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IMPLICATIONS OF GENETIC VARIATION ON PATIENT DISEASE AND  

THERAPEUTIC OPTIONS 

ASHLEE LONG 

BIOMEDICAL SCIENCES 

ABSTRACT 

Advancements in sequencing technology have enabled the widespread utilization of 

genetic testing, increasing the diagnosis and understanding of genetic disease. Clinicians 

and researchers are now faced with the difficulty of interpreting genetic results and 

understanding how genetic variation can impact patient disease phenotype. Herein we 

utilized three different genes (frataxin, neurofibromin 1, and NTRK2), which result in 

Friedreich’s Ataxia (FRDA), Neurofibromatosis Type 1 (NF1), and NTRK2-associated 

phenotypes respectively, to discuss the impacts of genetic variants on molecular 

phenotype and explore potential therapeutics. To determine how genetic variation of 

repeat sequences affects different patient tissues, DNA and protein were extracted from 

FRDA patient samples and somatic mosaicism of pathogenic variants was analyzed 

through PCR and Western Blot analyses. We observed a tissue-specific pattern of 

somatic mosaicism and instability of pathogenically expanded trinucleotide repeat 

sequences with normal length trinucleotide repeats exhibiting no genetic variation among 

different tissues. The somatic mosaicism and instability observed represents a potential 

cause of symptom variability among patients with similar disease-causing variants. 

Additionally, to determine how different missense mutations impact protein activity we 

overexpressed NF1 cDNAs that were created with patient-specific missense variants in 

HEK293 cell-lines to assess protein expression and function. We observed unique effects 
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on protein stability and function with some missense variants resulting in functional 

protein at a reduced protein expression. Other variants exhibited high levels of protein but 

were incapable of proper function. This highlights the importance of understanding how 

genotype can contribute to phenotype in disorders which are caused by thousands of 

unique variants in one gene. Additionally, we demonstrated that specific variants within 

NTRK2 can result in drastically different functional consequences associated with distinct 

phenotypes. We utilized an artificial intelligence based software, mediKanren, to predict 

potential therapeutics to treat the differing functional consequences and were able to 

partially rescue variant molecular phenotype. This emphasizes the need to determine how 

different variants within the same gene can result in separate disorders and whether this 

impacts patient treatment. Overall, these studies highlight the importance of 

understanding how intragenic mutation heterogeneity can impact patient presentation and 

that the molecular mechanisms behind these variants can be targeted for personalized 

treatments through artificial intelligence-based software in precision medicine.  

 

Keywords: genetics, genetic disorders, precision medicine, Friedreich’s Ataxia, 

Neurofibromatosis Type 1, NTRK2, precision medicine 
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INTRODUCTION 

With the sequencing of the human genome, scientists have made great strides in 

diagnosing and treating rare genetic disorders. As technological advances have increased, 

our ability to diagnose these disorders is becoming more prevalent in the clinic [1, 2]. 

Notably, Next Generation Sequencing (NGS) based pre- and postnatal diagnostics have 

become more widely used. Due to the presence of fetal cell-free DNA (cfDNA) in 

maternal blood, monogenic disorders can be diagnosed using non-invasive techniques 

[3]. Additionally, genetic testing has resulted in increased diagnostic yield for adult-onset 

genetic disorders, specifically those with cardiac disease and cancer predisposition 

syndromes [4, 5]. This clinical utility for diagnosing both infants and adults has made 

genetic testing a more frequently utilized tool in medicine. 

Physicians also recognize the utility of genetic testing in the clinic, however there 

are still several problems that need to be addressed. Lerner et al. assessed what clinicians 

most value before performing genetic testing on a patient and found that the ability to 

inform clinical management had the highest rating (58.6%) [6]. The ability to provide 

information regarding disease prevention, reproductive decisions, life planning, and 

diagnosis were additionally ranked among the highest values of genetic testing [6]. 

However, the ability to properly interpret complex genetic results in the clinic, especially 

when confronted with variants of unknown significance, is a factor limiting wide-spread 

utilization [7, 8]. In order to fully take advantage of the technological advancements in 
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genomic sequencing, researchers need to work with clinicians to develop better tools and 

an understanding of how genetic variants affect phenotype.   

 

Genetic testing interpretation in the clinic and variant of significance (VUS) burden 

NGS has enabled the identification of more than 4,000 known genes associated 

with monogenic disorders (Online Mendelian Inheritance in Man (OMIM)) [9-11]. One 

complicating variable in correctly diagnosing a monogenic disorder in affected patients 

are variants of unknown significance. On average, roughly 20,000 to 50,000 variants may 

be identified in coding regions of the genome. While some variants are easily 

characterized as a Class 1/2 (benign/likely benign) or a Class 4/5 (likely 

pathogenic/pathogenic) variant, Class 3 variants, the VUSs, represent a challenge in the 

clinic. These VUSs are typically changes in a gene which have not previously been 

encountered or do not have a known function. The uncertainty behind these variants 

make diagnosing and treating patients difficult, as their effects on protein function remain 

unknown. When confronted by thousands of variants on genomic sequencing it is 

necessary to narrow down to only clinically relevant variants. In order to quickly exclude 

variants which are likely benign or benign, several characteristics are analyzed. Frequent 

detection of a variant in an unaffected population indicates the variant is unlikely to be 

disease causing. Furthermore, if a variant is found in a symptomatic patient as well as an 

unaffected family member, then it is unlikely that the variant is clinically significant. 

Additionally, variants which result in a synonymous amino acid change (ex. nucleotide 

changes which do not result in amino acid changes due to redundancy of the genetic 

code) are often benign.  
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Once the likely benign and benign variants are excluded, doctors are still faced 

with VUSs. In order to determine whether a VUS contributes to a patient’s phenotype, a 

systematic approach is undertaken. This includes the development of standards and 

guidelines to determine the likelihood of a variant being pathogenic or benign based on 

several variant characteristics computational predictions of a variant’s effects, 

segregation analyses, functional studies and other known information [12, 13]. Previously 

published research can provide information on whether the variant has been observed in 

other patients who present similarly. Additionally, variants are prioritized if they are a 

splice site, frameshift, or truncating variant. Nonconservative amino acid substitutions 

and variants which occur in an evolutionarily conserved amino acid are also likely to be 

clinically relevant. Additionally, utilizing tools and databases to help interpret genetic 

variants has become increasingly more advantageous. For example, functional prediction 

through in-silico modeling is useful at predicting whether a variant is likely to be 

deleterious or damaging. ClinGen, an NIH resource for clinicians and researchers, is also 

useful in defining the clinical relevance of genes and variants [14].  

Despite current methods for classifying variants, the presence of a VUS on 

genetic panels still creates many challenges in the clinic. VUSs are commonly 

encountered; 28-40% of patients who undergo genetic testing for cancer or 

cardiovascular disorders are found to possess a VUS in a clinically relevant disease gene 

[15-18]. One aspect that makes VUSs difficult for physicians is the lack of training in 

interpreting genetic results. Often, patients present to the doctor with a clinical suspicion 

for a genetic disorder. Therefore, VUS interpretation can be especially challenging when 

the patient already exhibits the symptoms associated with the genetic variant. Macklin et 
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al. conducted a survey to assess physician self-reported comfort levels in regard to 

interpreting results which contain a VUS and found that only approximately 15% of 

physicians responded correctly to case examples with ~50% incorrectly defining a VUS 

[19]. Additionally, over 75% of physicians surveyed made an unwarranted 

recommendation for genetic testing [19].  

When recommending genetic testing, it is also important to understand the 

psychosocial and healthcare impacts that these VUSs can have on the patients themselves 

and to properly inform the patient of their results. Richter et al. surveyed patients who 

had received a VUS result and found that one-third of patients failed to recall the clinical 

significance of their results [20]. Additionally, when genetic counselors were surveyed, 

only 63.2% felt as though a VUS result was understood by their patients [21]. Overall 

genetic testing can result in patient distress, with the ambiguity of receiving a VUS 

diagnosis being particularly stressful [22-25]. The uncertainty of a diagnosis, especially 

after undergoing genetic testing and being told that there is a genetic change, can be quite 

distressing for patients. Care needs to be taken in treating the psychosocial impacts of a 

VUS along with addressing the potential for a genetic disorder diagnosis.  

Furthermore, a VUS finding is often used to inform treatment and surveillance in 

a manner analogous to more established methods that are used with pathogenic variants, 

particularly in patients who present with the symptoms which can be associated with the 

genetic variant, sometimes in error. Murray et al. reviewed surgical decisions in patients 

who had received a VUS result in the BRCA1 or BRCA2 gene and found that many 

pursued cancer risk-reducing measures, including 10.7% who underwent a mastectomy 

and 20.6% that pursued a bilateral salpingo-oophorectomy [26]. Many of these measures 
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may have been unnecessary, particularly as the reclassification of previously reported 

VUSs often occurs. In reanalyzing 75 patients with VUSs in a BRCA1 and BRCA2 gene, 

30 VUSs (40%) were reclassified as likely benign or benign and 2 VUSs (2.7%) were 

reclassified as likely pathogenic [27]. Genetic testing is becoming an increasingly 

common tool in evaluating patients in the clinic and correct interpretation of the results is 

very important for patient health, treatment, and future medical care. Understanding 

whether a variant is disease-causing or benign is critical to patient treatment, particularly 

when preventative measures, such as aggressive prophylactic surgery are the treatments 

of choice. 

Science and translational medicine play an integral role in understanding how 

VUSs may impact patient phenotype. To aid in classification of unknown variants, 

functional validation is an integral step in understanding how a variant impacts protein 

function. Determining the molecular phenotype of a genetic variant provides support for 

variant pathogenicity [28, 29]. Experiments which are useful in classifying a variant 

include: rescue/overexpression experiments (comparing WT to variant-sequences) and 

gene-editing/transgenic expression in model systems (yeast, zebrafish, mouse, etc.) [28, 

30]. Additionally, determination of the molecular phenotype gives a better understanding 

of patient phenotype, allowing for genotype-phenotype correlations to be made. 

Furthermore, there are several databases, such as GeneMatcher, which aid in determining 

a variant’s contribution on phenotype by providing gene, protein, and phenotypic data 

correlated to genetic variants [28, 31]. 
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Patient genotype can enhance our understanding of phenotype 

A subset of genetic disorders which have a previously established genotype-

phenotype correlation, include repeat expansion disorders. Unstable nucleotide repeats 

represent a unique mutational mechanism that was first described in 1991 as the causative 

mutations in Fragile X Syndrome and Spinal and Bulbar Muscular Atrophy (SBMA) [32, 

33]. Repeat expansion disorders are a unique subtype of genetic disease resulting from 

the unstable expansion of tri-, tetra-, penta-, hexanucleotide and longer repeats which 

often result in neurodegenerative and neuromuscular disorders. Interestingly, despite the 

causative mutation of an expanded nucleotide sequences remaining the same in these 

disorders, the functional consequences of the expansions can drastically differ. For 

example, trinucleotide expanded repeat sequences can result in differing molecular 

features including loss of protein function (ex. Friedreich’s Ataxia), altered protein 

function (ex. Huntington’s  Disease), or altered RNA function (ex. Myotonic Dystrophy) 

[34].  

Friedreich’s ataxia (FRDA) is a trinucleotide repeat disorder affecting 1 in 50,000 

individuals that is caused by the homozygous expansion of GAA repeats within the first 

intron of the frataxin (FXN) gene [35]. The GAA expansions within the FXN gene are 

associated with transcriptional silencing with consequent frataxin deficiency due to 

chromatin changes near the repeats [36-38]. FRDA has a wide spectrum of phenotypic 

symptoms with the first symptoms usually occurring between 5-15 years old and 

typically including ataxia, sensory impairment, and scoliosis. Symptoms also include 

cardiac dysfunction and cardiomyopathy with some patients also developing pancreatic 

issues [39-42]. Symptoms can be highly variable even in patients with the same repeat 
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disorder and the repeat size determination at time of diagnosis may not always entirely 

explain the phenotype. Symptom severity correlates with number of GAA repeats in the 

shorter allele; however, the correlation is far from perfect and unexpected phenotypic 

variability has been observed [43, 44]. Prior studies have demonstrated that repeat 

expansion lengths determined from blood-draws or buccal swabs may not accurately 

reflect repeat length in pathologically relevant tissues, indicating that somatic mosaicism 

may underlie some phenotypic variability [44-50].  

Despite previous studies confirming somatic instability in FRDA, larger studies 

analyzing the GAA repeat variability in multiple tissues affected by frataxin deficiency in 

a larger cohort have yet to be undertaken. We hypothesized that the pathological GAA 

repeats would exhibit somatic mosaicism among clinically and research relevant tissues. 

Additionally, we hypothesized that the expanded GAA repeats would demonstrate 

somatic instability over time. Herein, we analyzed somatic instability of the expanded 

repeats within the FXN gene in heart, cerebral cortex, spinal cord, cerebellar cortex, and 

pancreatic tissues of 15 FRDA patients. Additionally, we interrogated differences in 

GAA repeat lengths in cells commonly used in diagnosis and patient research: paired 

lymphocytes and fibroblasts from 16 FRDA patients. Finally, a longitudinal analysis was 

performed on the expanded repeats in lymphocytes taken through repeated blood draws 

of 5 FRDA patients. Changes in tissue-specific repeat lengths of the pathologically 

expanded GAA repeats may be one of the most important factors underlying clinical 

variability observed in FRDA patients. The dynamics of repeat length instability among 

clinically relevant tissues and over time could have critical implications in patient 
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symptomology and progression as well as in clinical interpretation of research and 

clinical trials.    

While phenotypic severity often correlates with repeat length in repeat expansion 

disorders, other mutation types can be more difficult to predict. The neurofibromin (NF1) 

gene is among the top ten genes with the highest number of variants submitted to ClinVar 

[16]. Pathogenic variants in the NF1 gene result in Neurofibromatosis Type 1 (NF1), a 

neurological tumor predisposition disorder which affects approximately 1 in 3,000 [51]. 

Patients with this disorder typically exhibit a multifaceted phenotype, including bone 

dysplasia, learning disabilities, multiple neurofibroma tumors, and malignant tumors. 

Nearly 2,900 pathogenic variants, with most resulting in lack of NF1 expression, have 

been reported in the Human Gene Mutation Database (http://www.hgmd.org). There are 

multiple types of variants observed in NF1. Kang et al. identified 250 unique mutations in 

339 families and found a mix of frameshift (34%), in-frame insertions or deletions (4%), 

large deletions (7%), splicing (11%), nonsense (29%), and missense (15%) mutations 

[52]. Genetic variants occur throughout the NF1 gene and there does not appear to be a 

hotspot for mutagenic occurrences. However, while there is a wide spectrum of symptom 

variability, there are a few genotype-phenotype correlations observed in NF1 patients. 

Typically, patients with truncating/splicing mutations and large deletions exhibit a higher 

symptom burden compared to missense mutations and in-frame deletions [52]. 

Additionally, there are specific NF1 missense mutations which are associated with unique 

patient phenotypes. Variants affecting NF1 codons 844-848 as well as R1276 and K1423 

result in an aggressive phenotype with severe symptomatic spinal neurofibromas, optic 

pathway gliomas and a higher predisposition to developing malignancies [53, 54]. 

http://www.hgmd.org/
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However, variants affecting residues M1149, R1809, R1038, and DelM992 result in a 

mild phenotype with patients exhibiting predominantly café au lait macules (CALMs), 

skinfold freckling, and no neurofibromas [54-59]. Genetic disorders with missense 

mutations can have a variable phenotype which may be dependent on the location of the 

mutation within the gene. Different mutations within the same gene can cause a myriad 

of complications including but not limited to protein folding, stability, function, or effects 

on binding partners.  

Little is known about the NF1 gene outside of its function as an inhibitory 

regulator of Ras signaling. While pathogenic variants occur throughout the gene, the 

functional consequences of different variants are still to be determined. We hypothesized 

that determination of variant-specific functional consequences would aid in the ability to 

predict disorder progression and determine potential therapeutics. Herein we further 

validated the mNf1 cDNA expression system developed by Wallis et al. for the study of 

variant-specific effects on neurofibromin function [60]. Multiple patient-specific variants, 

many with known genotype-phenotype correlations, spanning the entire NF1 gene were 

analyzed. We demonstrated that Nf1 variants effects on protein stability and Ras 

signaling are not always linked. Indeed, our study exhibited variant clustering based on 

multiple factors including severity of presentation, protein function, and protein stability. 

Such stratification may be useful for understanding patient disease course and targeted 

care and therapeutics.  
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Precision medicine 

Phenotype-genotype correlations demonstrate the importance of understanding how 

unique variants can specifically affect the patient. Precision medicine is the customization 

of healthcare based on a patient’s genetics, environment, and lifestyle. The distinct 

phenotypes in some NF1 patients highlight the benefit of customizing healthcare based 

on a patient’s specific genetic mutation. NF1 patients with a severe phenotype-associated 

variant would benefit from a more aggressive treatment plan with regular monitoring at 

shorter intervals compared to patients with a mild phenotype-associated variant where 

similar treatments/monitoring would put a potentially unneeded financial and 

psychological burden on the patient while increasing the risk of side effects from 

unwarranted treatments. Precision medicine is beneficial in other disorders as well. The 

cancer predisposition genes BRCA1 and BRCA2 also exhibit variant-specific phenotypes 

which would benefit from a more patient-specific precision medicine guide. Al-Mulla et 

al. demonstrated that founder mutations located in exon 2 of the BRCA1 gene exhibited a 

lower penetrance compared to mutations located in exons 11, 13 and 20 [61]. 

Additionally, the prevalence of breast and ovarian cancers differ significantly between 

the founder mutations as well and can provide a useful guide for which patients require 

stricter ovarian and/or breast cancer surveillance [62, 63].  

While there are obvious benefits to patient-guided treatment in genetic cancer 

predisposition disorders, genotype-guided precision medicine is also beneficial in other 

mendelian disorders. The gene FBN1 is implicated in cardiovascular disease, is also 

among the top ten genes with the highest number of unique variants identified, and is 

associated with several unique phenotypes including Marfan Syndrome (MFS) and 
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Isolated Ectopia Lentis (IEL) [16, 64]  (OMIM: 134797). FBN1-associated MFS requires 

aggressive heart monitoring with frequent echocardiogram studies to prevent sudden-

death. However, several FBN1 variants are implicated in IEL without cardiovascular 

presentation [65, 66]. In these patients aggressive monitoring would be financially 

burdensome and place the patient under undue stress and anxiety.  

Additionally, precision medicine is utilized to determine patient-specific therapies 

based on genetic correlations. NTRK2-associated phenotypes highlight the importance of 

understanding the molecular mechanisms behind a phenotype in order to determine 

therapeutic avenues. NTRK2 encodes for the tropomyosin related kinase B (TRKB) 

receptor which binds preferentially to brain derived neurotrophic factor (BDNF). NTRK2 

is a member of the neurotrophin receptor kinase family (NTRK) and is important in the 

regulation of neuronal development and function. Variants located in the NTRK2 gene are 

associated with two distinct phenotypes: developmental and epileptic encephalopathy 58 

(DEE) (OMIM: 617830) and obesity, hyperphagia, and developmental delay (OHDD) 

(OMIM: 613886). Interestingly these two phenotypes predominantly occur in a region-

specific manner with DEE patients harboring variants within the transmembrane domain 

of NTRK2 while patients who exhibit OHDD harbor variants in the tyrosine kinase 

domain [67-69]. This suggests unique mechanisms of pathology behind the phenotypes. 

We hypothesized that the two distinct NTRK2-associated phenotypes represent 

distinct functional consequences. Additionally, we hypothesized that the specific variant 

effects can be targeted for artificial-intelligence-determined therapeutics. Herein, we 

described the functional consequences of two distinct NTRK2 variants: Y434C (located 

in the transmembrane domain) and T720I (located in the tyrosine kinase domain). We 
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demonstrated that variant Y434C results in upregulation of TRKB and MAPK signaling 

at baseline levels and is unresponsive to BDNF stimulation. We also demonstrated that 

variant T720I reacts similarly to other tyrosine kinase domain variants with hypomorphic 

TRKB-BDNF signaling and additionally resulted in decreased mTor activity [67, 68, 70].   

Furthermore, we determined potential therapeutic options for these two variants 

through the utilization of artificial intelligence (AI) in collaboration with The Precision 

Medicine Institute at University of Alabama-Birmingham. AI is integral to precision 

medicine as it allows for the analysis of multiple different health risk factors in the 

formation of more personalized and patient-specific approaches towards treatment plans 

and risk prevention [71, 72]. The therapeutics we identified were able to target the 

distinct functional consequences of the two NTRK2 variants. 

The opposing molecular mechanisms behind the two NTRK2 phenotypes 

highlights the importance of functional studies and understanding how genetic variation 

affects function. Indeed understanding the functional consequences of different genetic 

variants can aid in both classifying the pathogenicity of the variant as well as determining 

potential therapeutic avenues, especially when utilizing tools such as AI [73]. Ultimately, 

precision medicine guided treatments that can counter the pathological effects of a 

genetic mutation can be determined in a patient-variant specific manner with greater 

long-term benefits and reduced side effects. 

 

Conclusions 

Advancements in genetic sequencing technology have made genetic testing more 

common and created more opportunities to better understand human genetics and disease. 
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In these studies we address the central hypothesis that determining the effects of genetic 

variation on an individual and tissue-specific level will aid in understanding patient 

presentation and progression and the development of targeted therapeutics. There are 

still, however, several obstacles to overcome. The interpretation of genetic results lag 

behind the advancements in technology. Additionally, caution needs to be taken when 

considering what psychosocial impacts can result from learning about potential health 

risk factors and predispositions for the patient. Overall, genetic testing opens the door to 

greater precision in medicine with the potential for patient-directed healthcare and 

treatment plans. However, care must be taken when interpreting the results and 

conveying them to the patient. 
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Abstract 

Friedreich's ataxia (FRDA) is a genetic neurodegenerative disorder caused by 

transcriptional silencing of the frataxin gene (FXN) due to expansions of GAA repeats in 

intron 1. FRDA manifests with multiple symptoms, which may include ataxia, 

cardiomyopathy and diabetes mellitus. Expanded GAA tracts are genetically unstable, 

exhibiting both expansions and contractions. GAA length correlates with severity of 

FRDA symptoms and inversely with age of onset. Thus, tissue-specific somatic 

instability of long GAA repeats may be implicated in the development of symptoms and 

disease progression. Herein, we determined the extent of somatic instability of the GAA 

repeats in heart, cerebral cortex, spinal cord, cerebellar cortex, and pancreatic tissues 

from 15 FRDA patients. Results demonstrate differences in the lengths of the expanded 

GAAs among different tissues, with significantly longer GAA tracts detected in heart and 

pancreas than in other tissues. The expansion bias detected in heart and pancreas may 

contribute to disease onset and progression, making the mechanism of somatic instability 

an important target for therapy. Additionally, we detected significant differences in GAA 

tract lengths between lymphocytes and fibroblast pairs derived from 16 FRDA patients, 

with longer GAA tracts present in the lymphocytes. This result urges caution in direct 

comparisons of data obtained in these frequently used FRDA models. Furthermore, we 

conducted a longitudinal analysis of the GAA repeat length in lymphocytes collected 

over a span of 7±9 years and demonstrated progressive expansions of the GAAs with 

maximum gain of approximately 9 repeats per year. Continuous GAA expansions 

throughout the patient's lifespan, as observed in FRDA lymphocytes, should be 

considered in clinical trial designs and data interpretation. 
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Background  
Friedreich’s ataxia (FRDA), the most common hereditary ataxia, is a multi-organ 

disorder with an approximate prevalence of 1 in 50,000 [1]. The majority of patients (> 

95%) are homozygous for a guanine-adenine-adenine (GAA) repeat expansion in the first 

intron of the frataxin (FXN) gene. In FRDA patients, the expanded GAA repeat tracts are 

associated with locus-specific chromatin changes leading to transcriptional silencing [2-4] 

of the FXN gene and consequent deficiency of the mitochondrial protein, frataxin [1, 5, 6].   

FRDA has a variable clinical presentation with onset typically between ages 5 - 15 

and the vast majority of patients exhibiting symptoms by age 25 [1, 7, 8]. The first 

symptoms of FRDA often include ataxia, sensory impairment, and scoliosis. The heart is 

also affected, resulting in cardiomyopathy and cardiac dysfunction, with 60% of FRDA 

deaths reflecting cardiac dysfunction [7, 9, 10]. Approximately 10-30% of patients develop 

dysfunction of the pancreatic beta-cells, including impaired glucose tolerance and diabetes 

mellitus [8, 9].  The severity of symptoms in FRDA correlates with the size of the expanded 

GAA repeats, and likely reflects the effects of frataxin deficiency on different tissues. 

GAA repeats are polymorphic in unaffected individuals, with lengths ranging from 

7-22 copies [1].  The expanded GAA tracts typically contain between 200 and 900 or more 

repeats, with the majority of alleles containing 700-800 copies of the GAA motif [1]. In 

unaffected individuals, GAA repeats are stable, with some infrequently occurring 

contractions or expansions. However, GAA instability can be seen in premutation FXN 

alleles, containing 26-44 uninterrupted repeats [11-14]. Intergenerational instability is 

observed in the expanded GAA repeats, with a preference for contractions in the paternal 

line while the maternal line shows both contractions and expansions [15].  Comparative 

analysis of paired blood and sperm samples from FRDA patients revealed shorter repeat 
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lengths in sperm, occasionally with GAA tract contractions resulting in unaffected allele 

sizes [15].  

In addition to intergenerational instability, expansions and contractions of GAA 

repeats in somatic cells have been detected in FRDA, with different tissues containing 

varying GAA lengths within the same patient [1, 13-22]. Analysis of GAA instability in 

dorsal root ganglion (DRG) samples from six patients showed a pronounced bias towards 

repeat expansions [18]. In addition, heterogeneity of the GAA repeat tract was detected in 

a limited number of samples from other tissues, including blood, cerebrum, cerebellum, 

spinal cord, brainstem, and heart [18]. FXN GAA repeats in the cerebellum showed an 

expansion bias while the lowest number of large contractions in the repeat tract was 

observed in DNA isolated from a heart sample [18]. Somatic GAA instability was also 

detected throughout different regions of the brain, including four cerebral cortical areas, 

the dentate nucleus and cervical spinal cord [21]. Additionally, two case studies reported 

differences of GAA tract size in the sural nerve compared to lymphocytes [16, 20]. GAA 

length heterogeneity was also observed when comparing repeats in DNA samples isolated 

from paired lymphocytes and cultured fibroblasts of FRDA patients, however, no bias for 

expansions or contractions was noted [22]. While longitudinal studies of GAA repeat size 

in an FRDA cohort have not been reported, analyses of expanded GAA repeat tracts in 

cerebrum, cerebellum, spinal cord, heart, and pancreas of a 24-year-old patient and an 18-

week fetus indicated an age-dependent increase of instability, thus suggesting an 

accumulation of changes in expanded GAA length throughout the lifetime [19].  

Along with human studies, somatic instability has been reported in the humanized 

YAC transgenic YG8 and YG22 as well as the YG8sR FRDA mouse models [17, 23]. 
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These mice harbor relatively short tracts of 190 + 82 (two tandem YAC transgene GAA 

sequences), 190, and ~200 GAA repeats, respectively [17, 23]. Similar to the results 

obtained from patient tissues, the mouse tissues showed an expansion bias, particularly in 

the cerebellum and DRG, as well as an age-dependent increase in mutation load [17, 23]. 

Lastly, in vitro studies on cultured immortalized lymphoblast cell lines and induced 

pluripotent stem cells (iPSCs) obtained by reprogramming of FRDA fibroblasts 

demonstrated somatic instability when serially passaged [24-26].  

Although somatic instability in FRDA has been reported, systematic analyses of 

GAA heterogeneity in multiple tissues affected by frataxin deficiency in a larger cohort are 

lacking. Herein, we determined the somatic instability of the expanded GAA repeats in five 

tissues from 15 FRDA patients: heart, cerebral cortex, spinal cord, cerebellum, and 

pancreas. In addition, we compared GAA tract lengths in paired fibroblast and lymphocyte 

samples isolated from 16 FRDA patients. Finally, we have conducted a longitudinal 

analysis of GAA repeat tract lengths in lymphocytes based on repeated blood sampling 

from FRDA patients. Tissue-specific differences and variability in the number of GAA 

repeats may be one of the most important, but also the most difficult to ascertain, factors 

underlying clinical variability among FRDA patients. As demonstrated in our study, the 

dynamics of expanded GAA repeat length over time could have significant implications 

for correlating disease severity and interpretation of data from clinical trials. 
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Methods 

Patient tissue and DNA samples 

All research involving patient/patient tissues has been approved by the Institutional Review 

Boards at University of Alabama-Birmingham (IRB Protocols: N160923005 and 

N160922011); Children’s Hospital of Philadelphia (IRB Protocol 10-007864). Autopsy 

specimens of heart, cerebral cortex, spinal cord, cerebellar cortex, and pancreas of 15 

FRDA patients were obtained from the FRDA tissue repository maintained at the Veterans 

Affairs Medical Center in Albany, NY, USA. Tissue samples were divided into aliquots 

upon arrival and stored at -80°C. Blood and genomic DNA samples from five FRDA 

patients used in longitudinal analyses were obtained from The Children’s Hospital of 

Pennsylvania (CHOP, Philadelphia, PA). Blood was stored at 4°C until the DNA 

extraction. Fibroblast lines were derived from skin biopsies performed at CHOP as 

described in [27], with approvals from CHOP and UAB IRBs. All FRDA patient material 

used in this study was derived from patients carrying homozygous GAA repeat expansions. 

Cerebral and cerebellar cortex DNA from unaffected individuals were obtained from The 

Cooperative Human Tissue Network (Southern Division, University of Alabama at 

Birmingham) and Dr. Mark Pook (Brunel University, London, UK). 

DNA isolation  

Genomic DNA from patient tissue samples was isolated using the DNeasy Blood & Tissue 

kit (cat. 69504; Qiagen). Genomic DNA was isolated from blood samples using the 

PureLinkTM Genomic DNA Mini kit (cat. K1820-00; Invitrogen) or Quick-gDNATM Blood 

MidiPrep (cat. D3074; Zymo Research). All isolations were conducted according to 

manufacturers’ recommendations. Genomic DNA concentration, purity, and quality were 
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determined through measurement on a NanoDrop 2000c Spectrophotometer 

(ThermoFisher SCIENTIFIC) as well as visualization on a 0.7% agarose gel.  

PCR Amplification 

Amplification of GAA repeat expansions in the FXN gene was performed by PCR using 

primers GAA_F: 5’ – GGCTTGAACTTCCCACACGTGTT and GAA_R: 5’ – 

AGGACCATCATGGCCACACTT as previously described [26, 28, 29]. Amplifications 

were conducted in 40 or 50µL reactions containing 50-200ng of DNA template. The 

thermal cycler was programmed for an initial denaturation step of 3 minutes at 94°C, 

followed by 20 cycles of 20 seconds at 94°C, 30 seconds at 64°C, and 5 minutes at 68°C, 

followed by 9 cycles of 20 seconds at 94°C and 5 minutes at 68°C, with each subsequent 

elongation step increased by 15 seconds. A final extension step of 7 minutes at 68°C was 

then performed.   

Amplification of GAA repeats at the 5q23 locus was performed with primers 

5q23F: 5’ – GTTGCATAGATAAATCAAATTCAT and 5q23R: 5’ – 

ACTCACAGAAAGTATTATTATTCC [30, 31]. Amplifications were conducted in 25µL 

reactions containing 100ng of DNA template. The thermal cycler was programmed for a 

denaturation step of 3 minutes at 94°C, followed by 30 cycles which consisted of 30 

seconds at 94°C, 30 seconds at 50°C, and 2 minutes at 72°C, with a final extension step of 

2 minutes at 72°C.  

PCR amplification of the intron1-exon2 region of the FXN gene, approximately 

9kbp from the GAA repeat tract, was performed using primers In1Ex2F: 5’ – 

AGCACTCGGTTACAGGCACT and In1Ex2R: 5’ – GCCCAAAGTTCCAGATTTCC as 

previously described [32]. Amplifications were performed in 20µL reactions containing 
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50-100ng of DNA template. The thermal cycler was programmed for an initial denaturation 

step of 3 minutes at 95°C, followed by 35 cycles of 30 seconds at 95°C, 30 seconds at 

60°C, and 30 seconds at 72°C, with a final extension step of 7 minutes at 72°C. 

Reactions utilized the FailSafe PCR System with mix D (cat. FS99250; Epicentre) 

or JumpStartTM REDTaq® ReadyMixTM Reaction Mix (cat. P0982; Millipore Sigma). The 

amplification products were resolved on 0.9-1% agarose gels stained with ethidium 

bromide. Lane analyses were performed using Image Lab 5.0 software (BioRad. The length 

of an expanded GAA tract was determined using the base pair size called by Image Lab 

5.0, with the total GAA length calculated by subtracting the subtracting the length of the 

sequences flanking the GAA repeats, including the length of the PCR primers, from the 

number of base pairs of the PCR product and dividing the difference by three: [Number of 

GAA repeats = (length of base pairs of a PCR product - 498)/3].  

Western Blot 

Lysates were prepared using a RIPA buffer containing 150 mM NaCl, 1% IGEPAL® CA-

630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50mM Tris-HCl, pH 

8, and a protease inhibitor cocktail (cat. P8340; Millipore Sigma). The Bradford Protein 

Assay Kit (cat. #500-0006; Bio-Rad) was used to determine protein concentration. Fifty 

micrograms of tissue protein lysate were electrophoresed on NuPAGETM 4-12% Bis-Tris 

protein gels (cat. NP0322BOX; ThermoFisher SCIENTIFIC) and transferred onto 

nitrocellulose membranes (cat. 162-0112, Bio-Rad). Human frataxin was detected with the 

anti-frataxin polyclonal H-155 antibody (cat. sc-25820; Santa Cruz) and human voltage 

dependent anion channel (VDAC) was identified with the anti-VDAC polyclonal antibody 

(cat. #4866; Cell Signaling Technology), both used at 1:1,000 dilutions. Human heat shock 
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protein (Hsp) 60 was detected with the anti-Hsp60 D307 antibody (cat. #4870; Cell 

Signaling Technology) at 1:2,000 dilution. GAPDH was identified with the anti-GAPDH 

antibody (cat. MAB374; Millipore) at 1:25,000 dilution. Primary antibody incubation was 

performed for at least 12 hours at 4°C.  Sheep anti-mouse immunoglobulin (NA931V; GE 

Healthcare) and donkey anti-rabbit immunoglobulin (NA934V; GE Healthcare), linked to 

horseradish peroxidase, were used as secondary antibodies at a 1:5,000 dilution for 1 hour 

at room temperature. Signal was exposed using Amersham ECL Prime Western Blotting 

Detection Reagent (cat. RPN2232; GE Healthcare) or SuperSignal® West Dura Extended 

Duration Substrate (cat. 34075; ThermoFisher SCIENTIFIC) and measured using Image 

Lab 5.0. Quantification was performed using ImageJ software (National Institutes of 

Health).  

Statistical Analysis 

Statistical analyses were done using IBM® SPSS® Statistics Version 24 and Excel 2016 

software. A p-value less than 0.05 was considered significant for all analyses.  

 

Results  

To determine whether somatic instability is present in the expanded GAA tracts of 

the FXN gene in FRDA patient tissues, we analyzed sizes of the repeats in heart, cerebral 

cortex, spinal cord, cerebellar cortex, and pancreas samples from 15 patients (Table 1). 

These samples represent a broad spectrum of tissues affected by frataxin deficiency in 

FRDA patients. Samples were obtained from six males and nine females, with a mean age 

of disease onset at ~12±7 years and a mean age of death at ~43±18 years (Table 1). The 

majority of patients died of heart-related causes (60%) and cachexia (27%). Quantitative 
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western blot analyses demonstrated reduced frataxin levels in patient tissues compared to 

controls, confirming FRDA status of all samples (S1 Fig).  

Table 1. Characterization of the FRDA patient tissues.  
Patient Sex Age of onset 

(years) 
Age of death 

(years) 
Disease duration 

(years) 
Tissues Available 

M1 M 10 24 14 Cc, Sc, Cb 
M2 M 8 27 19 H, Cc, Sc, Cb, P 
M3 M 9 33 24 H, Cc, Sc, Cb, P 
M4 M 9 37 28 H, Cc, Sc, Cb, P 
M5 M 7 35 28 H, Cc, Sc, Cb, P 
M6 M 16 46 30 H, Cc, Sc, Cb, P 
F1 F 12 24 12 H, Cc, Sc, Cb, P 
F2 F 10 47 37 H, Cc, Sc, Cb, P 
F3 F 17 50 33 H, Cc, Sc, Cb, P 
F4 F 5 25 20 H, Cc, Sc, Cb, P 
F5 F 7 28 21 H, Cc, Sc, Cb, P 
F6 F 7 55 48 H, Cc, Sc, Cb 
F7 F 18 67 49 H, Cc, Sc, Cb, P 
F8 F 15 69 54 H, Cc, Sc, Cb, P 
F9 F 34 77 43 Cc, Sc, Cb, P 

Mean ± 
SD 

M, 6; 
F, 9 

12.3 ± 7.2 42.9 ± 17.6 30.7 ± 13.1  

Range  5-34 24-77 12-54  
Abbreviations: F, female; M, male; SD, standard deviation; H, heart; Cc, cerebral cortex; 
Sc, spinal cord; Cb, cerebellar cortex; P, pancreas. 

 

The sizes of the GAA tracts by PCR differed across five tissues analyzed in samples 

from all 15 FRDA patients (13 for the heart and pancreas samples; Fig 1A-C and S2 Fig). 

Typically, several bands or even a broad smear of the PCR products containing expanded 

GAAs are observed following agarose gel electrophoresis (Fig 1A-C). As a positive control 

to ensure that the PCR conditions yielded robust amplification of expanded GAAs for each 

experiment, genomic DNA was isolated from an FRDA fibroblast cell line and used as a 

template alongside genomic DNA isolated from patient tissues. The fibroblast line used 

was derived form an individual unrelated to patients from whom the tissues were obtained. 

Amplification of expanded GAAs using DNA obtained from FRDA fibroblasts revealed 
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two distinct FXN alleles (Fig 1A-C, positive control lane), indicating greater somatic 

instability in heart, cerebral cortex, spinal cord, cerebellar cortex, and pancreas when 

compared to homogenous primary cell lines derived from patients. Furthermore, 

amplification of a polymorphic repeat tract at locus 5q23, previously shown to contain ≥44 

GAA triplets [31], revealed a lack of somatic instability between analyzed tissues (Fig 1D-

F and S2 Fig). In parallel, PCR amplification of a ~200 bp intron1-exon2 fragment of the 

FXN gene demonstrated that the quality of genomic DNA isolated from all tissues allowed 

for efficient amplification (Fig 1G-1I and S2 Fig).  

Fig 1. Instability analysis of the expanded GAAs in the FXN gene across different 
somatic tissues. Genomic DNA was extracted from heart (H), cerebral cortex (Cc), spinal 
cord (Sc), cerebellar cortex (Cb) and pancreas (P) tissues and the GAA repeats in the FXN 
locus were amplified by PCR. The results from FRDA patients (A) F2 (B) F7 and (C) M6 
shown as examples. (-) represents no-template control and (+) represents positive control 
for amplification of the expanded GAAs (genomic DNA isolated from fibroblasts obtained 
from unrelated FRDA fibroblasts). (D-F) A GAA repeat tract at the 5q23 locus was 
amplified by PCR using the same genomic DNA templates used for reactions shown in (A-
C). (G-I) A fragment spanning intron 1 - exon 2 of the FXN gene, downstream of the GAA 
tract, was also amplified using the same templates to serve as a control for genomic DNA 
quality. 
 

Next, we performed quantitative analyses of PCR products containing expanded 

GAAs to determine tissue-specific differences in the stability of the repeat tracts. As it was 

impossible to assign a precise size of each expanded allele (GAA1 and GAA2) in the 

majority of samples due to the high level of somatic instability, we developed an unbiased 

GAA length analysis protocol based on defining the minimum, maximum, and mean GAA 

size of the repeat tracts detected in each sample (Methods). The mean GAA repeat sizes 

among 15 FRDA patients and 5 different tissues were between 428 and 914 GAAs (Figs 

1, 2 and S2, S3 Figs). The median difference between maximum and minimum GAA tract 

size is 726 GAAs (Figs 1, 2 and S2, S3 Figs).  
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Fig 2. Quantitative analysis of expanded GAA repeat instability in the FXN gene 
across different tissues. The expanded GAA repeats in the FXN gene were amplified from 
genomic DNA extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar 
cortex (Cb) and pancreas (P) tissues isolated from FRDA patients. The band intensity of 
the PCR products and repeat size are shown for FRDA patients (A) F2, (B) F7, and (C) 
M6. Solid vertical lines represent the mean of all GAA repeat sizes detected across all five 
tissues for each patient. Gel lanes were manually outlined and gel bands were detected via 
the Image Lab 5.0’s band finder set to high sensitivity. Faint bands of PCR products not 
detected by the software were manually identified. Band boundaries, accounting for 
smearing, were automatically outlined by the program with final manual adjustments to 
include the entire spectrum of PCR products. Multiple PCR analysis with determination of 
GAA lengths was performed to demonstrate reproducibility of PRC and reliability of 
measurements (S4 Fig). 
 

Interestingly, comparisons of the GAA length between 5 tissues in a repeated 

measures analysis revealed that the average GAA size in the heart and pancreas is 

significantly longer than GAAs present in cerebral cortex, spinal cord, and cerebellar 

cortex of the same patient (p-value <0.05; Fig 2A-C and S3 Fig). The mean GAA sizes in 

the heart and pancreas were 752 (standard deviation (SD): 190) and 720 (SD: 167) GAAs 

compared to 614 (SD: 186), 552 (SD: 168) and 551 (SD: 131) triplet repeats in cerebellar 

cortex, spinal cord, and cerebral cortex, respectively. The longest mean GAA tracts were 

detected in either the heart or pancreas samples in 11 out of 14 patients. In contrast, the 

shortest mean GAA tracts were detected in either the cerebral cortex or the spinal cord 

tissue samples in 14 out of 15 patients. For all tissues, the number of GAA repeats 

correlated inversely with age of death, with Pearson’s R values ranging from -0.423 (heart) 

to -0.781 (pancreas). This trend reached statistical significance in spinal cord, cerebellar 

cortex, and pancreas (p-values <0.05; Fig 3). For comparison, we analyzed lengths of the 

GAA repeat tracts in cerebral cortex and cerebellar cortex samples from 3 unaffected 

individuals. The number of GAA repeats in all non-FRDA tissues was less than 30 and no 

somatic instability was observed (S5 Fig).  
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Fig 3. Correlative analyses between mean GAA repeat sizes and patient age of death. 
The mean tissue GAA tract length in FRDA patient (A) heart, (B) cerebral cortex, (C) 
spinal cord, (D) cerebellar cortex, and (E) pancreas is plotted against the patient’s age at 
time of death. Statistical significance was reached for spinal cord, cerebellar cortex and 
pancreas (p <0.05). 

 
Lengths of GAA tracts in paired FRDA fibroblast and lymphocyte samples 

Patient fibroblasts and lymphocytes are commonly used in vitro models of human diseases. 

To determine whether the number of GAAs differ between fibroblasts and lymphocytes 

obtained from the same FRDA patients, we performed PCR analysis of GAA sizes in 16 

paired samples (Table 2). Interestingly, in all 16 patient samples, longer GAA repeats were 

detected in lymphocytes compared to fibroblasts, in at least one allele (Fig 4A). The FXN 

gene contained larger GAA expansions in 27 out of 32 alleles (84.4%; Fig 4A) when 

analyzed from lymphocyte DNA. Only 3 FXN alleles exhibited GAA contractions in 

lymphocytes relative to the corresponding GAA alleles in fibroblasts (FA2, FA11 and 

FA16; Fig 4; Table 2), while repeat lengths of 2 alleles did not change (FA1 and FA13; Fig 

4; Table 2). The median increase in repeat number detected in FRDA lymphocytes over 

the fibroblasts was 75 triplets for GAA1 and 258 repeats for GAA2 corresponding to 21% 

and 33% expansions, respectively. The maximum detected gain in GAAs reached ~600 

triplet repeats (FA5; Fig 4A). The somatic expansions in FRDA lymphocytes versus 

fibroblasts differed significantly (p <0.01 by paired two sample for means t-test performed 

for both alleles; Fig 4B). In addition, a correlation exists between the number of GAA 

repeats gained in lymphocytes relative to size of the repeat tracts in fibroblasts and the 

number of GAA repeats in lymphocytes, indicating that longer GAA repeat sequences are 

prone to larger expansions (Fig 4C and 4D). Taken together, these data demonstrate a 
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significantly greater and length dependent propensity for expansion of GAA repeat tracts 

in FRDA lymphocytes compared to fibroblasts.  

Table 2. GAA repeat length in fibroblasts and lymphocytes of FRDA patients 

Patient Fibroblasts: Lymphocytes: 
GAA1 GAA2 GAA1 GAA2 

FA1 542 1333 900 1333 
FA2 400 967 456 833 
FA3 500 750 533 1100 
FA4 433 533 542 900 
FA5 167 483 750 1083 
FA6 458 458 533 533 
FA7 233 1100 333 1417 
FA8 667 817 833 900 
FA9 133 500 153 517 
FA10 483 483 533 667 
FA11 183 833 133 1100 
FA12 133 542 208 967 
FA13 500 567 500 833 
FA14 625 625 900 900 
FA15 600 750 792 1000 
FA16 483 933 500 867 

 

Fig 4. Determination of GAA repeat length in paired FRDA patient fibroblasts (F) 
and lymphocytes (L). (A) Agarose gel analysis of GAA repeat sizes in 
fibroblast/lymphocyte samples isolated from the same individual (FRDA patients FA1 - 
FA16). (B) The mean sizes of the GAA1 and GAA2 alleles between all fibroblast and 
lymphocyte samples (n = 16) were calculated and compared. A p-value <0.05 denotes a 
significantly significant difference. (C, D) Correlation between the number of GAA repeats 
expanded in lymphocytes relative to size of the repeat tracts in fibroblasts and the number 
of GAA repeats in lymphocytes. The difference between the expanded GAA repeat lengths 
observed in lymphocyte and fibroblast samples (ΔGAA) was plotted against lymphocyte 
GAA sizes for each of the 16 FRDA paired samples. The analysis was performed for both 
alleles (C) GAA1 and (D) GAA2. The Pearson’s correlation coefficient (R) is indicated.   
 
Longitudinal analysis of GAA instability 

To determine whether lengths of the expanded GAA tracts change over time in FRDA 

patient blood samples, we performed a longitudinal analysis of repeat size in peripheral 

lymphocytes. PCR analyses of GAA length were conducted using samples collected from 



 
 

28 

five patients over a span of 7-9 years (time point I – initial sample, time point II – second 

sample; Table 3). Differences in the number of repeats between the two time points were 

detected in all five patients, in at least one allele (Fig 5A). The GAA repeat sizes 

determined at the initial time point ranged from ~357 to ~1038 repeats (median of ~800). 

Interestingly, 8 out of 10 alleles exhibited an increase in size of ~10 repeats or greater and 

none of the analyzed alleles contracted over time (Fig 5B). The maximum detected 

expansion of 64 GAAs corresponds to a ~15% increase over 7.3 years (F11; Fig 5). The 

median expansion size over the 7-9 year range was ~32 GAAs (3.3%), indicating a yearly 

increase in the number of GAAs of ~4 repeats (maximum detected ~9 GAAs/year; Fig 5C). 

There is a direct correlation between the number of GAA repeats detected in the FXN gene 

at the time of initial sampling and the change in GAA repeat number over time, indicating 

a trend for longer repeat tracts to expand at a greater rate than shorter tracts (Fig 5D).  

Overall, these results demonstrate a bias toward GAA repeat expansion in FRDA patient 

lymphocytes with a propensity to expand that is dependent on the initial size of the GAA 

tract.  

Table 3. Characterization of FRDA patients 
Patient Age of 

Onset 
(years) 

Interval 
between I and 

II a 
F10 11 7 y, 9 mo 
F11 14 7 y, 4 mo 
F12 20 8 y, 3 mo 
M7 10 8 y, 8 mo 
F13 16 7 y, 4 mo 

a Repeated blood samplings (I and II) were performed at the intervals indicated in the table. 
 
Fig 5. Assessing time-dependent changes of GAA tract length in FRDA lymphocytes. 
(A) The GAA repeat tract at the FXN locus was amplified using genomic DNA extracted 
from lymphocytes, which were isolated from 5 patients (F10, F11, F12, M7 and F13). 
Blood samples were taken at an initial timepoint (I) and a second time point 7-9 years after 
the initial sampling (II) (Table 3). The time-dependent changes in GAA repeat length were 
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quantitated as (B) total GAA repeat gain/loss (ΔGAA) and (C) rate of the change (ΔGAA 
per year). (D) The Pearson’s correlation coefficient was calculated using the size of the 
GAA tract at time point I [GAA(I)] and the change of the number of GAAs between time 
points II and I [ΔGAA (II-I)]. Five pairs of samples (n=10 alleles) were analyzed. 
 
 

Discussion 

Friedreich’s ataxia presents with considerable variability in the age of onset, symptoms, 

and progression. A well-established correlation exists between number of GAA repeats in 

the smaller allele detected at the diagnosis and the age of onset as well as development of 

select symptoms, with GAA1 being a better predictor of broadly defined disease severity 

[33]. It has been estimated that an increase of the GAA1 tract by 100 repeats translates to 

~2.3 years earlier disease onset [34]. Typically, the association between GAA number and 

age of onset reaches R values of 0.6 – 0.75[35]. Although strong, this correlation is far 

from perfect and numerous “outliers” have been observed with FRDA patients lacking 

certain disease hallmarks or presenting with symptoms unexpectedly early based on the 

number of GAAs determined at diagnosis. Prior studies demonstrated that GAA lengths 

estimated from lymphocytes, skin fibroblasts or buccal cells may not reflect exactly the 

size of expanded repeat tracts in pathologically relevant tissues, such as DRG neurons or 

spinal cord [16, 18-22]. Although, some aspects of somatic instability of the expanded 

GAA repeats in FRDA tissues were reported [13-22], no comprehensive or comparative 

analyses of GAA tract status in larger cohorts and in various tissue samples have been 

conducted.  

In this work we addressed three separate, unanswered questions: (i) Is there a 

correlation between the sizes of expanded GAA tracts and tissue type, especially tissues 

primarily affected in the disease? (ii) Is the number of GAA repeats identical in different 
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tissues? (iii) Do contractions or expansions of the GAA tracts accumulate over time in 

tissues? To answer these questions, we thoroughly characterized GAA tracts in a large 

number of different FRDA and control tissue samples. 

Analyses of the GAA repeat region in pancreas, heart, cerebral cortex, cerebellar 

cortex and spinal cord isolated from 15 different FRDA patients demonstrated significant 

somatic mosaicism. Unexpectedly, we detected significantly longer GAA tracts in the heart 

and pancreas when compared to DNA samples isolated from central nervous system 

tissues. Considering that DNA replication, repair and transcription are three major 

molecular processes involved in the stimulation or prevention of repeat instability, tissue 

specific differences in lengths of the GAA tracts can be expected. In fact, activity of the 

mismatch repair (MMR) system is considered a major factor contributing to GAA repeat 

instability in human cells. expansions of the GAA repeats in iPSC, reprogrammed from 

patient fibroblasts, have been correlated to an increase in mismatch repair enzymes when 

compared to fibroblast cells [36, 37] and overexpression of MMR components stimulated 

GAA expansions in FRDA fibroblasts [38].  Thus, a combination of the number of 

replication cycles, tissue-specific transcriptional activity of the FXN gene and differences 

in the activity of various DNA repair systems could be responsible for the significantly 

longer GAAs detected in pancreas and heart tissues. Interestingly, quantitative Western 

blot analyses of frataxin expression in different tissues from FRDA patients and unaffected 

controls indicate a remarkably low level of frataxin in FRDA cardiac tissue relative to 

nervous system tissue (S1 Fig). Developmentally regulated, tissue specific cell division 

and replication patterns, aggravated by conditions of decreased frataxin levels, may 

facilitate expansion of the GAA repeats. 
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Transcriptome analyses conducted using FRDA mouse models demonstrated a 

global decrease of gene expression in frataxin deficient tissues [39]. Also, recent studies 

conducted in our laboratory showed that a subset of genes involved in transcription, 

translation and DNA repair is downregulated in FRDA cells [40]. Decreased expression of 

these genes may enable somatic instability of the GAAs in a tissue-specific manner. 

Somatic expansions that further decrease frataxin levels can in turn reinforce global 

transcriptome defects and perpetuate expansions of the GAA tract feeding a “somatic 

instability cycle”. Furthermore, difficulties of handling intracellular reactive oxygen 

species (ROS), characteristic of frataxin deficient cells, may stimulate DNA damage, 

further augmenting GAA instability, similar to the “toxic oxidation cycle” proposed to 

explain somatic instability of CAG repeats in Huntington’s disease (HD) [41]. Considering 

an important role of ROS in FRDA pathogenesis, the use of potent mitochondrial ROS 

scavengers inhibited somatic instability of CAG repeats and delayed phenotype 

development in the HD mouse model, and may also inhibit progressive somatic expansions 

of the GAAs in FRDA [41]. 

Interestingly, results of the longitudinal analyses of the GAA tract in lymphocytes, 

although conducted on a relatively small pool of expanded alleles, demonstrated a strong, 

length-dependent bias towards repeat expansions. Eight of 10 alleles analyzed increased in 

GAA length by up to 64 repeats over a period of 7 – 9 years. This result contrasts with 

prior in vitro studies on immortalized lymphoblast cells where a predominance for 

contractions, frequently large, was observed [24]. In fact, in vitro culturing of FRDA cells 

or model cell lines harboring expanded GAAs results in shortening of the expanded repeats 

with a notable exception of iPSCs where continuous expansion of the GAA tracts was 
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observed [25, 26]. This parallel between the FRDA iPSCs and peripheral blood 

lymphocytes suggest that the specificity of the pluripotent/multipotent state (iPSC and 

hematopoietic stem cells or lymphoid progenitors) may facilitate GAA expansions. It is 

difficult to ascertain whether the longer GAA tracts detected in lymphocytes result from 

progressive expansions of the repeats in this lineage or from contractions in the 

development and culturing of skin fibroblasts (or both processes at the same time). Results 

of the longitudinal analyses described in this work strongly favor progressive expansions 

in lymphocytes or their progenitors. Additionally, to date we have never detected 

contractions during prolonged culture of FRDA primary skin fibroblasts. The inherent 

characteristics of the stem cells, including chromatin status, replicative properties, 

transcriptional and repair activity may contribute to the expansion bias observed in these 

cells.  

Results of our longitudinal studies also indicate that comparative analyses of the 

GAA length between patients need to be interpreted cautiously as expanded tracts change 

dynamically over a patient’s lifetime. Considering the extreme case of a 15% increase over 

7 years (Fig 5), substantial discrepancies in the number of GAAs can exist between a 

diagnosis made early in life and adulthood. Frequently, symptom correlation studies 

include the lengths of the GAA1 and GAA2 alleles. Furthermore, enrollment criteria for 

clinical trials also sometimes consider the number of GAA repeats. Therefore, periodic 

follow-up determinations of GAA length should be conducted. These data may also be 

directly beneficial to the FRDA patient community. The GAA repeat number is a frequent 

topic of discussion during meetings with FRDA patients, both between health professionals 

and patients as well as among patients themselves. FRDA patients and caregivers 
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frequently directly associate the repeat tract size with differences in symptoms and disease 

progression. Thus, additional factors affecting repeat length, such as tissue-specific 

instability or timing of the molecular diagnosis of the disease as described in this study, 

may help explain imperfect relationships that sometimes exist between disease status and 

the number of GAAs detected in blood samples at diagnosis. It is also important to consider 

secondary genetic modifiers that can contribute to age of onset and disease symptoms, for 

example, the milder FRDA presentation observed in the Acadian population when 

compared to patients of other ethnic origins carrying GAA repeat tracts of similar size [22] 

or earlier age of onset associated with heterozygosity for p.C282Y variant in 

hemochromatosis (HFE) gene [42]. 

Length polymorphism and somatic instability of the expanded GAA repeat tracts 

in different tissues represent the first layer of complexity responsible for differences in 

frataxin expression that can translate to clinical variability between FRDA patients. It has 

been estimated that the length of the repeat tract accounts for only 36% of the variability 

in the age of onset with other contributing factors being genetic, epigenetic, or 

environmental in nature [34]. The FXN GAA tract evolved from G/A rich sequences of the 

ancient Alu elements. It is highly likely that long GAA sequences constantly evolve and 

change, resulting in introduction of point mutations (interruptions) into the pure GAA 

motifs. Examples of such interruptions have been recurrently reported in the literature but 

their actual detailed structure and frequency in FXN alleles is unknown. Disturbance of the 

GAA repeat purity can affect not only expression of the FXN gene but also can significantly 

influence instability of the repeat tract, especially the propensity for continuous expansions. 
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Although technically challenging, future studies addressing the role of GAA tract 

interruptions in FRDA heterogeneity are necessary.  

 

Conclusions 

Expanded GAA repeats are unstable in FRDA, and expansion bias detected in heart and 

pancreas is likely to contribute to symptom development and disease progression, making 

the mechanism of somatic instability an important target for therapy.  Differences in the 

size of the GAA tracts between lymphocytes and fibroblasts urge caution in direct 

comparisons of data obtained using different model systems. Continuous GAA expansions 

over time as observed in FRDA lymphocytes should be considered in clinical trials design 

and data analyses. The kinetics of longitudinal changes in GAA repeat number and 

potential cis and trans acting factors affecting this process need to be further investigated.  
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Supporting Information  

S1 Fig. Quantitative western blot analyses of frataxin expression. Western blots probed 

for FXN were performed on (A,D) heart, (B,E) cerebral cortex, and (C,F) cerebellar cortex 

tissues. Frataxin expression values were normalized using the mitochondrial HSP60 

protein. Patient F9 exhibited very low HSP60 expression in cerebellar cortex tissue, 

therefore GAPDH was used for normalization.  

 

S2 Fig. Instability of the expanded GAAs in the FXN gene in different tissues. 

Genomic DNA was extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), 

cerebellar cortex (Cb) and pancreas (P) tissues. Results of PCR analyses of GAA repeat 

length in FRDA patient tissues (top panel). Analyses of GAA repeat instability in the 5q23 

locus in patient tissues (middle panel). Amplification of an intron 1 - exon 2 fragment of 

the FXN gene downstream of the GAA tract as control for genomic DNA quality (bottom 

panel). (-) represents no-template control and (+) represents positive control (genomic 

DNA isolated from FRDA fibroblasts). (A) F1, (B) F4, (C) F5, (D) F3, (E) F6, (F) F8, (G) 

F9, (H) M1, (I) M2, (J) M3, (K) M5, and (L) M4 as described in Table 1. 

 

S3 Fig. Quantitative analysis of expanded GAA instability in the FXN gene in 

different tissues. The expanded GAA repeats in the FXN gene were amplified from 

genomic DNA extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar 

cortex (Cb) and pancreas (P) tissues isolated from FRDA patients. The band intensity of 

the PCR products along with the repeat sizes are shown. Solid vertical lines represent the 

mean of GAA repeat sizes detected across all tissues analyzed. (A) F1, (B) F4, (C) F5, (D) 
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F3, (E) F6, (F) F8, (G) F9, (H) M1, (I) M2, (J) M3, (K) M5, and (L) M4 as described in 

Table 1. 

 

S4 Fig. Repeat PCR analysis of the expanded GAAs in the FXN gene in different 

tissues. The expanded GAA repeats in the FXN gene were amplified from genomic DNA 

extracted from heart (H), cerebral cortex (Cc), spinal cord (Sc), cerebellar cortex (Cb) and 

pancreas (P) tissues isolated from FRDA patients in two independent reactions. Analyses 

of GAA repeat instability in tissues of FRDA patient F2; (A) experiment 1, (B) experiment 

2 and in tissues fo FRDA patient M5 (C) experiment 1, (D) experiment 2. Sizes of the 

individual PCR products were calculated for each tissue and experiment. No significant 

differences were observed between sizes of the GAA tracts determined in two independent 

experiments (t-test, p > 0.05). 

 

S5 Fig. GAA repeat tracts in the FXN gene of unaffected individuals show no 

instability. PCR analysis of the GAA repeat region in the FXN gene using genomic DNA 

extracted from the cerebral cortex (Cc) and cerebellar cortex (Cb) tissues of unaffected 

individuals. (-) represents no-template control and (+) represents positive control (genomic 

DNA isolated from control fibroblasts). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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S1 Fig. 
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S2 Fig. 
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S2 Fig. (Continued) 
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S2 Fig. (Continued) 
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S3 Fig.  
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S3 Fig. (Continued) 
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S4 Fig. 
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S5 Fig.  
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ABSTRACT 

We have created a panel of twenty-nine NF1 variant cDNAs representing benign 

missense (MS) variants, pathogenic MS variants, many with clinically relevant 

phenotypes, in-frame deletions, splice variants, and nonsense (NS) variants.   We have 

determined the functional consequences of the variants, assessing their ability to produce 

mature neurofibromin and restore Ras signaling activity in NF1 null (-/-) cells.  cDNAs 

demonstrate variant-specific differences in neurofibromin protein levels, suggesting that 

some variants lead to protein instability or enhanced degradation.  When expressed at 

high levels, some variant proteins are still able to repress Ras activity, indicating that the 

NF1 phenotype may be due to protein instability.  In contrast, other variant proteins are 

incapable of repressing Ras activity, indicating that some do not functionally engage Ras 

and stimulate GTP-ase activity. We observed that stability and Ras activity can be 

mutually exclusive.  These assays allow us to categorize variants by functional effects, 

may help to classify variants of unknown significance, and may have future implications 

for more directed therapeutics.  
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INTRODUCTION 

Neurofibromatosis type 1 (NF1) is one of the most common autosomal dominant 

neurological disorders and results in a multifaceted phenotype which includes: bone 

dysplasia, learning disabilities, benign nerve sheath tumors, and malignant tumors.  NF1 

is caused by pathogenic variants in the neurofibromin (NF1) gene, and the clinical 

phenotypes of individuals with NF1 can vary widely, even among family members with 

the same genotype.  NF1 functions as a GTPase-Activating Protein (GAP), 

simulating conversion of active Ras-GTP to the inactive form, Ras-GDP (Figure 

1).  Almost 2,900 pathogenic variants have been reported in the Human Gene Mutation 

Database (http://www.hgmd.org); most lead to lack of expression of the NF1 gene 

product. NF1 does not exhibit a mutagenic hotspot, with variants occurring throughout 

the gene. A subset (17%) of these variants consists of missense (MS) variants which may 

result in an unstable or dysfunctional protein (Koczkowska et al., 2019).  MS variants in 

NF1 are not confined to any specific region of the gene.  Some occur in the GAP-related 

domain (GRD) and might be expected to interfere with GAP function.  MS variants 

occurring outside of this domain may result in other NF1 dysfunction, including protein 

instability, cellular mis-localization, or the disruption of neurofibromin interaction with 

other proteins in the cell.  Another subset of variants (up to 29% (Kang et al., 2020)) 

includes nonsense (NS) variants, which result in premature termination of translation, 

and, in most cases, nonsense-mediated decay of the transcript.   

The most critical role of neurofibromin appears to be the regulation of Ras 

signaling, with loss of neurofibromin function resulting in increased signaling. NF1 

tumor cells (e.g., Schwann cells in neurofibromas) exhibit increased Ras signaling as a 
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consequence of loss of function of both NF1 alleles (one in the germ line and one 

somatically-acquired (Figure 1; right) (Cichowski & Jacks, 2001). Therapeutic 

interventions to date have focused on inhibition of upregulated Ras signaling (e.g., MEK 

inhibition with selumetinib (Figure 1, right)).  While MEK inhibitors have demonstrated 

effectiveness, not all patients benefit, plexiform neurofibromas do not completely 

disappear, and there can be significant side effects (Baldo, Magnolato, Barbi, & Bruno, 

2021).  Therefore, additional treatments that can be used in conjunction with MEK 

inhibitors are needed.   

Only a small portion of the NF1 protein, the GRD, directly interacts with Ras. 

Some of the key NF1 residues involved in the NF1-Ras interaction include R1276 and 

K1423 (Yan et al., 2020). R1276, a highly conserved arginine residue, also termed the 

arginine “finger”, aids in the stabilization of the GTP/GDP-NF1 complex (Scheffzek et 

al., 1997). Mutation of this residue has little effect on Ras binding, but results in complete 

loss of GAP activity (Ahmadian, Stege, Scheffzek, & Wittinghofer, 1997; Sermon, Lowe, 

Strom, & Eccleston, 1998). NF1 K1423 forms a salt bridge with Ras D38 to stabilize the 

protein-protein interaction. In addition to dysregulated Ras signaling due to variants 

located in the GRD, interference with neurofibromin’s localization to the cytoplasmic 

membrane can result in abnormal interaction with Ras (Stowe et al., 2012). MS variants 

that occur within the SPRED1-binding domain of NF1 can reduce the affinity for 

SPRED1 such that neurofibromin fails to traffic to the membrane (Dunzendorfer-Matt, 

Mercado, Maly, McCormick, & Scheffzek, 2016; Hirata et al., 2016; Yan et al., 2020). 

However, some pathogenic NF1 variants fail to co-immunoprecipiate with SPRED1, do 
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not directly interfere with Ras binding, and do retain GAP activity (Dunzendorfer-Matt et 

al., 2016). 

An additional complexity to NF1 interactions is its dimerization activity (Figure 1, 

left) (Carnes, Kesterson, Korf, Mobley, & Wallis, 2019; Sherekar et al., 2019). While the 

mechanistic significance has yet to be determined, dimerization provides a potential 

explanation for the phenotypes observed with many NF1 disease variants. Often 

heterozygous NS or frameshift (FS) variants are observed in NF1, where there is still a 

single copy of wild type (WT) NF1 allele present. The total amount of full-length 

neurofibromin in some affected individuals with these variants may be considerably less 

than the predicted 50% of WT levels (Anastasaki, Woo, Messiaen, & Gutmann, 2015). 

Neurofibromin levels could be drastically lowered if mutant protein dimerizes with WT 

and then is targeted to the proteasome for degradation (Figure 1). The ubiquitin-proteasome 

pathway (UPP) controls NF1 levels and both the amplitude and duration of Ras-mediated 

signaling (Cichowski, Santiago, Jardim, Johnson, & Jacks, 2003). Excessive proteasomal 

degradation and genetic loss results in NF1 inactivation in sporadic gliomas (McGillicuddy 

et al., 2009). Proteasomal degradation of NF1 is partially regulated by the binding of both 

the SAG-SKP1-CUL1-FBXW7 and RBX1/2-CUL3-KBTBD7 complexes with NF1 

(Figure 1; left) (Hollstein & Cichowski, 2013; Tan et al., 2011). The CUL3/KBTBD7 

complex has been implicated in the pathogenic destabilization of neurofibromin in 

glioblastomas (Hollstein & Cichowski, 2013).  

Here, we further validate our heterologous mNf1 cDNA expression system and 

multiple assays for neurofibromin function and use them to evaluate patient-specific 

variants (Wallis et al., 2018).  We have included many MS variants with known genotype-
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phenotype correlations to assess their functional effects on NF1 levels as well as Ras 

signaling.  We demonstrate that effects on stability and Ras signaling can be mutually 

exclusive functions.  We suggest that such stratification of variant effects will have 

implications for mutation-targeted therapeutics for NF1, neurofibromin-driven breast 

cancers, and potentially other phenotypes.  These assays may also have utility in classifying 

newly identified variants of unknown significance.  As new Ras-independent functions are 

discovered for neurofibromin, it will be important to assay variants for their effects in new 

functional assays.   

 

MATERIALS AND METHODS 

Cell culture: HEK293 (WT or NF1 +/+) cells were obtained from ATCC (CRL-1573) 

and cultured in DMEM + 10% FBS and 1X Pen/Strep using standard culture procedures.  

NF1 -/- or null HEK293 cells were previously created through CRISPR Cas9 targeting 

NF1 exon 2 (Wallis et al., 2018) .     We have chosen to evaluate functional NF1 

expression and Ras activity in HEK293 cells because this cell line is well characterized, 

used historically in NF1 research, easily takes up exogenous DNA, and is easy to culture 

and scale. HEK293s have all three Ras isoforms and recapitulate Ras signaling; hence, 

HEK293 cells are an appropriate model system for these assays.  

Nf1 cDNA plasmid development: The wild type (WT) Nf1 cDNA plasmid was developed 

by GeneCopoeia and is commercially available.  The full-length mouse cDNA (mNf1) 

produces a >250 kDa neurofibromin protein that is capable of modulating Ras signaling 

(Wallis et al., 2018). We created an empty vector (EV) control plasmid with the same 

parental backbone that does not contain the Nf1 cDNA.  We also created a panel of mutant 
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cDNAs representing variants found in NF1-affected individuals with different clinically 

relevant phenotypes and assessed their ability to produce mature neurofibromin and restore 

Nf1 activity in NF1-/- cells.  mNf1 cDNA is appropriate for study because the full-length 

cDNA sequences of endogenous hNF1 and mNf1 have 92% sequence identity; amino acid 

sequences share 98% identity and human cDNAs have historically been unstable and toxic.  

Variants were introduced into shuttle vectors by either site-directed mutagenesis or 

utilization of synthetic DNA fragments and then cloned into the full-length vector using 

standard enzymes.  Each variant plasmid was confirmed by sequencing the entire Nf1 

cDNA insert and all subsequent DNA preparations were validated by spot checking for the 

variant of interest.  Furthermore, multiple plasmid preps were utilized for each variant to 

mitigate any variability due to quality of DNA.   

Transient transections: For Western blots and GTP-Ras assays, cells were transfected 

using LipoD293 (SignaGen Lab. Cat# SL100668) with up to 1ug of cDNA per 6-well dish 

seeded with 500,000 cells per well. Assays were performed 48-72 hours later. For titration 

experiments, WT cDNA was balanced with EV control such that 1000 ng total DNA was 

transfected.   

Western blotting: Cells were lysed with RIPA buffer supplemented with a protease 

inhibitor cocktail and phosSTOP, and lysates were cleared by centrifugation at 20,000 

RPM for 20 minutes at 40C.  Protein was quantified with a Bradford assay and 50 ug of 

protein was loaded per well for NF1 blots and 10 ug of protein was loaded for other blots.  

8% SDS-polyacrylamide gels were run at 100 V for 2 hours and transferred at 100 V for 2 

hours onto PVDF.  Blots were probed overnight at 40C with primary antibody, washed, and 

probed for 1 hour at room temperature with secondary.  Primary antibodies include N-
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Terminal NF1 (Cell Signaling cat# D7R7D 1:1000), tubulin (Abcam cat# ab52866 

1:1000), b-actin (Cell Signaling cat# 3700 1:1000), p-ERK (Cell Signaling cat# 9101 

1:1000), and total ERK (Cell Signaling cat# 9102 1:1000).  Secondary was HRP tagged 

from Santa Cruz.  Chemiluminescent substrate from Bio-Rad was used as per 

manufacturer’s protocols.  

RAS-G-LISA Assay: The RAS-G-LISA assay was obtained from Cytoskeleton Inc. and 

was performed according to the manufacturer’s instructions.   

Statistical analysis.  All assays were repeated a minimum of three times for each variant.  

For each experiment wild type Nf1 cDNA (WT) and empty vector (EV) plasmid control 

with no cDNA insert were included as controls.  Depending on whether we intended to 

show either 1) presence of WT cDNA repressed Ras activity more than absence of NF1 

cDNA (EV) as in our titration experiments or 2) variant cDNA expression or activity was 

different from WT cDNA, we normalized expression or activity to WT or EV 

respectively and made comparisons with EV or WT respectively.   Normalization to one 

control allows us to combine data across independent experiments, and combination of 

multiple repeat experiments controls for the effects of differential transfection 

efficiencies.  Statistical comparisons using student’s t-test were made using Excel 

software to determine which results were statistically significant.  

 

RESULTS 

Assay validation with cDNA Titrations:  To further validate our cDNA and assay 

system (Wallis et al., 2018), we performed titration experiments to show a dose-response 

effect utilizing 0.25 - 1000ng/well of WT mouse Nf1 cDNA in NF1 null HEK293 cells 
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with 500,000 cells balanced with empty vector (EV) control.  Neurofibromin/tubulin 

levels (Figure 2A), GTP-Ras levels (Figure 2B), and pERK/ERK ratios (Figure 2C) all 

respond in a dose-response manner to the amount of cDNA transfected into the cells.  

Neurofibromin levels become detectible via Western blot analysis between 1-4 

ng/500,000 cells transfected (Figure 2A). GTP-Ras levels were lowered, beyond that of 

empty vector (0ng WT cDNA), starting at 1-4 ng/500,000 cells transfected, with 

statistically significant differences observed at 15 ng and above (Figure 2B).  Lowered 

pERK/ERK ratios, a marker for MAPK signaling activity, were also detected at 1-4 

ng/500,000 cells transfected, with statistically significant differences from EV at 250 ng 

(Figure 2C).   

Variant Selection and groupings: We utilized a full gene-encompassing panel of mNf1 

cDNAs transfected into an NF1 null (-/-) cell line to evaluate the functional effects of 

unique variants (Figure 3 and Table 1).  Variants, in addition to WT and EV, were 

selected based on the following criteria: controls, genotype-phenotype correlations, 

occurrences in different NF1 domains, and type of mutation. Benign variants, both within 

and outside of the GRD, were selected due to lack of pathogenicity and as “controls”: 

E1327G, Q1336R, and P2782L.  Variants with published genotype phenotype-

correlations were prioritized. Variants associated with “mild” phenotypes include 

delM992, R1038G, M1149V, and R1809C (Koczkowska et al., 2019; Koczkowska, 

Callens, et al., 2018; Rojnueangnit et al., 2015; Trevisson et al., 2019; Upadhyaya et al., 

2007).  Variants associated with “severe” phenotypes include L847P, G848R, R1276Q, 

and K1423E (Koczkowska et al., 2019; Koczkowska, Chen, et al., 2018; Korf, Henson, & 

Stemmer-Rachamimov, 2005). We also included variants from multiple domains, despite 
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having “unknown” phenotype associations. C379R falls within the 5’ region with no 

described domain function, W784R falls within the putative CSRD domain, L1490P falls 

within the SPRED1 interaction domain, D1623 falls within the Sec14 domain, and 

L1957P, S1997R, and L2317P all fall within the 3’ region of the protein but not in well-

described domains. Additional variants were selected based on the formation of cryptic 

“splice” sites: Y489C (Messiaen et al., 1999) and G629R. While splicing is not affected 

in the cDNA system, assessment of functional effects of the subsequent missense variant 

is a critical first step in the development of antisense therapeutics that might restore 

normal splicing but leave the variant intact. Additional “nonsense” variants were 

prioritized based on incidence as well as location throughout the protein.   

NF1 levels First we evaluated neurofibromin levels after transfecting cells with equal 

plasmid concentrations from each representative cDNA.  All cDNAs were assayed for 

NF1 levels by transfecting a consistent 1 ug cDNA into a 6 well plate with 500,000 cells 

and harvesting cells 48 hours post transfection. Figure 4 demonstrates quantification of 

NF1/tubulin ratios for all cDNAs and indicates differential variant-specific effects on 

neurofibromin levels.  For example, while some variants remain stable with levels similar 

to WT (e.g., R1809C), others show much lower levels of neurofibromin; L1490P and 

D1623G lead to approximately 20% WT levels.  We interpret NF1 levels to reflect 

protein stability, which may be dependent on mutation-targeted proteasomal degradation. 

All cDNAs should have similar transfection, transcription, and translation efficiencies.  

Each experiment included both WT and EV control cDNAs.  Samples were normalized to 

tubulin as a load control and WT/tubulin ratios were set at 1.0 in each experiment. All 

other cDNA/tubulin ratios were reported relative to WT levels.  Normalization allowed 
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comparison across experiments.  Western blots of select MS variants show varying full-

length NF1 levels (Figure 4B).  Western blots of nonsense variants show varying NF1 

levels (Figure 4C); note the truncation products run at the anticipated sizes; however, 

NF1 levels did not correlate with length of prematurely terminated mutant proteins.     

Ras Activity: Next we assayed all Nf1 variant cDNAs for their ability to repress Ras 

signaling.  We evaluated both GTP-Ras levels and pERK/ERK ratios (Figure 5).  All 

cDNAs were assayed by consistently transfecting in 1 ug of cDNA into a 6 well plate with 

500,000 cells/well and harvesting protein lysate 48 hours post transfection.  Each 

experiment included both WT and EV control cDNAs.  For GTP-Ras levels (blue bars; 

Figure 5A), each sample was normalized to EV GTP-Ras levels, which were set at 1.0 in 

each experiment, and all other GTP-Ras levels were reported relative to EV levels.  Each 

cDNA’s GTP-Ras level was statistically compared via Student’s t-test to the WT cDNA’s 

GTP-Ras level to determine if the variant negatively impacted NF1 ability to repress GTP-

Ras levels.  Blue asterisks indicate that a variant has statistically significant impaired ability 

to inhibit GTP-Ras levels; these include: delM992, M1149V, L847P, R1276Q, K1423E, 

C379R, L1490P, D1623G, S1997R, L2317P, R192X, R461X, R681X, R816X, R1276X, 

and R1306X.   

For pERK/ERK ratios (black bars; Figure 5A), each experiment included both WT 

and EV control cDNAs, with each sample normalized to the EV cDNA pERK/ERK ratio, 

which was set at 1.0.  Each cDNA’s pERK/ERK ratio was statistically compared via 

Student’s t-test to the WT pERK/ERK ratio to determine if the variant negatively impacted 

its ability to repress pERK activity with black asterisks indicating statistically significant 



 
 

66 

impaired ability; these include M1149V, L847P, R1276Q, K1423E, L1490P, D1623G, 

S1997R, L2317P, R192X, R461X, R681X, R816X, R1276X, R1306X, and R1947X.   

Activity as a function of stability: Neurofibromin function in vivo relies on numerous 

factors, including stability (abundance of protein available), cellular localization, ability to 

bind interacting proteins (such as Ras), and ability to stimulate Ras GTPase activity.  As 

we measured two of these factors, neurofibromin levels and GTPase activity, we wanted 

to determine if the combined factors can lead to variant functional insights. To achieve this, 

we plotted our Nf1 WT cDNA titration data (derived from Figure 2) such that 

neurofibromin/tubulin levels at 1000 ng cDNA was set to a maximum of 1 and plotted on 

the x-axis and corresponding GTP-Ras activity levels were plotted on the y-axis (Figure 6, 

gray dots).  A trend line was generated (Figure 6, blue dotted line). To evaluate this 

multidimensional concept, we overlaid variant data onto this plot and categorized variants 

as we had in Figures 4 and 5 as “Control” (green dots), “Splice” (yellow dots), “Mild” 

(orange dots), “Severe” (pink dots), and “Unknown” (teal dots).  The control variants 

clustered such that NF1/tubulin ratios were > 0.75 and GTP-Ras levels were < 0.52 (Figure 

6 green oval).  The cryptic splice variants also clustered at NF1 > 0.89 and GTP-Ras < 

0.66.  While the mild variants didn’t cluster together as tightly, three of the four variants 

had stable protein levels > 0.8 and two had low GTP-Ras levels < 0.66.  These loosely 

clustered mild variants also cluster with the splice variants (Figure 6 orange ovals).  Severe 

and unknown variants did not form a single cluster.  Severe variants R1276Q and K1423E 

that interact with Ras do maintain stability but cannot suppress Ras and are clustered in the 

top right (Figure 6 pink oval).  Outside of those clusters, we find multiple variants that hug 

the trend line (blue oval): “Severe” variants L847P and G848R and unknown variants 
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L2317P, C379R, W784R, and L1957P (these have been individually labeled in the plot).  

This suggests that given a certain abundance of neurofibromin, the variants can suppress 

Ras signaling.   

 

DISCUSSION 

cDNA model system.  Since discovery of the NF1 gene in 1990 research efforts have been 

hindered by the lack of a full-length coding cDNA.  This is partially due to the size of the 

gene and toxicity of the human cDNA construct.  We are aware of three potentially 

available NF1 cDNAs: mouse Nf1 (Wallis et al., 2018) (isoform 2 with 2839 amino acids), 

codon optimized human NF1 (Bonneau, Lenherr, Pena, Hart, & Scheffzek, 2009) (isoform 

1 with 2818 aa), and a human NF1 with mini-intron 35-36 (Cui & Morrison, 2019) 

(isoforms 1 and 2).  As the mNf1 cDNA is highly homologous to endogenous human NF1, 

we have developed and validated the mouse Nf1 cDNA expression system that allows us 

to examine the biochemical effects of any Nf1 genetic variant.  We have been able to 

perform dose-response studies to titrate in varying amounts of mNf1 cDNA and are able to 

detect a clear dose-response in terms of levels of neurofibromin and repression of GTP-

Ras levels and pERK/ERK ratios, giving us confidence in both the cDNA and the 

functional assays.  

Assay Performance:  We see similar dynamic ranges between the GTP-Ras and 

pERK/ERK experiments, with WT cDNA able to repress both GTP-Ras and pERK/ERK 

ratios by about half that seen with EV control.  The Morrison lab reported that inactive 

variants (R1276P) served as better controls than empty vectors (Cui & Morrison, 2019).  

While our R1276Q and R1276X both displayed similar GTP-Ras levels as our EV, both 
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showed insignificantly higher pERK/ERK ratios.  Indeed, we see significant variability in 

the pERK/ERK ratios, leading to large error bars.  Regardless, each individual cDNA 

performs similarly between the two assays and across multiple experiments, indicating that 

the results are reliable. Each variant’s ability to affect Ras signaling relative to WT cDNA 

is consistent between assays; however, we have noted exceptions.  delM992 and C379R 

both have significantly different GTP-Ras levels, whereas pERK/ERK ratios fail to reach 

significance; and R1748X has a significantly different pERK/ERK ratio, but GTP-Ras 

doesn’t reach significance.  

Using our previously published cDNA expression system (Wallis et al., 2018) we 

can evaluate functional significance of variants in individuals with NF1. These data 

indicate that each variant has a slightly different functional profile in terms of both 

protein stability and the ability to inhibit Ras signaling. We incorporated non-pathogenic 

variants in our assays:  E1327G, Q1336R, and P2782L.  These three cDNAs performed 

similarly to the WT cDNA in terms of neurofibromin levels and the ability to inhibit Ras 

signaling, adding confidence to our functional profile characterizations. Some pathogenic 

variants result in instability of neurofibromin but still retain GRD function.  The best 

examples of this are with the G848R and L1957P variants, which retain the ability to 

repress Ras activity (Figure 5) in both of our assays, yet are unstable and produce less 

than 50% of the neurofibromin that is observed with WT cDNA protein (Figure 4). Some 

variants result in stable protein but have lost GRD function.  For example, K1423E and 

S1997R both produce neurofibromin levels similar to WT cDNA, yet display 

significantly elevated Ras activity compared with WT cDNA.  We also observed that 

certain variants demonstrated both unstable protein and loss of function; L1490P and 
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D1623G exhibited lowered neurofibromin levels, with inability to repress Ras signaling.  

Nonsense variants resulting in truncated proteins have variable stability. Nonsense 

variants with truncations after the GRD may maintain GRD function in these 

overexpression assays. While both R1947X and R2550X show increased Ras signaling, it 

is not statistically different from WT cDNA.   

Genotype-phenotype Correlations and assay results   

Genotype-phenotype correlations indicate allele-specific effects for NF1.  There 

are multiple MS and small in-frame deletion variants that are associated with unique NF1 

phenotypes that may be utilized for further functional analysis. A mild phenotype is 

associated with the c.2970-2972 delAAT (delM992) single amino acid deletion, 

consisting of café-au-lait macules (CALMs) and skinfold freckling and lack of 

neurofibromas (Koczkowska, Callens, et al., 2018; Upadhyaya et al., 2007).    Variants 

involving R1809 are the most frequent recurrent NF1 variants and present with multiple 

CALMs, with or without freckling and Lisch nodules, but externally visible plexiform 

neurofibromas, symptomatic optic pathway glioma or cutaneous or subdermal 

neurofibromas are not found (Rojnueangnit et al., 2015). Mild phenotypes are also 

associated with R1038G (Trevisson et al., 2019) and M1149V (Koczkowska et al., 2019).  

All of these genotypes are associated with Noonan-like facial features.  In fact, 31.1%, 

29% and 11.5% of individuals with variation at R1809, M1149, and M992, respectively, 

show Noonan features, in comparison to only 3.4% of “classic” NF affected individuals 

(Koczkowska et al., 2019).  The R1038G cohort, consisting of two families, is too small 

to meaningfully compare, but Noonan features are also reported in both families 

(Trevisson et al., 2019).  Overall, NF1 affected individuals with delM992, R1038G, 
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M1149V, and R1809C associated with mild phenotypes lack clinically suspected 

plexiform, cutaneous, or subcutaneous neurofibromas and are not at risk for malignancy.  

  In contrast, other MS variants are associated with more severe phenotypes, 

including increased risk for malignancy and/or spinal neurofibromas. Constitutional MS 

variants affecting one of five neighboring NF1 codons—Leu844, Cys845, Ala846, Leu847, 

and Gly848—located in the cysteine-serine-rich domain (CSRD), typically result in a large 

number of plexiform and symptomatic spinal neurofibromas, symptomatic optic nerve 

gliomas, skeletal abnormalities, and malignant neoplasms (Koczkowska, Chen, et al., 

2018). R1276Q has been identified in some individuals affected with spinal neurofibromas 

at all levels and also has been associated with a more severe phenotype (Koczkowska et 

al., 2019; Korf et al., 2005). K1423E has been associated with a severe phenotype 

(Koczkowska et al., 2019). Some of these variants (affecting residues G848 and R1276) 

are observed in individuals with a distinctive phenotype, referred to as “spinal NF.” The 

“spinal NF” phenotype includes few or no cutaneous neurofibromas (cNfs) and a very mild 

pigmentary phenotype (Burkitt Wright et al., 2013; Ruggieri et al., 2015). These 

individuals may suffer from a massive internal tumor burden, with neurofibromas at each 

spinal nerve root and extreme enlargement of most peripheral nerves. These individuals 

are at great risk of spinal cord compression, pain, and malignant change, and the extreme 

number of tumors makes surgical treatment difficult or impossible (Koczkowska et al., 

2019; Korf et al., 2005).  Certain variants correlate with increased incidences of cancer. A 

greater risk of malignancy for MS variants in codons 844-848 has been reported 

(Koczkowska, Chen, et al., 2018).  Codon 847 is recurrent in NF1 patients with breast 

cancer (Frayling et al., 2019). A lack of large deletions with an excess of NS and FS 
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variants has been observed with breast cancer (Frayling et al., 2019; Zheng et al., 2020). 

Thus, the type of NF1 variant matters when genotype-phenotype correlations can be made 

and can influence clinical care.   

We had hoped that our functional assays might predict which genotypes could 

result in specific phenotypes, but a simplistic interpretation is not readily available.  Our 

assays indicate that most of the variants associated with mild phenotypes are 

hypomorphic alleles.   All mild variants are relatively stable and produce neurofibromin 

at levels above 60% of WT levels. It is not surprising that a certain threshold of 

neurofibromin must be achieved to have a mild phenotype; however, Ras signaling may 

be altered depending on the variant.  Ras signaling for R1038G and R1809 is elevated, 

but not statistically different than for WT cDNA.  The delM992 variant is unable to 

completely suppress GTP-Ras or pERK activity; this is statistically significant for GTP-

Ras.  Finally, M1149V has statistically significant increased Ras signaling.  These data 

suggest that delM992, R1038G, and R1809C act as hypomorphs.  In contrast, M1149V 

appears to have lost the ability to inhibit Ras signaling and an explanation for this 

unanticipated result for this “mild” variant is not available.   

Other genotypes are associated with severe phenotypes:  L847P, G848R, 

R1276Q, and K1423E.  cDNAs with these genotypes have highly variable NF1 levels, 

ranging from 38% - 136% that of WT cDNA.  L847P and G848R are located in the 

CSRD; R1276Q and K1423E are located within the GRD and interact directly with Ras.  

R1276Q and K1423E are completely unable to suppress Ras signaling and are 

statistically different from WT cDNA, as would be expected for variants that are critical 

for Ras binding and GTP-hydrolysis.  L847P is also unable to repress Ras signaling; 
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however, G848R can repress Ras signaling.  Its lack of stability likely explains why it is 

unable to function properly and causes a phenotype.   

Given the interdependency of stability and function, we wanted to evaluate NF1 

stability as a function of Ras activity and plotted neurofibromin levels with GTP-Ras 

levels (given that this assay had less variability than the pERK/ERK assay) and drew a 

trend line.  We noted clustering of controls and cryptic splice variants, and that genotypes 

associated with mild phenotypes also are loosely clustered (orange circle).  The presence 

of the “unknown” variant S1997R within this cluster suggests that individuals with the 

genotype may have a mild phenotype.  In fact, the Leiden Open Variation Database 

(LOVD) has classified this variant as a variant of uncertain significance (VUS); however, 

we have identified an individual that meets NF1 diagnostic criteria with this de novo 

variant.  Though still adolescent, no cutaneous or plexiform neurofibromas have been 

identified and the phenotype is thus-far “mild”.    In addition, we find multiple variants 

that hug the trend line: variants L847P and G848R (associated with severe phenotypes) 

and variants L2317P, C379R, W784R, and L1957P.  This suggests that given a certain 

abundance of neurofibromin, the variants are partially able to repress Ras signaling.  If 

the protein could be stabilized in vivo, Ras might be repressed and the phenotype rescued.  

Thus, we demonstrate two distinct clusters of genotypes associated with severe 

phenotypes, one (pink oval) indicating loss of GTPase function results in pathogenicity 

and the other indicating loss of stability leads to pathogenicity. 

Six NF1 phenotypic subtypes have recently been proposed, and while genotypic 

data were inadequate to make statistically significant conclusions, particular variants 

were noted to be consistent with three of the six clusters (Tabata, Li, Knight, Bakker, & 
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Sarin, 2020).  delM992 was consistent with the mild subtype (cluster 1); R1809C was 

consistent with the freckling-predominant subtype (cluster 2), and L847P and was 

consistent with the early-onset neural severe (cluster 6) subtype.  Ideally, combining 

genotype and functional data with such phenotypic clustering would be a powerful tool in 

understanding the phenotypic heterogeneity of NF1.  Unfortunately for this cohort 

(derived from a self-reported registry) only 61 of 2051 participants provided molecular 

diagnostic data (though ~50% reported that a molecular diagnosis had been made).   

Study Limitations:  There are several factors that limit our study.  First, HEK293 

cells are very different from Schwann cells (one of the cell types primarily affected in 

individuals with NF1).  HEK293 cells are derived from human embryonic kidney cells 

(not neural crest cells; but they maybe neuronal as they share similarities with embryonic 

adrenal precursor cells (Lin et al., 2014) transformed by incorporation of 4.5 kb of 

adenovirus 5 genome into human chromosome 19 and carries a modal chromosome 

number of 64 in 30% of cells. Notably, this increased chromosome number does not 

affect any of the RAS or RASGAP genes. HEK293s have all three wild type Ras 

isoforms. Even though the Ras pathway is remarkably conserved, there could be 

modifiers in this cell line not present in Schwann cells, melanocytes, neurons, and 

osteoblasts/osteoclasts.  Second, while Ras assays are commonly employed to evaluate 

NF1 variants, determination and evaluation of alternative functions is critical. Little 

information is available regarding how variants might affect NF1 dimerization, nuclear 

localization (or cellular localization in general) or even how they might interact with 

other binding partners. Recently, a new mechanism whereby NF1 binds the estrogen 

receptor (ER) and acts as a transcriptional corepressor has emerged; this ER activity is 
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functionally independent of GAP activity (Zheng et al., 2020). Thus, NF1 is a dual 

repressor for both Ras and ER signaling. Defining how variants affect these functions 

will aid our understanding of neurofibromin structure-function.  Finally, our assay is an 

over-expression assay and hence does not reflect endogenous expression levels.   

To date, NF1 cannot be cured.  While MEK inhibitors can block Ras signaling 

regardless of mutation type, therapeutics that address the underlying cause of the disease 

by restoring neurofibromin function to a level that leads to a non-pathogenic phenotype 

do not yet exist. Various gene and mRNA targeting strategies have been proposed and are 

being evaluated for their therapeutic potential in NF1 (Leier et al., 2020).  Compounds 

such as proteosome inhibitors could be used to stabilize neurofibromin levels if the 

protein is being targeted for degradation.  Potentiators (analogous to those utilized for 

CFTR) might be used to directly bind NF1 and stabilize it or prevent it from being 

degraded.  NF1 mimetics might be developed to stimulate Ras GTPase activity.  Thus, 

molecular diagnostics and determination of a variant’s stability and function are 

increasingly relevant to guide clinical care for those with known genotype-phenotype 

correlations and may also have implications for both classification of variants of 

uncertain significance (particularly those found in breast cancer) and developing 

therapeutics.  Once variants and their effects are established and categorized, new classes 

of therapeutics become possible.    
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Table 1: Panel of Nf1 
cDNAs    
DNA Protein Type Domain Notes 
c.574C>T R192X NS 5'  

c.1135T>C C379R MS 5'  
c.1381C>T R461X NS 5'  

c.1466A>G  Y489C MS 5'  cryptic splice 
c.1885G>A G629R MS CSRD cryptic splice 
c.2041C>T R681X NS CSRD  

c.2350T>C W784R MS CSRD  

c.2446C>T R816X NS CSRD  

c.2540T>C L847P MS CSRD Severe Phenotype 
c. 2542G>C G848R MS CSRD Severe Phenotype 
c.2970_2972delAAT M992del del n/a Mild phenotype 
c.3112A>G R1038G MS  Mild phenotype 
c.3445A>G M1149V MS Tubulin Mild phenotype 
c.3826C>T R1276X NS GRD  

c.3827G>A R1276Q MS GRD Severe Phenotype; Arginine 
Finger 

c.3916C>T R1306X NS GRD  

c.3980A>G E1327G MS GRD non pathogenic variant 
c.4007A>G Q1336R MS GRD non pathogenic variant 

c.4267A>G K1423E MS GRD 

Severe Phenotype;  forms a salt 
bridge w D38 Ras to stabilize 
interaction; 200-400 fold lower 
GAP activity (Li 1992); can 
abolish NF1-Ras interaction 
(Yan 2020) 

c.4469T>C L1490P MS SPRED1/GRD Likely to destabilize folding of 
the GAPex region (Yan 2020) 

c.4868A>G D1623G MS Sec14  

c.5242C>T R1748X NS PH  

c.5425C>T R1809C MS PH Mild phenotype 
c.5839C>T R1947X NS 3'  

c.5870T>C L1957P MS 3'  

c.5989A>C S1997R MS 3'  

c.6950T>C L2317P MS 3'  

c.7648A>T R2550X MS 3'  

c.8345C>T P2782L MS 3' end non pathogenic variant 
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Figure Legends: 
 
Figure 1: NF1 affects multiple signaling pathways to modulate Ras which can be 

therapeutically targeted through these various pathways. Left side exhibits NF1 

dimerization and regulation through the proteasome. Specific NF1 variants might benefit 

from ubiquitin proteasome pathway (UPP) inhibitors to prevent excess degradation. Right 

side illustrates the Ras signaling pathway and the use of MEK inhibitors to slow tumor 

growth resulting from hyperactive Ras signaling. 

 

Figure 2: Nf1 assay validations with WT mouse cDNA titrations in NF1 null 

HEK293 cells. WT NF1 +/+ HEK293 (293 +/+) cells were used as controls. Varying 

amounts (0-1000ng) of WT plasmid cDNA was transfected into the null cell line. A. Top 

panel – Quantitation of neurofibromin levels (n = 3). Bottom panel – Representative 

western blot of titration experiments. B. GTP-Ras activity levels as determined by Ras-

GLISA assay (n = 3). Statistically significant differences were seen at 15ng and greater 

(red asterisk). C. Top panel – Quantitation of pERK/ERK levels (n = 3). Statistically 

significant differences were observed at 250ng. Bottom panel – Representative western 

blot. Error bars represent SEM and red asterisks indicate statistical significance.   

 

Figure 3: Schematic of NF1 protein and putative domains with cDNA variants 

depicted. Red circles – nonsense mutations, blue squares – missense mutations, green 

triangles – in-frame deletion, and unfilled black circles – non-pathogenic variants. Amino 

acid positions are notated above protein domains in black text. 
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Figure 4: Relative neurofibromin protein levels for each cDNA. A. Quantitation of 

NF1 normalized to tubulin for all the Nf1 cDNAs and categorized based on variant type. 

WT/tubulin ratios were set at 1.0 in each experiment with all other variant ratios relative 

to WT levels. Graph represents an n > 3 independent experiments for each cDNA. SEM 

error bars are shown. B. Representative western blot of select missense mutations 

showing NF1 and tubulin expression. C. Representative western blot of nonsense 

mutations showing NF1 and tubulin levels. Note the truncation products run at 

anticipated sizes. 

  

Figure 5: Ras signaling activity assessed via GTP-Ras and pERK/ERK levels for each 

cDNA. A. Quantitation of GTP-Ras levels (blue bars) and pERK/ERK ratios (black bars) 

for all cDNAs. EV levels were set 1.0 and each sample was normalized and reported 

relative to EV levels. Comparisons to WT and statistical significance were determined via 

a Student’s t-test to determine if the variant negatively impacted NF1’s ability to repress 

Ras signaling. Blue asterisks indicate statistically significant impairment in the ability to 

inhibit GTP-Ras (p < 0.05). Black asterisks indicate statistically significant impaired ability 

to inhibit pERK/ERK ratios (p < 0.05).  Graph represents N>3 independent experiments 

for each cDNA.  Bars represent SEM. B. Representative image of one western blot of select 

missense mutations showing pERK and ERK levels.  C. Representative image of one 

western blot of nonsense mutations showing pERK and ERK levels.   

 

Figure 6: Analysis of protein stability and function to group Nf1 variants. Nf1 WT 

protein concentrations and corresponding GTP-Ras levels were plotted (gray dots) to 
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generate a trend line (blue line). NF1 and GTP-Ras levels for each MS variant were 

overlaid onto the plot and variants were grouped as controls (green dots), splice (yellow 

dots), mild (orange dots), severe (pink dots), and unknown (teal dots). Clustering, based 

on NF1 stability and function is indicated by ovals: control variants – green oval, mild 

and splice variants – orange oval, select severe variants located in the GRD domain and 

interacting directly with Ras – pink oval, variants hugging the trend line- blue oval.   
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Abstract 

 

Variants within the Neurotrophic Tyrosine Kinase Receptor Type 2 (NTRK2) gene have 

been discovered to play a role in developmental and epileptic encephalopathies, a group of 

debilitating conditions for which little is known about cause or treatment. Here we 

determine the functional consequences of two variants: p.Tyr434Cys (Y434C) (located in 

the transmembrane domain) and p.Thr720Ile (T720I) (located in the catalytic domain). 

Wild-type (WT) and variant cDNAs were constructed and transfected into HEK293 cells. 

In cell culture, variant Y434C exhibited ligand-independent activation of TRKB signaling 

with an associated abnormal response to brain derived neurotrophic factor stimulation and 

increased levels of phosphorylated ERK and ELK1 activity. Expression of variant T720I, 

resulted in decreased TRKB signaling with reduced mTor activity as determined by 

decreased levels of phosphorylated S6. With the deleterious mechanisms characterized, we 

utilized mediKanren (a novel artificial intelligence tool) to identify therapeutics to 

compensate for the pathological effects. Downregulation of TRKB, through inhibition with 

mediKanren-predicted compound 1NM-PP1 led to decreased MEK activity.  Upregulation 

of TRKB signaling by mediKanren-predicted valproic acid led to subsequent increase of 

mTor activity. Overall, our results provide further characterization of the pathogenicity of 

these two variants in the NTRK2 gene. Indeed, Y434C is the first patient-specific NTRK2 

variant with demonstrated hypermorphic activity. Furthermore, we observed that variants 

Y434C and T720I result in distinct functional consequences that require distinct 

therapeutic strategies. These data suggest the possibility that unique mutations within 

different regions of the NTRK2 gene results in separate clinical presentations, representing 

distinct genetic disorders requiring unique therapeutics.  
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Introduction 

 

The advent of next generation sequencing technologies and the reduction of costs 

has enabled the wide-spread use of patient DNA sequencing in the clinic. Increasingly, 

clinicians are faced with genetic changes which have either unknown clinical significance 

(which may prohibit providing a molecular diagnosis) or unknown impact on gene function 

(which undermines the ability to develop therapeutic strategies). In vitro cellular assays 

can be used to determine 1.) if a variant impacts gene function and thus provide support 

for its clinical significance and 2.) how a variant impacts gene function and thus how to 

compensate for it with potential therapeutics. Here we investigate the impact of two 

variants within the NTRK2 gene whose clinical significance has been determined, but 

whose functional impact has not 1.  

NTRK2, located on chromosome 9q21 encodes for the tropomyosin related kinase 

B (TRKB) receptor protein that localizes to the central and peripheral nervous systems 2-4. 

TRKB belongs to the tyrosine protein kinase superfamily, sharing homology with TRKA 

and TRKC, which are receptors for a group of neurotrophic factors, including brain derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4). TRKB 

binds mainly to BDNF and NT-4 and with a lower affinity to NT-3 5-7. TRK receptor-

neurotrophin signaling is important in the regulation of neurogenesis, proliferation and 

differentiation of neural precursors, as well as axon and dendrite growth 8-11.  

Disruption of the fine balance of BDNF/TRKB signaling results in a wide range of 

pathologies. Down regulation of BDNF/TRKB signaling has been observed in certain 

psychiatric states, including schizophrenia as well as increased stress-phenotypes, such as 

anxiety 12-16 as well as neurodegenerative disorders such as Alzheimer’s and Huntington 

disease 12; 17-19. Increased expression of TRKB is associated with multiple types of 

malignancies including brain, lung, and blood cancers 12; 20; 21. Increased activation of 

TRKB via BDNF results in the activation of the MAPK, PI3K, and JAK-STAT3 signaling 

pathways, promoting tumor growth and metastasis 8; 12; 20; 22; 23. Of note, dysfunctional 

BDNF/TRKB signaling has also been implicated in the pathophysiology of epilepsy. 

Increased TRKB signaling, through increased BDNF-mediated activation, results in 

epileptogenesis 24-28. This is supported by the observation that mice with a heterozygous 
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Bdnf gene deletion exhibit suppressed epileptogenesis 28. Several studies have also 

analyzed the influence that NTRK2 single nucleotide polymorphisms (SNPs) have on the 

development of epilepsy. Patients with specific NTRK2 SNPs exhibited a younger age of 

seizure onset with a greater incidence of drug-resistant epilepsy 29; 30.  

While general changes in BDNF/TRKB expression or signaling have been 

associated with complex common diseases, specific pathological variants in NTRK2 have 

been identified in patients with rare neurological genetic disorders 1.  However, the specific 

underlying molecular mechanisms of pathology of the Mendelian disorders remains 

unknown. Whole genome sequencing performed on patients diagnosed with severe, early-

onset epilepsy and intellectual disability found two de novo NTRK2 variants, Y434C 

located in the transmembrane domain and T720I located in the catalytic domain 1. Y434C 

was observed in four individuals and is associated with developmental and epileptic 

encephalopathy (DEE) (OMIM: 617830), a severe neurodevelopmental disorder 

characterized by the onset of infantile spasms and refractory seizures in the first days or 

months of life 1.  T720I was observed in only one patient with DEE and hyperphagia. 

Interestingly, other NTRK2 variants including nearby p.Tyr722Cys have been associated 

with obesity, hyperphagia, and developmental delay (OMIM: 613886) a 

neurodevelopmental disorder characterized by global developmental delay and 

hyperphagia resulting in severe early-onset obesity and sometimes associated with other 

neurological function defects including absence seizures  1; 31; 32.  Hence, the two variants 

(Y434C and T720I) display overlapping, yet potentially distinct phenotypes. 

Given the multifaceted role of TRKB, these phenotypes may result from different 

underlying molecular mechanisms that would require consideration for effective therapy.   

Herein, we describe in vitro functional data indicating that these variants differed in their 

impact on TRKB signaling. NTRK2 Y434C exhibited ligand-independent activation of 

TRKB signaling with increased MAPK signaling activity. In contrast, NTRK2 T720I 

exhibits hypomorphic activity with decreased MAPK and mTOR signaling activity.  

Additionally, we explored potential therapeutic avenues through utilization of the artificial 

intelligence-based software program mediKanren. Treatment with compound 1NM-PP1, a 

selective tyrosine kinase inhibitor, abrogated the increased activity observed with the 

NTRK2 Y434C variant.   In contrast, treatment with valproic acid, a commonly utilized 

https://omim.org/entry/617830
https://omim.org/entry/613886
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anti-epileptic drug, increased mTor activity in variant NTRK2 T70I. Our data indicates that 

these two NTRK2 variants represent distinct genetic disorders and propose potential 

therapeutic avenues which address their specific mechanisms of action.  

 

Methods 

 

NTRK2 plasmids 

 

 We obtained NTRK2 ORF cDNA in the mammalian expression vector pcDNA3.1+ 

(GeneScript ref. OHu24187D) with custom mutagenesis by GeneScript to create the 

Y434C and T720I mutations. Both WT and variant constructs were confirmed through 

sequencing once plasmids were prepared in our lab. DNA for transfections was prepared 

using Qiagen’s Endotoxin free plasmid kits.   

 

Cell culture and transfections 

 

HEK293 cells were obtained from ATCC (CRL-1573) and cultured in DMEM (ref. 11995-

065; Gibco) + 10% FBS and 1X penicillin-streptomycin using standard culture procedures. 

The HEK293 cell line was selected for analysis of TRKB expression and activity because 

it is well characterized, easily takes up exogenous DNA, and is easy to culture and scale. 

HEK293s do not express TrkB endogenously, but have all three Ras isoforms and 

recapitulate Ras-MAPK signaling 33; hence, HEK293 cells are an appropriate model 

system for these assays. Cells were plated in a 6-well plate, and at approximately 80% 

confluency cells were transfected using LipoD293 Reagent (ref. #SL00668; SignaGen 

Laboratories) with 1ug of NTRK2 wild-type and variant cDNAs, purchased from 

GeneScript. Drug treatments were performed at 24 hrs post-transfection. At 48 hrs post-

transfection, cells were serum starved for 24 hrs and protein lysates were harvested. BDNF 

(ref. 450-02-10UG; PeproTech) stimulation was performed 5 minutes prior to protein 

harvest. 
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MediKanren and drug treatments 

 

Potential treatments were chosen using mediKanren, an artificial intelligence agent 

developed by The Hugh Kaul Precision Medicine Institute at The University of Alabama 

at Birmingham as part of the NIH NCATS Biomedical Data Translator consortium 34. 

Operationally, mediKanren is a biomedical reasoning system composed of a custom 

knowledge-graph database and a constraint-based logic reasoning engine, developed from 

the miniKanren family of relational-reasoning logic languages. The reasoning engine finds 

(bio)logical relationships between biomedical concepts that include molecules, drugs, 

proteins, pathways, genes, diseases, symptoms, phenotypes. Valproic acid (ref. 2815; 

Tocris) was flagged as a potential downregulator of TRKB, and PP1 Analog II, 1NM-PP1 

(ref. 529581-1MG; EMD Millipore) was flagged as a potential upregulator of TRKB 

activity. Additional drug treatments included Selumetinib (ref. AZD6244; Selleckchem), a 

MEK inhibitor.  

 

Western blotting and antibodies 

 

Protein lysates were prepared using PierceTM RIPA Buffer (ref. 89900; Thermo Scientific), 

a protease inhibitor cocktail (ref. 04 693 116 001; Roche), and a phosphatase inhibitor (ref. 

04 906 837 001; Roche). Protein concentration was determined using PierceTM BCA 

Protein Assay Kit (ref. 23225; Thermo Fisher Scientific). 50 micrograms of protein lysate 

were electrophoresed on Mini-PROTEAN TGX 4-20% gels (ref. #4561093; BIO-RAD) 

and transferred onto polyvinylidene fluoride membranes (ref. #1620177; BIO-RAD) and 

blocked with powdered milk. Human phospho- and total TRKB was detected with the 

monoclonal anti-P-TrkA (Y490) TrkB (Y516) antibody and anti-TrkB antibody 

respectively (ref. 4619S; Cell Signaling Technology: ref. 4606S; Cell Signaling 

Technology). Human phospho- and total ERK was detected with the anti-P-p44/42 MAPK 

(T202/Y204) antibody and the anti-p44/42 MAPK antibody respectively (ref. 9101L; Cell 

Signaling Technology: ref. 9102S; Cell Signaling Technology). Human phospho- and total 

S6 was detected with the anti-P-S6 ribosomal Protein (S240/244) antibody and the anti-S6 

Ribosomal Protein (5610) antibody (ref. 2215S; Cell Signaling Technology: ref. 2217S; 
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Cell Signaling Technology). Tubulin was detected with the monoclonal anti-alpha-Tubulin 

antibody (ref. 3873S; Cell Signaling Technology). All antibodies were used at a 1:1000 

dilution, except for tubulin which was used at a 1:5,000 dilution. Primary antibody 

incubation was performed for at least 12 hours at 4C. Goat polyclonal anti-rabbit 

immunoglobulin (ref. ab97051; Abcam), linked to horseradish peroxidase, was used as a 

secondary antibody at a 1:5,000 dilution for at least 1 hour at room temperature. Signal was 

exposed using ClarityTM Western ECL Substrate (ref. #170-5061; BIO-RAD) and 

measured using a ChemiDocTM MP Imaging System (BIO-RAD) and Image Lab 6.0.1. 

Quantification was performed using ImageJ software (National Institutes of Health). 

 

Luciferase reporter assay 

 

ELK1 activity was analyzed using the ELK-TAD Luciferase Reporter HEK293 stable cell 

line (ref. SL-0040-FP; Signosis). Cell culture and transfection of full length NTRK2 

cDNAs were performed as stated above. Reporter activity was measured using a BioTek 

Synergy 2 plate reader and Gen5 Microplate Reader and Imager Software 3.02. 

 

Statistical analyses 

 

Statistical analyses were done using Excel Office 365. Three or more separate 

experiments were analyzed for each condition and a Student’s t-test was performed to 

determine significance. For all analyses, a p-value less than 0.05 was considered 

significant. 

 

Results 

 

Cells overexpressing Y434C and T720I exhibit an impaired response to BDNF 

stimulation at the TRKB receptor 

 To examine the effects of NTRK2 variants Y434C and T720I compared to wildtype 

(WT) on TRKB signaling, we transfected full-length WT or mutant cDNA constructs into 

HEK293 cells. TRKB and phospho-TRKB (pTRKB) expression was confirmed through 
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western blot analysis (Fig. 1a) with an empty vector (EV) as a control. For the T720I 

variant, total TrkB is modestly reduced by ~20% (p<0.05) suggesting possible reduction 

in protein stability or half-life.  In addition, variant T720I exhibited more than two-fold 

reduced pTRKB expression (normalized to total-TrkB) compared to WT (p-value < 0.05, 

Fig. 1a, b) while Y434C expressed pTRKB at similar levels to WT. We analyzed how 

ligand-mediated activation of the TRKB receptor is affected using BDNF stimulation in 

cells expressing variant NTRK2 protein. Transfected cells overexpressing either Y434C, 

T720I or WT were stimulated with BDNF at a concentration of 10ng/mL, 5 minutes prior 

to protein harvest. Cells transfected with WT NTRK2 and stimulated with BDNF exhibited 

an approximate two-fold increase in pERK expression, an indication of activated TRKB 

mediated Ras-MAP kinase (MAPK) activity, when compared to unstimulated cells (Fig. 

1c, d). Interestingly, the two variants had opposite impacts on pERK signaling. The cells 

expressing the Y434C variant with or without BDNF-stimulation had expression levels of 

pERK similar to the BDNF-stimulated WT expressing cells indicating possible ligand 

independent constitutive activation of TRKB.   Cells expressing the T720I variant with or 

without BDNF-stimulation expressed pERK at a similar level as unstimulated WT 

expressing cells suggesting loss or suppression of activation response (Fig. 1c, d).  

 Previous studies have analyzed TRKB activation of MAPK activity in variant 

Y722C located just two amino acids from T720I in the NTRK2 catalytic domain and 

demonstrated that the Y722C variant resulted in impaired pERK/ERK ratios over a range 

of BDNF treatments 31. To explore possible similarities between the variants’ impact, we 

treated cells overexpressing WT or T720I NTRK2 with increasing concentrations of BDNF 

at 0, 0.5, 10, 50, and 200ng/mL. While both WT and T720I cells show increasing 

pERK/ERK ratios with increasing BDNF concentrations (Fig. 2a, b), the T720I expressing 

cells demonstrate a loss in magnitude of response which seems to plateau at around 10 

ng/ml BDNF, suggesting a blunted maximal response. These results are in agreement with 

what has previously been published on the NTRK2 variant Y722C which exhibits a 

hypomorhpic activity and similar patient phenotypes 31. While the only statistically 

significant difference was seen at the highest dose, the average signaling from variant 

T720I was lower at all concentrations.   
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NTRK2 variants Y434C and T720I exhibit differing functional consequences on the 

basal activity of TRKB downstream signaling molecules 

 We analyzed the consequences of each variant on downstream intracellular 

signaling, focusing on Ras-MAP kinase (MAPK) and PI3K-mTOR signaling. We used 

pERK/ERK ratios and ELK-1 transcriptional activity to evaluate the Ras pathway and pS6 

to evaluate mTOR activity. Upon overexpression of the NTRK2 Y434C variant, baseline 

activity of pERK signaling was significantly increased, greater than two-fold, compared to 

WT expressing cells (p-value < 0.05, Fig 1 c, d and Fig. 3 a, b). In contrast, pERK levels 

of T720I were significantly lower than WT (Fig1 c, d and Fig 3 a, b). These data suggest 

that RAS-signaling activity is increased by the Y434C variant and decreased in the T720I 

variant. Additionally, ELK1 expression, another downstream molecule of the TRKB-

MAPK signaling pathway, was significantly increased by greater than two-fold, upon 

Y434C overexpression compared to WT (p-value < 0.01, Fig. 3c). In contrast, ELK1 

signaling in cells overexpressing the NTRK2 T720I variant were significantly lower than 

WT.  

Next, we determined the consequences of the two NTRK2 variants on mTOR activity by 

analyzing their effects on pS6. In cells overexpressing variant T720I, pS6 was significantly 

decreased by 60% compared to WT (p-value, 0.05, Fig. 3d, e) with no change observed in 

Y434C overexpressing cells. These data indicate that NTRK2 variants Y434C and T720I 

result in distinct regulatory consequences. The Y434C variant exhibits BDNF independent 

signaling through the RAS pathway, but does not impact PI3K pathway, while the T720I 

variant decreases signaling through both the RAS and mTOR pathways.  

These results provide evidence that cells expressing variant T720I respond to 

BDNF stimulation of the TRKB receptor at approximately 50% reduced levels compared 

to WT. The decreased response to BDNF stimulation and the observed lower levels of 

MAPK activity support a downregulation mechanism of action for this NTRK2 variant. 

These data also support that cells overexpressing variant Y434C exhibit an increase in basal 

activity of TRKB signaling which is independent from BDNF stimulation and provides 

evidence that this variant results in constitutive TRKB activation compared to WT NTRK2.  
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MediKanren predicted treatments 1NM-PP1 and Valproic Acid attenuate the effects of 

NTRK2 Y434C and T720I variants respectively 

Given the differing molecular impact of the two variants, different therapeutic 

strategies may be needed for patients. mediKanren, an artificial intelligence agent 

developed internally as part of the NIH NCATS Biomedical Data Translator consortium 

(https://ncats.nih.gov/translator), was used to identify potential novel compounds that 

compensate for the changes in signaling. mediKanren is a biomedical reasoning system 

composed of a custom knowledge-graph database and a constraint-based logic reasoning 

engine, developed from the miniKanren family of relational-reasoning logic languages 
35. Its database incorporates over 180 distinct sources of biomedical knowledge, including 

the scientific literature (Pubmed), data on approved and unapproved drugs (via FDA and 

drugbank), and genes (NCBI, UniProt) with the goal of identifying therapeutic candidates 

for both complex and rare disorders for which no effective standard of care exists. (Source 

code for mediKanren software is available on github 

(https://github.com/webyrd/mediKanren).  

mediKanren was utilized to determine possible therapeutic avenues for NTRK2 

Y434C with a focus on chemical substances that negatively regulate NTRK2 in order to 

attenuate the increased MAPK signaling observed in cells expressing Y434C. One 

potential compound predicted by mediKanren is 1NM-PP1; a small-molecule inhibitor that 

is known to downregulate TRKB through inhibition of BDNF/TRKB autophosphorylation 
36. We preferentially decided to test 1NM-PP1, over the commonly used TRK inhibitor 

K252a (which was also predicted by MediKanren), due to previous literature 

demonstrating compound 1NM-PP1’s selectiveness and reduced toxicity 37. Cells 

overexpressing either WT or Y434C variant cDNAs were treated with three dosages of 

1NM-PP1 ranging from 3-10uM (Fig. 4a-d). At doses of 3uM and higher, 1NM-PP1 

significantly decreased pTRKB levels by 50% or greater compared to untreated cells. At 

5uM and greater, 1NM-PP1 significantly decreased pERK levels by at least 20% or greater 

in both WT and Y434C expressing cells (p-value < 0.05, Fig. 4a-d). These data provide 

evidence that the constitutive TRKB activation observed in variant Y434C overexpressing 

cells can be reduced when treated with the selective TRKB inhibitor 1NM-PP1 resulting 

in decreased TRKB-MAPK signaling. This provides further support that the increased 

https://github.com/webyrd/mediKanren
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MAPK signaling observed with the Y434C variant is due to a ligand-independent 

mechanism which cannot be entirely rescued through simple pTRKB inhibition. While 

1NM-PP1 is not an FDA approved drug the results suggest a therapeutic strategy for 

patients with this type of variant to decrease pTRKB levels. 

To determine whether the excessive pERK activity can be inhibited in cells 

overexpressing NTRK2 variants, particularly Y434C, we treated them with Selumetinib, a 

known MEK inhibitor. As anticipated, cells overexpressing WT, Y434C, or T720I NTRK2 

exhibited significantly decreased pERK activity with Selumetinib at both 1uM and 10 uM 

dosages (Sup. Fig. 1a, b). This indicates that these cellular pathways are responsive to 

modulation downstream as indicated by the MEK inhibitor Selumetinib.  

mediKanren was similarly used to determine potential treatments for NTRK2 

variant T720I. For this variant, therapeutics which were predicted to upregulate TRKB 

signaling were targeted. mediKanren identified valproic acid (VPA), a compound with 

known anticonvulsant activity and a common treatment used in epilepsy. A patient 

harboring the T720I variant has previously been shown to have a positive response to VPA, 

but the mechanism of action was unknown 1. Variant T720I overexpressing cells were 

treated with three concentrations of VPA ranging from 500-1000uM (Fig. 5a, b). Increasing 

doses of VPA increased pS6 in T720I overexpressing cells up to greater than two-fold 

when compared to untreated cells (p-value < 0.05, Fig. 5a, b). A trend toward increased 

pERK activity with treatment of VPA was also observed in T720I expressing cells, but this 

failed to reach significance. Thus, the observed decreased pS6 in cells overexpressing 

T720I can be compensated for with VPA.    

 

Discussion 

 

We characterize the functional consequences of two NTRK2 variants found in 

patients with rare genetic disorders: Y434C and T720I (Fig. 6). We provide evidence that 

variant T720I, located in the tyrosine kinase domain of NTRK2, functions similarly to other 

previously described NTRK2 variants located in the catalytic domain and results in a 

hypomorphic allele with decreased activation of MAPK and mTOR signaling. Variant 

Y434C, in contrast, exhibits increased and ligand-independent MAPK signaling. Our data 
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provides a possible explanation for the mechanisms underlying the different patient 

phenotypes. Additionally, these data provide proof of principle in the utilization of 

mediKanren’s ability to use underlying molecular mechanisms to predict possible 

therapeutic strategies that would compensate for changes in signaling or gene expression.  

Variant T720I is a previously unstudied NTRK2 variant located in the tyrosine 

kinase domain. The majority of NTRK2 variants previously described also occur in the 

tyrosine kinase catalytic domain and result in impaired TRKB signaling: P660L, R691H, 

R696K, S714F, R715Q, R715W, Y722C, and T821A 31; 32; 38. These variants predominately 

exhibited decreased BDNF-NTRK2 signaling consistent with hypomorphic activity 31; 32; 

38. We observed decreased MAPK and mTOR signaling which is in agreement with these 

other variants. Interestingly, hypomorphic NTRK2 alleles have predominantly been linked 

to obesity. Patients that harbor the NTRK2 Y722C and T720I variants exhibit hyperphagia 

with severe and early onset obesity 1; 31. It was reported that variant Y722C also resulted in 

impaired neurite growth and decreased MAPK-AKT activation 31; 32; 38. Additionally, a 

genetic analysis performed on extreme obesity patients identified a previously unreported 

NTRK2 variant also located in the tyrosine kinase domain: S667W 39. While clustering and 

the recurrence of rare variants in the catalytic domain of TrkB (and not elsewhere) raise 

the possibility that they confer specific properties to the protein, it is difficult to rule out 

the possibility that the variants induce a dominant negative effect like that reported for the 

truncated TrkB that results in inhibition of the full length allele and sequestration of BDNF 
40. However, conditional deletion of TrkB using Rgs-Cre in mouse models and a TrkB 

hypomorphic mutant in which TrkB is expressed at ~25% of the normal amount throughout 

the body both resulted in the development of hyperphagic obesity 41; 42, suggesting that the 

alleles are hypomorphic and not dominant negative.  Notably, mouse models with patient-

specific NTRK2 variants have not yet been reported. Interestingly only the Y722C and 

T720I variants show seizure activity in addition to the obesity phenotype 1; 32.  Perhaps this 

particular region of the TK domain is essential for this function. Indeed, this appears to be 

the first report where decreased BDNF/TRKB signaling lead to an epileptic phenotype.  

To determine potential therapeutic options, we utilized mediKanren to predict 

treatments that potentially result in increased NTRK2 signaling. Valproic acid (VPA), a 

well-known anti-epileptic drug, was predicted by mediKanren as a potential therapeutic 
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and several studies indicate that VPA stimulates TRKB and MAPK activity using similar 

doses to this study 43-46. Other studies suggest that VPA may result in decreased 

BDNF/TRKB signaling 47. Additionally, previous studies have demonstrated that VPA is 

effective in promoting neurite growth 43. Overexpression of T720I resulted in attenuated 

TRKB signaling with a subsequent decrease in TRKB mediated mTOR activity, but 

mediKanren-predicted VPA treatment increased pS6 with a trend towards increasing 

MAPK activity as well. Notably, while an NTRK2 T720I patient responded favorably to 

VPA treatment, patients harboring Y434C, the second variant characterized in this study, 

did not exhibit the same favorable response 1. Interestingly, NTRK2 has been linked to 

drug-resistant epilepsy 29. However, the drug-resistance may be allele specific, and these 

differences could potentially be explained by the differing functional consequences of 

each variant. 

NTRK2 variant Y434C exhibited an upregulation of BDNF/TRKB signaling. 

Increased activation of TRKB signaling has already been suggested to promote epilepsy 

and increased NTRK2 is associated with drug-resistant epilepsy 25; 29; 48. In cells 

overexpressing Y434C, constitutive ligand-independent TRKB signaling with associated 

increased MAPK activity was observed. The variant’s location in the transmembrane 

domain could explain its unique effects. Additionally, patients with the Y434C variant 

exhibit a different phenotype with the development of severe and early onset seizures but 

lacking the hyperphagic obesity observed in hypomorphic NTRK2 variants. mediKanren-

predicted 1NM-PP1 significantly reduced TRKB receptor activation and decreased 

downstream signaling molecules which represents a potential anti-seizure therapeutic 

avenue as previously suggested 36; 48. Interestingly, while compound 1NM-PP1 has 

previously been shown to selectively target and inhibit mutant NTRK2 with TRKB kinase 

inhibition, we observed a response in WT expressing cells with reductions in pTRKB 

activity and pERK. While the literature observes that 1NM-PP1 does exhibit greater 

selectivity towards specific mutants over WT, inhibition of WT protein has been observed 

in previous studies 49; 50.  

Notably, this is the first characterization of an NTRK2 patient variant located 

outside of the tyrosine kinase domain that exhibits increased MAPK signaling when 

compared to WT. While entirely speculative, there are several possible mechanisms that 
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might account for the gain of function effect. It is classically understood that ligand binding 

of the TRKB receptor induces signal transduction through dimerization of the receptor, 

tyrosine kinase activation, and internalization of the ligand-receptor complex. 

Internalization seems critical in signal transduction and the internalized receptor remains 

phosphorylated and activated with its extracellular domain bound to the ligand inside the 

signaling endosomes 51; 52. It is possible that the variant does not require ligand binding to 

induce tyrosine kinase activity or internalization. While ligand binding induces structural 

changes in the receptor dimers which propagate to their transmembrane domains and push 

the transmembrane domains further apart 53, Y434C could create such an “activated” 

conformation and allow cross-phosphorylation to occur without ligand binding.  

Alternatively, Trks can interact laterally and form dimers in the absence of ligand.  Indeed, 

TrkB exhibits a propensity for homodimerization 53.   Further, TrkB may also signal 

without dimerization at the plasma membrane 33.  Indeed monomer rates of ~90% were 

seen and BDNF binds monomeric TrkB on the plasma membrane to activate ERK1/2 

signaling 33.  Thus, the variant could alter the spatial organization of the receptor in terms 

of its localization to the plasm membrane or its internalization within the endosome 

resulting in increased signaling from the plasma membrane.   

 In summary, our data emphasizes the importance of understanding how multiple 

variants, even within the same gene, affect downstream functions differently. This study 

highlights the need for this type of precision medicine approach in determining patient-

specific treatments.   
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Figure Legends 

 

Figure 1. Overexpression of NTRK2 variants exhibits variable consequences on 

TRKB activation. A) Representative Western of cells overexpressing of NTRK2 variants 

(WT (wildtype), EV (empty vector), Y434C or T720I), probed for phospho-TRKB and 

total TRKB.  B.) Quantification of Western blots (N=3) normalized to WT. C-D.) 

Activation of the TRKB receptor was analyzed through stimulation with and without brain 

derived neurotrophic factor (BDNF, 10ng/mL). Downstream signaling consequences were 

analyzed.   C.) Representative Western probed with phospho-ERK and total-ERK. D.) 

quantification performed (N=3) (*p-value ≤ 0.05; **p-value ≤ 0.01).  

 

Figure 2. NTRK2 variant T720I (T720I) exhibits hypomorphic activity in response to 

TRKB activation. Upon overexpression of WT or T720I NTRK2, activation of the TRKB 

receptor was analyzed through stimulation with BDNF at different doses (0, 0.5, 10, 50, 

and 200ng/mL). Downstream signaling consequences were analyzed through Western 

blots probed with phospho-ERK and total-ERK A.) Representative Western B.) 

quantification performed and normalized to untreated WT (N=3) (*p-value ≤ 0.05; **p-

value ≤ 0.01).  

 

Figure 3. Effects of NTRK2 variants on downstream signaling molecules. Western 

blots, performed on protein lysates overexpressing WT, EV, Y434C, or T720I NTRK2, 

were probed for phospho-ERK, total ERK, A-B.) Representative Western and 

quantification of western blots with pERK/total ERK (N=3) C.) A luciferase reporter 

analysis of ELK1 transcriptional activity was performed on cells over-expressing WT, EV, 

Y434C or T720I NTRK2 and normalized to WT D-E.) Representative Western probed and 

quantification (N=3) for pS6/total S6 normalized to WT NTRK2. (*p-value ≤ 0.05; **p-

value ≤ 0.01). 

 

Figure 4. MediKanren predicated treatment rescues NTRK2 variant cellular 

phenotypes. A-B.) Variant Y434C overexpressing cells were treated with compound 

1NM-PP1 (0, 3, 5, and 10 uM) and protein lysate harvested. A.) Representative Western 
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blots were probed for phospho-TRKB, total TRKB, phospho-ERK and total ERK B.) with 

quantification normalized to untreated (N=3). C-D.) NTRK2 WT overexpressing cells 

were treated with compound 1NM-PP1, protein lysate harvested and representative 

Western blot probed similar to variant Y434C with quantification normalized to untreated 

(N=3) (*p-value ≤ 0.05; **p-value ≤ 0.01). 

 

Figure 5. MediKanren predicted treatment rescues NTRK2 Variant T720I cellular 

phenotypes. A-B.) Variant T720I overexpressing cells were treated with Valproic Acid (0, 

500, 750, and 1000uM) and protein lysate harvested. C.) Representative Western blot 

probed for phospho-S6, total S6, phospho-ERK and total ERK D.) with quantification 

normalized to untreated (N=3) (*p-value ≤ 0.05; **p-value ≤ 0.01). 

 

Figure 6. Diagram of NTRK2 signaling, effect of each VUS, and select inhibitor 

response.  BDNF binds the TRKB Receptor (NTRK2) and signals through both the mTOR 

and MAPK pathways.  While the T720I variant represses signaling activity as seen through 

lowered pERK, and pS6 levels, VPA treatment normalizes their levels.  Conversely the 

Y434C variant results in ligand–independent activation and increased MAPK signaling and 

NM-PP1 treatment inhibits receptor activation and MAPK signaling.    

 

Supplemental Figure 1. MEK inhibition with Selumetinib abrogates increased MAPK 

activity observed with NTRK2 variant pTry434Cys (Y434C). A-C) Upon 

overexpression of NTRK2 variants, cells were treated with the MEK inhibitor Selumetinib 

(0, 1 or 10 uM) and protein lysates harvested. A-B.) Representative Western blots probed 

for phospho-ERK and total ERK with C.) quantification of Western blots normalized to 

untreated WT (N=3) (*p-value ≤ 0.05; **p-value ≤ 0.01).   
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S1 Fig. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

Increasing utilization of genomic sequencing has raised as many questions as it 

has answered. Scientists are discovering that there is still much to learn about the human 

genome and its role in disease. One of the main difficulties in interpreting genetic results 

is the fact that genetic variation is extremely common and functional assessment of 

variants can be time consuming and costly. Whole-genome sequencing (WGS) of >2,500 

individuals found a total of over 88 million variants [1]; though only a few have known 

functions. Single nucleotide polymorphisms made up the majority of variants found (84.7 

million), short insertions/deletions (indels) were the second most frequent variant 

observed (3.6 million), and 60,000 structural variants were also seen [1]. In fact, some 

studies have found the number of individual single-nucleotide variants to be even greater 

[2]. Additionally, the 1000 Genome Project Consortium has demonstrated that among the 

179 individuals sequenced, each person carries approximately 250-300 loss-of-function 

variants [3]. It was estimated that, on average, each individual genome was shown to 

possess 50-100 genic variants classified as disease-causing [3]. Thus, determining which 

variants are functional and/or clinically significant and understanding how genetic 

variation can impact disease have become important topics in genetics research.  

 Pathogenicity of certain variants is more easily established. For example, tandem 

repeats have been well established as a causative mutation in repeat expansion disorders. 

Further, the length of pathogenic expansions is known to positively correlate with the 
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onset and severity of disease. In Friedreich’s Ataxia, GAA1, which is the shorter allele, is 

a good predictor of disease severity, with every increase of 100 GAA repeats estimated to 

result in ~2.3 years earlier disease onset [4]. Despite this strong correlation between 

pathogenically expanded GAA number and age of onset, some FRDA patients present 

with an unexpected age of onset and a more variable phenotypic spectrum than would be 

predicted based on repeat lengths at time of diagnosis [5, 6].  

 Our study offers tissue-specific mosaicism and somatic instability as potential 

contributing factors for the disparity observed between the GAA repeat length at time of 

diagnosis and the symptom variability observed in Friedreich’s Ataxia. Previous studies 

have demonstrated that GAA repeat lengths determined from lymphocytes or buccal cells 

at time of diagnosis may not be representative of the expanded repeat length in disease-

relevant tissues [5-11]. While several studies have already analyzed somatic instability of 

the trinucleotide repeats in FRDA patient tissues, they are limited by small sample sizes 

and patient tissue access. Our study analyzed repeat lengths in a large cohort of 15 

patients utilizing 5 phenotypically relevant tissues: heart, cerebral cortex, spinal cord, 

cerebellar cortex, and pancreas [9]. This enabled us to analyze tissue-specific mosaicism 

in FRDA repeat lengths with greater confidence and answer if there is a correlation 

between sizes of the pathological GAAs and different clinically relevant tissue types. 

Additionally, we addressed whether the number of GAA repeats is identical in different 

tissues. We observed somatic mosaicism of the expanded repeats among five different 

tissues in all 15 FRDA patients. Interestingly, a tissue-specific pattern was observed with 

heart and pancreatic tissue exhibiting longer repeat lengths compared to cerebral cortex 

and spinal cord tissues. While the mechanism for longer repeat lengths in heart and 
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pancreas tissues remains unknown, western blot analysis of frataxin in FRDA patient 

heart tissues exhibited lower expression when compared to cerebral and cerebellar cortex 

tissues. This agrees with the expected association of longer repeats negatively correlating 

with frataxin expression. Interestingly in frataxin deficient tissues, transcriptome analyses 

conducted on FRDA mouse models and patient cells exhibited a global decrease in gene 

expression [12]. Additionally, in FRDA cells, genes involved in transcription, translation 

and DNA repair were downregulated [13]. Furthermore, increased reactive oxygen 

species (ROS), observed in frataxin deficient cells, may stimulate DNA damage and 

further GAA repeat instability similar to what has been proposed to explain the somatic 

instability in Huntington’s disease [9, 14]. Further research should be undertaken to 

understand how global transcriptional differences in FRDA cells along with increased 

ROS and DNA damage result in somatic instability of the pathological repeats in FRDA. 

Additionally, interrogating whether these differences could aid in determining potential 

therapeutics would be a logical next step. 

Our study also sought to answer the question of whether contractions or 

expansions in the expanded GAA repeats accumulate as a patient ages. To determine how 

GAAs change over time, repeat testing on lymphocytes drawn from 5 FRDA patients 

over 7-9 years was performed. Notably, the repeated blood draws demonstrated that the 

majority of expanded GAA repeats exhibit a length-dependent bias towards expansion, 

with longer repeat lengths exhibiting greater somatic instability. Of note, one patient in 

our study exhibited a 15% increase in repeat length over 7 years. No contractions were 

observed in any of the patient alleles. Interestingly, these results contrast with previous 

research studies of GAA repeats in immortalized lymphoblast cells where contractions 
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were predominantly observed [15]. Culturing of FRDA cells and model cell lines 

typically results in shortening of the expanded repeats as well, however, iPSC culturing 

results in continuous expansion of the GAA repeats [16, 17]. It is possible that 

pluripotent/multipotent state observed in iPSCs as well as hematopoietic stem cells or 

lymphoid progenitors may contribute to repeat expansion [9].  

Additionally, our study highlights the importance of understanding how somatic 

mosaicism and instability of the GAA repeats can confound research results and 

interpretation. Significant discrepancies between GAA repeat lengths at time of diagnosis 

and adulthood can exist, suggesting that reassessment of GAA repeat lengths may be 

needed to fully predict patient symptom presentation and progression throughout disease 

course. Further research needs to be undertaken to determine how repeat expansions over 

time can affect clinical trial and research interpretation. Also, understanding why certain 

patients exhibit larger expansions over their life time compared to other patients can help 

aid our understanding of FRDA disease progression. Overall, our study emphasizes the 

importance that somatic mosaicism and instability can have on patient symptom severity 

and progression. Additionally, these results suggest potential therapeutic avenues in 

targeting somatic instability to potentially slow and/or stall disease progression in 

patients.  

  Germline variation and how it impacts protein stability and function may 

also dictate phenotype. We demonstrated through our study on NF1 missense variants  

that unique germline NF1 variants can affect function. In order to determine how 

different NF1 variants impact protein, we sought to further validate a mouse Nf1 cDNA 

expression system recently developed [18]. Previous research utilizing human NF1 
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cDNA has proven challenging, partially due to size and toxicity of the full-length NF1 

cDNA construct. For our study, we utilized mNf1 cDNA which is highly homologous to 

hNF1 and allows us to examine the molecular consequences of different NF1 variants. 

Our study is the first of its kind to create a large panel of patient specific NF1 variants 

and analyze their effects on NF1 expression and its ability to inhibit Ras activity in order 

to create a functional profile.  

Additionally, our study was also able to analyze variant effects in association with 

patient phenotypes. As there are several phenotype-genotype correlations already 

described in NF1 patients [19-26] we attempted to correlate function and phenotype as 

we evaluated whether phenotypes cluster with specific molecular consequences. We 

assessed various NF1 mutations based on NF1 expression (protein abundance) and Ras 

inhibition (protein function). There are several variants associated with a mild phenotype: 

DelM992, R1809, R1038G, and M1149V [19, 21, 23-26]. Patients harboring one of these 

variants typically exhibit café-au-lait macules (CALMS), with or without skinfold 

freckling and Lisch nodules. Most notable, these variants do not result in tumor 

development with an associated increased risk of malignancy. Additionally, R1809, 

M1149, and M992 exhibit Noonan-like features more frequently than “classic” NF 

affected individuals [21]. When variant NF1 function was assayed, we observed that most 

mild-associated variants are hypomorphic with relatively stable NF1 levels with at least 

approximately 60% of wild-type levels. Interestingly, Ras signaling differed among our 

mild phenotype variants. Ras signaling was not significantly elevated in R1038G and 

R1809, however M1149V and delM992 resulted in differing degrees of significant Ras 

activity elevation. Variant M1149V did stand out with its unexpected complete loss of 
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Ras inhibition. Of note, many NF1 variants associated with a mild phenotype (R1809C, 

M1149V, and DelM992) clustered together when neurofibromin levels with GTP-Ras 

levels were plotted and a trend line drawn. Interestingly, the “unknown” variant S1997R 

also clustered with the mild variants which is consistent with the limited knowledge 

available on this variant’s patient phenotype. 

Our study also included several severe-phenotype associated variants: L847P, 

G848R, R1276Q, and K1423E. Variants affecting NF1 codons 844-848 are located in the 

cysteine-serine-rich domain (CSRD) and are associated with multiple plexiform and 

spinal neurofibromas with a greater risk of malignancy [22]. R1276Q and K1423E are 

located in the gap-related domain (GRD) and are also associated with multiple 

symptomatic spinal neurofibromas. Interestingly, the severe variant G848R was able to 

inhibit RAS activity, demonstrating a functional protein. However, G848R NF1 protein 

expression was decreased compared to WT. We observed a second, distinct grouping of 

two severe variants, R1276Q and K1423E, which did not cluster with the other severe 

phenotype variants. However, the consequences of variant R1276 and K1423 are well-

established, with inactivation of the GRD domain of the NF1 protein resulting in inability 

to inhibit Ras activity [27-29].  

Our study highlights the importance of understanding the functional consequences 

of variants and how correlation to phenotype can aid in the proposal of a categorization 

system for unique missense variants in NF1. Future research, analyzing other signaling 

consequences in NF1 variants can aid in further categorizing variants based on functional 

effects and enable more predictive reliability in determination of phenotype. This can 
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then be used to inform likely symptom presentation and progression as well as to develop 

more-directed therapeutic avenues. 

 Understanding the molecular consequences or function of a variant is especially 

important when different variants within the same gene have opposing effects. In our 

study on the NTRK2 gene we were able to functionally characterize two rare and novel 

variants and utilize these molecular phenotypes to determine potential therapeutic 

avenues. In this study we analyzed two unique variants in the NTRK2 gene in order to 

determine the molecular mechanisms underlying their distinct phenotypes [30]. Variant 

T720I is located in the tyrosine kinase domain of the NTRK2 protein. We demonstrated 

that this variant results in a hypomorphic downregulation of TRKB-BDNF signaling with 

consequent decreased MAPK and mTOR signaling as observed through decreased pERK 

and pS6 expression. Interestingly, patients with this variant exhibit unique symptoms, 

notably hyperphagia with early-onset obesity. Patients with NTRK2 variant Y722C, very 

close to our variant of interest and also located in the tyrosine kinase domain, likewise 

exhibit hyperphagia with severe associated obesity as well [30, 31]. In addition to T720I, 

other hypomorphic NTRK2 allele variants, also located in the tyrosine kinase domain, 

have been previously described [30-33]. Variant Y434C is located in the transmembrane 

domain of the NTRK2 protein. We demonstrate that this variant may result in a ligand-

independent upregulation of TRKB signaling. While stimulation with BDNF does not 

demonstrate a noticeable response, cells overexpressing the Y434C variant exhibit 

increased MAPK signaling as demonstrated through increased pERK levels and ELK1 

transcriptional activity. Notably, the Y434C variant is the first described in NTRK2 to 

exhibit hypomorphic activity. 
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 Our study was able to target these distinct functional consequences of the two 

NTRK2 variants to determine potential therapy avenues through the utilization of 

artificial intelligence (AI). In collaboration with the UAB’s Precision Medicine Institute, 

we utilized an AI-based software, mediKanren, to determine potential therapeutic 

avenues for our two rare patient variants [34]. Since the founding of artificial intelligence 

(AI) in 1950 by Alan Turning, AI has advanced over the past few decades to become a 

useful tool in medicine [35, 36]. Initially, AI started with fuzzy logic utilizing “if, then 

rules” while accounting for real-world situations where things are not “black or white”, 

but rather varying shades of gray and accommodating for the imprecision and ambiguity 

that is inherent in medicine [35-37]. AI has since evolved into more advanced 

technologies including several subfields: machine learning (ML) and deep learning (DL) 

[35]. ML is able to identify patterns to analyze specific situations and then utilizes the 

information to “learn” [35, 38]. ML has led to the development of DL with an artificial 

neural network (ANN) which is analogous to the biological nervous system and allows 

AI to perform parallel computations [35, 36]. This neural network allows large amounts 

of data to be analyzed and incorporated in the determination of potential therapeutics and 

more precision-mediated patient care. Since its inception, AI has had increasing utility in 

medicine and the clinic. Precision medicine has grown through ANN, allowing AI to 

make decisions based on individual patient factors including genes, function, and 

environment [39, 40].  

In our study, we queried mediKanren to predict potential chemical substances 

which would result in either the upregulation (for the hypomorphic T720I variant) or 

downregulation (for variant Y434C) of NTRK2 TRKB signaling. MediKanren predicted 
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valproic acid (VPA) as a therapeutic to increase NTRK2 activity and upregulate MAPK 

activity. Interestingly, VPA was previously shown to result in an efficacious response in 

a patient harboring the T720I variant [30]. Indeed, VPA treated T720I overexpressing 

cells exhibited a partial rescue of molecular phenotype with a significant increase in 

mTOR activity and a trend towards increased MAPK activity. Interestingly, this 

compound may also represent a potential therapy in the obese patient cohort through 

targeting of TRKB-BDNF associated appetite control. Further studies may be warranted 

to determine whether this commonly used medication can have off-target effects which 

may aid in the treatment of obesity and obesity-related metabolic syndromes.  

MediKanren predicted compound 1NM-PP1, a selective kinase inhibitor, to treat 

variant Y434C. Upon treatment with 1NM-PP1, Y434C overexpressing cells exhibited 

decreased phosphorylation of TRKB with a subsequent decrease in pERK. Of note, 

patients harboring the Y434C variant had previously been treated with anti-epileptic 

drugs (AEDs), including VPA which interestingly resulted in an unfavorable response 

[30]. Treatment with a kinase inhibitor has been previously untried. This represents a 

novel therapeutic option in epilepsy and may be useful in epileptic seizures which had 

previously been shown to be drug-refractory. These studies emphasize the value that 

variant functional characterization to determine molecular phenotype can have in the 

utilization of precision medicine and patient treatments.  

 There are several limitations to these studies. For example, we were unable to 

correlate GAA repeat instability to phenotype due to lack of clinical information. Ideally 

associating repeat length with relative symptomology would aid in determining how 

tissue mosaicism affects phenotype and FRDA severity and would lend strength to our 
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study’s conclusions. Additionally, utilization of HEK293 with overexpression of variant-

specific cDNAs contributes to certain limitations in these studies. While these cells are 

useful as a convenient model system in research and easily manipulated. Ideally, 

conducting follow-up analyses in clinically relevant cell line would be the next 

appropriate step in future studies.  

In summary, our combined studies highlight the importance of understanding 

genetic variation and how individual differences contribute to phenotype. Somatic 

variation is often an understudied contribution to symptom presentation, either through 

repeat length polymorphism, the addition of a second hit mutation, genetic modifiers, and 

more. Understanding how these tissue-specific variations occur can aid in understanding 

phenotype as well as understanding the development and progression of distinct 

symptoms. Furthermore, determining how genetic variants affect protein function can 

also aid in understanding patient phenotype as well as guiding for potential therapies. 

Overall, understanding genetic variation and the functional impacts on the protein of 

unique genetic variants is becoming increasingly recognized as the next steps in precision 

medicine and better patient care.  
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