staining. Patient diffuse glioma tumor samples from 

Duke University Hospital used in this study were diagnosed between 1984 and 2016. 

2.2.2 DNA Extraction. 

DNA was extracted from homogenized snap-frozen tumor tissue and cell lines 

using the QIAamp DNA Mini Kit (QIAGEN) or the Gentra Puregene Tissue Kit 

(QIAGEN). Input DNA for GliomaDx was quantified using the Qubit 2.0 

(ThermoFisher). 

2.2.3 GliomaDx. 

Allele-specific primers with locked nucleic acid (LNA) modifications were 

purchased from Exiqon (Woburn, MA) and purified using Dual HPLC. All other non-

allele-specific primers were purchased from IDT (Coralville, IA) with standard 

desalting. A full list of primer sets and cycling conditions are listed in Appendix C. All 

allele-specific reactions were done in triplicate using 400 nM of primer (final) and 50 ng 
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of input gDNA. Non-bias control amplifications were done using 10 ng of input gDNA 

and 100 nM of primer (final). A cutoff for routine samples of 0.25% mutant allele fraction 

(normalized based on allele-specific Ct relative to control Ct, using primer efficiency 

values (Pfaffl, 2001)) was used. All amplifications were performed using 

KAPABiosystems SYBR FAST qPCR Master Mix and the CFX 96 (Bio-Rad) with a ramp 

rate of 5⁰C/second. 

2.2.4 Sanger Sequencing. 

PCR purification and sequencing reactions were performed by Eton Biosciences 

or Genewiz using an ABI 3730xl DNA sequencer. The control amplicons were used for 

Sanger sequencing of TERT and IDH. 

2.2.5 Droplet digital PCR. 

Droplet digital PCR (ddPCR) was performed according to manufacturer’s 

protocol (Bio-Rad, dHsaCP2000055), using 80 ng of input DNA and the ddPCR 

Supermix for Probes on the QX200 automated droplet digital PCR system. Briefly, 20 μl 

reactions were used with 900 nM of primers and 250 nM of both a HEX-labeled R132 

wildtype probe and FAM-labeled mutant R132H probe. This reaction mixture was 

partitioned into nanoliter-sized droplets using the automated QX200 Droplet Generator. 

Then PCR was performed using the following cycling conditions: 95⁰C for 10 minutes 

(enzyme activation); then 40 cycles of 94⁰C for 30 seconds, then 55⁰C for 1 minute 

(denaturation and annealing/extension); and a final stage 98⁰C for 10 minutes (enzyme 
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deactivation). The PCR product was run through the QX200 droplet reader to identify 

droplets positive FAM and/or HEX signal. Quantasoft software (Bio-Rad) with Poisson 

distribution analysis to quantify fractional abundance of the R132H mutation in the 

sample.  

2.2.6 Cell culture. 

HCT116 parental (TERTp/IDH wildtype) and IDH1 R132H knock-in #1 and #2 

were cultured in McCoy’s 5a and 10% FBS (Duncan et al., 2012). DAOY (TERTp C228T) 

and A375 (TERTp C250T) were purchased from the Duke Cell Culture Facility (CCF) 

and were cultured with DMEM-High glucose, 10% FBS. 

2.2.7 Whole Exome Sequencing. 

Sample library construction, exome capture, next generation sequencing, and 

bioinformatic analyses of tumors and normal samples were performed at Personal 

Genome Diagnostics (PGDX, Baltimore, MD) as previously described (Jones et al., 2015). 

In brief, genomic DNA from tumor and normal samples was fragmented, followed by 

end-repair, A-tailing, adapter ligation, and polymerase chain reaction (PCR). Exonic 

regions were captured in solution using the Agilent SureSelect approach according to 

the manufacturer’s instructions (Agilent, Santa Clara, CA). Paired-end sequencing, 

resulting in 100 bases from each end of the fragments, was performed using the 

HiSeq2500 next-generation sequencing instrument (Illumina, San Diego, CA). Primary 

processing of sequence data for both tumor and normal samples was performed using 
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Illumina CASAVA software (v1.8). Candidate somatic mutations, consisting of point 

mutations, small insertions, and deletions were identified using VariantDx across the 

regions of interest. VariantDx examined sequence alignments of tumor samples against 

a matched normal while applying filters to exclude alignment and sequencing artifacts. 

Specifically, an alignment filter was applied to exclude quality failed reads, unpaired 

reads, and poorly mapped reads in the tumor. A base quality filter was applied to limit 

inclusion of bases with a reported phred quality score > 30 for the tumor and > 20 for the 

normal samples. A mutation in the tumor was identified as a candidate somatic 

mutation only when: (i) distinct paired reads contained the mutation in the tumor; (ii) 

the number of distinct paired reads containing a particular mutation in the tumor was at 

least 10% of the total distinct read pairs; (iii) the mismatched base was not present in 

>1% of the reads in the matched normal sample; and (iv) the position was covered by 

sequence reads in both the tumor and normal DNA (if available). Mutations arising from 

misplaced genome alignments, including paralogous sequences, were identified and 

excluded by searching the reference genome. Candidate somatic mutations were further 

filtered based on gene annotation to identify those occurring in protein coding regions. 

Finally, mutations were filtered to exclude intronic and silent changes, while mutations 

resulting in missense mutations, nonsense mutations, frameshifts, or splice site 

alterations were retained. 
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2.2.8 Statistical Analysis. 

GraphPad Prism 7 was used for all statistical analyses (Kaplan-Meier curves). 

2.3 Results 

2.3.1 Design of allele-specific assays for TERT promoter and IDH1 
R132H mutations  

Many methods of mutation detection either lack sensitivity or are challenging to 

use in the context of the GC-rich TERT promoter (Figure 11A). For example, the C228T 

and C250T alterations both generate the same 11 bp consensus sequence (5’-

CCCCTTCCGGG-3’), and this confounds high-resolution melting point analysis (Huang 

et al., 2013). Allele-specific PCR incorporating a locked nucleic acid (LNA) substitution at 

the 3’ position of the allele-specific primer greatly increases the primer specificity for the 

target mutation (Bottema et al., 1993; Bottema et al., 1993; Latorra et al., 2003) (Figure 

12A). LNA bases are nucleic acid analogs with a methylene bridge (between 2’-O and 4’-

C) that locks the ribose moiety into a confirmation that increases the hybrid Tm when the 

LNA base hybridizes with its complement (Figure 12B) (Koshkin et al., 1998; Kumar et 

al., 1998). In this manner, LNA-based AS-qPCR offers strong allelic discrimination in 

amplifying the target mutant allele in the presence of the wildtype allele. 
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Figure 11: Characteristics of the TERT promoter alterations and approaches to allele-

specific amplification. 

A, The TERT promoter is a highly GC-rich and repetitive region of the genome, 

posing challenges to amplification. B, GliomaDx uses two annealing temperatures to 

enable high specificity and efficiency in amplification of IDH1 and the GC-rich TERT 

promoter. 
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Figure 12: Overview of GliomaDx for detecting TERT promoter and IDH1 mutations 

A, GliomaDx is based on amplification in a mutant allele-specific manner. Placement 

of the locked nucleic acid (LNA) base over the 3’ end of the primer greatly improves 

the discrimination of the primer towards mutant alleles, enabling mutation-specific 

amplification even in the presence of elevated wildtype back background. B, The 

locked nucleic acid (LNA) is a nucleic acid analog containing a 2’-O, 4’-C methylene 

bridge that restricts the flexibility of the ribofuranose ring, enabling enhanced 

stability and specificity for allelic discrimination. 
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To develop an AS-qPCR approach for detecting glioma-associated mutations, we 

designed GliomaDx using mutation-specific LNA primers to amplify TERT promoter 

(C228T and C250T) or IDH1 R132H mutations (Figure 12A-B). Other approaches to 

improve discrimination, such as forced mismatches and varied position of the LNA base 

to the 3’-1 and 3’-2 positions, did not improve discrimination as compared to a terminal 

3’ LNA base. Each allele-specific assay was run with a control PCR reaction to account 

for differences in sample input. 

2.3.3 GliomaDx exhibits high sensitivity and specificity for the TERT 
promoter and IDH1 mutations 

We assessed the specificity and analytical sensitivity of GliomaDx by testing the 

assay on serial dilutions of the target mutation, which were generated by mixing distinct 

ratios of DNA extracted from mutant and wildtype cell lines (DAOY: C228T; A375: 

C250T; HCT116: IDH1 R132H knock-in (Duncan et al., 2012); HCT116 parental: 

wildtype). We observed sensitive allele-specific mutation detection using GliomaDx 

LNA primers (Figure 14A-B). GliomaDx discriminated target mutations from wildtype 

alleles with an analytical sensitivity as low as 0.1% mutant allele fraction (MAF) (Figure 

14A-B). For all assays, a 1% mutant sample was readily detected within 45 minutes 

using a ramp rate of 5⁰C/second. Detection of mutant alleles at each of these MAFs 

exhibited high linearity (R2>0.99) for all mutations (Figure 14A-B). The efficiencies of the 

allele-specific (91.8%-106.5%) and control assays (82.1%-91.1%) were also determined by 
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serial dilution of target DNA (Figure 15A-C, Figure 16A-B). We also designed similar 

allele-specific assays for other IDH1 R132 mutations (S, G, C, L) that commonly occur in 

gliomas, and we found that this approach was able to readily detect each of these 

alterations (Figure 17A). We tested the specificity of the R132H allele-specific assay of 

GliomaDx by testing diffuse glioma samples with non-R132H mutations. All non-R132H 

mutant samples amplified at similar Ct to the background (i.e. wildtype samples) 

(Figure 18A).   
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Figure 13: GliomaDx detects TERTp and IDH R132H hotspot mutations at 0.1% mutant 

allele fraction. 

A, Cell line gDNA with target mutation was diluted with wildtype gDNA. All 

tests done in triplicate with controls: wildtype DNA (black, 0%), NTC (green). RFU is 

log scale. B, The Ct difference between each mutation dilution and a wildtype sample 

is shown, revealing discrimination even down to 0.1% mutant allele fraction. C, 

Example Sanger sequencing chromatograms of mutant dilutions showing that at 10%, 

the mutation is not reliably detectable over background.  
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Figure 14: Evaluation of the limit of detection of GliomaDx by mutation 

dilution series in wildtype DNA.  

A, Shown are the dilution series of target mutant alleles in wildtype DNA to 

determine the analytical sensitivity of the assay (TERT promoter C228T: DAOY, 

C250T: A375; IDH1 R132H: HCT116 IDH1 R132H knock-in cell line). Target mutant 

alleles were diluted in wildtype DNA, at control, 10%, 1%, and 0.1% mutant allele 

fractions. These were compared to pure wildtype DNA controls. B, Each assay shows 

excellent linearity and high efficiency across all mutation dilutions. All assays 

performed in triplicate. 
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Figure 15: Primer efficiency based on dilution of mutant cell line DNA. 

For each allele-specific primer set used in GliomaDx, a dilution series of 

mutant DNA obtained from cell lines for TERT promoter mutations C228T (DAOY, 

A), C250T (A375, B), and IDH1 R132H (HCT116 knock-in #1 and #2, C). All dilutions 

were assayed in duplicate. Right panels show linear regression based on dilution 

series, including R2 and predicted efficiency values. 
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Figure 16: Primer efficiency calculations for normalizing control amplicons in 

GliomaDx. 

For both TERT promoter (A) and IDH1 (B) ”non-biased” (i.e. non-allele-

specific) qPCR is performed to adjust for concentration differences in GliomaDx 

input samples. Each dilution series was performed on serial dilutions of two different 

cell lines (TERT: HCT116 and A375; IDH1: HCT116 and HCT116 R132H knock-in ). 

Each dilution series was performed in duplicate. Final efficiency values for each non-

biased primer set was averaged from both dilutions. 
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Figure 17: GliomaDx detects non-R132H IDH1 variants. 

A, Allele-specific assays were designed for other known IDH1 R132 alterations, 

including IDH1 R132C, R132L, R132G, and R132S. These assays were tested on glioma 

samples known to carry the mutation of interest, displaying large ΔCt values (>10 Ct) 

as compared to wildtype DNA samples. 

 

Figure 18: The R132H GliomaDx assay is specific for R132H, not other R132 

variants. 

A, The GliomaDx IDH1 R132H assay was tested on other IDH1 R132 variants. 

The other variants all have similar Ct value to a wildtype sample and can be readily 

distinguished from a 1% IDH1 R132H target. 
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2.3.4 TERT/IDH classification on frozen tissue diffuse glioma samples 

Clinical samples from diffuse gliomas often exhibit variable tumor purity, 

histologic type, and other features that can pose challenges to use of histologic analysis 

and molecular markers in an objective and consistent manner. In particular, 

intraoperative diagnosis is a routine part during the surgical management of glioma 

resection, requiring rapid consultation and determination of tumor features using 

samples of variable quality and preparation. To explore the potential use of GliomaDx 

on clinical samples, we assayed a cohort of frozen tissue specimens (N=40) representing 

the major subtypes of diffuse glioma, including varying WHO grades (II-IV), histologies 

(GBM, astrocytoma, oligodendroglioma and oligoastrocytoma) and highly variable 

tumor percentage (5% to 100%), often with significant portions of necrosis, infiltrating 

tumor, or possible tumor, based on H&E staining (Figure 19A, Table 1). GliomaDx 

identified TERT promoter mutations in 80% (8/10) of GBMs and 70% (7/10) of 

oligodendrogliomas, and IDH1 R132H mutations in greater than 83.3% (25/30) of all 

lower grade gliomas, similar to previous reports (Killela et al., 2014; Yan et al., 2009). 

Approximately 40% (4/10) of oligoastrocytomas carried both TERT promoter and IDH 

mutations, while 50% (5/10) harbored only IDH mutations.  
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Figure 19: GliomaDx identifies recurrent TERT/IDH alterations in a cohort of frozen 

glioma tumor tissues with variable tumor cellularity. 

A, A cohort of diffuse glioma frozen tumor samples were assayed for TERT and IDH 

mutations by GliomaDx (N=40). The H&E from frozen sections for each case were 

examined by a neuropathologist and tumor percentage estimated, with significant 

portions exhibiting sub-optimal characteristics, including possible tumor, infiltrating 

tumor, or necrosis. 
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Table 1: Variable tumor percentage cohort of diffuse gliomas tested by GliomaDx 
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2.3.5 Identification of low percentage mutant tumors in TERTpWT-
IDHWT gliomas 

Our laboratory and others previously reported that alterations in TERTp and 

IDH can be used to classify patients into clinically-relevant genetic subgroups (Killela et 

al., 2013; Killela et al., 2014). We also identified a subgroup of patients lacking both 

alterations, known as TERTpWT-IDHWT gliomas (sometimes referred to as the triple-

negative gliomas, as they lack 1p/19q co-deletion as well). The majority of these 

TERTpWT-IDHWT gliomas are GBMs (68.4%) or astrocytomas (18.4%) (Figure 20A). Our 

previous studies were performed on frozen tissues with tumor percentage greater than 

80% by visual assessment of H&E staining (Killela et al., 2013; Killela et al., 2014). 

However, due to the frequency of TERTp and IDH mutations in diffuse glioma (>80% in 

several histologic subtypes), and the fact that visual assessment of tumor cellularity can 

be challenging due to the presence of necrosis and infiltrative borders, we sought to 

examine if there existed low frequency TERTp or IDH variants that were previously 

undetectable due to the limit of detection of Sanger sequencing.  
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Table 2: TERT promoter-IDH wildtype cohort (by Sanger sequencing) 

 

 

  



 

 64 

We performed the GliomaDx assay on a cohort of previously identified TERTpWT-

IDHWT gliomas (N=38, Table 2). We identified low mutant allele fraction TERT promoter 

mutations (n=8) or IDH R132H mutations (n=2) in 26.3% (10/38) of these cases (Figure 

20B). Furthermore, the median overall survival of the TERTp mutant cases identified by 

GliomaDx (N=8, median survival 8.52 months) was significantly shorter than the 

remaining TERTpWT-IDHWT (N=25, median survival 21 months) gliomas (Figure 20C, 

P<0.0005). The two IDH-mutant GliomaDx-detected cases were associated with overall 

survival of 103.43 months and another patient still alive after 60.82 months, respectively. 

Overall these survival figures are consistent with the clinical characteristics of TERT 

promoter-mutant GBM). Sanger sequencing of these cases reveals inconclusive results, 

consistent with the lack of sensitivity of the traditional assay (Case J shown, Figure 20D). 

We used droplet digital PCR to validate the presence of the IDH1 R132H alteration in 

Case J, which was found to have an abundance of 8.47% (Figure 20E, Figure 21A). 

We performed GliomaDx on a cohort of previously identified TERTpWT-IDHWT 

gliomas (N=38, Table 2). We identified low mutant allele fraction TERT promoter or IDH 

R132H mutations in 26.3% (10/38) of these cases (Figure 20B). The low frequency 

variants identified largely matched up to the expected histologies (i.e. TERT promoter 

mutations in GBMs and IDH1 R132H mutations in astrocytomas). Furthermore, the 

median overall survival of the TERTp mutant cases identified by GliomaDx (N=8, 

median survival 8.52 months) have a much worse overall survival than the remaining 
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TERTpWT-IDHWT (N=25, median survival 21 months) gliomas and the IDH-mutant 

GliomaDx-detected cases (N=2, median survival 103.43 months), consistent with the 

clinical characteristics of TERT promoter-mutant GBM (Figure 20D, P<0.0005). Sanger 

sequencing of these cases reveals inconclusive results, consistent with the lack of 

sensitivity of the traditional assay (Case J shown, Figure 20D). We used droplet digital 

PCR to validate the presence of the IDH1 R132H alteration in Case J, which was found to 

have an abundance of 8.47% (Figure 20F, Figure 21A).  

Next, we sought to determine if these tumors were low tumor purity samples or 

samples that potentially harbored subclonal populations of TERT or IDH mutations. We 

performed whole exome sequencing on five of these tumors and their matched germline 

DNA controls. We identified somatic alterations in these cases and found that overall, 

the percentage of mutant reads for each variant identified was low, with 94% (32/34) of 

alterations having less than 20% mutant reads. Based on these findings, we estimated 

the tumor purity to be less than 30% in all cases (Figure 20F). Whole exome sequencing 

of Case J also confirmed the presence of IDH1 R132H, with 6% of mutant tags. As the 

majority of detected somatic alterations in these tumors were low mutant allele fraction, 

this further supports that the variants detected by GliomaDx and missed by Sanger 

sequencing were due to low tumor purity of these samples rather than rather than 

subclonal populations of TERT promoter and IDH mutations. 
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Figure 20: Low percentage TERTp/IDH variants identified by GliomaDx represent 

likely low tumor purity samples rather than subclonal populations. 

A, We examined a cohort of TERTpWT-IDHWT diffuse gliomas that we classified based 

on Sanger sequencing of TERTp and IDH in over 400 tumors. The majority of these 

tumors are GBMs and astrocytomas. B, Using GliomaDx, we found that many 

harbored low frequency alterations in the TERT promoter and IDH1 R132H. These 

alterations largely matched the expected associated histology. C, Survival analysis of 

the new TERTpWT-IDHWT group (N=25, median survival 21 months)  compared to the 

GliomaDx detected TERT promoter mutant cases (N=8, median survival 8.52 months) 
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reveals a significantly worse survival (***P<0.0005, Long-Rank test). Although not 

shown due to low sample number, the detected IDH mutant cases (N=2) had a median 

survival of 103.43 months. D, The Sanger sequencing chromatogram is shown for 

Case J, which appears wildtype due to the low sensitivity of traditional sequencing. E, 

To validate the mutation is present, we performed IDH1 R132H droplet digital PCR 

(ddPCR) and found a mutant allele fraction of 8.47% in Case J, validating the presence 

of the alteration. F, We sought to examine if these low percentage alterations were due 

to subclonal populations or low tumor cellularity in the original sample. Whole 

exome sequencing reveals that most accompanying alterations were also low tumor 

purity (<30%). Additionally, in Case J, the bottom point is the IDH1 R132H mutation 

identified by whole exome sequencing as well (6% of mutant reads). Dots represent 

the mutant read percentage for different variants identified and the middle lines in 

represent the median values, while the outer lines represent the range of values. 

 

 

 

Figure 21: Droplet digital PCR for IDH1 R132H alteration in low percentage case 

validates mutation presence. 

A, The GliomaDx IDH1 R132H assay identified a low mutant allele-fraction alteration 

in Case J. To validate the presence of the alteration, it was tested using ddPCR for 

IDH1 R132H in triplicate. Shown are the number of positive droplets (blue) and 

negative droplets (green). B, Based on the droplet counts, the fractional abundance 

(%) is estimated for each replicate of Case J. 
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2.4 Discussion 

In this study, we developed and tested the GliomaDx assay, an LNA-based 

allele-specific qPCR method to sensitively and rapidly detect recurrent mutations in the 

TERT promoter and codon 132 of IDH1. These recurrent genetic alterations represent 

promising molecular markers for guiding diffuse glioma classification, due in large part 

to their high frequency, location at discrete genetic loci, and ability to objectively define 

the major genetic subgroups of diffuse glioma.   

This shift in classification towards increased incorporation of genetic markers is 

in large part due to the heterogeneity and ambiguity often seen among histologic 

features of diffuse glioma subtypes that poses challenges to accurate and consistent 

diagnosis. Furthermore, genetic markers offer improved disease stratification and the 

promise of improved clinical trial design and targeted therapy development.  

Traditional approaches to mutation detection such as Sanger sequencing, lack the 

sensitivity or speed to be used on glioma samples, which can be prone to heterogeneity 

and low tumor purity. Based on our sensitivity analyses, GliomaDx is over 200 times 

more sensitive than Sanger sequencing and can be performed on samples within one 

hour. Intraoperative consultation is important for determining a preliminary diagnosis, 

which aids the neurosurgeon in their surgical approach (Somerset et al., 2011). Maximal 

safe resection in GBM (Keles et al., 1999) and all molecular subtypes of lower grade 

gliomas in particular has been shown to be a major prognostic factor for patients, as 
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even minimal residual disease negatively impacts overall survival (Kawaguchi et al., 

2016; Wijnenga et al., 2018). Intraoperative diagnosis using surgically resected tissue can 

be challenging due to the need for extemporaneous sample preparation, the 

unpredictability of tissue quality and tumor nuclei percentage in the resected tissue, and 

a heavy reliance on the experience of the consulting neuropathologist. Based on our 

results from testing frozen tissue specimens with variable tumor purity, we find that 

GliomaDx can be used in a time-frame that may assist in intraoperative diagnosis 

settings or for classification of tissues with low tumor purity, potentially as low as 0.2% 

tumor purity. Additionally, these assays may have utility in other disease contexts, as 

the TERT promoter and IDH mutations are present in a number of other cancer 

types (Huang et al., 2015; Huang et al., 2013; Killela et al., 2013; Yang et al., 2012), 

including bladder and liver cancers (TERT promoter mutant) and acute myelogenous 

leukemia, cholangiocarcinoma, and chondrosarcoma (IDH mutant). Furthermore, liquid 

biopsy applications such as tumor cells or ctDNA in plasma, voided urine, or CSF may 

also benefit from this sensitivity (Bettegowda et al., 2014). 

We found that a substantial portion of previously identified TERTpWT-IDHWT 

gliomas, by Sanger sequencing, in fact harbored low-percentage alterations in TERTp or 

IDH as detected by GliomaDx. Our whole exome sequencing and clinical data suggest 

these cases are in fact low tumor purity and unlikely to be subclonal events, as other 

alterations identified within these tumors were also low allele fraction and the IDH and 
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TERT mutations are considered to be early events in tumorigenesis. Despite our 

previous attempts to enrich for tissues with >80% tumor purity by H&E, we found that 

in some cases, in particular cases with necrosis or infiltrative tumor, visual assessment 

may not yield an accurate prediction of the isolated tumor DNA percentage from 

resected tissue. This is a particular concern for Sanger sequencing-based mutation 

detection, which requires at least 40-50% tumor purity to accurately detect mutations at 

these loci.  These findings suggest that the true frequency of TERTp mutation in GBM 

may be as high as 80% in primary GBM.  
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3. The genomic landscape of TERT promoter wildtype – 
IDH wildtype glioblastoma 

3.1 Introduction 

Glioblastoma (GBM, World Health Organization grade IV) is the most common 

and deadly primary brain tumor with a median overall survival (OS) of less than 15 

months despite aggressive treatment (Ostrom et al., 2015; Wen et al., 2008). There is a 

critical need for molecular markers for GBM to improve personalized diagnosis and 

treatment, and for a better understanding of the underlying biology to inform the 

development of novel therapeutics.  

This report presents a comprehensive molecular analysis of ~20% of GBMs 

that lack established genetic biomarkers or defined mechanisms of telomere 

maintenance19. These are aggressive tumors that are known as TERTpWT-IDHWT GBMs, a 

largely unknown territory as they lack mutations in the most commonly used 

biomarkers, isocitrate dehydrogenase 1 and 2 (IDH)  (Delgado-Lopez et al., 2017; Killela et 

al., 2013; Killela et al., 2014; Yan et al., 2009) and the promoter region of telomerase 

reverse transcriptase (TERTp).  (Killela et al., 2013; Parsons et al., 2008; Yan et al., 2009)  

TERTp and IDH mutations can be used clinically to facilitate diagnosis by 

classifying 80% of GBM into molecular subgroups with distinct clinical courses (Eckel-

Passow et al., 2015; Heaphy et al., 2011; Jiao et al., 2012; Killela et al., 2013; Killela et al., 

2014; Killela et al., 2014; Louis et al., 2016; Parsons et al., 2008; Yan et al., 2009; Zhang et al., 

2014). Each GBM molecular subgroup also utilizes different mechanisms of telomere 
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maintenance. The TERTp-mutant GBMs exhibit telomerase activation, due to generation 

of de novo transcription factor binding sites leading to increased TERT expression (Bell et 

al., 2015; Horn et al., 2013; Huang et al., 2013; Killela et al., 2013), while the IDH-mutant 

GBMs exhibit alternative lengthening of telomeres (ALT) due to concurrent loss-of-

function mutations in ATRX (de Wilde et al., 2012; Grobelny et al., 2000; Heaphy et al., 

2011; Heaphy et al., 2011; Henson et al., 2005; Henson et al., 2009; Jiao et al., 2012). Based 

on these patterns, genetic alterations enabling telomere maintenance are likely to be 

critical steps in gliomagenesis. 

Here, we use whole exome (WES) and whole genome sequencing (WGS) to 

define the mutational landscape of TERTpWT-IDHWT GBM. We identify recurrently 

mutated genes and pathways in this tumor subset. Most notably, we identify novel 

somatic mutations related to mechanisms of telomere maintenance. These include 

recurrent genomic rearrangements upstream of TERT (50%) leading to increased TERT 

expression, and alterations in ATRX (21%) or SMARCAL1 (20%) in ALT-positive 

TERTpWT-IDHWT GBMs. We report the discovery of somatic SMARCAL1 loss-of-function 

mutations and their involvement in ALT-mediated telomere maintenance in cancer. 

Using a variety of cell-based assays, we show the role of SMARCAL1 as an ALT-

suppressor and genetic factor involved in telomere maintenance. Finally, we identify an 

enrichment of several therapeutically-targetable alterations in TERTpWT-IDHWT GBM, 

including mutations in BRAF V600E (20%). These findings define the core molecular 
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alterations of this important subset of GBM and identify novel targets for a disease 

lacking effective therapies. 

3.2 Materials and Methods 

3.2.1 Sample Preparation and consent 

All patient tissue and associated clinical information were obtained with consent 

and approval from the Institutional Review Board from The Preston Robert Tisch Brain 

Tumor Center BioRepository (accredited by the College of American Pathologists). 

Adult GBM tissues were defined as WHO grade IV gliomas diagnosed after 18 years of 

age. Tissue sections were reviewed by board-certified neuropathologists to confirm 

histopathological diagnosis, in accordance with WHO guidelines, and select samples 

with 70% tumor cellularity by H&E staining for subsequent genomic analyses. A total 

of 25 GBMs were used for WES, and nine for WGS. Two cases included in this study 

have previously been sequenced by WES, (Killela et al., 2014) and Sanger sequencing for 

TERT promoter and IDH1/2 mutational status for 240 GBMs was used to identify 

candidate TERT/IDH wildtype tumors (Killela et al., 2014). Patient diffuse glioma tumor 

samples from Duke University Hospital used in this study were diagnosed between 

1984 and 2016. 
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3.2.2 DNA and RNA extraction 

DNA and RNA were extracted from homogenized snap-frozen tumor tissue 

using the QIAamp DNA Mini Kit (QIAGEN) and RNeasy Plus Universal Mini Kit 

(QIAGEN) per manufacturer’s protocols.  

3.2.3 Quantitative RT-PCR 

Reverse transcription was performed using 1-5 ug of total RNA and the RNA to 

cDNA EcoDry Premix (Clontech). RT-PCR for TERT expression was performed on 

generated cDNA in triplicate using the KAPA SYBR FAST (Kapa Biosystems) reagent 

and the CFX96 (Bio-Rad) for thermal cycling and signal acquisition. The ΔΔCt method 

(CFX Manager) was used to determine normalized expression relative to GAPDH 

expression. Primers and protocols are listed in the Appendix C. 

3.2.4 Whole exome sequencing 

Sample library construction, exome capture, next generation sequencing, and 

bioinformatic analyses of tumors and normal samples were performed at Personal 

Genome Diagnostics (PGDX, Baltimore, MD) as previously described (Jones et al., 2015). 

In brief, genomic DNA from tumor and normal samples was fragmented, followed by 

end-repair, A-tailing, adapter ligation, and polymerase chain reaction (PCR). Exonic 

regions were captured in solution using the Agilent SureSelect approach according to 

the manufacturer’s instructions (Agilent, Santa Clara, CA). Paired-end sequencing, 

resulting in 100 bases from each end of the fragments, was performed using the 
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HiSeq2500 next-generation sequencing instrument (Illumina, San Diego, CA). Primary 

processing of sequence data for both tumor and normal samples was performed using 

Illumina CASAVA software (v1.8). Candidate somatic mutations, consisting of point 

mutations, small insertions, and deletions were identified using VariantDx across the 

regions of interest. VariantDx examined sequence alignments of tumor samples against 

a matched normal while applying filters to exclude alignment and sequencing artifacts. 

Specifically, an alignment filter was applied to exclude quality failed reads, unpaired 

reads, and poorly mapped reads in the tumor. A base quality filter was applied to limit 

inclusion of bases with a reported phred quality score > 30 for the tumor and > 20 for the 

normal samples. A mutation in the tumor was identified as a candidate somatic 

mutation only when: (i) distinct paired reads contained the mutation in the tumor; (ii) 

the number of distinct paired reads containing a particular mutation in the tumor was at 

least 10% of the total distinct read pairs; (iii) the mismatched base was not present in 

>1% of the reads in the matched normal sample; and (iv) the position was covered by 

sequence reads in both the tumor and normal DNA (if available). Mutations arising from 

misplaced genome alignments, including paralogous sequences, were identified and 

excluded by searching the reference genome. Candidate somatic mutations were further 

filtered based on gene annotation to identify those occurring in protein coding regions. 

Finally, mutations were filtered to exclude intronic and silent changes, while mutations 

resulting in missense mutations, nonsense mutations, frameshifts, or splice site 
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alterations were retained. Amplification analyses were performed using a Digital 

Karyotyping approach through comparison of the number of reads mapping to a 

particular gene compared to the average number of reads mapping to each gene in the 

panel. IntOgen analysis was used to identify candidate driver genes. DUMC-14 was 

excluded from this initially as it had high levels of mutations relative to the rest of the 

cohort. Candidate drivers were included if they were recurrently mutated (n2, separate 

cases) and p<0.05 (by OncodriveFM or OncodriveCLUST). Alignments were done to 

hg18. 

3.2.5 Whole genome sequencing 

The quality of DNA for WGS was assessed using the Nanophotometer and Qubit 

2.0. One μg of DNA per sample was used as input for library preparation using the 

Truseq Nano DNA HT Sample Prep kit (Illumina) following the manufacturer’s 

instructions. Briefly, DNA was fragmented by sonication to a size of 350 bp, and then 

DNA fragments were endpolished, A-tailed, and ligated with the full-length adapter for 

Illumina sequencing with further PCR amplification. PCR products were purified 

(AMPure XP) and libraries were analyzed for size distribution by the 2100 Bioanalyzer 

(Agilent) and quantified by real-time PCR. Clustering of the index-coded samples was 

performed on a cBot Cluster Generation System using the HiSeq X HD PE Cluster Kit 

(Illumina), per manufacturer’s instructions. Libraries were then sequenced on the HiSeq 

X Ten and 150bp paired-end reads were generated. Quality control was performed on 
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raw sequencing data. Read pairs were discarded if: either read contained adapter 

contamination, more than 10% of bases were uncertain in either read, or the proportion 

of low quality bases was over 50% in either read. Burrows-Wheeler Aligner (Li et al., 

2009) (BWA) was used to map the paired-end clean reads to the human reference 

genome (hg19). After sorting with samtools and marking duplicates with Picard, the 

resulting reads were stored as BAM files. Somatic single nucleotide variants were 

detected using muTect (Cibulskis et al., 2013) and somatic InDels were detected using 

Strelka (Saunders et al., 2012). Copy number variations were identified using control-

FREEC (Boeva et al., 2012). Genomic rearrangements were identified using 

Delly (Rausch et al., 2012) (v0.7.2). ANNOVAR (Wang et al., 2010) was used to annotate 

variants identified.  

3.2.6 Break-apart FISH for TERT rearrangements 

 Matched formalin-fixed paraffin-embedded slides were received with one set 

H&E stained.  The tumor location was identified and marked on the slide so that tumor 

specific regions could be analyzed. The unstained slides were then aligned with the 

H&E stained slides so that potential rearrangements in the tumor zone could be 

analyzed. Break-apart probes were designed to span TERT, with BAC clones mapped 

(hg19) to chr5: 816,815-1,195,694 (green) and chr5: 1,352,987-1,783,578 (orange) and 

directly labeled. The break-apart probe set was manufactured with the above design and 

was first tested on human male metaphase spreads. The probe and the sample were 
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denatured together at 72°C for two minutes followed by hybridization at 37°C for 16 

hours. Slides were then washed at 73°C for two minutes in 0.4XSSC/0.3% IGEPAL 

followed by a two minute wash at 25°C for two minutes in 2XSSC/0.1% IGEPAL. Slides 

were briefly air-dried in dark, applied DAPI-II, and visualized under fluorescence 

microscope. For FFPE tissue sections, the following pretreatment procedure was used. 

The sections were first aged for 30 minutes at 95°C, deparaffinized in Xylene, 

dehydrated in 100% ethanol and air-dried. The slides with the sections were then 

incubated at 80°C for one hour and then treated with 2 mg/ml pepsin in 0.01N HCl for 

45 minutes. Slides were then briefly rinsed with 2X SSC, passed through ethanol series 

for dehydration, dried and used for hybridization. The probe and the sample were 

denatured together at 83°C for five minutes followed by hybridization at 37°C for 16 

hours. Slides were then washed at 73°C for two minutes in 0.4XSSC/0.3% IGEPAL 

followed by a two minute wash at 25°C in 2XSSC/0.1% IGEPAL. Slides were briefly air-

dried in dark, applied DAPI-II, and visualized under fluorescence microscope. Note that 

a 5% break-apart signal pattern was arbitrarily considered to be the cut-off for a 

“Rearrangement” result as the probe is not formally validated on solid tumor tissue at 

Empire Genomics. 

3.2.7 Cell Culture 

CAL-78 was purchased directly from the Deutsche Sammlung von 

Mikroorganismen and Zellkulturen (DSMZ) and was cultured using RPMI-1640 with 
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20% FBS. U87, U2-OS and HeLa were purchased from the Duke Cell Culture Facility 

(CCF), and were cultured with DMEM-F12, McCoy’s 5A, and DMEM-HG, respectively, 

all with 10% FBS. U251 was a generous gift from the laboratory of A.K.M and was 

cultured with RPMI-1640 with 10% FBS. D06MG is a primary GBM cell line from 

resected tumor tissue and was cultured with Improved MEM, Zinc option media, and 

10% FBS. All cell lines were cultured with 1% penicillin-streptomycin. Cell lines were 

authenticated (Duke DNA Analysis facility) using the GenePrint 10 kit (Promega) and 

fragment analysis on an ABI 3130xl automated capillary DNA sequencer. 

3.2.8 CRISPR/Cas9-mediated SMARCAL1 genetic targeting 

CRISPR guides were designed for minimal off-targets and maximum on-target 

efficiency for the coding region of SMARCAL1 using the CRISPR MIT (Hsu et al., 2013) 

(http://crispr.mit.edu) and the Broad Institute sgRNA Design Tools (Doench et al., 2016) 

(http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). 

Complementary oligonucleotides encoding the guides were annealed and cloned into 

pSpCas9(BB)-2A-GFP (PX458), which was a gift from Feng Zhang (Addgene plasmid 

#48138). (Ran et al., 2013) PX458 contains the cDNA encoding Streptococcus pyogenes Cas9 

with 2A-EGFP. Negative controls included the parental lines, transfection with empty 

vector PX458 (no guide cloned) and with PX458-sgNTC (Mavrakis et al., 2016). 

Candidate guides were first tested in HEK293FT by transfecting cloned PX458-sgRNA 

constructs with lipofectamine 2000 (Life Technologies) according to the manufacturer’s 

http://crispr.mit.edu)/
http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design)
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guidelines and harvesting DNA from cells 48 hours later. These constructs were 

assessed (i) individually for indel percentage in HEK293FT the Surveyor Mutation 

Detection Kit (IDT) and (ii) in various combinations for inducing deletions to facilitate 

gene inactivation and qPCR-based screening for knockout clones. Two guides were used 

to facilitate knockout of SMARCAL1, named sgSMARCAL1 A, which targeted exons 3 

and 9 (3_2, 7_1) and B, which targeted exons 3 and 7 (3_1, 7_1). The cell lines U251 and 

U87 were transfected with Lipofectamine 3000 (Life Technologies) and Viafect 

(Promega), respectively, and GFP-positive cells were FACS-sorted (Astrios, Beckman 

Coulter, Duke Flow Cytometry Shared Resource) and diluted to single clones in 96-well 

plates. Negative control transfected lines (PX458 empty vector and PX458-sgNTC) were 

not single cell cloned after sorting. Clones were expanded over two to three weeks and 

DNA was isolated by the addition of DirectPCR lysis Reagent (Viagen) with proteinase 

K (Sigma-Aldrich) and incubation of plates at 55°C for 30 minutes, followed by 95°C for 

45 minutes. One ul of crude lysate was used as a template for junction-spanning qPCR 

(to detect dual-sgRNA induced deletion products) with KAPA SYBR FAST (KAPA 

Biosystems). The junction-spanning amplicon was detected by qPCR signal, using the 

parental (not transfected) line as a negative control. The targeted exons and junction 

products were sequenced to validate the presence of indels. Clones were then expanded 

further and screened by Western blot to ensure the absence of SMARCAL1 protein 

expression. 
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3.2.9 Lentiviral expression of SMARCAL1 

Lentiviral expression of SMARCAL1 cDNA was done using a constitutive 

(pLX304) expression vector. pLX304-SMARCAL1 was provided by DNASU 

(HsCD00445611) and the control pLX304-GFP was a generous gift from Dr. So Young 

Kim (Duke Functional Genomics Core). Mutagenesis constructs of pLX304-SMARCAL1 

(R23C, R645C, R645S, del793, fs945 and R764Q) were generated per the manufacturer’s 

directions using the QuikChange II Site-Directed Mutagenesis Kit (Agilent). Endotoxin-

free plasmids were purified using the ZymoPURE plasmid midiprep kit (Zymo 

Research) and validated by sequencing and analytical digest. Lentivirus was generated 

using standard techniques, with the SMARCAL1 cDNA vector, psPAX2 packaging and 

pMD2.G envelope plasmids in HEK293 and the virus titers were determined using the 

Resazurin Cell Viability Assay (Duke Functional Genomics Core Facility). Prior to 

transduction, cell media was replaced with fresh media containing 8 ug/mL polybrene 

and cells were then spin-infected with lentivirus at 1 MOI (2250 rpm, 30 min at 37°C). 

After 48 hours, selection was initiated with blasticidin (pLX304). Transgene expression 

was confirmed by Western Blot. 

3.2.10 Immunoblotting 

Cells were lysed in protein-denaturing lysis buffer and protein was quantified 

using the BCA Protein Assay Kit (Pierce). Equal amounts of protein were loaded on 

SDS-polyacrylamide gels (3-8% Tris-Acetate for blots probing for ATRX, 4-12% bis-tris 
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for all others), transferred to membranes, blocked and blotted with antibodies. 

Antibodies used included anti-SMARCAL1 (Cell Signaling Technologies), anti-ATRX 

(Cell Signaling Technologies), anti-β-Actin (Cell Signaling Technologies), and anti-

GAPDH (Santa Cruz Biotechnology) for equal loading control. 

3.2.11 Immunohistochemistry 

Immunolabeling for the ATRX protein was performed on formalin-fixed, 

paraffin embedded (FFPE) sections as previously described (Jiao et al., 2011). Briefly, 

heat-induced antigen retrieval was performed using citrate buffer (pH 6.0, Vector 

Laboratories). Endogenous peroxidase was blocked with a dual endogenous enzyme-

blocking reagent (Dako). Slides were incubated with the primary antibody rabbit anti 

human ATRX (Sigma HPA001906, 1:400 dilution), for 1 hr at room temperature and with 

an HRP-labeled secondary antibody (Leica Microsystems), followed by detection with 

3,3’-Diaminobenzidine (Sigma-Aldrich) and counterstaining with hematoxylin, 

rehydration and mounting. IHC for several cases in the validation cohort were also 

immunolabeled by HistoWiz Inc. (histowiz.com) using a Bond Rx autostainer (Leica 

Biosystems) with heat-mediated antigen retrieval using standard protocols. Slides were 

incubated with the aforementioned ATRX antibody (1:500), and Bond Polymer Refine 

Detection (Leica Biosystems) was used according to the manufacturer’s protocol. 

Sections were counterstained with hematoxylin, dehydrated and film coverslipped 
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using a TissueTek-Prisma and Coverslipper (Sakura). Nuclear staining of ATRX was 

evaluated by a neuropathologist. 

3.2.12 C-circle assay 

C-circle assay was performed as previously described by dot blot (Henson et al., 

2009; Mangerel et al., 2014). Then C-circles were amplified from 50 ng of DNA by rolling 

circle amplification for eight hours at 30 degrees with φ29 polymerase (NEB), 4mM DTT, 

1X φ29 buffer, 0.2 mg/mL BSA, 0.1% Tween, and 25 mM of dATP, dGTP, dCTP and 

dTTP. C-circles were then blotted onto Hybond-N+ (GE Amersham) nylon membranes 

with the BioDot (Bio-Rad) and UV crosslinked twice at 1200J (Stratagene). 

Prehybridization and hybridization were done using the TeloTAGGG telomere length 

assay (Sigma-Aldrich/Roche) and detected using a DIG-labeled telomere probe. DNA 

from ALT-positive (U2-OS) and negative (HeLa) cell lines were used as controls. 

3.2.13 Combined Immunofluorescence-FISH 

Cells were grown on coverslips or μ-slides (Ibidi) to subconfluence and 

Immunofluorescence-FISH was performed as previously described (Dimitrova et al., 

2008), using the primary antibodies against SMARCAL1 (mouse monoclonal, sc-376377, 

Santa Cruz Biotechnology, 1:100) and PML (rabbit polyclonal, ab53773, Abcam, 1:200) in 

blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X100, 1 mM EDTA) 

overnight at 4C.  Briefly, cells were fixed with 2% formaldehyde. After washing with 

PBS, slides were incubated with goat secondary antibodies against rabbit or mouse IgG, 
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then conjugated with Alexa Fluor 488 or 594 (ThermoFisher, 1:100) in blocking solution. 

After washing with PBS, cells were fixed again with 2% formaldehyde for ten minutes, 

and washed once again with PBS. Cells underwent a dehydration series (70%, 95%, 

100% ethanol), and then incubated with PNA probes (each 1:1000) TelC-Cy3 and Cent-

FAM (PNA Bio) in hybridizing solution, denatured at 70C for five minutes on a 

ThermoBrite system, then incubated in the dark for two hours at room temperature. 

Slides were then washed with 70% formamide 10mM Tris-HCl, PBS, and then stained 

with DAPI and sealed. 

3.2.14 Telomere FISH 

Deparaffinized slides were hydrated and steamed for 25 minutes in citrate buffer 

(Vector Labs), dehydrated, and hybridized with TelC-Cy3 and Cent-FAM (PNA Bio) or 

CENP-B-AlexaFluor488 in hybridization solution. The remaining steps were done as in 

combined IF-FISH (above).  ALT-positive tumors in FFPE tissue displayed dramatic cell-

to-cell telomere length heterogeneity as well as the presence of ultra-bright nuclear foci 

of telomere FISH signals. Cases were visually assessed and classified as ALT positive if: 

(i) they displayed ultrabright nuclear foci (telomere FISH signal, 10-fold greater than the 

signal for individual non-neoplastic cells); and (ii) 1% of tumor cells displayed ALT-

associated telomeric foci. Areas of necrosis were excluded from analysis. For analysis of 

ALT status in mutagenesis SMARCAL1 rescue experiments and assessment of ALT 

status in CRISPR/Cas9 SMARCAL1 knockout experiments, cells were made into 
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formalin-fixed paraffin blocks for easier telomere FISH assessment and quantitative 

measurement of differences. Briefly, cells were trypsinized, centrifuged onto 2% agarose, 

fixed in 10% formalin several times to form a fixed cell line plug, then processed, 

paraffin embedded, and sectioned. For quantitative measurements of differences in 

ultrabright telomeric foci, telomere FISH-stained slides were scanned at 10X and 20 

random fields were selected for assessing the percentage of cells showing ultrabright 

telomeric foci (~200 cells counted per field). 

3.2.15 1p/19q co-deletion testing 

1p/19q co-deletion was assessed by either microsatellite-based LOH 

analysis (Hatanpaa et al., 2003) (on DNA extracted from tumor samples and matched 

germline blood DNA) or by FISH (ARUP labs) on FFPE slides. 

3.2.16 Sanger sequencing 

PCR purification and sequencing reactions were performed by Eton Biosciences 

or Genewiz using an ABI 3730xl DNA sequencer. PCR reaction conditions and primers 

are listed in the Appendix. 

3.2.17 Colony formation assay 

The CAL78-GFP and CAL78-SMARCAL1 cell lines were seeded in triplicate at 

2000 cells per well. D06MG-GFP and D06MG-SMARCAL1 cell lines were seeded in 

triplicate at 1000 cells per well. Cells were fixed with ice-cold methanol and stained with 



 

 86 

0.05% crystal violet solution after 15-30 days of incubation. Colony area was quantified 

using ImageJ and the ColonyArea plugin (Guzman et al., 2014). 

3.2.18 Statistical analysis 

GraphPad Prism 7 and R were used for all statistical analyses (t-test, Kruskal-

Wallis test, Fisher’s exact test, Kaplan-Meier curves). 

3.3 Results 

3.3.1 The genetic landscape of TERTpWT-IDHWT GBM 

We identified a cohort of patients with tumors that were TERTpWT-IDHWT by 

screening 260 GBMs for mutations in the TERT promoter and IDH1/2. Forty-four 

TERTpWT-IDHWT cases were identified, which comprised 16.9% of the total GBM 

cohort (Killela et al., 2014). The TERTpWT-IDHWT GBMs with available 1p/19q status 

available did not display 1p/19q co-deletion, consistent with previous reports that have 

labeled these tumors “triple-negative” due to the observation that they lack all three 

common diffuse glioma biomarkers (TERTpWT-IDHWT-1p/19qWT) (Eckel-Passow et al., 

2015).  The age distribution of the TERTpWT-IDHWT GBM cohort was bimodal, with one 

mode at 28 years and the other at 56 years (range: 18 to 82 years). Approximately 30% 

(13/44) of TERTpWT-IDHWT GBM were younger than 40 years old (Figure 22A, Figure 

23A, Table 2). We performed whole exome sequencing on cases for which DNA from 

untreated tumor tissue and matched peripheral blood were available (Discovery cohort, 

N=25). The average sequencing coverage was 140-fold (range: 70 to 265) and 92% of 
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bases had at least ten high-quality reads (range: 87% to 94%). We identified 1449 total 

somatic, non-synonymous mutations in the exomes of the TERTpWT-IDHWT GBMs, with 

each having an average of 58 mutations per tumor (range: 6 to 431, Figure 22A), 

resulting in an average mutation rate of approximately 1.74 coding mutations per Mb, 

similar to rates observed in GBMs from previous studies (1.5 mutations/Mb) (Parsons et 

al., 2008). 
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Figure 22: The mutational landscape of somatic coding alterations in TERTpWT-IDHWT 

GBM.                                  

Whole exome sequencing was performed on TERTpWT-IDHWT  GBMs (N=29). 

Recurrently mutated pathways identified included the RTK/RAS/PI3K (88%), P53 

(40%) and RB (24%) pathways. Somatic mutation rates per case are shown with 

corresponding patient age (top). Recurrently mutated genes displayed determined to 

be significantly mutated (IntOgen algorithm, P<0.05, n2) are shown, as well as select 

lower frequency genes that are recurrently mutated in glioma or known 

oncogenes/tumor suppressors in the pathways shown. The mutation frequency of 

each gene is shown (right) as a percentage of the total cohort. 
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The mutational landscape of TERTpWT-IDHWT GBM is shown in Figure 22. 

Recurrently mutated genes in TERTpWT-IDHWT GBM occurred in pathways including the 

RTK/RAS/PI3K (88%), P53 (40%), and RB (24%) pathways (Figure 22A). Additional 

genes harboring copy number variations (CNV) included PDGFRA (8%), MDM2 and 

MDM4 (12%), CDKN2B (12%), and CDK4 (Figure 22A). At least one recurrently mutated 

gene (n2) was identifiable in 92% of the TERTpWT-IDHWT GBMs. 

IntOGen analysis (Gonzalez-Perez et al., 2012; Gonzalez-Perez et al., 2013) 

identified several known glioma-associated driver alterations (P<0.05, n2), including 

PTEN (32%), NF1 (24%), EGFR (28%), TP53 (24%), ATRX (20%), and BRAF (20%), as well 

as  two novel candidate drivers, SMARCAL1 (16%) and PPM1D (8%) (Table 4) ,both of 

which have not previously been implicated as drivers in adult supratentorial GBM. All 

mutations identified in the serine/threonine protein kinase BRAF were V600E, the 

clinically-actionable hotspot mutation that causes increased kinase activity and RAS 

pathway activation. BRAF mutations occurred significantly more often than previous 

studies (20% vs. 1.7% of GBM (Brennan et al., 2013), P=0.0007, two-sided Fisher’s exact 

test). Most of these alterations (4/5, 80%) were present in adult patients  30 years old (P 

= 0.0019, two-sided Fisher’s exact test). The PPM1D mutations identified were located in 

the C-terminal regulatory domain (exon 6), leading to a truncated protein with an intact 

phosphatase domain, similar to PPM1D mutations described in gliomas of the 

brainstem (Zhang et al., 2014).
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Figure 23: Age distribution of TERTpWT-IDHWT glioblastoma patients. 

The distribution of patient age for the TERTpWT-IDHWT glioma cohort is shown as a 

percentage of the entire group. Two modes are identified in the cohort, one at 28 

years, the other at 56 years of age (N=44). 
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Table 3: Clinical information for discovery and validation cohorts. 
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Table 4: Significantly mutated genes from discovery cohort whole exome sequencing, 

IntOgen analysis 
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3.3.2 SMARCAL1-mutant GBMs exhibit hallmarks of ALT 

The mutations identified in the novel candidate driver SMARCAL1 were 

primarily nonsense or frameshift with mutant allele fractions greater than 50% (average: 

69%; range: 59%-83%), indicating likely loss of heterozygosity and a loss of function 

mutational pattern. SMARCAL1 encodes an ATP-dependent annealing helicase that has 

roles in catalyzing the rewinding of RPA-bound DNA at stalled replication 

forks (Bansbach et al., 2009; Couch et al., 2013), and was recently shown to be involved in 

resolving telomere-associated replication stress (Cox et al., 2016; Poole et al., 2015). 

SMARCAL1 has similarities with ATRX, which is also a member of the SWI/SNF family 

of chromatin remodelers and has both ATP-binding and C-terminal helicase 

domains (Flaus et al., 2011). Additionally, ATRX harbors recurrent loss-of-function 

mutations that result in loss of nuclear expression in ALT-positive gliomas (Heaphy et 

al., 2011; Jiao et al., 2012), (Heaphy et al., 2011).  

Given these similarities to ATRX, we sought to determine if SMARCAL1-mutant 

tumors exhibit markers of ALT, including C-circles and ultrabright telomeric foci 

(telomere FISH) (Cesare et al., 2004; Henson et al., 2009).  We expanded the cohort of 

TERTpWT-IDHWT GBMs (N=39) and sequenced SMARCAL1, identifying mutations in 21% 

(8/39) of tumors, with the majority (75%, 6/8) of these alterations being frameshift, 

nonsense, or splice site mutations (Figure 24). All SMARCAL1-mutant GBMs exhibited 

both ultrabright telomeric foci and C-circles, suggesting a novel link between somatic 
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SMARCAL1 loss-of-function mutations in cancer and the ALT mechanism of telomere 

maintenance. Additionally, by assaying ATRX expression by IHC, we found that loss of 

nuclear ATRX was observed in 22% (8/37) of TERTpWT-IDHWT GBMs. Overall, 36% 

(14/39) of TERTpWT-IDHWT GBMs exhibited both ultrabright telomeric foci and C-circles, 

which are hallmarks consistent with the ALT phenotype. Of these ALT-positive tumors, 

46.7% (7/15) showed loss of nuclear ATRX expression while the other 53.3% (8/15) 

harbored SMARCAL1 mutations, exhibiting a mutually exclusive pattern (P=0.01, 

Fisher’s exact test, two-tailed, odds ratio = 0.024, Figure 24). Finally, based on exome 

sequencing results, 80% (8/10) of the ALT-positive TERTpWT-IDHWT GBMs also harbored 

alterations in NF1 or BRAF, indicating a potential molecular signature of co-occurring 

alterations in RAS-activating and ALT-inducing pathways (Figure 22A). 

  



 

95 

 

 

 

 

 

 

 

Figure 24: Inactivating mutations in SMARCAL1 and ATRX are frequent in TERTpWT-

IDHWT GBMs exhibiting characteristics of ALT  

Based on ALT assessment by both telomere FISH and C-circle (dot blot), 38.5% (15/39) 

of TERTpWT-IDHWT GBMs exhibit signs of ALT. Of these, approximately half 

exhibit loss of ATRX expression (IHC) and half harbor mutations in SMARCAL1, in a 

largely mutually exclusive manner. 
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3.3.3 Identification of TERT rearrangements in TERTpWT-IDHWT GBM 

Based on the measurement of markers of ALT, 61.5% (24/39) of TERTpWT-IDHWT 

GBMs did not exhibit ultrabright foci or C-circle accumulation (ALT negative), 

suggesting that these cases may utilize a telomerase-dependent mechanism of telomere 

maintenance, independent of TERTp mutation (Figure 24). We sought to identify genetic 

alterations impacting telomerase activity that would not be detectable by exome 

sequencing.  

We performed whole genome sequencing on ALT negative TERTpWT-IDHWT 

GBMs (N=8) and their paired matched normal gDNA (Table 5).  Structural variant 

analysis (Rausch et al., 2012) identified recurrent rearrangements upstream of TERT in 

75% (6/8) of the ALT negative TERTpWT-IDHWT GBMs sequenced (Figure 25A,B). Half of 

these rearrangements were translocations to other chromosomes, while the remaining 

were intrachromosomal inversions. Breakpoints were validated as tumor-specific by 

junction-spanning PCR in five of six cases (Figure 26). To detect TERT structural variants 

in the entire TERTpWT-IDHWT GBM cohort, we used break-apart FISH with probes 

spanning TERT (Figure 27A,B). In total, we found 50% (19/38) of the TERTpWT-IDHWT 

GBMs harbored TERT structural rearrangements. TERT-rearranged GBMs exhibited 

mutual exclusivity with the ALT-positive TERTpWT-IDHWT GBMs (P=0.0019, Fisher’s 

exact test, two-tailed, odds ratio = 0.069). Analysis of TERT mRNA expression revealed 

that TERT-rearranged GBMs express significantly higher levels of TERT compared to the 
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ALT-positive (ATRX and SMARCAL1-mutant) TERTpWT-IDHWT GBMs (P=0.016, Kruskal-

Wallis test using Dunn’s test post hoc, Figure 28A). This is a similar pattern to that 

observed between the other two major GBM subtypes, where telomerase-positive, 

IDHWT-TERTpMUT GBMs exhibit significantly higher TERT mRNA expression (P=0.0036) 

relative to the IDHMUT-TERTpWT GBMs, which are ATRX mutated and exhibit ALT (Jiao 

et al., 2012). There were no significant differences in TERT expression between the 

TERTSV and TERTp mutant subgroups (or between the IDH-mutant and IDHWT -ALT 

subgroups). Of the seven remaining ALT-negative tumors that lacked TERT 

rearrangement, one tumor harbored amplification of MYC, a known transcriptional 

activator of TERT (Wu et al., 1999), and this tumor displayed elevated TERT expression 

(Figure 28A, arrow). 
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Figure 25: TERT rearrangements are detected upstream of TERT in ALT-negative 

TERTpWT-IDHWT GBMs by whole genome sequencing 

a, Circos plot of rearrangements identified upstream of TERT by whole 

genome sequencing of ALT-negative GBMs (N=8). Several cases were 

interchromosomal translocations (A,B,F), while the remaining cases were 

intrachromosomal (C,D,E). b, The breakpoints of the rearrangements identified by 

whole genome sequencing span a region in the 50kb upstream of TERT. 



 

99 

 

 

 

Figure 26: Breakpoint-spanning PCR and sequencing confirms somatic TERT 

rearrangements 

Whole genome sequencing data was analyzed for structural variants. Rearrangements 

upstream of TERT were identified by DELLY, which also identified the 

corresponding breakpoint. Primers were designed spanning the breakpoints and PCR 

was performed to confirm the somatic nature of these breakpoints (T: Tumor and N: 

Normal gDNA from blood for the same patient). 
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Figure 27: Break-apart FISH spanning TERT identifies recurrent TERT rearrangements 

in TERTpWT-IDHWT GBM.  

a, Break-point spanning FISH probes were designed to readily detect structural 

variants upstream of TERT where we initially identified these events by whole 

genome sequencing. b, Break-apart FISH was performed on FFPE tissue isolated from 

the GBM patient tumor samples. Representative images from 8 rearranged and 

wildtype cases are shown. Double arrows point to break apart signals, single arrows 

point to fusion signals.  
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Figure 28: TERT expression patterns of new genetic subgroups of TERTpWT-IDHWT 

GBM 

a, TERT expression was assessed by rt-qPCR relative to GAPDH. IDHWT-TERTSV 

(n=12) tumors exhibit significantly higher TERT expression than the IDHWT-ALT 

subgroup (n=9, P<0.05). This is a similar trend seen among known GBM groups, 

where the IDHWT-TERTpMUT GBMs (telomerase positive) exhibit increased TERT 

expression compared to IDHMUT-TERTpWT (ALT positive) GBMs (P<0.01). The IDHWT-

other subgroup is ALT negative, but does not harbor detectable TERT 

rearrangements. One case in this group harbors MYC amplification (arrow), known to 

increase TERT expression due to the presence of MYC binding sites in the TERT 

promoter region. Error bars denote s.d. *P<0.05; **P<0.01; Kruskal-Wallis test with 

Dunn’s multiple comparisons test. 
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Table 5: Whole genome sequencing information 

Sample 
ID 

Sample 
Type 

Source 
Read 

length       
(bp) 

Total reads 
(M) 

Reads 
mapping 

rate 

Mean 
coverage 

sequencing 
depth 

Reference 
genome 
coverage 

Reference 
genome 

coverage ≥4x 

Reference 
genome 

coverage ≥10x 

Reference 
genome 

coverage ≥20x 

DUMC-02 Normal Blood 150 633.10 99.62% 31.81 99.00% 98.57% 96.27% 79.54% 

DUMC-02 Tumor 
Primary 
Tumor 

150 1343.67 99.80% 67.33 99.03% 98.83% 98.44% 97.39% 

DUMC-05 Normal Blood 150 632.07 99.86% 31.79 99.00% 98.62% 96.68% 79.93% 

DUMC-05 Tumor 
Primary 
Tumor 

150 1287.97 99.69% 64.05 99.04% 98.81% 98.23% 95.87% 

DUMC-07 Normal Blood 150 677.40 99.72% 33.9 99.03% 98.70% 97.45% 86.94% 

DUMC-07 Tumor 
Primary 
Tumor 

150 1341.61 99.91% 66.86 99.06% 98.83% 98.23% 95.64% 

DUMC-10 Normal Blood 150 676.03 99.73% 33.96 99.00% 98.65% 97.48% 89.54% 

DUMC-10 Tumor 
Primary 
Tumor 

150 1318.89 99.89% 65.98 98.96% 98.52% 97.41% 94.05% 

DUMC-11 Normal Blood 150 680.22 99.59% 34.2 99.75% 99.26% 97.20% 84.95% 

DUMC-11 Tumor 
Primary 
Tumor 

150 1578.42 99.58% 79.7 99.84% 99.69% 99.24% 98.08% 

DUMC-12 Normal Blood 150 701.28 99.70% 35.4 99.79% 99.32% 97.42% 86.67% 

DUMC-12 Tumor 
Primary 
Tumor 

150 1415.19 99.66% 71.5 99.86% 99.69% 99.18% 97.93% 

DUMC-16 Normal Blood 150 663.07 99.74% 33.21 99.73% 99.31% 96.52% 79.51% 

DUMC-16 Tumor 
Primary 
Tumor 

150 1334.78 99.90% 67.05 99.78% 99.59% 99.21% 97.42% 

DUMC-22 Normal Blood 150 670.95 99.69% 33.61 99.69% 99.21% 96.85% 83.75% 

DUMC-22 Tumor 
Primary 
Tumor 

150 1321.05 99.82% 66.46 99.77% 99.55% 98.85% 95.72% 

DUMC-29 Normal Blood 150 889.34 99.59% 44.7 99.20% 98.85% 98.19% 96.68% 

DUMC-29 Tumor 
Primary 
Tumor 

150 1426.93 99.41% 71.4 99.23% 98.88% 98.37% 97.67% 
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3.3.4 Telomere-related alterations define new genetic subgroups of 
TERTpWT-IDHWT GBM 

Using whole exome and genome sequencing, we identified frequent telomere 

maintenance-related alterations that define new genetic subgroups of GBM. The IDHWT-

ALT GBM subgroup, which harbors ATRX and SMARCAL1 mutations, accounts for 

38.5% of TERTpWT-IDHWT GBM and exhibits characteristics consistent with ALT. The 

IDHWT-TERTSV GBM subgroup harbors TERT structural variants, and exhibits increased 

TERT expression. Together these two subgroups accounted for 82% (32/39) of the 

TERTpWT-IDHWT GBMs, and exhibited mutual exclusivity (P=0.0019, Fisher’s exact test, 

two-tailed, odds ratio = 0.069, Figure 29A). Kaplan-Meier survival analyses revealed that 

the IDHWT-ALT (OS: 14.9 months), and IDHWT-TERTSV (OS: 19.7 months) subgroups 

exhibit poor survival, similar to the IDHWT-TERTpMUT subgroup (OS: 14.74 months). All 

of these IDHWT subgroups displayed shorter overall survival relative to the IDHMUT-

TERTpWT subgroup (OS: 37.08 months, Figure 29B). 
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Figure 29: New genetic subgroups of TERTpWT-IDHWT GBM and their survival 

patterns 

a, 38.5% (15/39) of TERTpWT-IDHWT GBMs exhibit signs of ALT, with approximately 

half exhibiting nuclear loss of ATRX expression and the other half harbor mutations 

in SMARCAL1. TERT rearrangements (detected by break-apart FISH) were present in 

50% (19/38) of all TERTpWT-IDHWT GBMs. b, Kaplan-Meier analysis of GBMs grouped 

by recurrent alterations identified in this study, including SMARCAL1/ATRX 

mutation (IDHWT-ALT) and TERT rearrangement (IDHWT-TERTSV). The survival of 

these new groups are compared to established subgroups of GBM including TERT 

promoter-mutant (IDHWT-TERTpMUT, N=223) and IDH-mutant GBMs (IDHMUT-TERTWT, 

N=23), with median overall survivals of 14.74 and 37.08 months, respectively. Patients 

in the IDHWT-other GBM subgroup (N=7) were excluded due to the limited number of 

patients. The median OS for the IDHWT-ALT subgroup (N=17) was 14.9 months, while 
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the IDHWT-TERTSV subgroup (N=16) had an OS of 19.7 months. Compared to the 

IDHMUT-TERTWT GBMs, the IDHWT-TERTpMUT (P=0.0003, HR=2.867, 95% CI: 1.929 to 

4.262), IDHWT-ALT (P=0.0281, HR=2.302, 95% CI: 1.039 to 5.1), and IDHWT-TERTSV 

GBMs (P=0.0794, HR=1.982, 95% CI: 0.8878 to 4.427) have poorer survival. Comparison 

of survival curves done by log-rank (Mantel-Cox) test. 

3.3.5 Cancer-associated SMARCAL1 mutations contribute to ALT-
mediated telomere maintenance in GBM 

The exome sequencing and ALT results indicate that there is a strong correlation 

between recurrent somatic inactivating mutation of SMARCAL1 and ALT telomere 

maintenance in a subset of GBMs, similar to the previously established roles of ATRX 

and DAXX mutations (Heaphy et al., 2011) (Figure 30). To further explore the functional 

connection between somatic SMARCAL1 mutations and ALT, we identified two cancer 

cell lines harboring mutations in SMARCAL1, D06MG and CAL-78. D06MG is a primary 

GBM cell line harboring a nonsense, homozygous SMARCAL1 mutation (W479X, Figure 

31F), derived from the tumor of patient DUMC-06. CAL-78 is a chondrosarcoma cell line 

with homozygous deletion of the first four exons of SMARCAL1, resulting in loss of 

expression (Figure 31) (Barretina et al., 2012). Both SMARCAL1-mutant cell lines 

exhibited total loss of SMARCAL1 protein expression by western blot, with intact 

expression of ATRX and DAXX (Figure 31B) and hallmarks consistent with ALT, 

including ALT-associated promyelocytic leukemia (PML) bodies (APBs), DNA C-circles, 

and ultrabright telomere DNA foci (Heaphy et al., 2011; Heaphy et al., 2011; Yeager et al., 

1999) (Figure 31A). Restoration of SMARCAL1 expression in these cell lines significantly 
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reduced colony forming ability, supporting the role of SMARCAL1 as a tumor 

suppressor (Figure 32A-C).  
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Figure 30:  Recurrent inactivating mutations identified in SMARCAL1 in TERTpWT-

IDHWT GBM. 

The majority of mutations identified in SMARCAL1 in an expanded cohort (N=39) of 

TERTpWT-IDHWT GBMs are likely inactivating (frameshift, nonsense). Protein 

domains of SMARCAL1 are shown (RBD: RPA-binding domain, HARP: HepA-

related protein). 
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Figure 31: CAL78 and D06MG are cell lines with mutations in SMARCAL1  

a, We identified two cancer cell lines harboring inactivating mutations in SMARCAL1: 

D06MG (patient-derived GBM, W479X) and CAL-78 (chondrosarcoma, deletion of 

exons 1-4). These cell lines exhibit signs of ALT, including ALT-associated PML 

bodies (APBs), as indicated by the co-localization of PML and ultrabright telomere 

foci, and the accumulation of C-circles. b, Western blot confirms the absence of 

SMARCAL1 expression in both CAL-78 and D06MG, as well as intact expression of 

ATRX and DAXX. Controls include U2-OS (ATRX-negative) and HeLa (positive 
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control). c, PCR validates the deletion of exons 1-4 in CAL-78, using HeLa as a control. 

d, Compared to other CCLE cell lines, CAL-78 shows both deletion and absent mRNA 

expression of SMARCAL1. e, Based on CCLE Affymetrix SNP6 array data, the 

homozygous deletion of SMARCAL1 in CAL78 spans exons 1-4 of SMARCAL1 in 

CAL78. f, D06MG harbors a homozygous W479X mutation in SMARCAL1.  

 

 

Figure 32: Expression of SMARCAL1 in CAL78 and D06MG inhibits colony formation.  

a, We rescued expression of wildtype SMARCAL1 in D06MG and CAL-78.  b, 

There was a significant reduction in the colony area and intensity for D06MG (P<0.05) 

and CAL-78 (P<0.005) in the SMARCAL1 rescue as compared to the control (GFP). 

Error bars in b,c denote s.e.m. *P<0.05; **P<0.05; Paired t-test. 
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We then investigated the extent to which expression of wildtype (WT) 

SMARCAL1 or cancer-associated SMARCAL1 variants modulate ALT hallmarks in cell 

lines with native SMARCAL1 mutations. We found that SMARCAL1 WT expression 

markedly suppressed ultrabright telomeric foci in both CAL-78 and D06MG. (Figure 

33A,B). Next, we sought to investigate the effects of somatic SMARCAL1 variants on C-

circle abundance. Cancer-associated mutations tested from our GBM cohort included 

SMARCAL1 Arg645Ser (R645S), Phe793del (del793), and Gly945fs*1 (945fs). In addition 

we examined mutation patterns in pan-cancer TCGA data on cBioportal (Gao et al., 2013) 

and found that SMARCAL1 mutations and homozygous deletions are present at low 

frequency in several other cancer types (Figure 34A).  We tested two SMARCAL1 

recurrent variants, R23C and R645C, that were identified from these sequencing studies. 

R23 (n=5 mutations) is located in the RPA-binding domain, while R645 (n=3 mutations) 

is located in the SNF2 helicase domain, similar to the R645S variant identified in our 

cohort (Figure 34B-C).   
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Figure 33: SMARCAL1 expression suppresses hallmarks of ALT  

a, Overexpression of SMARCAL1 dramatically reduces the appearance of ALT-

associated ultrabright telomere foci relative to the GFP control (CAL-78 is shown). b-c, 

SMARCAL1 constructs harboring either wildtype, helicase dead (R764Q, from SIOD), 

mutations from the expanded cohort (R645S, del793, fs945) and recurrent mutations 

seen in pan-cancer data (R23C, R645C) were assayed for effects on ALT-associated C-

circles and ultrabright telomere foci. The SMARCAL1 helicase domain function is 

critical for suppression of C-circles, as constructs with mutations in these domains fail 

to fully suppress markers of ALT, compared to wildtype constructs or SMARCAL1 

with mutations in the RPA-binding domain (R23C) or the 945fs variant. Error bars in 

b,c denote s.e.m. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; One-way ANOVA with 

Dunnett’s multiple comparisons test (b,c). 
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SMARCAL1 WT expression in both CAL-78 and D06MG significantly 

suppressed C-circle abundance relative to the control condition. In contrast, expression 

of SMARCAL1R764Q, a well-studied helicase loss-of-function mutation found in a patient 

with Schimke immune-osseous dysplasia (SIOD), (Yusufzai et al., 2008) failed to fully 

suppress C-circles in CAL-78 and D06MG, demonstrating that SMARCAL1 helicase 

activity is critical for suppression of these ALT features. Rescue with SMARCAL1 R645S, 

R645C, and del793 failed to fully suppress C-circles in both cell lines, similar to R764Q. 

However, overexpression of the SMARCAL1 R23C and fs945 constructs resulted in a 

similar suppression of C-circle levels to that of the wildtype rescue (Figure 33C). 

Notably, the GBM case with SMARCAL1 fs945 mutation from our study exhibited 

concurrent loss of ATRX expression by IHC, indicating that perhaps ATRX loss was the 

primary genetic lesion associated with ALT in this case.  
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Figure 34: Lentiviral-mediated delivery of mutagenized constructs of SMARCAL1 in 

two ALT-positive lines lacking SMARCAL1 expression.  

a, We examined pan-cancer data (cBioportal) for mutations and homozygous 

deletions. b, Recurrently-mutated loci included R23 and a cluster in the SNF2 helicase 

domain at R645.  R23C is located in the RPA-binding domain and forms hydrogen 

bonds with RPA. R645C is in the ATP-binding helicase domain (also SNF2 N-

terminal domain and putative nuclear localization signal domain). Additionally, from 

our validation cohort, we identified ALT-positive cases with R645S, del793 and fs945 

mutations. c, Mutagenized constructs with each of these variants were generated and 

delivered by lentivirus for constitutive expression in D06MG and CAL-78. Western 

blot analysis shows that the constructs are expressed at similar levels in these cell 

lines and similar to a control cell line (HeLa). 
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Finally, we investigated if knockout of SMARCAL1 is sufficient to induce 

hallmarks of ALT in GBM cell lines. We used CRISPR/Cas9 gene editing to generate 

SMARCAL1 knockout clones in the ALT-negative GBM cell lines U87MG and 

U251MG (Patil et al., 2015; Ran et al., 2013). In total, twelve U251MG (A: 5 clones, B: 7 

clones) and ten U87MG (A: 2 clones, B: 9 clones) lines were validated as SMARCAL1 

knockout clones using this approach (Figure 35A). Isogenic SMARCAL1-/- GBM cell lines 

were assessed for accumulation of C-circles by dot blot. In both cell lines, 30% of 

isogenic SMARCAL1-/- clones isolated exhibited significantly increased levels of C-circles 

(Figure 35B), as well as rare ultrabright telomere foci and APBs (Figure 35C), indicating 

that loss of SMARCAL1 in GBM cells can induce signs of ALT. 
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Figure 35: Loss of SMARCAL1 in glioblastoma cell lines leads to features of ALT.  

a, CRISPR/Cas9 gene editing was used to generate SMARCAL1 knockout GBM lines 

(U87MG and U251MG). Two guide combinations (A: 3_2 & 9_1 and B: 3_1 & 7_1) were 

used targeting exons 3 and 9 and 3 and 7, respectively. Clones were sequenced and 

validated as isogenic knockout lines by Western blot (*clone c69 was excluded due to 

faint band). b, Cell lines were assessed for C-circle accumulation (by dot blot), a 

characteristic observed in cells using ALT for telomere maintenance. Approximately 

30% of isogenic SMARCAL1 knockout GBM lines isolated in both U87MG and 

U251MG exhibited significantly increased levels of C-circles (U87MG: 4/12, U251MG: 

3/10), as compared to the parental cell line. c, C-circle positive SMARCAL1 knockout 

clones were assessed for the presence of ALT-associated PML bodies (APBs), as 

indicated by the co-localization of PML (immunofluorescence) and ultrabright 

telomere foci (FISH). Rare cells were identified in these C-circle-positive clones with 

APBs. Error bars in b denote s.e.m. **P<0.01; ***P<0.001; ****P<0.0001; One-way 

ANOVA with Dunnett’s multiple comparisons test relative to parental cell line. 
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Figure 36: Generation of SMARCAL1 knockout glioblastoma cell lines during 

CRISPR/Cas9-mediated gene editing. 

a, Guides were tested using the Surveyor nuclease assay after transfecting HEK293FT 

cells with pX458 (spCas9) and the relevant sgRNA. All guides readily introduced 

indels (>20%). b, Two guide combinations (A: 3_2 + 9_1 and B: 3_1 + 7_1) were 

delivered to U87MG and U251MG. After transfection, cells were GFP-sorted and 

single-cell cloned and expanded. Deletion-spanning qPCR was performed to readily 

identify clones with allele deletion in SMARCAL1. These lines were then sequenced 

and validated as isogenic knockout lines by Western blot. Overall, more than ten 

isogenic SMARCAL1 knockout lines were generated in both U87 (11 total) and U251 

(12 total). Clone c69* was excluded from further analysis due to the presence of a faint 

band by immunoblot. 
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3.4 Discussion 

Approximately one in every five adult GBM patients have tumors that are 

wildtype for TERTp and IDH1/2 (Killela et al., 2013; Killela et al., 2014). TERTpWT-IDHWT 

GBMs are a poorly understood subgroup that have been defined by an absence of 

common biomarkers (mutations in TERTp, IDH1/2, and 1p/19q codeletion). Here, we 

used genomic sequencing (WES, WGS) and characterization of telomere maintenance 

mechanisms to define the genetic landscape of TERTpWT-IDHWT GBMs and uncover 

novel alterations associated with telomere maintenance in GBM.  

We identified an ALT-positive subgroup of TERTpWT-IDHWT GBMs, known as 

IDHWT-ALT, which is made up equally of GBMs mutated in ATRX (notably without IDH 

or TP53 mutations) or SMARCAL1. Our study reveals a novel role for somatic recurrent 

loss-of-function alterations in SMARCAL1 in cancers with the ALT telomere 

maintenance mechanism. Another recent study (Cox et al., 2016) reported a role for 

SMARCAL1 in regulating ALT activity in ATRX-deficient cell lines by resolving 

replication stress and telomere stability (Flynn et al., 2015). Here, we show that cancers 

with somatic mutation of SMARCAL1 are ALT-positive, and this represents, to our 

knowledge, the only other reported gene mutation associated with ALT other than 

ATRX and DAXX mutations (Heaphy et al., 2011). Future studies should investigate if 

ATRX plays a role in the absence of SMARCAL1 expression at the telomeres in these 

tumors.  
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Our results demonstrate the importance of intact SMARCAL1 helicase domains 

in suppressing characteristics of ALT in SMARCAL1 mutant, ALT-positive cancer cell 

lines. These findings are consistent with a previous study (Poole et al., 2015), which used 

RNAi-mediated SMARCAL1 knockdown in Hela1.3 and SMARCAL1 gene knockout in 

MEFs (ALT-negative cell lines with native SMARCAL1 expression) to investigate the 

effect of SMARCAL1 depletion on C-circle abundance. The investigators reported that 

SMARCAL1-mediated C-circle suppression requires intact helicase activity, and that 

deletion of the RPA binding domain does not affect c-circle suppression in these cell 

lines (Poole et al., 2015).  

SMARCAL1 is recruited to sites of DNA damage and stalled replication forks by 

RPA, where it promotes fork repair and restart, thereby helping to maintain genome 

stabilty (Bansbach et al., 2009; Couch et al., 2013; Lugli et al., 2017; Postow et al., 2009). 

Previous work has shown that bi-allelic germline mutations of SMARCAL1 cause the 

autosomal-recessive disease SIOD, a rare developmental disorder characterized by 

skeletal dysplasia, renal failure, T-cell deficiency, and often microcephaly (Boerkoel et 

al., 2002). There is some evidence that SIOD patients have increased risk for 

cancer (Baradaran-Heravi et al., 2012; Carroll et al., 2013), neurologic 

abnormalities (Deguchi et al., 2008), and chromosomal instability (Simon et al., 2014). In 

the context of our findings, linking SMARCAL1 alterations to the pathogenesis of ALT-

positive tumors provides insights that may inform the design of therapeutics to exploit 
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the altered replication stress response present in ALT-positive tumors. Additionally, our 

exome sequencing data show that SMARCAL1-mutant GBMs often have mutations in 

PTEN, NF1, and TP53, which may be necessary co-occurring alterations necessary for 

gliomagenesis. Our analysis of previous sequencing studies reveals that among diffuse 

gliomas, SMARCAL1 mutations appear to be absent in lower-grade gliomas (WHO 

grade II-III) and only present in GBMs. Furthermore, SMARCAL1 mutation is not 

present in the other major genetic subtypes of GBM (IDHMUT-TERTpWT or IDHWT-

TERTpMUT) (Cancer Genome Atlas Research et al., 2015; Ceccarelli et al., 2016; Killela et al., 

2014). SMARCAL1 somatic mutations occur in other cancer types (Figure 34A), many of 

which are known to exhibit ALT in a subset of tumors (Heaphy et al., 2011). We found 

the mutational pattern in a recent study of sarcoma of particular interest, as this tumor 

type commonly exhibits ALT. We identified a number of likely pathogenic alterations in 

SMARCAL1 in 4% of all cases, including helicase domain mutations with co-existing 

shallow copy number deletion, as well as tumors with homozygous deletions (Table 

6) (Cancer Genome Atlas Research Network. Electronic address et al., 2017; Eastley et al., 

2017; Matsuo et al., 2009). Additionally, the SMARCAL1-mutated ALT-positive cell line 

we identified in our study, CAL78, is a chondrosarcoma cell line.    
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Table 6: SMARCAL1 mutations are present in soft tissue sarcoma. 

 

We also identified recurrent TERT rearrangements in approximately half of 

TERTpWT-IDHWT GBMs, now defined as IDHWT-TERTSV GBMs. Recent studies have 

revealed the presence of similar structural rearrangements upstream of TERT in kidney 

cancer (Davis et al., 2014) and neuroblastoma (Peifer et al., 2015; Valentijn et al., 2015). As 

the exact location of the break point was variable (similar to patterns seen in other 

cancers (Davis et al., 2014; Peifer et al., 2015; Valentijn et al., 2015)), these alterations may 

translocate TERT to areas of the genome with a genetic environment more permissive to 

increased TERT expression.  

Taken together, we have delineated two new genetically-defined GBM 

subgroups, IDHWT-TERTSV and IDHWT-ALT. Similar to the established IDHMUT and 

TERTpMUT genetic subgroups of GBM (Eckel-Passow et al., 2015; Jiao et al., 2012; Killela et 

al., 2013; Killela et al., 2014; Parsons et al., 2008; Yan et al., 2009), the IDHWT-ALT and 

IDHWT-TERTSV genetic subgroups exhibit recurrent and distinct genetic alterations 

leading to either ALT-mediated or telomerase-mediated mechanisms of telomere 

maintenance (Figure 37). 

TCGA ID Cancer Type Mutation Mutation Type CNV status Mutant Allele Fraction

TCGA-QC-A6FX-01 Soft tissue sarcoma T724M Missense Shallow Deletion 17.0%

TCGA-DX-AB32-01 Soft tissue sarcoma R645C Missense Shallow Deletion 40.0%

TCGA-JV-A5VF-01 Soft tissue sarcoma E803G Missense Shallow Deletion 59.0%

TCGA-QQ-A5VB-01 Soft tissue sarcoma K875R Missense Shallow Deletion 63.0%

TCGA-IW-A3M6-01 Soft tissue sarcoma Q145* Nonsense Shallow Deletion 66.0%

TCGA-DX-A3U7-01 Soft tissue sarcoma Homozygous Deletion Homozygous Deletion

TCGA-DX-AB2F-01 Soft tissue sarcoma Homozygous Deletion Homozygous Deletion

TCGA-DX-AB2P-01 Soft tissue sarcoma Homozygous Deletion Homozygous Deletion

TCGA-WK-A8XX-01 Soft tissue sarcoma Homozygous Deletion Homozygous Deletion

TCGA-X6-A8C2-01 Soft tissue sarcoma Homozygous Deletion Homozygous Deletion



 

 

 

Figure 37: Novel genetic subtypes of GBM in the overall molecular classification of adult diffuse glioma 

The molecular subtypes of GBM are outlined, stratified first by IDH status, then by markers including TERTp mutation, 

1p/19q co-deletion, and now TERT rearrangement (IDHWT-TERTSV) and SMARCAL1 or ATRX mutation (IDHWT-ALT). The 

two new genetic subtypes of GBM, IDHWT-TERTSV and IDHWT-ALT (red arrows), have novel genetic alterations associated 

with telomere maintenance. 
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We also observed truncating mutations in the putative oncogene PPM1D, similar 

to previous observations of PPM1D mutations in brainstem gliomas (Zhang et al., 2014), 

suggesting that PPM1D is a candidate driver gene in a subset of TERTpWT-IDHWT GBMs.  

In the TCGA LGG and GBM studies, PPM1D truncating mutations were rare (<1% of 

cases), however gain or amplification occurred in 5.7% and 12.5% of cases, 

respectively (Brennan et al., 2013; Cancer Genome Atlas Research et al., 2015; Gao et al., 

2013). PPM1D alterations therefore appear to be present both in brainstem gliomas and 

less frequently in supratentorial gliomas. 

Finally, we identify clinically-actionable alterations through sequencing in this 

cohort, including BRAF V600E mutations. While BRAF is frequently altered in pediatric 

gliomas, it is uncommon in adult gliomas (0.7%-2%) (Cancer Genome Atlas Research et 

al., 2015; Ceccarelli et al., 2016; Horbinski, 2013). In our study, we identified recurrent 

BRAF V600E alterations primarily in adult TERTpWT-IDHWT GBM patients 30 years old or 

younger. These results suggest that BRAF mutations may be suspected in young adult 

TERTpWT-IDHWT GBM patients, which provides an opportunity to use molecular 

diagnostic markers and targeted BRAF V600E/MEK blockade, which has shown promise 

in pre-clinical models of astrocytoma (Nicolaides et al., 2011; Zhang et al., 2017) and in 

pediatric and adult patients with BRAF-mutant tumors (Johanns et al., 2018).  
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In conclusion, these studies identify novel biomarkers that can be used to 

objectively define TERTpWT-IDHWT GBM tumors and have discovered a novel role of 

somatic SMARCAL1 loss-of-function mutations in the ALT phenotype in human cancers.  
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4. Conclusion 

4.1 Summary of mutation detection studies 

TERT promoter and IDH mutations are biomarkers that can be effectively used to 

classify diffuse gliomas into distinct molecular subgroups. Taking advantage of the 

frequency of these alterations in diffuse glioma and the unique pattern of mutual 

exclusivity or co-occurrence of TERT and IDH alterations, we find that these hotspot 

alterations are fundamental to the objective classification of diffuse glioma. Already, 

IDH mutation status, among other markers, is incorporated into the newest WHO 

criteria for the classification of diffuse glioma (Louis et al., 2016).  However, a major 

limitation of effectively translating these findings to clinical use is the limited sensitivity 

and time-consuming nature of Sanger sequencing. In particular for diffuse gliomas 

which are prone to heterogeneity, necrosis and histologic ambiguity, which can 

contribute to low tumor purity in samples. 

To address this, we developed GliomaDx, a qPCR-based allele-specific PCR 

assay that sensitively and rapidly detects the TERT promoter and IDH hotspot 

alterations common to diffuse glioma. GliomaDx can accurately discriminate 0.1% 

mutant alleles in a background of 99.9% wildtype alleles, from a sample that is 100% 

wildtype, a 200x improvement over Sanger sequencing. We show that even samples that 

visually appear to have over 80% tumor by H&E staining are prone to low tumor purity, 

as we found that over 20% of previously called TERTpWT-IDHWT tumors (by Sanger 
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sequencing) harbored low percentage alterations in TERT or IDH after testing by 

GliomaDx. These tumors exhibited clinical characteristics consistent with their genetic 

profile. Specifically, the tumors with detected low percentage TERT promoter mutations 

exhibited much more aggressive behavior.  

4.2 Future directions of mutation detection studies 

4.2.1 Liquid biopsy: Detection of TERT promoter mutations in voided 
urine of bladder cancer patients 

We believe this approach to mutation detection has value in many other realms, 

in particular, the TERT promoter mutation is frequent in many other cancer types that 

may benefit from sensitive detection of the alteration. Of particular interest is bladder 

cancer, of which over 70% harbor TERT promoter mutations (Killela et al., 2013). Due to 

the need for lifelong monitoring and treatment, the costs associated with bladder cancer 

management is the highest of all cancers (Botteman et al., 2003). Routine cystoscopy is a 

critical part of surveillance of bladder cancer progression. However, detecting tumor-

specific alterations in the voided urine may offer a non-invasive method for following 

disease progression, especially in the context of the high TERT promoter mutation 

frequency in this disease. 

Due to the low amount of DNA present in voided urine, we adapted our allele-

specific assay to perform on fragmented, low-input samples. This enables testing 

replicates and accurate assessment of mutation status even from limited input. The first 

step utilizes a high-fidelity preamplification (KAPA Hi-Fi enzyme) followed by dilution 
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of the Pre-amplified product (1:1000 to 1:10000) then nested allele-specific LNA qPCR 

for the mutations of interest (Figure 38, Figure 39). Additionally, to facilitate accurate 

quantification of mutant allele fraction, we developed a “calibrator plasmid”. We cloned 

into pGL3 two fragments of IDH1 and TERT, mutagenized to have IDH1 R132H, TERT 

promoter C228T and C250T all in exactly 50% mutant allele fraction amounts (Figure 

40). Additionally, we used an IDH1 R132H assay by droplet digital PCR (Bio-Rad) to 

show that this calibrator plasmid has a 50% mutant allele fraction (Figure 41). 

 

 

Figure 38. Pre-amplification and nested PCR for limited or fragmented DNA inputs. 

We developed a nested PCR approach for detection of TERT and IDH mutations from 

limited input samples such as FFPE or ctDNA. 
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Figure 39: General approach for liquid biopsy testing of TERT promoter 

mutations in bladder cancer voided urine. 

 

Figure 40: Heterozygous calibrator plasmid for the TERT promoter and IDH 

mutations. 
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Figure 41: Using droplet digital PCR for IDH1 R132H shows that the calibrator 

plasmid is exactly heterozygous. 

We are currently working with collaborators in China (Key Laboratory of 

Gastroenterology of Zhejiang Province, Hangzhou, China) to test a large cohort of 

bladder cancer cases for which both the primary tumor DNA and voided urine DNA has 

been obtained. For initial testing, we used this approach on a cohort of nine matched 

samples, including pre-operative voided urine and FFPE gDNA from the matched 

tumor.  We found that qPCR was able to detect the matched TERT promoter alteration 

for all nine cases using this pre-amplification and nested PCR approach (Figure 42). 
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Additionally, in one case (32-T), the TERT promoter mutation was undetectable by 

Sanger sequencing in the primary tumor, but the qPCR-based approach detected TERT 

C228T in both the voided urine and matched primary tumor. We are currently working 

with our collaborators to expand this cohort and assess the promise of this approach for 

monitoring patients with residual disease or bladder cancer recurrence in a non-invasive 

manner. 

 

Figure 42: Results from initial testing of voided urine and matched primary 

tumor FFPE using pre-amplification and nested PCR approach for TERT promoter 

mutation detection. 

4.2.2 Liquid biopsy: Detection of TERT promoter and IDH mutations in 
plasma ctDNA of diffuse glioma patients 

In the future, we also plan to apply this nested qPCR approach to liquid biopsy 

in brain tumors. This is a controversial topic, as several conflicting reports have emerged 

regarding the presence or absence of circulating tumor DNA (ctDNA) from brain tumors 

in the plasma (Bettegowda et al., 2014; Boisselier et al., 2012; Wang et al., 2017). The 

cerebrospinal fluid represents another potential source of ctDNA, although in some 
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cases lumbar puncture in the presence of a brain tumor is contraindicated due to the 

potential for increased intracranial pressure.  

We are currently working with the Preston Robert Tisch Brain Tumor Center 

Tissue Bank to collect a large cohort of plasma from glioma patients at Duke. We have 

collected over 100 cases worth of 5-10 mL of plasma, which we hope to test in the future 

by applying the nested qPCR approach for detecting ctDNA harboring the TERT 

promoter and IDH mutations. Previous studies have not assessed the TERT promoter 

mutation status of ctDNA from gliomas, as it has been a challenging locus to amplify. 

However, as TERT promoter mutations are frequent in GBMs, which often have 

compromise of the blood-brain barrier, they may be detectable using sensitive assays 

such as GliomaDx. Alternative approaches to detection of tumor-specific ctDNA include 

use of droplet digital PCR or next-generation sequencing. 

4.3 Summary of TERTpWT-IDHWT characterization 

TERT promoter and IDH mutations are able to characterize and stratify ~80% of 

diffuse gliomas into genetic subgroups with distinct survival patterns. However, the 

remaining ~10% of diffuse gliomas, in large part GBMs, lacked genetic biomarkers and 

characterization.  

We used whole exome to characterize the genetic landscape of TERTpWT-IDHWT 

GBM. We identified recurrent alterations characteristic of diffuse gliomas, including 

ATRX mutation, EGFR amplification, CDKN2A deletion, PTEN mutation.  
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The most notable alterations we identified were related to telomere maintenance, 

including inactivating mutations in SMARCAL1. These SMARCAL1-mutant GBMs 

exhibited signs of ALT, including C-circles and ultrabright telomere foci. We found that 

SMARCAL1 is a novel candidate tumor suppressor in GBM and that inactivation of 

SMARCAL1 has roles in the ALT phenotype, similar to ATRX and DAXX.  We identified 

two cell lines with features of ALT harboring inactivating mutations in SMARCAL1. 

Rescue of expression of SMARCAL1 suppressed signs of ALT, including C-circles and 

ultrabright telomere foci. Additionally, knockout of SMARCAL1 using CRISPR/Cas9 

gene editing in GBM cell lines (U87 and U251) produced clones exhibiting signs of ALT, 

such as C-circles. 

The remaining ~60% of GBMs however lacked alterations in ATRX and 

SMARCAL1, and did not exhibit signs of ALT. As these tumors were ALT-negative, and 

therefore likely telomerase-positive, we sought to identify other potential genetic 

alterations leading to telomerase activation that would be undetectable by whole exome 

sequencing. Therefore, we performed whole genome sequencing the ALT-negative 

TERTpWT-IDHWT GBMs. We identified recurrent rearrangements upstream of TERT 

which lead to increased TERT expression in these tumors.   

Finally, our exome sequencing identified recurrent BRAF V600E mutations in 

TERTpWT-IDHWT GBMs, in particular patients younger than 30 years of age. As this is 
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normally an infrequent alteration in GBM, this may provide an opportunity for 

personalized treatment with BRAF V600E-specific inhibitors or MEK inhibitors. 

4.4 Future directions following TERTpWT-IDHWT GBM findings 

4.4.1 Identification of TERT rearrangements in other glioma subtypes 

Following our identification of TERT rearrangements in TERTpWT-IDHWT, we 

propose to examine other diffuse glioma subtypes lacking TERT promoter mutation and 

ATRX mutation for TERT rearrangements, including subgroups of pediatric GBMs and 

adult lower-grade gliomas. As genetic alterations such as TERT promoter mutation and 

ATRX mutation are not specific to adult GBM, it is likely similar TERT rearrangement 

events may be occurring in lower grade TERTpWT-IDHWT gliomas. Whole genome 

sequencing or break-apart FISH as we performed in our adult GBM cohort are likely the 

best approaches for establishing the frequency of these events in other patient 

populations.  

4.4.2 Genetic and chemical screens to identify vulnerabilities of 
ATRX, DAXX, and SMARCAL1 loss 

One major focus following our identification of recurrent SMARCAL1 mutations 

in GBM is to understand the similarity and differences with other genes known to have 

roles in ALT, including ATRX and DAXX, and to also explore the ability to target 

vulnerabilities induced by loss of these chromatin remodelers. These pathways may 

have common downstream targets that may enable targeting of the ALT. A recent study 
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showed that cancer cells relying on ALT, specifically in the context of loss of ATRX, 

increased sensitivity to ATR inhibition (Flynn et al., 2015). 

We propose to use CRISPR/Cas9 gene editing to knockout ATRX and DAXX in 

U251 and U87 and select clones exhibiting characteristics of ALT, similar to our 

approach with SMARCAL1 knockout. We will then work with the Duke Functional 

Genomics Core Facility to perform drug screening with the Selleck FDA-approved Drug 

library (978 compounds) or Bioactive Compound Library (2100 compounds) on these 

lines, leveraging the high-throughput capabilities of the facility to perform these screens. 

We recently received a voucher to perform these screening studies. Our initial priority 

will be to assess the role of ATM/ATR pathway inhibition, as many of these compounds 

are included in these panels and there is preliminary data suggesting ALT-positive 

tumors exhibit sensitivity to ATM/ATR inhibition (Flynn et al., 2015).  

Another approach that may provide more specific genetic vulnerabilities to 

ATRX, DAXX and SMARCAL1 loss is genome-wide CRISPR/Cas9 screening (Figure 43). 

We plan to work with the Duke Functional Genomics Core to perform this genetic 

screening, and use the Human GeCKO v2 library (123,411 lentiviral sgRNA vectors 

targeting 19,050 genes)  (Sanjana et al., 2014). Using the workflow in Figure 43, we hope 

to identify potential “universal” ALT-vulnerabilities (common to ATRX, DAXX and 

SMARCAL1 loss) and potential vulnerabilities specific to each genetic factor. These 
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targets can readily be validated in other ALT-positive tumors, including sarcomas and 

other cancers. 

Alternatively, these screening approaches could be applied to our ALT-

suppressed models: CAL78 and D06MG overexpressing SMARCAL1. These cell lines 

have significantly reduced signs of ALT, and decreased colony forming ability. 

Therefore loss of function of genetic targets that may be downstream of SMARCAL1 loss 

may rescue cell viability by enabling a parallel pathway to ALT. 

 

Figure 43: Proposed genome-wide CRISPR/Cas9 screening for vulnerabilities 

of ATRX, DAXX and SMARCAL1 loss in glioma 

 

4.4.3 Exploring the role of SMARCAL1 mutation in gliomagenesis and 
cellular transformation 

Based on sequencing studies and identification of multiple genetic alterations in 

diffuse gliomas, these tumors are thought to arise from a series of multiple genetic 
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alterations. From our studies, we often find molecular signatures characteristic of each 

subtype of glioma. For example, IDH-TP53-ATRX alterations often co-occur in diffuse 

astrocytoma. In our recent study of SMARCAL1, we found that these tumors often 

harbored TP53, PTEN and NF1 alterations, in the absence of IDH mutation. Recent 

evidence suggests that TP53 alterations are necessary in addition to ATRX mutation to 

enable cell immortalization and blocks to cell differentiation (Modrek et al., 2017). 

Normal human astrocytes expressing E6 and E7 to generate p53/pRb-deficient 

astrocytes are a common in vitro model for examining the role of tertiary alterations in 

cell immortalization and transformation (Ohba et al., 2016; Sonoda et al., 2001).  To 

further explore the role of SMARCAL1 in gliomagenesis, we propose to use 

CRISPR/Cas9 gene editing to knock out SMARCAL1 in these cell lines in the context of 

E6E7 expression to explore the role of SMARCAL1 in cell immortalization and 

transformation. Alongside this model, we will generate ATRX and DAXX knockouts 

and hTERT-overexpressing controls for comparison. 

To establish these models, we have generated lentiviral vectors for expression of 

E6E7 (pLenti-neo E6E7, with E6E7 cloned from pLXSN16E6E7) and knockout of ATRX, 

DAXX and SMARCAL1 (pLentiCRISPRv2 with eSpCas9). Preliminary western blots on 

lysates from these cells and shows decreased or absent expression in ATRX, DAXX, 

SMARCAL1 and TP53 compared to controls (Figure 44). For our future studies, we 

propose to examine these cell lines for ALT-specific markers, such as C-circles, 



 

136 

ultrabright telomeric foci, and APBs. We will assess if these cell lines are truly 

immortalized by culturing them in vitro and monitoring their population doublings over 

time, which is commonly done in this astrocyte model system.  We propose to use the 

soft agar assay to assess if anchorage-independent growth is occurring in any of these 

models.  Additional alterations may be necessary in the context of E6E7, with knockout 

of an ALT-related gene, to induce transformation, such as NF1 knockout or BRAF V600E 

overexpression. 

 

Figure 44: Western blot of key genetic alterations for modeling the role of 

ALT-related genes in gliomagenesis. 

If we successfully generate ALT-positive, immortalized and transformed lines 

harboring each of these characteristic ALT-related alterations seen in glioma, we plan to 

study gene expression differences in these lines by microarray to understand the 
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differences in the gliomagenic role of each alteration. There is evidence that ATRX loss is 

also involved in blocking cell differentiation (Modrek et al., 2017). If transformed, we 

will also explore modeling in mice by performing intracranial injection of these lines to 

establish intracranial xenografts, as similar models have successfully formed tumors in 

nude mice (Sonoda et al., 2001). Currently there are few mouse models of ALT-positive 

gliomas. Using well-defined genetic factors in transformed astrocyte models may 

provide an opportunity to better understand the role of and ability to target telomere 

maintenance-associated alterations in diffuse glioma. 

4.5 Concluding Remarks 

Our genomic sequencing studies over the past decade have identified the core 

alterations that define molecular subgroups of diffuse glioma. TERT promoter and IDH 

alterations represent core alterations that assist in objective tumor classification, and 

already are being incorporated into clinical trial design. Genetic markers such as 

TERT/IDH status will be critical for identifying homogeneous patient populations and 

factors that lead to responses in patients when using experimental therapies.  If liquid 

biopsy can be implemented in the management of brain tumors by leveraging these 

molecular markers, this holds promise for earlier and non-invasive detection of disease 

recurrence, identification of resistance mechanisms, and detection of residual disease 

after surgery.  
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Genetic alterations linked to telomere maintenance in diffuse glioma appear to be 

one of the few universal patterns observed in gliomas, whether through ATRX, DAXX, 

or SMARCAL1 mutation in the context of ALT, or TERT promoter mutation and 

rearrangement in telomerase positive gliomas. These patterns are linked to both less 

aggressive gliomas (i.e., ATRX mutated grade II astrocytomas and TERT promoter 

mutated grade II oligodendrogliomas) and the most aggressive tumors (secondary 

GBMs harboring ATRX and primary GBMs with TERT promoter mutations). Telomere 

maintenance-associated alterations appear therefore to be universal requirements for 

gliomagenesis and provide insights into the potentially distinct origins of each glioma 

subtype. 

However, these core alterations may also provide an effective target for future 

therapeutic targeting of diffuse gliomas, due to their necessity in tumorigenesis. This is 

challenging due to the role of telomerase in normal tissues (Shay et al., 2006). TERT 

promoter mutant tumors have unique transcription factor recruitment to the mutated 

TERT promoter, which may be targeted. Additionally, the telomerase antagonist 

imetelstat has been shown to inhibit telomerase activity and penetrate the blood brain 

barrier in mice (Marian et al., 2010). 

Targeting of ALT, present in the majority of gliomas harboring ATRX, DAXX, or 

SMARCAL1 mutation, may prove a more tumor-specific target, as ALT is not seen in 

normal tissues and the genetic alterations underlying ALT are in chromatin remodelers 
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that likely result in many other potential therapeutic vulnerabilities. ATR inhibition may 

be one potential target for ALT-specific inhibition, but we hope the proposed models 

and studies will enable us to identify other ALT-specific targets and the contribution of 

loss of function alterations in ATRX, DAXX and SMARCAL1 to gliomagenesis. 
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Appendix A 

Below are listed the PCR programs used in this study. 

High-Fidelity amplification for Surveyor 

Q5 Hot Start High-Fidelity 2X Master Mix (NEB) 

Program Temperature 
(°C) 

Time 
(min:sec) 

Cycles 

1 Initial denaturation 95°C 03:00 1x 

2 Denaturation 98°C 00:20 

3x 3 Annealing 70°C 00:10 

4 Extension 72°C 00:10 

5 Denaturation 98°C 00:20 

3x 6 Annealing 67°C 00:10 

7 Extension 72°C 00:10 

8 Denaturation 98°C 00:20 

3x 9 Annealing 64°C 00:10 

10 Extension 72°C 00:10 

11 Denaturation 98°C 00:20 

26x 12 Annealing 60°C 00:10 

13 Extension 72°C 00:10 

14 Final Extension 72°C 01:00 1x 

 

Junction-spanning qPCR                                        
Screening for CRISPR/Cas9 induced deletion 

KAPA SYBR FAST qPCR (KAPA Biosystems) 

Program Temperature 
(°C) 

Time 
(min:sec) 

Cycles 

1 Initial denaturation 95°C 03:00 1x 

2 Denaturation 98°C 00:15 

39x 3 Annealing (plate read) 70°C 00:30 

4 Extension 72°C 00:10 

5 Melt curve 65-95°C     
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PCR of exons of SMARCAL1 for sequencing 

KAPA2G Fast HotStart ReadyMix PCR kit (KAPA Biosystems) 

Program Temperature 
(°C) 

Time 
(min:sec) 

Cycles 

1 Initial denaturation 95°C 03:00 1x 

2 Denaturation 95°C 00:15 

3x 3 Annealing 64°C 00:15 

4 Extension 72°C 00:05 

5 Denaturation 95°C 00:15 

3x 6 Annealing 61°C 00:15 

7 Extension 72°C 00:05 

8 Denaturation 95°C 00:15 

3x 9 Annealing 58°C 00:15 

10 Extension 72°C 00:05 

11 Denaturation 95°C 00:15 

31x 12 Annealing 57°C 00:15 

13 Extension 72°C 00:05 

14 Final Extension 72°C 01:00 1x 

 

PCR of exons of SMARCAL1 for sequencing, FFPE 

KAPA SYBR FAST qPCR (KAPA Biosystems) 

Program Temperature 
(°C) 

Time 
(min:sec) 

Cycles 

1 Initial denaturation 95°C 03:00 1x 

2 Denaturation 95°C 00:15 
39x 

3 Annealing (plate read) 66°C 00:20 

4 Melt curve 65-95°C   1x 
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PCR for rt-qPCR (TERT, GAPDH) 

KAPA SYBR FAST qPCR (KAPA Biosystems) 

Program Temperature 
(°C) 

Time 
(min:sec) 

Cycles 

1 Initial denaturation 95°C 03:00 1x 

2 Denaturation 95°C 00:10 
39x 

3 Annealing (plate read) 60°C 00:20 

4 Melt curve 65-95°C   1x 
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Appendix B 

Below are listed the PCR programs used in this study. 

GliomaDx primer sequences 

Primer 
Sequences 

Sequence (+N indicates LNA) Purpose 

C228T AS LNA 
MUT 

CTGGGAGGGCCCGGA+A 
Allele-specific detection of 
TERTpromoter C228T 

C250T AS LNA 
MUT 

CCCGTCCCGACCCCT+T 
Allele-specific detection of 
TERTpromoter C250T 

TERT control REV-
M13R 

CAGGAAACAGCTATGACCCAGCGCTGCCTGA
AACTC 

Normalization control for input 
for TERT 

TERT control FWD-
M13F 

TGTAAAACGACGGCCAGTGTCCTGCCCCTTC
ACCTTC 

Normalization control for input 
for TERT 

IDH1 R132H AS 
LNA MUT 

GGGTAAAACCTATCATCATAGGTC+A 
Allele-specific detection of 
IDH1 R132H 

IDH1 R132C AS 
LNA MUT 

GGTAAAACCTATCATCATAGGT+T 
Allele-specific detection of 
IDH1 R132C 

IDH1 R132G AS 
LNA MUT 

GGGTAAAACCTATCATCATAGGT+G 
Allele-specific detection of 
IDH1 R132G 

IDH1 R132L AS 
LNA MUT 

GGGTAAAACCTATCATCATAGGTC+T 
Allele-specific detection of 
IDH1 R132L 

IDH1 R132S AS 
LNA MUT 

GGGTAAAACCTATCATCATAGGT+A 
Allele-specific detection of 
IDH1 R132S 

IDH1 control FWD-
M13F 

TGTAAAACGACGGCCAGTAACATGCAAAATCA
CATTATTGCC 

Normalization control for input 
for IDH1 

IDH1 control REV-
M13R 

CAGGAAACAGCTATGACCATCCCCCGGCTTG
TGAGT 

Normalization control for input 
for IDH1 

 

GliomaDx primer sequences 

Primer combination Primer 1 Primer 2 Target 
size 

Ampli
con 
size* 

GliomaDx IDH1 R132H IDH1 R132H AS LNA MUT 
(or other IDH mutant) 

IDH1 control FWD-M13F 80 bp 98 bp 

GliomaDx IDH1 control IDH1 control REV-M13R IDH1 control FWD-M13F 102 bp 138 bp 

GliomaDx 
TERTpromoter C228T 

C228T AS LNA MUT TERT control FWD-M13F 101 bp 119 bp 

GliomaDx 
TERTpromoter C250T 

C250T AS LNA MUT TERT control REV-M13R 115 bp 133 bp 

GliomaDx TERt control TERT control FWD-M13F TERT control REV-M13R 163 bp 199 bp 
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PCR program for GliomaDx 

 Stage Temperature Durat
ion 

Cycl
es 

Step 1 Initial Denaturation 95 °C 180 s 1x 

Step 2 Denaturation 95 °C 15 s 19x 

Step 3 Annealing #1 68 °C 20 s 

 READ   

Step 4 Denaturation 95 °C 15 s 25x 

Step 5 Annealing #2 57.6 °C 20 s 

 READ   

Step 6 (optional) Melting Curve 65 °C - 95 °C increase 
0.5°C/ 5 s 

 READ    

Note: Plate reads occur at Step 5, and Step 6 (SYBR/FAM) 

 

Site directed mutagenesis primers: 

Oligo name Primer Sequence (5'->3') 

SMARCAL1 R23C_F ACTTCTCAGCTCTGCAGGCCAGAGCCTTTTG 

SMARCAL1 R23C_R CAAAAGGCTCTGGCCTGCAGAGCTGAGAAGT 

SMARCAL1 R764Q_F GGCACAGGTCCTCCTGCTCAGCTGATGAG 

SMARCAL1 R764Q_R CTCATCAGCTGAGCAGGAGGACCTGTGCC 

SMARCAL1 R645C_F GTCGGACTTGAGGCACCGCAGCATGACTG 

SMARCAL1 R645C_R CAGTCATGCTGCGGTGCCTCAAGTCCGAC 

SMARCAL1 R645S_F CAGTCATGCTGCGGAGCCTCAAGTCCGAC 

SMARCAL1 R645S_R GTCGGACTTGAGGCTCCGCAGCATGACTG 

SMARCAL1 del793_F GGTCAGCCGAGGAGGTGAGGCCCATA 

SMARCAL1 del793_R TATGGGCCTCACCTCCTCGGCTGACC 

SMARCAL1 fs945_F TACAAGAAAGTTGGGTAAAAAAATTCAAATCTCCTTTTCTTCTGTGGAC 

SMARCAL1 fs945_R GTCCACAGAAGAAAAGGAGATTTGAATTTTTTTACCCAACTTTCTTGTA 
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Primers for Surveyor Assay 

Oligo name Primer Sequence (5'->3') Amplicon Size             
(bp) 

Target For Surveyor 
testing of 

guides 

Surv_SMARCAL1_3F CCAGTGAGCCATGGTGTCAT 468 Exon 3 3_1, 3_2 

Surv_SMARCAL1_3R TTCTGTCCTGGGCGTTACAC    

Surv_SMARCAL1_7F TCCCACAAGTTCAGCTGGAC 490 Exon 7 7_1 

Surv_SMARCAL1_7R AGGAGAGCAGCCTGATGAGA    

Surv_SMARCAL1_9F GGGAGTGTCCTGTTAGTGGC 591 Exon 9 9_1 

Surv_SMARCAL1_9R ACGCTGGGAAAGAGATGAGC    
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Primers for SMARCAL1 sequencing (frozen tissue DNA) 

Oligo name Primer Sequence (5'->3') Target 

SMARCAL1_5UTR1F_BD_M13F        TGTAAAACGACGGCCAGTGCCCGAACTACAAATCCCAGA 5'UTR 
part 1 

SMARCAL1_5UTR1R_BD             CACTAACCAGAGAGACTCGGC                   5'UTR 
part 1 

SMARCAL1_5UTR2_F_BD-M13F       TGTAAAACGACGGCCAGTGAGGGGAGAATTCAGTGTGCA 5'UTR 
part 2 

SMARCAL1_5UTR2_R_BD            GGTTCGAAGCACTGCCAAAAT                   5'UTR 
part 2 

SMARCAL1_ex1AF_BD_M13F       TGTAAAACGACGGCCAGTTGCATTTTCTGGGACAAAAGCT Exon 1 
part 1 

SMARCAL1_ex1BF_BD_m13F         TGTAAAACGACGGCCAGTGAATCTCTCCTCCCTTGGCAC Exon 1 
part 2 

SMARCAL1_ex1AR_BD              GTGCCAAGGGAGGAGAGATTC                   Exon 1 
part 1 

SMARCAL1_ex1BR_BD              ACAACTGGATGGACAGCATGT                   Exon 1 
part 2 

VGS_SMARCAL1_ex2F-M13F         TGTAAAACGACGGCCAGTTTGGCGTCCTTCATTCATTC  Exon2 

VGS_SMARCAL1_ex2R              CTACTAACGGCCTTCACCCAC                   Exon2 

VGS_SMARCAL1_ex3F_M13F         TGTAAAACGACGGCCAGTCCCTTGCCTGTATTTCAAAGC Exon 3 

VGS_SMARCAL1_ex3R              GCAGAACAGGAAGTCTTTCCC                   Exon 3 

VGS_SMARCAL1_ex4F_M13F         TGTAAAACGACGGCCAGTATCCGCAGTGCTAGGTACAGG Exon 4 

VGS_SMARCAL1_ex4R              TGTACTCAAGCATCCCACCAC                   Exon 4 

VGS_SMARCAL1_ex5F-M13F         TGTAAAACGACGGCCAGTTCCCAAAGCTCCTCTTTCTCC Exon 5 

VGS_SMARCAL1_ex5R              CATCTGAATGCAGTCTGTGGTG                  Exon 5 

VGS_SMARCAL1_ex6F_M13F         TGTAAAACGACGGCCAGTGGGAGCAAGTCTGGTGGTG   Exon 6 

VGS_SMARCAL1_ex6R              TCCTTAAAGATCCCTAGGCCC                   Exon 6 

VGS_SMARCAL1_ex7F-M13F         TGTAAAACGACGGCCAGTGAGGAAGGTAGAGGTGATGGC Exon 7 

VGS_SMARCAL1_ex7R              AGCCAGAGTTGAGAATGGCTA                   Exon 7 

VGS_SMARCAL1_ex8F_M13F         TGTAAAACGACGGCCAGTAGGGTCAAGCCTAAAGTGACC Exon 8 

VGS_SMARCAL1_ex8R              TGGTACCACAGCCCTAAGGAG                   Exon 8 

VGS_SMARCAL1_ex9F              CATCTAACTGCTTGCATTGGC                   Exon 9 

VGS_SMARCAL1_ex9R_M13F         TGTAAAACGACGGCCAGTCATATCATGGCCAGAGAGAAGG Exon 9 

VGS_SMARCAL1_ex10F_M13F        TGTAAAACGACGGCCAGTGATCCCAAGTCCCTGTTGG   Exon 10 

VGS_SMARCAL1_ex10R             AAGCTGAGAGAATGCCAGGTC                   Exon 10 

SMARCAL1_ex11F-M13F            TGTAAAACGACGGCCAGTTGGCCAAAGTGAAAGGGGAAT Exon 11 

SMARCAL1_ex11R                 GAGCCTGGCCCCTAAACTTTA                   Exon 11 

VGS_SMARCAL1_ex12F             AGGAGCTGGAGATCCTTCTTG                   Exon 12 

VGS_SMARCAL1_ex12R-M13F        TGTAAAACGACGGCCAGTTTGGATCTGACCTAAGCCTGC Exon 12 

VGS_SMARCAL1_ex13F_M13F        TGTAAAACGACGGCCAGTAACCTGGTTCTGTGCTGGAG  Exon 13 

SMARCAL1_ex13R                 ATGCCTGGGGAGTATCTGAGT                   Exon 13 

VGS_SMARCAL1_ex14_M13F         TGTAAAACGACGGCCAGTGTGAAGTGCTTTGAGGAGGG  Exon 14 

VGS_SMARCAL1_ex14R             GCTAGTGAGGGAGGCCAAAT                    Exon 14 

VGS_SMARCAL1_ex15F             TTTCAAGATGGGTGTTTGCAC                   Exon 15 

VGS_SMARCAL1_ex15-M13F         TGTAAAACGACGGCCAGTCCTCCTACTCAGGACCCAAAG Exon 15 

VGS_SMARCAL1_ex16F-M13F        TGTAAAACGACGGCCAGTGCCCTAGTGGAGGAGAGTCAG Exon 16 

VGS_SMARCAL1_ex16R             GAGCCTGGACACAGGCATAG                    Exon 16 
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Primers for SMARCAL1 sequencing (FFPE DNA) 

Oligo name Primer Sequence (5'->3') Target 

SM1_FFPE_ex1A TGCATTTTCTGGGACAAAAGCT ex1A 

SM1_FFPE_ex1A GCCAATAACTTCTCAGCTCTGC ex1A 

SM1_FFPE_ex1B CCTTGCCTCTTACAGAGGAGC ex1B 

SM1_FFPE_ex1B TCATGAGGTCTTTGGTCAGCA ex1B 

SM1_FFPE_ex1C CCAGTGAGCCATGGTGTCAT ex1C 

SM1_FFPE_ex1C GTGAAGCCTGAGCATGACCT ex1C 

SM1_FFPE_ex1D CCTCCAGAGGTCCCTAAACA ex1D 

SM1_FFPE_ex1D TTCTGTCCTGGGCGTTACAC ex1D 

SM1_FFPE_ex1E GCCAAGACAGCAAAAGCCTC ex1E 

SM1_FFPE_ex1E CAACACCTGGAAACGATCGC ex1E 

SM1_FFPE_ex1F GTGTAACGCCCAGGACAGAA ex1F 

SM1_FFPE_ex1F ACAACTGGATGGACAGCATG ex1F 

SM1_FFPE_ex2 ACAAGCTTGTGTTGAGTGCC ex2 

SM1_FFPE_ex2 CCACCCTCCATGAGACAACC ex2 

SM1_FFPE_ex3A TCCCTCTTCCCTTGCCTGTA ex3A 

SM1_FFPE_ex3A AGCGCAATAAGGTCCTGTGA ex3A 

SM1_FFPE_ex3B CCTTCCATCAGCTCCATCCC ex3B 

SM1_FFPE_ex3B ACAGACCACTACACATTCTGGG ex3B 

SM1_FFPE_ex4 GGCAGGGTGTCCTATTTGCT ex4 

SM1_FFPE_ex4 ACTCAAGCATCCCACCACAG ex4 

SM1_FFPE_ex5 GGCATGAACACTCCAGCTCA ex5 

SM1_FFPE_ex5 TGAATGCAGTCTGTGGTGAGT ex5 

SM1_FFPE_ex6 CGGGAAATGTGCCATCCTCA ex6 

SM1_FFPE_ex6 AGATCCCTAGGCCCTGTCTG ex6 

SM1_FFPE_ex7 GCTGGGTGGTCATTGTAGCT ex7 

SM1_FFPE_ex7 ACAGACATGAAAGTTCTCAGAGCT ex7 

SM1_FFPE_ex8 GTCAAGCCTAAAGTGACCCA ex8 

SM1_FFPE_ex8 ACTAGGACGACATGCAAGCC ex8 

SM1_FFPE_ex9 CCCTGTGTTCAGAGCACCTT ex9 

SM1_FFPE_ex9 GCCAGTGCTCTTCTGACCAT ex9 

SM1_FFPE_ex10 CTGAAAGGAGCCTCATGGGG ex10 

SM1_FFPE_ex10 TCCAAATCTGTCTCCAGCCC ex10 

SM1_FFPE_ex11 GAGTTCTCAGACTGGGGCAC ex11 

SM1_FFPE_ex11 AGAGAGAGAGAGGTCGACACT ex11 

SM1_FFPE_ex12 GTCGGAGGTAAAGTGAAAACTGT ex12 

SM1_FFPE_ex12 GGCAAAAGTAGCCCATGGTG ex12 

SM1_FFPE_ex13 GTGTGGTTTGCTGAGAAGCC ex13 

SM1_FFPE_ex13 TGCCTGGGGAGTATCTGAGT ex13 

SM1_FFPE_ex14 GGACTGGAAATGGGGTGGAG ex14 

SM1_FFPE_ex14 TTTCCACCCTTGCTCGACTC ex14 

SM1_FFPE_ex15 GGAGGGTGGCCTCATTTTCA ex15 

SM1_FFPE_ex15 GCTTAATGCCTCCCTCTGCT ex15 

SM1_FFPE_ex16A GGAGAGTCAGTGTTGGAGCC ex16A 

SM1_FFPE_ex16A TCTTCTGTGGACTGGCTGTC ex16A 

SM1_FFPE_ex16B GACCCAGGAAGTGCTTCAGG ex16B 

SM1_FFPE_ex16B GCAATGGCAAGAGAAGCTCA ex16B 
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TERT and GAPDH mRNA primers for gene expression analysis 

Oligo name Primer Sequence (5'->3') 

rtTERT-BD-1F TGCAGGCGTACAGGTTTC 

rtTERT-BD-1R CTTGGCTTTCAGGATGGAGTAG 

GAPDH_BD_2F GCCTCAAGATCATCAGCAATG 

GAPDH_BD_2R GTCATGAGTCCTTCCACGATAC 
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