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Summary

Impairment of neurocognitive functioning is a common consequence of cerebral neoplasms and 

treatment, though considerable heterogeneity exists in the pattern and severity of problems across 

individuals and tumor types. While the influence of numerous clinical and patient characteristics 

have been documented, relatively little research has been devoted to understanding the influence of 

genetic variation upon neurocognitive outcomes in patients with brain tumors. This review 

highlights preliminary evidence associating genes from diverse pathways with risk of adverse 

neurocognitive outcomes in brain tumor patients, including genes specific to neuronal function and 

those involved in more systemic cellular regulation. Related literature involving other disease 

populations is also briefly surveyed, pointing to additional candidate genes. Methodological 

considerations are also discussed and the need for future research integrating novel investigative 

techniques is emphasized.
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Introduction

Primary brain tumors are relatively rare neoplasms, with an incidence of 21.4 cases per 

100,000, comprising 1.4% of all cancers.1 These tumors may arise from the meninges or 

brain parenchyma, including neuronal and supportive glial cells. In adults, brain tumors are 

most frequently located in the frontal and temporal lobes (Figure 1), while childhood brain 

tumors are more often infratentorial. Much research has been devoted to glial tumors, or 

glioma, which represent nearly 30% of all cerebral tumors and 80% of all malignant brain 

tumors. Of all glioma, WHO grade IV glioblastoma represent the most common (54%) and 

most aggressive, with a median overall survival of 14.6 months despite surgical resection 
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and standard adjuvant treatment consisting of concurrent chemoradiation with 

temozolomide, followed by single agent temozolomide.2 This is in stark contrast to low 

grade glioma (WHO grade II), which have a median overall survival of 13.8 years when 

treated with fractionated radiotherapy followed by procarbazine, lomustine, and vincristine. 

Despite survival differences across histological subtypes and pediatric versus adult 

populations,3 all cerebral tumors and treatments can have profound consequences upon 

patient neurocognitive functioning and health-related quality of life.

Most patients with brain tumors exhibit neurocognitive impairment at some point in the 

disease course.4,5 Impairment may be found within a variety of domains, with memory and 

executive functioning comprising the most frequently impacted (Figure 2). Impairment often 

presents early in the disease and can be progressive in nature, with significant consequences 

upon social and occupational functioning. Additionally, evidence indicates that 

neurocognitive impairment impacts health-related quality of life more than physical or other 

neurological symptoms.6 Nonetheless, much variability exists in the pattern and severity of 

impairment across individuals.

Numerous clinical and demographic factors are known to contribute to inter-individual 

differences in neurocognitive outcomes in patients with brain tumors. These include lesion 

size and location,7 tumor histology,8 effects of treatment,9 and cognitive reserve or level of 

pre-illness functioning.10 Germline and tumor genetic factors are also believed to influence 

neurocognitive functioning in patients with glioma, both at the time of diagnosis and in 

response to treatment. Unfortunately, very little research has been devoted to understanding 

the contribution of genetic variability to neurocognitive functioning in patients with brain 

tumors. At present, behavioral genetics research in neuro-oncology is limited by the 

relatively few neuropsychological investigations assaying both genes and cognition, in 

addition to the fact that most brain tumors represent orphan diseases necessitating long study 

durations and/or multi-institutional collaborations to achieve adequate sample sizes. As 

such, the neurocognitive endophenotype of patients with brain tumors has not been well-

characterized.11

This review summarizes the current adult and pediatric literature regarding genetic 

variability and neurocognition in patients with primary brain tumors, both at the individual 

and tumor-specific levels. To provide a broad perspective on this issue, we also incorporate 

selected findings from studies regarding genetics and neurocognitive functioning in non-

central nervous system (non-CNS) cancer, non-cancer neuromedical populations, healthy 

individuals, and animal models. These studies point to potential molecular pathways that 

may contribute to variability in neurocognitive outcomes and provide direction for future 

research. Important methodological considerations are also discussed, including difficulties 

inherent to the study of neurocognitive functioning and contrasts between common genetics 

approaches. Of the genetic methods, focus is placed upon genome-wide association studies 

(GWAS) and targeted approaches. That is, GWAS provides an agnostic approach to 

discovering associations across genome-wide assays that may not have been hypothesized a 

priori, whereas targeted approaches (e.g., candidate variant, gene, or pathway) investigate 

specific variants thought to be more likely associated with the outcome of interest. Strengths 

and weaknesses of these methods are briefly addressed.
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Individual Genetic Characteristics and Cognition

Adults

Decades of research have identified strong germline genetic influences on general cognition 

(e.g., intelligence), in addition to some genes implicated in more specific neurocognitive 

processes such as memory, processing speed, and attention/working memory.12,13 While 

general intelligence tends to be robust throughout adulthood, inter-individual differences in 

more specific neurocognitive processes tend to be large and increase with age. Explanations 

for this variability include gene-gene and gene-environment interactions, with some 

evidence suggesting that genetic effects upon neurocognition may become magnified in 

older adults.14 However, when investigating genetic influences upon neurocognitive 

functioning in medical populations, one must also consider the possibility that stochastic 

events (e.g., disease and treatment) may have greater effects on neurocognition than genetic 

variability, obscuring inter-individual differences in relationships between genes and 

neurocognition. Indeed, this has been observed in patients with Alzheimer’s disease, in 

which heritability of neurocognitive function is less than that of their unaffected family 

members.15 Nonetheless, it is almost certainly true that our genes interact with and have 

some influence upon the impact of cancer and treatment on brain activity and neurocognitive 

functioning.

As summarized by McAllister et al.,16 early efforts to identify genetic modulators of cancer 

survivors’ neurocognitive functioning employed targeted approaches focusing on single 

nucleotide polymorphisms (SNPs) of genes believed to have a direct effect on 

neurobiological processes. Perhaps the most studied gene associated with neurocognitive 

functioning is apolipoprotein E (ApoE), a glycoprotein important to neural repair.17 

Associations between ApoE ε4 allele polymorphisms and increased risk of late-onset 

Alzheimer’s disease are well-established,18 and ApoE status is known to impact 

neurocognitive outcome in numerous other populations, including traumatic brain injury19 

and stroke.20 Worse neurocognitive outcome in patients with at least one ApoE ε4 allele has 

been attributed to increased cerebral amyloid burden, reduced cholinergic function, 

dysregulation of neuronal repair mechanisms, and alterations in glucose and phospholipid 

metabolism.21 Evidence also suggests that ApoE genotype influences development of 

neurocognitive impairment following chemotherapy in patients with non-CNS cancers, such 

as breast carcinoma.22–24

Recently, associations between neurocognitive functioning and ApoE status have been 

documented in adults with brain tumors. Correa and colleagues investigated the association 

of ApoE genotype with neurocognitive performances in a large cohort of patients with brain 

tumors at approximately 4 years after completion of treatment.25 Over 90% of patients had 

previously received chemoradiation or chemotherapy alone. The authors found that those 

with at least one ε4 allele exhibited significantly lower performances on tests of learning, 

memory, and executive functioning than those without the allele. The authors also identified 

9 other ApoE SNPs associated with attention, executive functioning, and memory. While 

informative, this investigation was not longitudinal and thus was not able to demonstrate that 

differences in trajectories of neurocognitive changes were attributable to ApoE genotype. 
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Additionally, considerable heterogeneity in tumor grades and treatment received limit 

potential inferences regarding relationships between specific clinical characteristics and 

ApoE status.

Despite the limitations of the Correa et al. study,25 very similar findings have been reported 

by Ahles and colleagues in survivors of breast cancer and lymphoma.22,24 Additionally, both 

Correa et al.25 and Ahles and colleagues24 found that ApoE ε4 carriers with a history of 

cigarette smoking exhibited better neurocognitive performances than those without a 

smoking history. Accordingly, the observed relationships between ApoE status and 

neurocognitive function may not be specific to CNS-tumors but more generally relevant to 

the impact of cancer therapies. Specifically, the ε4 polymorphism may limit neuronal repair 

following radiation and/or chemotherapy, treatments known to contribute to vascular 

damage, oxidative stress and inflammation, white matter changes, and disruption of 

hippocampal neurogenesis. Further, smoking may attenuate some of the risk associated with 

the ε4 polymorphism, perhaps by counteracting cholinergic dysfunction known to be 

associated with the at-risk allele.14

In a more recent study published in abstract form, Correa et al. focused on other candidate 

genes with known importance to neuronal functioning, including catechol-O 

methyltransferase (COMT), brain-derived neurotrophic factor (BDNF), and dystrobrevin 

binding protein 1 (DTNBP1).26 While detailed results were not reported, the authors found 

associations between SNPs in these genes and aspects of attention, executive functioning, 

and memory in a sample of brain tumor patients, most of whom completed treatment with 

chemotherapy and/or radiation. Such relationships are consistent with prior studies 

investigating the role of these genes in the neurocognitive functioning of other populations, 

including chemotherapy treated breast cancer survivors.27

COMT is an enzyme involved in the degradation of catecholamine neurotransmitters, 

synaptic plasticity, and regulation of dopamine in the frontal lobes, all of which support 

attention and executive abilities.28 In chemotherapy-treated breast cancer patients, Val 

carriers of the COMT Val158Met variant perform more poorly on tests of attention, verbal 

fluency, and motor speed relative to COMT Met homozygotes.27 The COMT gene has also 

been implicated in the neurocognitive functioning of patients with other neurological and 

psychiatric conditions, including schizophrenia,29 Parkinson’s disease,30 and Alzheimer’s 

disease, though the Val allele is not always associated with worse neurocognitive 

outcomes.31 Indeed, Correa and colleagues reported that although Val homozygotes showed 

reduced working memory in their sample of brain tumor patients, Val/Met heterozygotes 

actually performed better on measures of executive function and memory.26 Accordingly, 

future work is needed to determine precisely what risks and/or protection are associated with 

the Val158Met variants of the COMT gene, and within which cognitive domains.

Neurotrophic factors, including BDNF, are proteins found in both central and peripheral 

nervous systems, which promote the growth and integrity of neurons and synapses.32 

Alterations in the expression of BDNF can have a significant impact on neurocognition, with 

reductions of BDNF mRNA being found in Alzheimer’s disease and other 

neurodegenerative conditions.33 The DTNBP1 gene encodes dystrobrevin-binding protein, 
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which is expressed downstream in the synaptic terminals of numerous cortical and 

subcortical regions.34 Polymorphisms of this gene have been implicated in susceptibility to 

schizophrenia and bipolar disorder, both of which are often accompanied by alterations of 

neurocognitive functioning.35 In light of the findings of Correa et al.,26 variation in these 

neuronal processes attributable to genetic polymorphisms may contribute to the pattern and 

severity of neurocognitive impairment in patients with brain tumors, though further 

investigation is clearly needed.

In contrast to the more selective and targeted approaches discussed so far, Liu and 

colleagues utilized a broader pathway-based approach in a recent study of glioma patients.36 

Specifically, they examined 10,967 SNPs mapping to 580 genes involving inflammatory, 

metabolism, and DNA repair pathways in a large cohort of newly diagnosed glioma patients. 

They identified associations between SNPs in each of these pathways and the processing 

speed and executive function domains of neurocognitive functioning. They further reported a 

linear relationship between severity of neurocognitive impairment and the number of at-risk 

SNPs in these pathways, suggestive of potential gene-gene interactions.

Regarding the inflammatory pathway, Liu et al.36 found the strongest associations between 

processing speed and the insulin receptor substrate-1 (IRS-1) rs6725330 SNP, as well as 

executive functioning and the nitric oxide synthase 1 (NOS1) rs11611788 and interleukin-6 

(IL-6) rs1912124 SNPs. These associations are consistent with known associations between 

inflammatory markers and neurocognitive functioning in other neuromedical populations. 

For instance, cytokines (e.g., interleukins and tumor necrosis factor alpha) help regulate 

several aspects of normal brain function, including neuronal inflammation, repair, and 

metabolism of neurotransmitters important to neurocognitive function.37 Levels of 

circulating cytokines have been implicated in the development of neurotoxicity and 

neurological disease.38 Evidence also suggests that reduced neurocognitive functioning in 

patients with non-CNS cancer is attributable in part to elevations of circulating pro-

inflammatory markers, both prior to and following initiation of therapies.39 Additionally, 

carriers of the tumor necrosis alpha (TNF-alpha) 308A promoter allele show significantly 

lower mean age at onset of Alzheimer’s disease compared to non-carriers,40 and genetic 

deletion of the p55 or p75 TNF-alpha receptor has been linked to exacerbation of 

neurobehavioral deficits and neural damage in animal models of traumatic brain injury.41 

Accordingly, these genes may also be important to the development of neurocognitive 

impairment in patients with brain tumors. However, relationships between genetics and 

cytokines are complex and the presence of at-risk alleles does not necessarily entail 

elevations in pro-inflammatory markers.42 Accordingly, future work incorporating 

nongenetic factors and gene-environment interactions are needed.

In addition to the inflammatory pathway, Liu et al.36 found associations between DNA 

repair pathway genes and neurocognition in their brain tumor population. Specifically, 

excision repair cross-complementation group 4 (ERCC4) rs1573638 was associated with 

processing speed, and polymerase (DNA directed) epsilon catalytic subunit (POLE) 

rs5744761 was associated with executive functioning. These genes encode proteins and 

enzymes involved in DNA repair and combination. Interestingly, known molecular effects of 

chemotherapeutic agents include causing DNA strand breaks and shortening of telomere 
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length.43,44 Taken together, these findings suggest that certain individuals may be 

particularly vulnerable to inflammatory cascades with reduced DNA repair capabilities, 

increasing susceptibility to the effects chemotherapy and brain tumor itself upon 

neurocognitive functioning.

Other candidate genes

Through both GWAS and targeted approaches, a number of other genes have been 

implicated in the neurocognitive functioning of healthy adults that may be relevant to the 

study of neurocognition in patients with brain tumors. For instance, neurotransmitter 

receptor genes are known to play important roles in facilitating neurocognition. The 

dopamine receptor d2 (DRD2) gene is involved in dopamine signaling, and variation in its 

expression may impact neurocognitive functioning in healthy adults.34 For instance, carriers 

of the DRD2 Taq1 allele show worse non-verbal intellectual functioning,45 memory,46 and 

executive functioning.47 Various SNPs of the muscarinic acetylcholine receptor M2 

(CHRM2) gene have also been associated with aspects of intelligence in healthy adults, 

though effect sizes are relatively small.34 The CHRM2 gene encodes the cholinergic/

muscarinic type 2 autoreceptor, which modulates neurotransmitter release. Given the 

importance of acetylcholine to memory functioning,48 which is frequently impaired 

following cancer diagnosis and treatment, this gene may play an important role in the 

neurocognitive function of brain tumor patients. Another candidate is the 5-

hydroxytryptamine transporter (5-HTT) gene involved in modulating re-uptake of serotonin 

from the synapse. Individuals with the s-allele exhibit reduced performance on list learning 

and memory tasks,49 the same measures on which patients with brain tumors frequently 

show impairment. While intuitively promising, future work is needed to extend these 

findings to brain tumor populations.

In addition to the pathways noted above, genes directly involved in cell cycle regulation may 

contribute to susceptibility to neurocognitive impairment in patients with cerebral tumors. 

For instance, the cyclin D1 (CD1) gene is known to moderate neuronal damage following 

traumatic brain injury.50 Specifically, ablation of CD1 appears to cause reduced cell cycle 

activation, attenuated neurodegeneration and hippocampal cell loss, smaller lesion size, and 

lower cortical microglial activation in mice following brain trauma. Given that brain tumor 

treatment often involves acquired damage to healthy tissue, CD1 might also contribute to the 

etiology of impaired neurocognitive functioning in patients with central nervous system 

neoplasms.

Pediatrics

As many as half of pediatric brain tumor patients develop progressive neurocognitive 

deficits.51,52 Many of these children also fail to fully attain their academic and professional 

potential as they do not develop at the same rate as their peers.53 Specifically, IQ scores 

decline an average of 2.2 points per year, with younger patients showing a more immediate 

degradation than older children.53,54 In addition to age of onset, cranial radiation dose and 

female gender are also associated with increased risk for these adverse neurocognitive 

outcomes.51,52, 54–59 Despite these known risk factors, a great amount of inter-individual 

difference exists in the development of neurocognitive impairment in pediatric brain tumor 
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populations. Increasing evidence suggests that such differences may relate to host germline 

variability, moderating the biological consequences of cancer and treatment.60

Most of the literature specifically examining neurocognitive functioning in pediatric brain 

tumor patients involves children with medulloblastoma. In addition to radiation therapy and 

neurosurgery, these tumors are often treated with alkylating agents, nitrosoureas, and 

platinum containing compounds.61 While use of these chemotherapies have contributed to 

extended survival, they are often accompanied by considerable toxicities, including 

peripheral neuropathy, renal failure, cardiomyopathy, hearing loss, and neurocognitive 

impairment.38,62,63 Evidence suggests that development of such toxicities may depend in 

part upon genetic polymorphisms of genes of the glutathione S-transferase (GST) enzyme 

family.64,65 Genes of this family encode GSTs, isoenzymes important to the catalysis of 

detoxification of alkylating and platinum containing agents, as well as oxygen free radicals 

that accumulate with chemotherapy and radiation treatment. Barahmani and colleagues 

investigated relationships between GST genes and development of toxicities, including 

impairment on intelligence testing, in a relatively small cohort of children with 

medulloblastoma.66 Most patients were treated with craniospinal radiation and high-dose 

platinum containing agents. Patients with at least one null GSTM1 or GSTT1 genotype had 

greater risk of toxicities and exhibited lower performances on tests of general, verbal, and 

non-verbal intelligence.

Bracket and colleagues also investigated the role of enzyme polymorphisms in 

neurocognitive outcomes of medulloblastoma survivors.67 They found that homozygous 

GSTM1 deletion was related to greater anxiety, depression, and global distress compared to 

those with the non-null genotypes. Additionally, survivors reported significantly greater 

problems with processing efficiency and memory compared to their healthy siblings. 

However, self-reported cognitive functioning did not vary by GSTM1 genotype. While this 

contrasts with the findings of Barahmani et al.,66 differences between studies may relate to 

variation in neurocognitive assessment techniques (i.e., performance vs. self-report 

measures) and domains assessed (i.e., global vs. specific processes).. Accordingly, it remains 

unclear if GST genes relate to more domain-specific functions in this population, such as 

memory, visuospatial functioning, and executive abilities.

Similar to findings in adults with brain tumors, polymorphisms of the COMT gene have 

been implicated in the neurocognitive functioning of pediatric brain tumor populations. In a 

study of non-medulloblastoma pediatric brain tumor survivors, those with the Met allele of 

the COMT Val158Met variant showed better performance on a self-ordered verbal task 

assessing executive functions compared to those who were homozygous for the Val allele.68 

This is in line with the role of COMT in regulating frontal lobe dopamine activity and 

facilitation of attention and executive abilities as previously discussed.

Other candidate genes

A majority of childhood non-CNS cancer survivors will have one or more late effects of 

therapy, including neurocognitive impairment. Most studies of neurocognitive functioning 

and non-CNS pediatric cancer focus on leukemia. In a study of children diagnosed with 

acute lymphoblastic leukemia (ALL), Krajinovic and colleagues found that nitric oxide 
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synthase 3 (NOS3) 894T homozygosity was associated with longitudinal decline in 

intellectual functioning only among patients treated with cranial radiation.69 This provides 

further evidence implicating inflammatory pathways and gene-environment interactions in 

the development of neurocognitive decline related to cancer and treatment, particularly 

regarding neurotoxicity associated with radiotherapy.

The folate pathway has also been implicated in the neurocognitive functioning of childhood 

ALL survivors.70 After adjusting for age at diagnosis and gender, Krull and colleagues 

reported that patients with the methylene tetrahydrofolate reductase (MTHFR) 1298AC or 

1298CC genotype were 7.4 times more likely to develop attention deficit hyperactivity 

disorder than those with the 1298AA variant. In an expanded sample of ALL survivors from 

the same center,71 survivors with the MTHFR 1298AC/CC genotypes showed reduced 

executive functioning compared to those with the MTHFR AA genotype. Further, survivors 

with enhancer region of the thymidylate synthase (TSER) 2R/3R and 3R/3R genotypes also 

exhibited worse executive function performances than survivors with the TSER 2R/2R 

genotypes. Gene-gene interactions were also evident, as survivors with adverse alleles in six 

or more folate pathway variants demonstrated greater reductions in processing speed and 

executive functioning compared to those with less than six adverse alleles. Interestingly, 

folate deficiency has been linked to impaired brain development and intellectual deficiency 

in children,72 as well as age-related cognitive decline in older adults.73 Animal models 

provide some insight into the mechanism by which variation in folate regulation may impact 

processes underlying neurocognitive functions. Specifically, reduced folate levels appear to 

elevate plasma homocysteine levels, alter brain monoamine metabolism, and inhibit 

hippocampal neurogenesis.74 Accordingly, abnormalities in folate pathways that contribute 

to oxidative stress may impact neurocognition following cancer treatment.

Further evidence of the importance of oxidative stress pathways comes from another 

investigation by Krull and colleagues regarding genetic influences upon neurocognitive 

functioning in survivors of childhood ALL.75 Survivors with the A2756G polymorphism in 

the 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) gene were more likely 

to have deficits in attentiveness and response speed. MTR encodes methionine synthase, 

which converts homocysteine to methionine. Dysregulation of the homocysteine-methionine 

cycle can lead to an excess of homocysteine, or hyperhomocysteinenemia, which can cause 

endothelial cell damage, disruption of the blood-brain-barrier, and ischemic injury.76,77 

Additional genes implicated in neurocognition following childhood ALL, include GST, 

COMT, ApoE and NOS discussed above, as well as polymorphisms of the monoamine 

oxidase A gene (MAOA), involved in the regulation of amine neurotransmitters. Patients 

with at-risk polymorphisms of these genes tend to exhibit greater impairment following 

treatment of childhood ALL, particularly with attention and concentration.78 Accordingly, 

similar pathways and genes appear to contribute to susceptibility of neurocognitive 

impairment in both children and adults following cancer and treatment—namely, those 

involved with metabolic regulation, neurotransmitter synthesis and degradation, oxidative 

stress, inflammatory cascades, neural repair, and DNA maintenance.
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Brain Tumor Genetics and Cognition

Evidence suggests that higher grade tumors entail more aggressive growth and greater 

neurocognitive impairment.8 However, advances in molecular profiling of brain tumors 

indicate that tumor genetic markers are more accurate indicators of growth kinetics than 

histological grading.79 While little work has investigated relationships between brain tumor 

genetics and neurocognition, preliminary evidence suggests that patients with malignant 

glioma harboring mutation of the isocitrate dehydrogenase one gene (IDH1) exhibit less 

impairment than their wild type counterparts.80 This has been attributed to the more 

aggressive proliferation characteristic of the IDH1 wild type tumors, allowing for less 

neuroplastic cerebral reorganization of function. While this work is promising, numerous 

other tumor markers exist with known impact on prognosis, including 1p/19q co-deletion, 

O6-Methylguanine-DNA methyltransferase (MGMT) promoter methylation, alpha-

thalassemia/mental retardation syndrome X-linked (ATRX) loss, among others. Accordingly, 

these markers may interact and share relationships with neurocognitive outcomes in patients 

with primary brain tumors. Future work is needed that includes multiple genetic pathways 

that may more accurately determine prognosis and risk of neurocognitive impairment.

Methodological Considerations

Study Design

Case-control studies are one of the most common epidemiologic study designs used in 

genetic association studies (Figure 3). In a case-control study where SNPs are evaluated as 

genetic risk factors, the odds of having a particular SNP are compared between cases and 

controls. This study design is particularly useful when investigating rare outcomes. In 

studies assessing neurocognitive functioning in brain tumor patients one can still utilize the 

case-control design despite all of the subjects having cancer. In this scenario, cases refer to 

those with an adverse treatment-related effect (neurocognitive impairment), whereas the 

controls are those without the effect. This should not be confused with the “case-only” 

design used in the assessment of gene-gene and gene-environment interactions, in which all 

the subjects have the outcome of interest.

Improving upon the case-control design are longitudinal cohort studies. While particularly 

useful in the context of examining adverse outcomes in patients with brain tumors, they have 

been less frequently employed secondary to logistical and practical limitations inherent to 

closely following patients with a rare disease over time. Nonetheless, these studies enable 

the definitive demonstration of a temporal relationship between risk factors and outcome. 

Additionally, as time-to-event data are collected as part of cohort studies, one can answer 

questions about which SNPs are most likely to contribute to the development or resolution 

of adverse effects and at what rate compared to other SNPs.

Measuring Neurocognitive Outcomes

As the biological gap between genes and outcomes of interest widen (e.g., cellular function 

versus behavior or neurocognitive function) it becomes increasingly difficult to detect 

genetic effects. Attempts to optimize signal to noise are thus critical in such studies. 
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Utilizing tests of neurocognitive function with adequate psychometric properties including 

good test-retest reliability and sensitivity to the outcome of interest is of paramount 

importance. Fortunately, the use of mental status screening instruments such as the Mini 

Mental State Examination (MMSE) in brain tumor trials has given way to incorporation of 

more comprehensive, psychometrically robust, and sensitive neuropsychological tests,81,82 

allowing for more powerful correlative biological questions to be asked in these studies. 

There has also been some preliminary consensus on a core set of neuropsychological 

tests83–85 that are being increasingly incorporated into trials by a diverse array of 

investigators, allowing data to be more readily pooled across studies to answer gene-

neurocognition association questions. This is essential as such questions frequently require 

larger sample sizes that are difficult to obtain in rare disease populations where 

neuropsychological expertise is less readily available.

Another complicating issue in the study of genetic variability and neurocognitive 

functioning in brain tumor patients involves collapsing histopathological groups. That is, 

many of the extant studies of genetic influences upon cognition include patients with tumors 

of varying histologies, despite the fact that neurocognitive functioning tends to vary from 

low to high grade.8 Fortunately, modern brain tumor clinical trials are now routinely 

gentotyping both tumor and patient while incorporating neurocognitive outcomes, which 

will enable the longitudinal study of gene-neurocognition associations in more 

homogeneous clinical samples of large size. Studies associating genes and neurocognition in 

brain tumor patients will also need to address several other variables that may cloud the 

interpretation of such association studies, including the potential impact of concomitant 

medications that can impact neurocognitive function (e.g., steroids, psychostimulants, 

psychotropics, pain meds, etc.), the timing and nature of tumor progression, and the impact 

of multiple lines of therapy many brain tumor patients are exposed to during the course of 

their illness.

Statistical Models

There are several considerations when determining the most appropriate statistical model for 

genetic association studies of treatment-related adverse effects. Two important factors are 

the study design (e.g., case-control versus cohort discussed above) and how the outcome of 

interest is measured. For instance, when evaluating a measurement where many values are 

possible within a range (i.e., a continuous variable) an investigator may opt to use a linear 

regression model. However, one could also define the adverse outcome in a binary fashion 

(i.e., present vs. absent) and use logistic regression to determine the association between 

candidate SNPs and the outcome. If investigators utilize a cohort study design when 

assessing treatment-related or other adverse outcomes and have time-to-event data, the 

model most commonly used is Cox proportional hazards regression.

As many investigators opt to build predictive statistical models of adverse outcomes in 

adults and children treated for cancer, it is important to evaluate the performance and 

predictive ability of those models. This is often done by constructing receiver operating 

characteristic (ROC) curves and calculating the area under the curve (AUC) statistic. 

However, the ROC curve may not be sensitive to differences in probabilities between 
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models. In light of this limitation, new metrics are being used to compare nested models. For 

instance, two newer approaches for assessing the predictive ability of SNPs are the 

integrated discrimination improvement (IDI) and the net reclassification improvement (NRI) 

approaches.86 While many additional options are available suited to various behavioral 

genetics research questions, the methods and designs briefly discussed represent some of the 

more commonly used statistical methods and are meant to constitute only a cursory 

introduction to the field.

Selecting Genes and SNPs of Interest

A key question in conducting a genetic association study of treatment-related effects is 

deciding what SNPs to include in the analysis. Early on, investigators examined candidate 

SNPs with a known or putative function of interest—so-called targeted approaches as 

mentioned earlier. For instance, as neurocognitive impairment in childhood ALL survivors is 

potentially mediated by folate depletion and homocysteine elevation following methotrexate 

treatment, a study discussed above focused exclusively on SNPs of genes known to alter 

folate levels.71 However, a more extensive approach could have been chosen, in which 

several SNPs of a number of genes were selected across broader pathways of interest (e.g., 

drug metabolism or DNA repair) to gain greater coverage.

With more recent advances in DNA-sparing genotyping methods, GWAS have been used in 

the context of genetic epidemiology allowing a more “agnostic” evaluation of SNPs across 

the entire human genome. The number of SNPs in a GWAS ranges from 100,000 to 

approximately 5 million on newer SNP arrays. This raises obvious questions related to 

multiple comparisons; however, these studies are particularly valuable for generating 

hypotheses. Furthermore, these investigations utilize a much more stringent p-value for 

determining statistical significance (typically p < 10−8). Finally, with newer technologies 

that allow inexpensive whole exome or genome sequencing, researchers are now able to 

compare the entire DNA sequence of individuals with an adverse outcome to those without 

the outcome. It is hoped that this information will be valuable in elucidating new variants 

associated with treatment-related effects, including changes in neurocognitive functioning.

Validation of Findings

Another important consideration in conducting genetic association studies is the replication 

and validation of findings in independent populations. This can be difficult when studies are 

small and all available individuals must be pooled for a study, as is frequently the case in 

brain tumor investigations. Another option is using cross-validation, where a single sample 

is broken into a “training” (or discovery) subset and a “validation” subset. However, the 

power to detect genetic associations is influenced by several factors, including sample size, 

the minor allele frequency, and the strength of the association. While brain tumor studies 

often suffer from small sample sizes, strong associations have been documented,67,71 

suggesting that larger studies may not be needed to discover clinically significant findings. 

However, regardless of the sample size, if the genetic variant under investigation is rare (i.e., 

has a low minor allele frequency), very large sample sizes would be required. Investigators 

should be cognizant of this issue when examining genetic effects in their clinical populations 

of limited size. Additionally, GWAS tends to require larger sample sizes and may not detect 
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biologically relevant variants, leaving much functional work to be done to determine the 

exact variant leading to the effect on biologic activity. On the other hand, targeted 

approaches may increase power, though this is often accompanied by lost opportunity to 

examine previously unstudied variants.

A final consideration in genetic association studies, as with all epidemiologic studies, is 

accounting for bias and confounding factors. An important source of bias in genetic 

association studies is referred to as population stratification, which can lead to a false 

association or the masking of a genetic effect. Specially, population stratification arises 

when subgroups within a population (e.g., different race/ethnicity or age groups) have 

different genetic profiles and/or different frequencies of the outcome of interest.87 However, 

the use of ancestry informative markers (AIMs) and other techniques (e.g., principal 

components analysis) can better identify an individual’s ancestry in order to control for these 

effects. Another source of bias is in defining relatively homogeneous populations in terms of 

diagnosis and treatment. It is important to consider all of these factors not only at the 

analysis phase, but also during the design of a genetic association study.

Future Directions

While there is a growing body of work concerning both gene-gene and gene-environment 

interactions in other cognate fields of neuroscience, such studies remain rare in patients with 

brain tumors. A detailed discussion of the methods being used in this area and the caveats 

specific to conducting interaction analyses are outside the scope of this review. However, 

readers are referred to a recent review by Dick et al. for suggestions on how best to interpret 

the results from such studies and recommendations on providing more robust data to this 

conversation with brain tumor populations.88 The effects of epigenetic mechanisms (e.g., 

changes to the DNA that are not represented by changes in the genetic sequence), such as 

methylation, micro-RNAs, or histone modifications, are also being increasingly recognized 

as important factors in many disorders, including neurocognition dysfunction. An important 

factor with epigenetic changes is that, once identified, they can potentially be modified.89 

However, these effects can be more difficult to detect as they are often tissue or cell specific 

and can change over time or with different exposures, such as nutrition or medications.

Conclusion

This review integrates the current corpus of literature regarding genetic influences upon 

neurocognition in adult and pediatric patients with brain tumors. The studies reviewed point 

to a number of candidate genes within varying pathways, including those that modulate 

cellular metabolism, DNA maintenance and repair, neural growth and repair, 

neurotransmitter synthesis and degradation, as well as oxidative stress and inflammation. In 

addition to germline mutations, evidence also suggests that tumor genetic variation may play 

an important role in the development of neurocognitive impairment in patients with cerebral 

neoplasms. Nonetheless, the paucity of existing research regarding genetic variation and 

neurocognition in patients with brain tumors is striking, particularly when contrasted with 

the vast behavioral genetics literature accumulating regarding non-central nervous system 

cancer, neurological, and psychiatric populations. Further studies are obviously needed, not 
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only to validate preliminary work but also to explore potential targets identified from 

cognate populations with novel methodologies.

Identification of genetic markers that accurately predict development of neurocognitive 

impairment related to brain tumor and treatment are necessary for two primary reasons: 1) to 

better tailor cancer treatment for maximal antineoplastic effect while simultaneously 

minimizing risk of neurocognitive decline, and 2) to identify potential targets for the 

development of interventions to ameliorate or prevent neurocognitive problems.90,91 For 

instance, those at risk for neurocognitive impairment could potentially receive modified 

radiation schedules or chemotherapy regimens or be offered cognitive remediation, 

medication, and behavioral modification for intervention or prevention of impairment. 

Additionally, populations with minimal genetic risk may be able to receive intensified 

therapy in the hopes of better tumor control without increased toxicity. In other words, better 

understanding of the modulatory effect of genetic background on brain tumor and treatment-

related alterations of neurocognitive functioning may lead to further opportunities to 

personalize cancer therapy through risk adapted therapy or pharmacogenetically-determined 

therapy selection, prognostication of neurocognition, triage of patients for surveillance 

purposes, and identification of targets for the development of therapeutics.

Search Strategy and Selection Criteria

References for the Adult section of this review were identified through searches of PubMed 

with the search terms “brain tumor” AND "cognitive” or “neuropsychology” AND 

“genetics” or “genes” from 1990 until May 2015. Given limited results, the “brain tumor” 

term was omitted to obtain articles addressing cognition and genetics more generally. 

References for the pediatrics section of this review were identified through searches of 

PubMed with the search terms "childhood" or “pediatric” AND “brain tumor” or 

“medulloblastoma” AND "cognitive” or “neuropsychology” AND “genetics” or “genes” 

from 1990 until May 2015. Results were again limited and the search strategy was expanded 

to include the broader term “cancer” over the more specific “brain tumor” or 

“medulloblastoma” terms. Articles were also identified through Google Scholar searches 

and review of the reference sections of obtained articles. Only papers published in English 

were reviewed. The final reference list was generated on the basis of originality and 

relevance to the broad scope of this review.
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Figure 1. 
Frequency of cerebral tumors by region. Frontal (23%), Temporal (17%), Parietal (11%), 

Occipital (3%), Cerebellum (5%).1
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Figure 2. 
Word cloud representing frequently impaired domains of neurocognitive functioning. Larger 

font indicates greater frequency of impairment observed on formal neuropsychological 

testing.4,5
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Figure 3. 
Flow diagram outlining the case-control genetic association method.
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Table 1

Studies investigating relationships between genetics and neurocognitive functioning in adult and pediatric 

CNS and other cancer populations

Authors Population and Design Genotyping Findings

Correa et al.25 • 211 adults with 
brain tumors

• 30% WHO grade 
III or IV

• Cross-sectional

• Standard NCF 
testing post-
treatment

• Targeted ApoE 
gene of neuronal 
repair pathway

• ↓ LRN, MEM, and 
EF in ApoE ε4 
carriers compared 
to non-carriers

• ε4 carriers with 
smoking history 
showed ↑ LRN and 
WM than carriers 
without smoking 
history

Correa et al.26

(Abstract)
• 150 adults with 

brain tumors

• Cross-sectional

• Standard NCF 
testing post-
treatment

• Targeted 3 genes 
important to neural 
function (BDNF, 
COMT, and 
DTNBP1)

• COMT: ↓ WM in 
Val/Val 
homozygotes; ↑ EF 
and MEM in 
Val/Met 
heterozygotes; 5 
other SNPs 
associated with ↓ 
ATTN and EF

• BDNF: 5 SNPs 
associated with ↓ 
LRN, MEM, and 
EF

• DTNBP1: 4 SNPs 
associated with ↓ 
ATTN and MEM

Liu et al.36 • 233 adults with 
glioma

• 90% WHO grade 
III or IV

• Cross-sectional

• Standard NCF 
testing prior to 
treatment

• Targeted from 580 
genes in DNA 
repair, 
inflammation, 
metabolisim, 
cognitive, and 
telomerase-related 
pathways

• 18 SNPs associated 
with PS: Strongest 
for inflammation 
(IRS1 rs6725330), 
DNA repair 
(ERCC4 
rs1573638), and 
metabolism 
(ABCC1 
rs8187858) 
pathways

• 12 SNPs associated 
with EF: Strongest 
for inflammation 
(IL16 rs1912124; 
NOS1 rs11611788) 
and DNA repair 
(POLE rs5744761) 
pathways

• Significant gene 
polymorhphism-
dosage effect for 
PS and EF

Wefel et al.80

(Abstract)
• 119 adults with 

malignant 
astrocytoma

• Cross-sectional

• Targeted IDH1 
tumor gene

• Patients with IDH1 
wild type tumors 
showed ↓ LRN, 
MRM, PS, EF, 
COMP, and MOT 
function compared 
to mutant tumors
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Authors Population and Design Genotyping Findings

• Standard NCF 
testing pre-
treatment

• Lesion volume 
associated with 
NCF only in 
patients with wild 
type tumors

Ahles et al.22 • 80 adult long-term 
survivors of breast 
cancer or 
lymphoma

• Cross-sectional

• Standard NCF 
testing post-
treatment

• Targeted ApoE 
gene of neuronal 
repair pathway

• ApoE ε4 
associated with ↓ 
MEM, CONST, 
and PS

Ahles et al.24 • 55 adults with 
breast cancer; 
matched healthy 
controls

• Longitudinal: 
baseline pre-
treatment to 18 
months post-
treatment

• Standard NCF 
testing at 6-month 
intervals

• Targeted ApoE 
gene of neuronal 
repair pathway

• ApoE ε4 carriers 
without smoking 
history treated only 
with chemotherapy 
showed ↓ PS 
compared to those 
with smoking 
history; similar but 
attenuated findings 
in those primarily 
receiving endocrine 
therapy

• APOE ε4 carriers 
with smoking 
history treated 
primarily with 
endocrine therapy 
showed ↓ WM 
compared to those 
without and 
controls

Koleck et al.23 • 37 adults with 
breast cancer 
receiving 
chemotherapy and 
endocrine therapy; 
41 adults with 
breast cancer 
receiving 
endocrine therapy 
alone; 50 healthy 
women

• Longitudinal: 
followed over 12-
months

• Computerized and 
standard NCF 
testing at 3 time 
points

• Targeted ApoE of 
neuronal repair 
pathway

• ApoE ε4 
associated with ↓ 
LRN and MEM at 
all 3 time points 
regardless of 
treatment status

• At baseline and 
first post-treatment 
evaluation ε4 
carriers in the 
endocrine therapy 
only group showed 
↓ EF compared to 
other groups

• ε4 carriers in the 
endocrine only 
group showed ↓ in 
ATTN over time

• ε4 carriers in the 
chemotherapy + 
endocrine therapy 
group showed ↑ in 
LRN and MEM 
from pre- to post-
treatment

Small et al.27 • 58 adults with 
breast cancer post-
radiotherapy; 72 

• Targeted COMT 
gene in 

• Val carriers 
(Val/Val or Val/
Met) showed ↓ 
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Authors Population and Design Genotyping Findings

post-radiotherapy 
and/or 
chemotherapy; 204 
healthy controls

• Case-control

• Standard NCF 
testing post-
treatment

neurotransmitter 
pathway

ATTN, VF, and 
MOT function 
compared to Met 
homozygotes

• Val carriers treated 
with chemotherapy 
showed ↓ ATTN 
compared to 
controls who were 
also Val carriers

Bahramani et al.66 • 42 children with 
medulloblastoma

• Longitudinal: pre- 
and post-treatment 
IQ testing

• Targeted 
antioxidant enzyme 
genes GSTT1 and 
GSTM1

• Those with at least 
1 null GSTM1 or 
GSTT1 genotype 
showed ↓ FSIQ, 
PIQ, and VIQ 
compared to those 
without

Brackett et al.67 • 109 adult survivors 
of childhood 
medulloblastoma; 
143 healthy 
siblings

• Case-control

• NCF and 
psychological 
distress measured 
with self-report 
questionnaires

• Targeted 5 genes 
coding for 
antioxidant 
enzymes (SOD2, 
GPX1, GSTP1, 
GSTM1, GSTT1)

• Homozygous 
GSTM1 null 
genotype 
associated with ↑ 
anxiety, depression, 
and global distress 
than those without 
deletion

• No SNPs or 
deletions were 
associated with 
self-reported NCF

Howarth et al.68 • 50 children with 
brain tumors

• 76% ependymoma 
or 
craniopharyngioma

• Cross-sectional

• Computerized WM 
tasks administered 
post-radiation

• Targeted COMT 
gene in 
neurotransmitter 
pathway

• ↓ Verbal WM (but 
not visual) in 
Met/Met and 
Val/Val 
homozygotes 
compared to 
Val/Met 
heterozygotes

Krajinovic et al.69 • 138 children with 
acute 
lymphoblastic 
leukemia

• Longitudinal; 
baseline to 4 years 
post-treatment

• IQ testing at all 4 
yearly intervals (N 
= 68)

• Targeted 6 genes in 
folate/
homocysteine 
pathway (MTHFR, 
MTR, MTRR, 
CBS, eNOS, 
NOS3)

• CBS 844ins68 
polymorphism and 
NOS3 894T 
homozygosity 
associated with ↓ 
IQ over time

• Only NOS3 894TT 
remained 
significant in 
multivariate 
analysis controlling 
for other risk 
factors and 
treatments

• Effect of NOS3 on 
IQ is related to 
treatment with 
cranial radiation 
therapy in 
particular
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Authors Population and Design Genotyping Findings

Krull et al.70 • 48 children 
survivors of B-
precursor acute 
lymphoblastic 
leukemia

• Cross-sectional

• ADHD symptoms 
assessed via 
structured clinical 
interview and 
parent rating at 
median of 3.8 
years since therapy

• Targeted MTHFR 
gene in the folate 
pathway

• MTHFR C677T 
and A1298C 
polymorphisms 
associated with 
likelihood of 
meeting diagnostic 
criteria for ADHD

• Primary link to 
ADHD symptoms 
was with A1298C 
with a 7.4-fold 
increase risk of 
diagnosis 
compared to 1.3-
fold increase for 
A1298C

Kamdar et al.71 • 72 children 
survivors of B-
precursor and T-
cell acute 
lymphoblastic 
leukemia

• Cross-sectional

• Standard NCF 
testing at follow-
up

• Targeted 5 genes 
coding in the folate 
pathway (MTHFR, 
SHMT, MS, 
MTRR, TSER)

• MTHFR 
1298AC/CC 
showed greater ↓ 
in EF than AA 
genotype

• MS 2756AA 
showed greater ↓ 
PS than AG/GG 
genotype

• TSER 2R/3R and 
3R/3R showed 
greater ↓ EF than 
2R/2R genotype

• ≥ 6 folate pathway 
risk alleles show 
significantly ↓ PS 
and EF

Krull et al.75 • 243 children 
survivors of acute 
lymphoblastic 
leukemia

• Cross-sectional

• IQ testing, 
computerized 
measure of 
attention/vigilance, 
and parent-rating 
of attention 
problems 
completed after 
treatment

• Targeted genes 
from the folate, 
steroid receptor, 
drug metabolism, 
oxidative stress, 
and neuronal 
functioning 
pathways

• Folate: MS 
A2756G showed ↓ 
ATTN and PS 
performances

• Oxidative stress: 
Various SNPs of 
GST associated 
with performance 
variability and ↓ 
ATTN

• Neuronal: MOA 
T1460CA 
associated with 
ATTN variability; 
APOE ε4 
associated with 
parent-reported 
ATTN problems

Cole et al.78 • 350 children 
survivors of acute 
lymphoblastic 
leukemia

• Cross-sectional

• Selected IQ and 
visuospatial 
measures, and self-
reports of 

• Targeted genes 
from the folate, 
steroid 
pharmacodynamics, 
oxidative stress, 
and neuronal 
function pathways, 
and those 
associated with 
altered gene 
product function

• Oxidative stress/
neuroinflammation: 
NOS3 rs1799983 
associated with ↓ 
IQ and EF; 
SLCO2A1 
rs7625035 
associated with ↓ 
IQ, ATTN, and 
CONST; COMT 
rs4680 associated 
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Authors Population and Design Genotyping Findings

cognition, mood, 
and behavior

with self-reported 
ATTN problems

• Patients with ≥ 1 
SLCO2A1 variant 
G allele or GSTP1 
variant associated 
with ↓ estimated 
IQ

ATTN = attention, COMP = comprehension, CONST = construction, EF = executive function, FSIQ = full scale IQ, IQ = intelligence quotient, 
LRN = learning, MEM = memory, MOT = motor, NCF = neurocognitive function, PIQ = performance IQ, PS = processing speed, WM = working 
memory, VF = verbal fluency, VIQ = verbal IQ.
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