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Abstract
Intragenic duplications can lead to loss-of-function by disrupting the native gene sequence, however,
understanding the precise structural conformation is important for accurate predictions of functional
outcomes. Here, we describe an Amish kindred with a positive history of Galloway-Mowat and
pontocerebellar hypoplasia syndromes. The youngest child also harboured a homozygous intragenic
exon 8–13 duplication involving TBCD, initially reported as likely-pathogenic. HiFi long-read genome
sequencing and cismorphism-based phasing (spans of 24bp–9.8kb), demonstrated the variant to be a
non-tandem duplication-inversion-duplication (DUP-INV-DUP) that leaves the native TBCD gene intact.
Integration of long-read data with founder-population frequency strongly indicated that this DUP-INV-
DUP was benign, however a formal classification using ACGS/ACMG guidelines for interpreting CNVs
was not possible, as none of the specified evidence criteria are applicable. These results highlight the
utility of long-read genome sequencing for fully characterising complex structural variants for improved
pathogenicity assessment and expose a gap in existing SV/CNV interpretation frameworks.

Introduction
Chromosomal gains may cause disease through various mechanisms. Whole gene duplications may be
pathogenic due to increased overall gene product (triplosensitivity), whereas intragenic duplications can
lead to loss-of-function by disrupting the sequence of the native gene. Gene-level metrics are available
for predicting which chromosomal gains may cause disease due to triplosensitivity1. Conversely, to
interpret the effect of intragenic duplications, the precise structural configuration must be determined.
Short-read sequencing technologies have inherent limitations in resolving the precise structure of
complex structural variants (SVs), and so intragenic duplications are frequently assumed to be in
tandem, i.e. one copy inserted immediately after the other. However, it is recognised that ~ 20% of rare,
intragenic duplications do not involve a direct-tandem configuration2. In these scenarios, the original
copy of the gene may be unaffected, and the partial gene copy is typically not expressed. Failure to
resolve the arrangement of a complex SV may lead to incorrect variant classification and thus to
misdiagnosis.

Long-read sequencing can resolve complex SVs through superior mapping, spanning complex
arrangements, and improved phasing3,4. As these technologies continue to be integrated into research
and diagnostic settings, there are numerous examples where improved SV calling facilitated diagnoses
that would have been missed with short-read sequencing alone5. However, an under-utilised benefit of
long-read sequencing is the converse; resolution of non-tandem sub-genic SVs that leave the native gene
intact, that may otherwise be reported as pathogenic. Here, we describe an individual misdiagnosed with
TBCD-related encephalopathy due to identification of an intragenic duplication via exome sequencing.
We demonstrate the utility of HiFi genome sequencing in comprehensively resolving the structure of the
variant, which does not disrupt the TBCD gene, allowing for variant reclassification.
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Patient and methods

Patient description
This individual was born to second-cousin Amish parents. At 3 weeks of age, he presented with poor
feeding and weight gain, with irritability (head/back arching) after feeding. He had a normal head
circumference. Family history was positive for two siblings (Fig. 1) with Galloway-Mowat syndrome
(WDR73, MIM 251300) and one sibling with a dual diagnosis of pontocerebellar hypoplasia (EXOSC3,
MIM 614678) and TBCD-related encephalopathy (MIM 617193), both of which are associated with
irritability in the newborn period. Concern for inheritance of one of these conditions prompted genetic
testing at a CLIA-accredited diagnostic laboratory. Detailed sequencing methodology and testing results
are available as Supplementary methods.

Results
Exome sequencing identifies a sub-genic duplication involving TBCD

Read depth analysis identified the familial chromosomal gain involving exons 8–13 of TBCD
(NM_005993.5). Results indicated a total of 4 copies, suggesting a homozygous duplication (Fig. 1). As
two direct tandem copies of exons 8–13 would be predicted to result in a frameshift
[NM_005993.5:r.772_1318dup, p.(Val440GlyfsTer5)], the variant was reported as likely pathogenic (LP)
and the individual received a diagnosis of autosomal recessive TBCD-related encephalopathy. Two
caveats were noted on the report. Firstly, the 4 copies could also have been made up from a triplication
in-trans with a normal allele and so establishing phase was recommended. Secondly, it is possible that
the variant may not have involved a direct-tandem duplication, in which case the original copy of TBCD is
likely unaffected.

TBCD’s 39 exons lie within 17q25.3. Biallelic pathogenic variants in TBCD cause a progressive early-
onset encephalopathy (MIM 617193)6–8. The typical presentation comprises severely delayed
psychomotor development apparent in the first months of life, neurodevelopmental delay, seizures,
progressive microcephaly and hypotonia or spasticity. However, on further examination of the child at 5
months of age, he had normal growth parameters including head circumference and was meeting all
developmental milestones. Neurological and systemic evaluations were unremarkable. No parental
concerns were raised and there was no suspicion of seizure activity. Given this, we interrogated
genome/exome sequencing data from 400 Amish and Mennonite individuals and identified two
additional homozygotes. The first was a 3-year-old male who presented with moderate developmental
delay, mild hypotonia, and febrile seizures. He had normal growth parameters, was non-dysmorphic, and
had not received a genetic diagnosis. The second was an unrelated healthy mother.

Given the discordance with the expected disease trajectory and the identification of at least one
homozygote without features of TBCD-related disorder, we recruited the individual to our research

Page 4/13



programme.

HiFi sequencing reveals a complex SV involving TBCD with three possible structures

We performed PacBio HiFi genome sequencing to delineate the precise structure of the TBCD variant.
Seven autosomal ROHs of > 5.0 Mb (Figure S1) were identified. A focussed analysis of 89,572 high-
quality SNVs on chromosome 17 detected three regions of homozygosity, with TBCD lying in the most
distal of these (Fig. 2A). This 1.70 Mb ROH region on 17q25.3 was consistent with the 4 copies being
due to a homozygous duplication lying within a region that is identical-by-descent.

The duplication involving TBCD was resolved to 42,069bp (NC_000017.11:g.82,792,115_82,834,184 [CN 
= 4], NM_005993.5:c.772–5642_1318 + 19250dup). However, breakpoint analysis indicated that this was
interlinked with a second, more distal duplication of 221,713bp. The distance between the two
duplications was 149,025 bp. Although the larger of the two duplications was called using HiFiCNV
(v1.0.0), coordinates were imprecise (Fig. 2B). SV calling, performed using pbsv v2.9.0
(https://github.com/PacificBiosciences/pbsv) detected reciprocal breakend (BND) calls
(chr17:82,792,115 − 82,983,209 and chr17:82,834,184 − 83,204,922, GRCh38) that coincided with
increased read coverage and confirmed the two duplications to be linked in a complex duplication-
inversion-duplication (DUP-INV-DUP) structure9,10. The BND calls and the copy number status could be
explained by three possible structures (Fig. 2C-E), with only two of these resulting in TBCD disruption
(Fig. 3A).

Haplotype phasing using cismorphisms reveals intact TBCD gene

The mean HiFi read length obtained was 8,189bp (N50 = 7,798bp), so we were unable to span the 42 kb
segment and capture both breakpoints in a single read. However, 14 cis-morphic SNVs within the
duplication (Table S1) meant that haplotype assignments from HiPhase11 could be used to infer that the
two breakpoints lay on either side of the same (more distal) exon 8–13 duplicated segment (Figure S2).
The maximum jump between informative SNVs was 9,788 bp and the results of algorithmic phasing
were confirmed manually in IGV (Fig. 3B). Given these results point to the structure where the native
TBCD gene is intact, the child does not show clinical signs of TBCD-associated disorder, and we had
identified other unaffected homozygous individuals, our assessment of this complex SV was to
downgrade from LP to LB (data was shared with the reporting laboratory, ClinVar:SCV007541313).
However, a formal classification using the ACGS/ACMG CNV interpretation guidelines was not possible
as none of the evidence criteria listed in the guidelines are applicable12,13.

Discussion
As well as being harder to detect than their deletion counterparts, duplications are more challenging to
interpret14. As demonstrated here, the extra DNA copy can be inserted further along the chromosome,
leaving it unlikely to cause gene disruption unless it has been inserted into another gene. This
necessitates accurate resolution of the duplication’s structure to interpret pathogenicity. The interlinking
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of two duplicated segments further complicates interpretation, and we required long-read data to resolve
the structure.

Despite determining the precise configuration of the TBCD SV, formal classification of benign under
current ACGS/ACMG guidelines for interpreting CNVs was not possible15. Intragenic duplications
involving coding exons are interpreted similar to SNVs, which supported the original LP classification
based on presumed tandem duplication and predicted nonsense-mediated decay (PVS1_strong). After
long-read sequencing demonstrated that the native TBCD gene is intact, we reassessed the variant under
CNV guidance. However, current frameworks lack positive benign criteria to apply as evidence for fully
resolved non-disruptive structural variation.

Benign non-tandem intragenic duplications have been observed before. Notably, several studies have
identified such duplications in the DMD gene that have been aberrantly associated with Duchenne’s
muscular dystrophy16,17. Accurately establishing the precise structure of these variants becomes
increasingly important in the context of carrier screening and newborn screening, where the absence of
a compatible phenotype complicates interpretation18. Interestingly, we identified several carriers of a
similar SV in TBCD in UK Biobank (Figure S3, S4, Note S1), and thus our findings provide generalizable
lessons for SV interpretation.

Due to the founder effect, many geographically isolated or endogamous populations are enriched for
particular sets of genetic variants that are rare globally but comparatively common in local
communities19. Many founder variants are already known in the Amish and Mennonite populations, and
newly described variants can be introduced alongside other founder variants into screening efforts20.
Conversely, founder variants that are difficult to interpret have high potential to be falsely assessed and
reported as pathogenic, which may cause unnecessary distress to families who are led to believe that
they/their child will develop a severe disorder. Compiling a reciprocal list of cryptic founder variants that
are benign but have high potential for generating false assertions is an equally important endeavour.

In summary, using long-read sequencing and cismorphism based phasing, we deciphered the structure
of a complex SV involving TBCD. Reclassification of this founder variant will improve the accuracy of
genetic diagnostics in Amish populations. This work underscores the critical importance of
characterising the breakpoints of intragenic duplications to help improve variant interpretation, and
highlights gaps in current CNV interpretation guidelines for classifying non-disruptive structural variants
as benign.
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Figures

Figure 1

Positive family history for three recessive disorders informs exome sequencing revealing a pathogenic
biallelic sub-genic duplication in TBCD. Clinical suspicion of genetic disorders in V:1, V:2 and V:3 led to
exome sequencing performed by Invitae. V:1 and V:2 both received diagnoses of Galloway-Mowat
syndrome due to a homozygous pathogenic Amish founder variant in WDR73 [NM_032856.5:c.888del, p.
(Phe296LeufsTer26)] (affected status is indicated by orange shapes). V:3 is homozygous for both a
pathogenic Amish founder variant in EXOSC3 [NM_016042.4:c.238G>T p.(Val80Phe)], and a likely
pathogenic sub-genic duplication involving exons 8-13 of TBCD, which if in tandem, predicts a frameshift
[NM_005993.5:r.772_1318dup, p.(Val440GlyfsTer5)]. They therefore received a dual diagnosis of
pontocerebellar hypoplasia type 1B (indicated in blue) and TBCD-related encephalopathy (indicated in
black). Suspicion of a genetic disorder (noted as ?) in the proband of this study (V:4) combined with the
extensive positive family history of genetic disease informed exome sequencing by Invitae, which
revealed the same homozygous sub-genic duplication impacting TBCD as present in V:3. Segregation of
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the three variants in all individuals who underwent exome sequencing is noted at the bottom of the
pedigree. Del = deletion, WT = wildtype, dup = duplication, NA = individuals not tested for this variant.

Figure 2

PacBio HiFi genome sequencing identifies regions of homozygosity on 17q that overlaps a non-tandem
TBCD duplication. A) Analysis of SNVs detected identified 3 regions of homozygosity on 17q. A set of
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high confidence variants was generated by filtering the small variant vcf (called by DeepVariant v1.6.0)
for SNVs that were i) flagged as PASS and ii) for which the sum of the allelic depths was 20-50x. SNVs
thought to define the ROH regions were then checked in IGV. The GRCh38 coordinates of the three ROH
regions are 17:55,521,126-61,361,697, 17:73,087,812-79,627,302 (ROH2) and 17:81,317,159-83,017,161
(ROH3). The proximal end of ROH2 was a SNP at 19x but identified on visual analysis. The third ROH
region contains the TBCDduplication. B) HiFi read alignments shown in IGV that support two interlinked
duplications on 17q25.3. The positions of BND calls are highlighted. The distal duplication, although
called by HiFiCNV is overestimated at the distal end and underestimated at the proximal end. C-E) The
two interlinked duplications are inverted with respect to one another and there are 3 possible structures
that could explain the data as shown in the subway plots. Dotted lines represent breakpoints and are
colour-coded to match the respective BND calls shown in panel B.
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Figure 3

Resolving ambiguous structure using cis-morphism analysis aids variant interpretation. A) Schematic
diagram showing how the split reads can be explained by three possible structures of which Options 2
and 3 are predicted to disrupt gene function. Option 1, where the inverted partial copy of TBCD is
inserted more distally, would not disrupt the original copy of TBCD. Assuming efficient back-splicing
from exon 13 to exon 8, Option 2 would predict the same consequence as if the SV had been a simple
direct-tandem duplication, i.e. a frameshift [NM_005993.5:r.772_1318dup, p.(Val440GlyfsTer5)]. B) Split-
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window IGV graphic showing read alignments which support the 14 cis-morphisms (Table 1) used for
algorithmic phasing and that helped distinguish the proximal and distal copies of the 42 kb duplication.
As the breakpoints involve the same duplicated segment, the structure “Option 1” shown in panel 2A
(and the subway plot in Figure 1C) appears to represent the correct SV configuration.
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