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Abstract
Familial adult myoclonic epilepsy (FAME) is an adult-onset neurological disease 
characterized by cortical tremor, myoclonus, and seizures due to a pentanucleo-
tide repeat expansion: a combination of pathogenic TTTCA expansion associ-
ated with a TTTTA repeat in introns of six different genes. Repeat-primed PCR 
(RP-PCR) is an inexpensive test for expansions at known loci. The analysis of 
the SAMD12 locus revealed that the repeats have different size, configuration, 
and composition. The TTTCA repeats can be very long (>1000 repeats) but also 
very short (14 being the shortest identified). Here, we report siblings of European 
descent with the clinical diagnosis of FAME yet a negative RP-PCR test. Using 
short-read genome sequencing, we identified the pentanucleotide expansion in 
intron 4 of SAMD12, which was confirmed by CRIPSR-Cas9-mediated enrich-
ment and long-read sequencing to be of (TTTTA)~879(TTTCA)3(TTTTA)7(TT
TCA)7 configuration. Our finding is the first to associate the SAMD12 locus in 
European patients with FAME and currently represents the shortest identified 
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1  |   INTRODUCTION

Familial adult myoclonic epilepsy (FAME) is an autoso-
mal dominant disease, characterized by an adult-onset of 
cortical tremor, myoclonus, and epilepsy.1,2 Ishiura and 
colleagues3 identified that FAME was caused by a com-
bination of a pathogenic TTTCA repeat associated with a 
polymorphic TTTTA repeat3 in introns of either SAMD12, 
TNRC6A, or RAPGEF2 genes. Three additional loci 
have been described in introns of MARCH6,4 YEATS2,5 
and STARD7.6 The observation of abnormal RNA foci 
(UUUCA from the TTTCA repeat) in cortical neurons 
and Purkinje cells in the brain of patients, along with 
transcriptional dysregulation, suggested that the genes in 
which the TTTTA/TTTCA repeat expansions are localized 
had minor involvement in the pathogenicity of FAME, 
while the TTTCA repeat was central.3

Mizuguchi and colleagues7 recently combined CRISPR-
Cas9 mediated enrichment of the SAMD12 locus with 
Nanopore sequencing to describe repeat sizes, configura-
tion, and composition in 22 families. Their work revealed 
variability in the repeat size for both the polymorphic 
TTTTA (28 to >1000 repeats) and pathogenic TTTCA re-
peats (14 to >1000 repeats).7 The repeat configuration was 
also variable; configuration 1 [(TTTTA)exp(TTTCA)exp] 
was seen most frequently, followed by configuration 2 
[(TTTTA)exp(TTTCA)exp(TTTTA)exp], and a new configu-
ration 3 [(TTTTA)exp(TTTGA)exp(TTTCA)exp] was uncov-
ered in one patient.7 Finally, the repeat composition was 
highly variable as well and the proportions of the patho-
genic TTTCA repeat in the overall repeat sequence ranged 
from 1% to 90%,7 with even a repeat size of only 14 TTTCA 
pentanucleotides resulting in FAME. This suggests a 
complex relationship between the combination of repeat 
expansions and disease manifestation; a finding that war-
rants further investigation.

Common ancestral founder effects seem to play a role as 
individual loci expansions have been only associated with 
specific populations.3,8,9 For example, SAMD12 expansions 
have hitherto only been reported in patients of Japanese, 
Chinese, Thai, Sri Lanka, and Indian descents.3,8,9

Genetic testing for FAME is challenging as chromo-
somal microarray, gene panel sequencing and exome 
sequencing are likely to miss an intronic repeat expan-
sion. Repeat-primed PCR (RP-PCR) is an inexpensive 
targeted test to confirm a repeat expansion but only at a 
known locus and for a known motif. However, recently 
developed and published bioinformatics tools, such as 
ExpansionHunter Denovo, allow to explore the whole ge-
nome for known and unknown repeats regardless of their 
size using short reads.10

Here we report a FAME family of European descent 
with a repeat expansion in SAMD12 that had previously 
only been described in families with Asian inheritance. 
The TTTCA repeat in this family is unusually short and 
could not be identified using RP-PCR.

2  |   MATERIALS AND METHODS

Two out of four affected members of a Canadian family 
of self-described European descent were recruited and 

Clinical Research Fund, University 
of Calgary; Department of Clinical 
Neurosciences, University of Calgary; 
Hotchkiss Brain Institute, University 
of Calgary; Ministry of Science and 
Technology, Taiwan; National Health 
Research Institute, Taiwan

TTTCA expansion. Our results suggest that the SAMD12 locus should be tested 
in patients with suspected FAME independent of ethnicity. Furthermore, RP-
PCR may miss the underlying mutation, and genome sequencing may be needed 
to confirm the pathogenic repeat.

K E Y W O R D S

FAME, long-read sequencing, optical genome mapping, repeat expansion, SAMD12, short-
read sequencing

Key points

•	 Familial adult myoclonic epilepsy (FAME) is 
caused by repeat expansions at different loci.

•	 We report the first FAME family of European 
descent with a SAMD12 repeat expansion iden-
tified using short-read genome sequencing.

•	 The expansion was not seen on repeat-primed 
PCR due to the very short TTTCA expan-
sion (7 repeats) but confirmed on long-read 
sequencing.

•	 Our finding suggests that the SAMD12 locus 
should be tested in patients with suspected 
FAME independent of ethnicity.

•	 Repeat expansions with short TTTCA repeat 
may escape detection by repeat-primed PCR.
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phenotyped by direct interview and review of existing 
medical records.

RP-PCR in proband II-3 was performed for FAME2, 
FAME3, and subsequently FAME1. The genomes of both sib-
lings were sequenced with short-read whole genome sequenc-
ing (srWGS) at The Hospital for Sick Children (SICKKIDS) 
using the Illumina TruSeq PCR-free DNA library and the 
Illumina NovaSeq 6000 with a targeted coverage of 40×. 
The average depth of coverage achieved was 36 for indi-
vidual II-2 and 41 for II-3. The data were analyzed to detect 
potentially causative single nucleotide variants (SNVs; as in 
Maroilley et al., 202211) and structural variants (SVs; based 
on a semi-automated pipeline first developed using model 
organism genomes, and later adapted to human genomes12). 
The ancestry of both individuals was assessed using the R 
package EthSeq.13 Repeat expansions were identified using 
ExpansionHunter De Novo v0.9.010 (Outlier and Control/
Case analysis modules with 50 control samples) followed 
by genotyping using Expansion Hunter v3.2.214 and visual-
ization using GraphAlignmentViewer (https://github.com/
Illum​ina/Graph​Align​mentV​iewer).

Optical Genome Mapping (OGM) is a complementary 
approach to genome sequencing that enables the detec-
tion of structural variants and complex genome rearrange-
ments, albeit not at base-pair resolution.15 We used OGM, 
Bionano's Saphyr genome mapping for individual II-2.

CRISPR-Cas9-targeted enriched long-range sequencing 
(LRS) was recently shown as an effective way to apply 
long-read sequencing to a specific locus of the human ge-
nome without having to sequence an entire genome.7,16 
We designed guide RNAs for intron 4 of SAMD12 
(chr8:118364471–118 368 363, 3893 bp, hg38) followed by 
the CRISPR-Cas9-based amplification-free targeted en-
richment for individual II-2 and sequenced with Oxford 
Nanopore long-read technology (MinION flow cell R9.4.1 
on ONT GridION device).

Due to insufficient DNA quality, OGM and LRS could 
not be performed for individual II-3.

The study was approved by the Conjoint Health 
Research Ethics Board (CHREB) at the University of 
Calgary (REB18-2099). The patients provided written in-
formed consent. The sequencing data from this study are 
not publicly available due to privacy.

3  |   RESULTS

We present a European family with four family members 
consistent with FAME of which two were available for 
the study (Figure 1A). The proband II-3 is a 58-year-old 
female with onset of cortical tremor (postural and ac-
tion, Figure 1B) in her mid-30s. Seizure onset was at age 
48 years with frequent myoclonic seizures (multiple/day) 

and rare focal impaired awareness seizures (FIAS, few/
year), as well as sleep-related bilateral tonic–clonic sei-
zures (BTCS, 6-8/y). The electroencephalogram (EEG) 
showed a posterior dominant generalized spike wave 
(Figure  1D) and a photoparoxysmal reaction grade 4 
(Figure 1E).17 Her 64-year-old brother II-2 had an onset 
of cortical tremor around age 30 years (Figure  1C) fol-
lowed by the onset of myoclonic seizures (1-2/mo), and 
infrequent FIAS (0-2/y), as well as BTCS (<1/y). His EEG 
showed a photoparoxysmal reaction grade 3 (Figure 1F).17 
Magnetic resonance imaging of both siblings (II-2, II-
3) was nonlesional. Comorbidities were consistent with 
FAME in European ancestry families including migraine 
with visual aura in II-2 and II-318 and major depressive 
disorder, which had resolved on medication in II-3.19 The 
deceased mother I-2 had an onset of cortical tremor and 
BTCS around 40–50 years of age. The father I-1 and the 
maternal half-brother II-5 were unaffected. The son of the 
proband III-3 was 33 years old and reported to have recent 
onset of cortical tremor and seizures but was unavailable 
for the study.

First, the family was tested for repeat expansions using 
RP-PCR targeting all known loci for European-based an-
cestry (FAME2, FAME3), with negative results. We then 
hypothesized that siblings may either have a repeat ex-
pansion in a new locus or an unusual FAME variant.7 
Hence, the genomes of both siblings were sequenced 
with srWGS. We first confirmed the European ancestry 
of both siblings (EUR:75%/AMR:25%). Then, we ana-
lyzed the short-read genome sequencing data for SNVs 
and SVs that could explain the phenotype (see Section 2), 
but none were found. However, our analyses of repeat ex-
pansions revealed the TTTTA/TTTCA repeat expansion 
on chromosome 8 in intron 4 of SAMD12 in both siblings 
(Figure 2A,B).

To further validate the findings and to better understand 
the size, configuration, and composition of the repeat, we 
combined several genomics approaches (Figure  2). RP-
PCR was ordered next with a specific focus on chromo-
some 8 and SAMD12. The RP-PCR was able to successfully 
detect the presence of a TTTTA repeat expansion on 5′ and 
3′ ends but failed to detect the TTTCA repeat (Figure 2C). 
Optical Genome Mapping (OGM) confirmed that the II-2 
genome contains a single repeat expansion on chromo-
some 8 in intron 4 of SAMD12 (Figure 2D) and estimated 
the size of the repeat expansion to be 4.1 kb. CRISPR-Cas9-
targeted enriched LRS (Figure 2E) was able to detect a large 
repeat expansion at the SAMD12 locus of similar size as 
predicted by OGM (~4  kb). Importantly, as predicted by 
the srWGS (Figure  2A,B), the Nanopore sequencing de-
termined that most of the repeat expansion is due to the 
TTTTA repeat, while the TTTCA repeat is much smaller. 
We next phased the flanking reads into two groups based 
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on the read length, and we were able to determine that the 
configuration of the repeat in our family is (TTTTA)~879(
TTTCA)3(TTTTA)7(TTTCA)7 (Figure  2F). The haplotype 
analyses of individuals II-2 and II-3 (Figure  1A) in our 
study revealed no evidence that the haplotype is different 
from the common founder haplotype reported in patients 
of Asian descent (Table S1).

5  |   DISCUSSION

The SAMD12 repeat expansion has only been reported in 
patients of Japanese, Chinese, Thai, Sri Lanka, and Indian 
descent3,8,9 and is considered to have arisen from a com-
mon founder.8 Here, we report two European kindreds 
with FAME caused by TTTTA/TTTCA repeat expansions 

F I G U R E  1   Clinical diagnosis of FAME in family of European descent. A, Family pedigree depicting affected family members. The 
arrow indicates the proband. B, Archimedes spiral drawn by the proband II-3 and C, her brother II-2 showing cortical tremor with variable 
frequency and amplitude. D–F, Electroencephalograms (low-frequency filter 0.3 Hz, high-frequency filter 70 Hz) D, Proband II-3 at age 
51 years after sleep deprivation (sensitivity 15 μV/mm). E, Proband II-3 at age 55 years during 4 Hz photic stimulation (sensitivity 20 μV/
mm). F, Brother II-2 at age 63 years during 4 Hz photic stimulation (sensitivity 10 μV/mm).
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in intron 4 of SAMD12, both presenting a haplotype simi-
lar to the common founder haplotype reported in Asian 
patients. Thus, our findings show that the TTTTA/TTTCA 
SAMD12 repeat expansion can affect individuals with 
non-Asian ethnicity. Therefore, the SAMD12 locus should 
be tested regardless of the patient's origin. In fact, all six 
known loci should be tested in all individuals with a clini-
cal suspicion of FAME regardless of ancestry.

The reported family also shows a novel and unusual 
repeat configuration3,7 that could not be detected as 
pathogenic using RP-PCR. It has been reported before 
that RP-PCR may miss the pathogenic TTTCA repeat in 
patients who either have the TTTCA embedded deep into 

the TTTTA repeat (>150–200 bp from the extremities) or 
where the TTTCA repeat is short (e.g., 14 repeats).7 Based 
on our srWGS and CRISPR-CAS9 LRS data, our FAME 
patients had a very short TTTCA expansion with only 7 
repeats (Figure 2B) which is the shortest reported so far. 
This might result in the inability of the RP-PCR to cre-
ate a product of sufficient length that could be detected 
(Figure  2C) leading to potential misdiagnoses and diag-
nostic odyssey.

Albeit the TTTCA repeats in the configuration re-
ported here are the shortest known to date, the propor-
tions of the TTTCA repeats in the overall repeat sequence 
length (10/896 = 1.1%) and the overall size of the repeat 

F I G U R E  2   Combined genomics to uncover repeat expansion in FAME siblings. A, Short-read whole genome sequencing depicted in 
the Integrative Genomic Viewer (IGV) image from II-2 and the control clearly showing the heterozygous (TTTCA)7 expansion in the II-2 and 
II-3 but not in unrelated control genomes. B, TTTCA repeats visualized with GraphAlignmentViewer based on ExpansionHunter predictions 
showing the presence of the TTTCA motif, expanded in II-2 and II-3, but absent in unrelated control. C, Repeat-primed PCR depicting 
TTTTA repeat expansion in II-3 but no clear evidence for TTTCA repeat expansion. For TTTTA, positive control and proband show a tail of 
peaks extending up to more than 600 bp length representing the expansion, which is not present in the negative control individual. However, 
for TTTCA, the abnormal tail in the positive control is not present in the proband. D, Optical Genome Mapping Bionano's Saphyr depicting 
heterozygous 4.1 kb repeat expansion in the intron 4 of SAMD12 in II-2; the region depicted is chr8:119201695-119634184, hg19. The bottom 
allele shows a greater size between labels in the consensus map compared with the labels in the reference map. This might denote a small 
insertion between these two labels, corroborated by the misalignment of subsequent labels in that region. E, CRISPR/Cas9-targeted enriched 
LRS showing the heterozygous TTTTA and TTTCA repeat expansion in II-2. F, Configuration of the repeat expansion in II-2 based on (D).
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configuration (4.1  kb) are within the range reported re-
cently.7 Therefore, as suggested by Mizuguchi and col-
leagues,7 our finding supports the possibility that the 
TTTCA insertion itself plays an important role in the 
pathogenicity of the disease regardless of the size.

We demonstrate that srWGS has the potential for un-
covering new repeat configurations. Moreover, we were 
the first to report the application of the new OGM technol-
ogy on FAME patients, establishing OGM as a new cost-
effective method to uncover new loci for repeat expansions 
in patients with the clinical diagnosis of FAME. However, 
CRISPR/Cas9 target enriched LRS was decisive in charac-
terizing the configuration of the repeat as its length was 
superior to the short-read length. A combination of ap-
proaches might be our best chance to discover new FAME 
loci and/or new repeat configurations, and therefore help 
gain new knowledge about disease mechanisms.

6  |   CONCLUSION

Our findings indicate that repeat expansions in SAMD12 
may also occur in patients with non-Asian ethnicity sug-
gesting that all known FAME loci should be tested in 
patients with suspected FAME independent of ethnicity. 
We also show that RP-PCR may not be able to reliably de-
tect pathogenic repeat expansions suggesting that further 
workup is required in patients where a TTTTA, but no 
TTTCA repeat is identified.
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