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Abstract

Background: Frontotemporal lobar degeneration (FTLD) is a leading cause of dementia, and 

elucidating its genetic underpinnings is critical. FTLD research centers typically recruit patient 

cohorts that are limited by the center’s specialty and the ways in which its geographic location 

affects the ethnic makeup of research participants. Novel sources of data are needed to get 

population estimates of the contribution of variants in known FTLD-associated genes.

Methods: We compared FLTD-associated genetic variants in microtubule-associated protein tau 

(MAPT), progranulin (GRN), and chromosome nine open reading frame 72 (C9ORF72) from an 

academic research cohort and a commercial clinical genetics laboratory. Pathogenicity was 

assessed using guidelines of the American College of Medical Genetics and Genomics and a rule-

based DNA variant assessment system. We conducted chart reviews on patients with novel or rare 

disease-associated variants.

Results: A total of 387 cases with FTLD-associated variants from the commercial (n=2,082) and 

78 cases from the academic cohort (n=2,089) were included for analysis. In the academic cohort, 

the most frequent pathogenic variants were C9ORF72 expansions (63%, n=49), followed by GRN 
(26%, n=20) and MAPT (11%, n=9). Each gene’s contribution to disease was similarly ranked in 
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the commercial laboratory but differed in magnitude: C9ORF72 (89%, n=345), GRN (6%, n=24), 

and MAPT (5%, n=19). Of the 37 unique GRN/MAPT variants identified, only six were found in 

both cohorts. Clinicopathological data from patients in the academic cohort strengthened 

classification of two novel GRN variant as pathogenic (p.Pro166Leufs*2, p.Gln406*) and one 

GRN variant of unknown significance as a possible rare risk variant (p.Cys139Arg).

Conclusion: Differences in gene frequencies and identification of unique pathogenic alleles in 

each cohort demonstrate the importance of data sharing between academia and community 

laboratories. Using shared data sources with well-characterized clinical phenotypes for individual 

variants can enhance interpretation of variant pathogenicity and inform clinical management of at-

risk patients and families.
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Introduction

Frontotemporal lobar degeneration (FTLD) describes a pathologically heterogeneous group 

of neurodegenerative disorders and is a leading cause of dementia in individuals younger 

than 65 years.1 Frontotemporal dementia (FTD), the associated syndrome, is characterized 

by progressive declines in behavior or language.2 Research over the past 2 decades has led to 

the discovery of multiple genes underlying autosomal dominant FTD.3 Among familial 

FTLD cases, ~15% are caused by dominantly inherited pathogenic variants in the genes 

encoding tau protein (MAPT)4 and the growth factor precursor gene granulin (GRN)5 or a 

pathogenic GGGGCC repeat expansion in C9ORF72.6 Within MAPT and GRN, there are a 

multitude of disease-associated alleles and variants of unknown or undetermined 

significance. The identification and characterization of variants in these genes, particularly 

for patients with family histories, could improve premortem diagnostic specificity. Early 

identification of disease-associated variants also provides insight into underlying protein 

pathology, as MAPT variants result in tauopathy, whereas GRN and C9ORF72 are 

associated with TDP-43 proteinopathy and have potential for concomitant motor neuron 

disease (i.e., in C9ORF72).

There is also growing sentiment in favor of genetic screening for family members of familial 

and sporadic cases of FTLD. Given this, it is increasingly important to continue to not only 

characterize the spectrum of disease-causing variants in genes associated with FTLD but 

also compare the risk attributable to the different known genes between commercial and 

academic centers. This will help ensure that patients are provided with the most current 

information during genetic testing. While epidemiological studies have been performed 

assessing frequency of different FTLD variants across multiple research centers,7–9 there is a 

scarcity of literature regarding potential differences in attributable risk for FTLD genes 

between academic vs commercial testing sites. Data from commercial testing centers lack 

the recruitment bias associated with specialty academic centers and may reflect broader 

sociodemographic populations, represent different testing indications, and have important 

implications when developing gene target-specific therapeutics. Academic centers contribute 
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to the characterization of gene variant pathogenicity through collecting data such as imaging 

studies, family history, brain pathology, and patient symptomology critical to establishing 

confidence in the true risk posed by candidate variants. Merging data from academic and 

commercial centers is an important step in order to understand the true distribution of 

disease-associated variants.

In order to understand how commercial and academic centers compare, we describe two 

cohorts: patients seen at the University of California, San Francisco (UCSF) Memory and 

Aging Center and patients who ordered genetic testing commercially in a Clinical 

Laboratory Improvement Amendments (CLIA)-certified, clinical diagnostic laboratory.

Materials and methods

Standard protocol approvals, registrations, and patient consents

This research was accomplished as part of a larger dementia care pathway collaboration 

between the University of California Memory and Aging Center and Quest Diagnostics, and 

funding for the specific aims set forth in this paper was provided by Quest. Written informed 

consent was obtained from UCSF patients or surrogates prior to entry into the study, and the 

UCSF’s institutional review board (IRB) approved all aspects of this research. The goal of 

the dementia care pathway is to provide an innovative and interdisciplinary approach to the 

screening, diagnosis, and clinical management of patients with dementia and their families. 

UCSF researchers (JSY and NZRS) designed the study. No funders (including Quest 

Diagnostics) played a role in the design or implementation of the study. Patient data were 

de-identified such that no direct or indirect patient identifiers or protected health information 

was included, as defined by the Health Insurance Portability and Accountability Act 

(HIPAA). The two patients described in the clinical vignettes provided written informed 

consent to participate in clinical research and have the de-identified case details published.

Participants

UCSF cohort—Participants included in this study were 2,089 patients seen at the UCSF 

Memory and Aging Center between 1999 and May 2015 who received genetic testing as part 

of their participation in longitudinal research on neurodegenerative disease and healthy 

cognitive aging. Individuals with disease-associated variants in FTLD genes were identified 

and data extracted from a secure database that stores de-identified participant information. 

Only data from probands were reported (Figure S1). Family history and clinical diagnoses of 

UCSF patients were extracted from research records. Postmortem pathological data were 

reported when available.

Clinical laboratory cohort—Genetic data were obtained from 2,082 de-identified patient 

samples tested at a commercial clinical laboratory between 2011 and May 2015. Owing to 

differences in gene discovery, C9ORF72 was tested only from 2012 through May 2015. 

Only data from probands were included, except for C9ORF72 expansions, where the mode 

of test ordering does not allow differentiation of family members and probands (Figure S2). 

Only basic demographics (age at test ordering, sex) but not clinical or pathological data were 

available for this cohort.
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Genetic screening

UCSF cohort—Genomic DNA was extracted from peripheral blood using standard 

protocols (Gentra Puregene Blood Kit; Qiagen, Inc., Valencia, CA, USA). MAPT and GRN 
Sanger sequencing was performed on amplified coding and flanking noncoding regions. The 

presence of expanded GGGGCC hexanucleotide repeats in C9ORF72 was detected using 

published two-step protocol; refer the “Supplementary materials” section).6 Samples were 

typically screened for variants in all pathogenic FTLD genes upon entry into research at 

UCSF. However, due to the nature of gene discovery, samples were retrospectively screened 

in batches for variants as new FTLD genes were identified (e.g., all samples from 1999 to 

2011 were screened when C9ORF72 was identified in late 2011).

Clinical laboratory cohort—Genomic DNA was extracted from peripheral blood 

utilizing automated extraction protocols (AutoGenFlex STAR Fresh Blood Extraction Kit 

and AutoGenFlex Blood DNA Finishing Kit; AutoGen Inc., USA, Holliston, MA). PCR 

amplification followed by Sanger sequencing was performed on coding and noncoding 

flanking regions of MAPT and GRN. Expanded hexanucleotide repeats in C9ORF72 were 

detected using a standard protocol comparable to that described above.

Variant assessment

UCSF cohort—Variant classification was performed in a standardized manner by 

searching the literature and online databases for published occurrences and crosschecking 

genomic location, variant type, nucleotide changes, and predictions for biological effects on 

protein products (gene transcript IDs can be found in Table S1). Variants were classified as 

pathogenic or likely pathogenic and included in the study based on prior identification as a 

disease-causing variant, heterozygous genotype, very low/unobserved frequency in general 

population-based databases, prediction to be deleterious from online databases, and 

consistent clinical data.

Clinical laboratory cohort—Variant assessment was performed using a standardized, 

rule-driven, variant scoring algorithm,10 in concordance with the guidelines of American 

College of Medical Genetics and Genomics (ACMG).11 The scoring algorithm takes into 

account multiple lines of evidence including variant type, variant location within the gene, 

predictive in silico algorithms, variant frequency data in patient and general population 

cohorts, family segregation, and functional studies.

Statistical analysis

Differences in continuous variables (i.e., age of testing) between the two cohorts were tested 

using ANOVA in R, with significance established at two-tailed P<0.05.

Results

A retrospective analysis was performed on 2,089 individuals at an academic center and 

2,082 individuals at a commercial laboratory who were examined for GRN and MAPT 
sequence variants and hexanucleotide repeat expansions in C9ORF72. The potential 

pathogenicity of each identified variant was assessed (refer the “Methods” section), and each 
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variant was ultimately categorized into one of five ACMG variant classifications 

(pathogenic, likely pathogenic, uncertain significance, likely benign, and benign). Only 

variants classified as pathogenic or likely pathogenic – collectively described as disease-

associated variants in this study – were included in the final analyses (Figures S1 and S2). 

There was a total of 78 individuals at the academic center and 387 individuals at the 

commercial laboratory with disease-associated variants. On average, patients who carried 

these variants were around the age of 60 years at testing and consisted of relatively balanced 

proportions of males and females (Table 1). There were no significant differences in average 

age at testing between centers (P=0.17, two-tailed ANOVA).

Hexanucleotide repeat expansions in C9ORF72 were the most frequent cause of FTLD in 

both the UCSF and the commercial cohorts, while GRN and MAPT accounted for far fewer. 

In the UCSF cohort, hexanucleotide repeat expansions in C9ORF72 were the most 

frequently encountered (63%, n=49), followed by disease-associated variants in GRN (26%, 

n=20) and MAPT (11%, n=9). C9ORF72 pathogenic expansions were also the most frequent 

FTLD-associated variants (89%, n=344) in the commercial laboratory, although they were 

more frequent than in the UCSF cohort. In contrast to the academic cohort, where variants 

were identified with a higher frequency in GRN vs MAPT, variants in GRN (6%, n=24) and 

MAPT (5%, n=19) were observed at nearly the same frequency in the commercial 

laboratory. There were no significant differences in ages of patients at testing based on the 

gene group when combining both cohorts (ANOVA, P=0.24) and no difference in testing age 

across cohorts. Disease-associated variants identified in GRN are plotted by exon in Figure 

1. As expected for a gene in which loss of function is a mechanism for disease, there do not 

appear to be hotspots of disease-associated variants but rather an even distribution across the 

entire gene.

In total, 37 unique, disease-associated variants were identified in GRN and MAPT across 

both cohorts (Tables S2 and S3. The majority of unique variants were identified in only one 

individual, highlighting the rarity of many disease-associated GRN and MAPT variants, but 

some were identified in multiple unrelated patients. Comparing the spectrum of variants 

identified in each cohort, only six disease-associated variants in GRN and MAPT were 

found in both cohorts (Table S4 and Figure 1), while the other 83% were found in only one 

cohort or the other. In GRN, the shared variants were c.328C>T (p.Arg110*), c.

592_593delAG (p.Arg198Glyfs*19), c.898C>T (p.Gln300*), c.1477C>T (p.Arg493*), and 

in MAPT, these were c.915+16C>T and c.902C>T (p.Pro301Leu). The wealth of published 

literature about these variants supports the fact that they are common disease-associated 

alleles shared by many unrelated individuals. Of all the variants in both genes, c.902C>T 

(p.Pro301Leu) in MAPT was the most common, observed in 14 probands (three from UCSF 

and eleven from the commercial laboratory). Half of the UCSF GRN-positive individuals 

carried a shared variant, while only one-quarter (24%) of the commercial clinical laboratory 

GRN-positive cohort carried a shared variant (Table S2). This suggests that the commercial 

cohort may be more ethnically and/or geographically diverse than the academic cohort and 

highlights the important role of commercial laboratories in identifying extremely rare 

disease-associated alleles.
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Disease-associated variants were assessed for their allele frequency in the Exome 

Aggregation Consortium (ExAC) dataset, a large, multiethnic, population that is not 

enriched for dementia patients, making it a suitable control population for this analysis 

(Tables S3 and S4).13 The majority of disease-associated variants from both cohorts 

occurred a total of zero, one, or two times in the ExAC database. Consistent with this pattern 

were two novel GRN variants, identified in the UCSF cohort, that were not found in the 

ExAC general population: p.Pro166Leufs*2 (Patient 1) and p.Gln406* (Patient 2). Because 

both variants are predicted to cause early protein termination, and they were identified in 

clinically characterized patients in the UCSF cohort (detailed in the “Case Vignettes of 

patients with GRN variants” section) and were not found in the ExAC general population, 

they can be classified as pathogenic based on the commercial clinical laboratory variant 

scoring system and ACMG guidelines. The absence of these two variants from the 

commercial cohort, including 1,036 total patients screened for GRN variants, as well as the 

ExAC general population suggests that these variants are extremely rare.

We also observed one occurrence of p.Cys139Arg (c.415T>C) in GRN in a patient from 

UCSF. This patient developed subtle behavioral changes during his early 60s and developed 

word-finding difficulties during his mid-60s. Family history revealed a maternal aunt with 

late-onset Alzheimer’s disease (AD). Clinical diagnosis was semantic variant primary 

progressive aphasia, with right temporal behavioral features. Profound focal atrophy in 

bilateral anterior and mesial temporal lobes was noted, more prominent on the left, as well 

as left insula and inferior frontal gyrus atrophy (Figure 2A). At autopsy, he was found to 

have FTLD-TDP type C pathology. The p.Cys139Arg missense variant is predicted to be 

damaging at the amino acid level, which is supported by functional data suggesting the 

variant interferes with cleavage of progranulin into granulin14 and may reduce neurite 

outgrowth.15 However, p.Cys139Arg was observed 22 times in the ExAC database, which 

does not fit the pattern observed for the disease-associated variants identified in these 

cohorts, and suggests that this variant may not cause FTLD with Mendelian inheritance. 

Family studies support this, describing variable segregation of the variant with disease.16 

Nevertheless, enrichment of the variant in characterized patients compared to ethnically 

matched controls suggests that the variant may be a rare risk factor or reduced penetrance 

disease-causing variant.17

Case vignettes of patients with GRN variants

Both patients were white, non-Hispanic individuals

Patient 1: novel pathogenic GRN variant, p.Pro166Leufs*2—Patient 1 was a 

woman who showed subtle behavioral changes, including loss of empathy emerging during 

her late 40s. She developed empty speech and had difficulty communicating in her early 60s. 

She then developed apathy and started hoarding. Around her mid-60s, she developed a 

strong interest in art and began to chant religious phrases repetitively. She grew more 

disinhibited and paced from room to room in a stereotyped sequence. There was no known 

family history of neurodegenerative disease. Clinical diagnosis was behavioral variant FTD 

(bvFTD) with right temporal behavioral features. Structural MRI revealed prominent 

atrophy in the right anterior and mesial temporal cortex, insula (right greater than left), and 
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right dorsolateral prefrontal cortex (Figure 2B). Sequencing revealed p.Pro166Leufs*2 in 

GRN, a previously unreported mutation. Although she ultimately developed bvFTD, one of 

the major clinical diagnoses of GRN carriers, her protracted disease duration of >18 years 

was atypical.

Patient 2: novel pathogenic GRN variant, p.Gln406*—Patient 2, a woman in her 

early 50s, had a one-year history of loss of interest in her work and developed shopping 

compulsions 6 months prior to presentation. She then began to miss appointments and grew 

confused about their timing and had trouble with calculations. She developed very subtle 

signs of disinhibition and utilization behavior. One of her parents had a clinical diagnosis of 

AD and an autopsy diagnosis of FTLD (subtype unknown), with symptoms starting in the 

early 60s. Additionally, an aunt had suspected AD with onset during her mid-50s. Structural 

MRI of the patient showed symmetric atrophy in bilateral insular, medial frontal, 

dorsolateral prefrontal, and bilateral parietal cortices (Figure 2C).

Discussion

We conducted a detailed survey of disease-associated variants in GRN, MAPT, and 

pathogenic expansions in C9ORF72; the three genes most commonly associated with FTLD, 

among individuals tested at a specialty academic clinic and a commercial clinical laboratory, 

and the frequencies of genetic variants were ranked similarly between cohorts: C9ORF72 
expansions were the most common pathogenic variants, and MAPT variants were the least 

common in both groups. This is in agreement with previous multicenter surveys of FTLD 

disease-associated variants.19 Additionally, we identified two novel pathogenic variants in 

GRN in patients from UCSF. Clinical and neuroimaging information for both of these 

variants supports their association with FTLD. Identification of two previously unidentified 

variants in a survey of >4,000 total individuals highlights the possibility that pathogenic 

variants can be rare and potentially even family specific. This is the first study to our 

knowledge that uses academic center and national commercial laboratory genetic data 

synergistically to derive estimates of genetic contributors to FTLD.

Although the frequencies of variants in the three genes were similarly ranked across both 

centers, we noted differences in the relative proportions of variants in each gene based on 

whether they were identified through the academic center or the commercial laboratory. The 

differences in the frequency distribution and type of MAPT, GRN, and C9ORF72 disease-

associated variants between the two cohorts suggest differences in underlying populations. 

C9ORF72 has been widely reported as the most common genetic contributor to familial 

FTLD as well as amyotrophic lateral sclerosis (ALS), so the fact that pathogenic expansion 

of this gene was the most common variant in both cohorts is not surprising. However, the 

proportion of C9ORF72 carriers in the commercial laboratory cohort was much larger than 

that of the academic center (89% vs 63%), despite the fact that C9ORF72 testing was not 

implemented by the commercial laboratory in the first study year. This could be due to the 

limitations imposed by surveying genetic variants by test code, which resulted in potential 

inclusion of both probands and family members representing the clinical spectrum of FTD 

and ALS. This difference suggests ascertainment bias that might affect the distribution of 

Steele et al. Page 7

Adv Genomics Genet. Author manuscript; available in PMC 2019 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



underlying gene-associated pathology but does not change the overall conclusion: C9ORF72 
is the most frequent cause of disease in both cohorts.

Utilizing the combined power of the academic dataset and the commercial laboratory 

dataset, patterns were identified among the disease-associated variants that ultimately 

improved our ability to interpret variants of less certain significance. For example, disease-

associated variants from both cohorts were assessed for their allele frequency in ExAC. On 

average, disease-associated variants only occurred zero, one, or two times in the ExAC 

database, consistent with the estimated worldwide prevalence of FTD (Tables S3 and S4).
1,19 Based on this pattern, we were able to confirm the pathogenicity of two novel GRN 
variants identified in the UCSF cohort. Their absence from the ExAC database, combined 

with their mutation type (likely gene disrupting), and their occurrence in patients with 

clinically diagnosed FTD (including one patient with prolonged disease duration), 

determined their classification as pathogenic variants. On the other hand, a missense GRN 
variant that was detected in a UCSF patient with clinically diagnosed FTD was found a total 

of 22 times in the ExAC database. This is outside the typical frequency for disease-

associated variants in the ExAC database and supports previous literature proposing 

p.Cys139Arg as a rare risk allele rather than pathogenic variant. Together, these clinical 

pictures highlight the wide range of disease duration, syndromic presentation, and variable 

penetrance that can occur with disease-associated GRN variants.

It is possible that because UCSF research patient genetic data are occasionally confirmed 

with CLIA laboratory follow-up, a small number of patients were represented in both 

cohorts. However, eliminating family test codes likely reduced the majority of potential 

overlap, and given the magnitude of samples screened by the commercial laboratory and the 

minimal overlap observed between cohorts, it is unlikely that this “double testing” 

introduced a substantial bias to the study. Additionally, the only variants identified in both 

cohorts are well-published, common pathogenic variants, increasing the likelihood of 

multiple distinct observations (rather than repeated testing of the same individual in both 

cohorts). Furthermore, subtle differences in sequencing methodology may have introduced 

noise into our comparison of the two cohorts.

This study benefits from several strengths. First, detailed clinical data from the academic 

cohort allowed us to assess variants of unknown pathogenicity for their role in disease risk. 

Second, combining the data from two contrasting cohorts allowed us to find patterns (e.g., 

variant frequency in the population, variant type, and location) among a large set of disease-

associated variants. Knowing the characteristic features of disease-associated variants in 

these genes improves our ability to assess variants of unknown significance, driving down 

the number of these ambiguous results reported out to patients and making genetic testing 

more conclusive for a larger percentage of patients. This study highlights the need for 

updated reporting of known variants and variant classifications in existing open access 

databases to complement the efforts of clinical entities in reclassification of variants as new 

evidence becomes available.

The results of this analysis have several implications for patient management. The 

occurrence of disease-associated variants in all three major FTD genes supports the use of a 
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panel approach for initial genetic screening of patients. That said, the large percentage of 

C9ORF72 repeat expansions in both cohorts could also support a testing strategy in which 

the C9ORF72 gene is screened first, particularly if the patient’s family history is significant 

for ALS and FTD. If genetic variants are identified, it is imperative to consider their 

frequency in a multiethnic control population while interpreting their clinical significance. 

Large, multiethnic population databases have demonstrated the potential for drastic 

differences in variant frequency across ethnic groups, with some variants being unique to a 

single subpopulation. Thus, it is best to compare the frequency of a variant in patients with 

ethnically matched control populations in order to achieve the most accurate classification of 

clinical significance.

Conclusion

In summary, we have shown that surveys of disease-associated variants, particularly for rare 

variants, differ by type of testing center but largely agree with regards to overall ranking of 

gene contributions to disease. In this study, we found that specific, rare alleles are often 

unique to a given cohort, whether through chance or ascertainment bias. This finding 

emphasizes the need to perform thorough genetic characterization of clinical cohorts and 

highlights the importance of developing therapeutic interventions that will be amenable to a 

broad spectrum of underlying pathogenic causes that all affect a specific gene or protein 

target. It also highlights the importance of academic-industry research collaborations and 

data sharing that enhances current knowledge of the scope and frequency of pathogenic 

variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
GRN variants in cohorts from UCSF and a Commercial Clinical Laboratory.

Notes: UCSF variants appear in blue text above the gene, while commercial clinical 

laboratory variants appear in green below the gene. Variants that appeared in both cohorts 

are indicated in underlined, bold typeface. GRN is located on chromosome 17q21 and 

consists of 13 exons encoding a highly glycosylated 593-amino acid precursor protein with a 

predicted molecular mass of 63.5 kDa.12 aAll variants were classified as pathogenic or likely 

pathogenic, except for c.415T>C, which is a missense variant classified as a risk allele.

Abbreviation: UCSF, University of California, San Francisco.
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Figure 2. 
Neuroimaging from select GRN variant cases.

Notes: Structural brain MRI at patients’ first presentation to UCSF. GRN variant and CDR 

total score (with larger scores demonstrating worse clinical disease severity) at the time of 

scan are provided below each of three patients’ representative structural brain images in 

coronal (A and B) or axial (C) orientation. images are in radiological orientation with the 

right side of the brain presented as the left side of the image. All patients showed 

asymmetric atrophy, predominantly in the frontal and temporal lobes, which is typical of 

GRN mutation carriers.18

Abbreviations: CDR, clinical dementia rating; R, right; L, left.
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