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Purpose: Guidelines by professional organizations for assessing
variant pathogenicity include the recommendation to utilize
biologically relevant transcripts; however, there is variability in
transcript selection by laboratories.

Methods: We describe three patients whose genomic results were
incorrect, because alternative transcripts and tissue expression
patterns were not considered by the commercial laboratories.

Results: In individual 1, a pathogenic coding variant in a brain-
expressed isoform of CKDL5 was missed twice on sequencing,
because the variant was intronic in the transcripts considered in
analysis. In individual 2, a microdeletion affecting KMT2C was not
reported on microarray, since deletions of proximal exons in this
gene are seen in healthy individuals; however, this individual had a
more distal deletion involving the brain-expressed KMT2C isoform,
giving her a diagnosis of Kleefstra syndrome. Individual 3 was

reported to have a pathogenic variant in exon 10 of OFD1 on
exome, but had no typical features of the OFD1-related disorders.
Since exon 10 is spliced from the more biologically relevant
transcripts of OFD1, it was determined that he did not have an
OFD1 disorder.

Conclusion: These examples illustrate the importance of con-
sidering alternative transcripts as a potential confounder when
genetic results are negative or discordant with the phenotype.
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INTRODUCTION
Genomic sequencing (exome/genome/targeted gene sequen-
cing) and allied techniques such as chromosomal microarray
(CMA) are widely used for the diagnosis of genetic diseases
and while these have revolutionized genomic medicine,
determining variant pathogenicity remains a challenge in
diagnostic decision-making. The American College of Medical
Genetics and Genomics/Association for Molecular Pathology
(ACMG/AMP) standards and guidelines for the interpreta-
tion of sequence variants have stated that in addition to
the reference transcript (i.e., canonical), alternate clinically
relevant transcripts (e.g with additional exons, or expressed
in a tissue of interest) should be evaluated in assessing
variant pathogenicity.1 For analysis of copy-number variants
(CNVs) on CMA alternate transcripts are less likely to be a
confounding factor, but the interpretation of CNVs can be
influenced by tissue-specific transcript expression, a fact that
is seldom discussed in the existing literature.
The importance of alternate transcripts in interpreting

genetic testing is underscored by the finding that ~95%
of multiexon genes undergo alternative splicing, with an
average of seven transcripts per gene; furthermore, these can
be differentially expressed across tissues and developmental

timespans.2,3 Interpretation of genomic variation may thus
differ according to transcript selection and tissue expression.4

Several transcript databases are available for variant annota-
tion, including GENCODE (https://www.gencodegenes.org/),
RefSeq (https://www.ncbi.nlm.nih.gov/refseq/), Ensembl
(https://www.ensembl.org), and Consensus Coding Sequen-
cing (CCDS; https://www.ncbi.nlm.nih.gov/projects/CCDS).
Each laboratory selects its own reference transcript and as a
result, there is great variability in the transcripts utilized by
sequencing laboratories.5

Highlighting the impact of this variability in transcript
selection, an annotation comparison of 80 million genome
sequencing (GS) variants using two different transcript sets
(RefSeq and Ensembl) produced agreement in annotation in
only 44% of putative loss-of-function (LoF) variants.6

Another study demonstrated that for 292 genes included
on three neonatal epilepsy panels, only one transcript was
considered by the commercial laboratories for 96% of
the genes, although 30% of these genes had alternative
coding regions expressed in fetal/neonatal brain tissue.5

Four missed pathogenic variants were found when variants
were reannotated as LoF in alternate transcripts.5 The
opposite could also occur, with a putative pathogenic
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variant being reannotated as not disease-associated, in the
context of alternative isoforms. Thus, errors in considering
alternative transcripts can result in both missed and
incorrect diagnoses.
Here we present three individuals, in whom genomic results

were either negative or discordant with the clinical phenotype,
and subsequent evaluation of alternate transcripts and their
expression in the tissues of interest provided diagnostic
clarity.

MATERIALS AND METHODS
All evaluations were performed as part of the National
Institutes of Health (NIH) Undiagnosed Diseases Network
(UDN) (https://undiagnosed.hms.harvard.edu/) under an
institutional review board (IRB)-approved protocol (National
Human Genome Research Institute [NHGRI] 15-HG-0130),
and informed consent was obtained from all subjects. Further
consent for photographs to be used in a publication was
provided for individual 2 (Supplementary Material). Trio
exome sequencing (ES) had previously been performed at
a commercial lab for all three individuals, and FASTQ files
were requested and reanalyzed in the UDN as described
previously.7 Trio GS was performed for individuals 1 and
2 through the UDN.8 Review of the literature, transcript
databases, and CMA data was conducted for variant
reannotation. Clinically relevant results were confirmed by
an orthogonal method before communication to the indivi-
duals/parents.

RESULTS
Individual 1 is a 3-year, 4-month-old Caucasian male, with
refractory infantile spasms, atonic seizures, developmental
regression with onset of seizures, and current skills of a
9–12 month old (details in Supplementary Material). The
family history was unremarkable. Pre-UDN testing included
a normal CMA, normal comprehensive epilepsy panel
(which included CDKL5), and nondiagnostic trio ES. The
latter two tests had been performed through the same
commercial laboratory.
Reanalysis of the ES data in the UDN was nondiagnostic,

but GS revealed a novel de novo hemizygous CDKL5
c.2842C>T; p.(Arg948*) variant (NM_001323289.1) in exon
17, interpreted as pathogenic by the UDN laboratory.
The alternative NM_001323289.1 isoform chosen by this
laboratory for analysis is more biologically relevant than
the canonical transcript, because it is the most abundant
isoform expressed within the central nervous system.9 The
patient’s clinical phenotype was consistent with CDKL5-
associated epileptic encephalopathy (MIM 300672). Since
LoF is the disease mechanism for this disorder we evaluated
why this variant had not been reported previously on the
epilepsy panel, ES, or the UDN reanalysis of exome data.
CDKL5 has multiple isoforms due to alternative splicing,

three of which are included in the National Center for
Biotechnology Information (NCBI) RefSeq Database (Fig. 1a).
The commercial laboratory had used the canonical (longest)

transcript NM_003159 for ES analysis in October 2016 (and
for the prior epilepsy panel in 2015), and this variant had not
been reported because it appeared in an intronic region just
past exon 18. However, in the alternative RefSeq transcript
NM_001323289.1 that was considered by the UDN genomic
sequencing laboratory, this variant is within a coding region
designated as exon 17. This exon extends further in the 3’
direction in this transcript, into what is an intronic region in
the canonical transcript. The variant identified in individual 1
is located in this “extra” region of exon 17, indicated by
the red arrow in Fig. 1a. In ClinVar there are two other
individuals with different pathogenic variants within this
“extra” region of exon 17 (these variants have been previously
reported10,11), and there are no LoF variants within this region
in gnomAD (https://gnomad.broadinstitute.org). Interest-
ingly, the research-based pipeline used for UDN exome
reanalysis also did not report the variant as the corresponding
Ensembl transcript had not yet been added to the annotation
build used.
The alternative transcript NM_001323289.1 was added to

the NCBI RefSeq database in April 2016, but had not yet
been added to the commercial laboratory’s annotation
pipeline at the time of this individual’s epilepsy panel and
ES analyses (personal communication with commercial
laboratory). The commercial laboratory listed two other
reasons for this variant not being reported: (1) the presence
of structural errors in the hg19 genome assembly making it
difficult to accurately assess variants in this region, and (2)
prior literature indicating that truncating variants in CDKL5
past amino acid 938 in the canonical transcript are not
given “very strong” pathogenic designation.12 However, the
latter reason is irrelevant for the variant identified in
individual 1, as amino acid 938 in the canonical transcript is
further downstream. Therefore, we asserted that this de
novo CDKL5 variant is pathogenic and clinically relevant
because it is a LoF coding variant in the brain-expressed
transcript.
Individual 2, a 6-year, 2-month-old Caucasian female had

developmental delays, borderline intelligence, macrocephaly,
mild dysmorphic features, and a paternal family history of
intellectual disability (details in Supplementary Material). A
pre-UDN CMA had revealed a 142-kb deletion of uncertain
significance on chromosome 7q31.1 in 2013, interpreted as a
risk factor for autism, Tourette syndrome, and attention
deficit–hyperactivity disorder (ADHD) with reduced pene-
trance. Pre-UDN commercial trio ES and a reanalysis were
nondiagnostic.
On GS through the UDN, an interstitial deletion of

~135 kb in 7q36.1 involving exons 8 through 55 of KMT2C
(NM_170606.3) was reported. KMT2C haploinsufficiency
causes Kleefstra syndrome type 2 (MIM 617768), and there
was clinical overlap between this disease entity and features
described in individual 2. The deletion was inherited from
her father who had similar clinical characteristics. The
cytogenetics lab had not reported it on initial microarray
in March 2013 but upon request they re-evaluated the
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Fig. 1 Alternate transcripts and regions of interest for each of the 3 cases. Black boxes represent predicted coding sequence, smaller black boxes
represent untranslated regions (UTRs), and black lines represent intronic sequences with arrowheads indicating the direction of transcription. Exons are
labeled. a The three CDKL5 RefSeq transcripts NM_003159.2 (canonical), NM_001037343, and NM_001323289.1 are shown. The variant identified in
individual 1 is designated with a red arrow. Pathogenic variants in this “extra” region of exon 17 previously reported by Bodian et al.11 and Archer et al.10

are designated with black arrows. The thick gray arrow indicates the region beyond codon 938 (NM_003159.2 only) for which Diebold et al.12 urges caution
against overassigning pathogenicity. b The KMT2C RefSeq transcript NM_170606.3 (Ensembl transcript ENST00000262189) and seven additional protein
coding Ensembl transcripts are shown. Deletions (red bars) and duplications (blue bars) in the Database of Genomic Variants (DGV) are shown at the top of
the figure. At the bottom, the p.(Lys564*) pathogenic variant reported by Koemans et al.13 is represented by a red arrow. The 127-kb deletion identified in
individual 2 and the 203-kb deletion previously reported by Koemans et al.13 are represented by horizontal red bars. c The three OFD1 RefSeq transcripts
NM_001330209.1, NM_001330210.1, and NM_003611.2 (canonical) are shown. The variant identified in individual 3 is designated with a red arrow.
The other three predicted loss-of-function (LoF) variants seen in gnomAD are labeled with black arrows, along with frequency and gender in which they
were identified.
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data and confirmed the interstitial deletion arr[hg19] 7q36.1
(151,839,151-151,965,981)×1, estimating it to be approxi-
mately 127 kb in size. The reason for the cytogenetics
laboratory not reporting this deletion previously was that the
size was below their threshold of 300 kb and additionally
deletions within KMT2C are found in healthy individuals in
the Database of Genomic Variants (DGV, http://dgv.tcag.ca/
dgv/app/home). However, upon further scrutiny, it is evident
that these are restricted to the 5’ region (exons 2–6) of the gene
(Fig. 1b). In contrast, the deletion identified in individual 2 and
her father includes exons 8 through 55, extending into the 3’
region of the NM_170606.3 transcript. Deletions overlapping
the exons deleted in our individual have been associated with
Kleefstra syndrome 2, including a deletion of exons 2–43 and a
stop gain variant in exon 12 that resulted in a truncated protein
(Fig. 1b).13

We examined tissue-specific differences in expression of
the isoforms of KMT2C. While NCBI RefSeq lists only one
transcript for KMT2C (NM_170606.3, which corresponds to
ENST00000262189.11), there are multiple splice variants in
Ensembl and two (ENST00000424877.5 and ENST0000
0360104.7) are most highly expressed in the brain according
to the GTEx database (V8). These shorter brain-expressed
transcripts do not include the proximal exons that are deleted
in healthy individuals, but do contain the more distal exons
deleted in our individual, as well as those previously reported
as pathogenic.13 With this information, the clinical labora-
tory agreed that the deletion in our individual and her father
is likely pathogenic (personal communication) and she was
given a diagnosis of Kleefstra syndrome 2.
Individual 3, an 8-year, 5-month-old African American

male, had autistic features and mild developmental delays
(details in Supplementary Material). On pre-UDN commer-
cial trio ES, a novel maternally inherited pathogenic variant
(c.967delA, p.[Ser323Alafs*2]) in exon 10 of X-linked OFD1
(MIM 300170) had been reported (NM_003611.2). Further
evaluations were performed for specific features of an OFD1-
related disorder (MIM 30084, MIM 311200, MIM 300209),
but he was found to have normal cognition and no oral,
digital, facial, renal, or brain abnormalities. The mother’s
clinical evaluation and kidney ultrasound were normal. Since
the laboratory’s report of a pathogenic variant in OFD1 was
discordant with the individual’s phenotype, we examined this
variant further, including the transcript that had been selected
for annotation and tissue-specific expression.
The canonical transcript NM_003611.2 (ENST0000034

0096.11) of OFD1 is used most widely for variant annotation
by commercial laboratories (personal communication).
However, there are two additional NCBI RefSeq transcripts
including NM_001330209.1 and NM_001330210.1 (Fig. 1c).
The NM_001330209.1 transcript undergoes alternative
splicing for exon 10, thus encoding a protein that lacks the
corresponding 40 amino acids encoded by this exon.14 To
our knowledge this transcript is not used by commercial
labs in their pipelines (personal communication with four
commercial labs).

We then interrogated control and disease databases to
determine if there were differences in variants reported in
exon 10 compared with the other exons of OFD1. In gnomAD
there are nine high-confidence OFD1 LoF variants in the
canonical transcript NM_003611.2. Four of these are located
within exon 10 (two frameshift variants including the variant
identified in individual 3, one nonsense variant, and one
splice acceptor variant), and two of these four are seen in the
hemizygous state (Fig. 1c). Furthermore, these two hemi-
zygous variants are seen in a total of 15 male individuals in
gnomAD. Presumably none of these individuals have OFD1-
related disorders since individuals with severe pediatric
disease are excluded from this database.
In the Human Gene Mutation Database (HGMD, http://

www.hgmd.cf.ac.uk/ac/index.php) there are 40 LoF variants
reported in OFD1, but none are in exon 10. However, in
ClinVar there are four pathogenic or likely pathogenic
variants reported in exon 10 with gender not specified. Two
of these are among the frameshift variants reported in
gnomAD, one of which is the variant also identified in
individual 3 reported here. The other two variants are
nonsense, of which one is reportedly associated with clinical
features of an OFD syndrome, and the other without clinical
details provided. We contacted three other commercial labs to
determine if they had reported pathogenic/likely pathogenic
variants in exon 10 of OFD1, and only one had—this was a
female patient with a frameshift variant with clinical features
including bifid tongue, ankyloglossia, alveolar ridging, and
clinodactyly (personal communication with lab). Attempts to
contact the referring provider for further details were
unsuccessful. We also contacted an OFD research team with
a large cohort, who reported that they had no pathogenic/
likely pathogenic variants in exon 10 of OFD1 in their cohort
(personal communication).
Interestingly, another male individual in our clinic was

found to have a de novo frameshift variant (c.1007dupA
p.[Ser337Glufs*3]) in exon 10 of OFD1 (NM_003611.2),
reported as pathogenic on ES by a commercial laboratory.
This patient had severe epilepsy, but like individual 3 he had
no other findings suggestive of OFD1-associated disorders
and upon further examination, there were six male individuals
in gnomAD with the exact variant. His unaffected brother was
found to have the OFD1 variant as well. He was subsequently
found to have a likely pathogenic variant in ATP1A3 that was
consistent with the phenotype.
There do not appear to be clear tissue-specific differences

among OFD1 isoforms (https://www.gtexportal.org). How-
ever, our findings of LoF variants in exon 10 in healthy
individuals, and a general lack of LoF variants in exon 10 in
affected individuals, and the fact that exon 10 is spliced out in
an alternative transcript, suggest that all putative damaging
variants in exon 10 of OFD1 may not cause disease.

DISCUSSION
Negative results from genetic tests may be due to pathogenic
variants being overlooked; less frequently variants may be
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declared pathogenic erroneously, resulting in a misdiagno-
sis.11 Many factors may account for such erroneous results,
and here we describe three individuals in which molecular
diagnoses were missed, or erroneously assigned, because
alternative transcripts and their tissue-specific expression
patterns were not considered in variant annotation.
A major factor that leads to inconsistencies in how

transcripts are applied between laboratories is that there is
no single, standardized transcript database utilized, although
the ACMG/AMP guidelines for variant interpretation
emphasize the importance of understanding the transcript
architecture of genes and information about alternative
splicing of genes.1 In individual 1 an exonic nonsense CDKL5
variant had been overlooked by the commercial lab because
this variant was inferred as being within a noncoding region
of the canonical transcript used for annotation, although the
sequencing software had identified the variant. Interestingly,
another individual with epileptic encephalopathy has recently
been reported with a pathogenic variant within this same
region of CDKL5, and similar cases with pathogenic variants
being overlooked because they are in the noncoding region of
the canonical transcript have been reported in SCN8A and
MITF.11,15,16 Additionally, for individual 1, the guidelines
used by the commercial lab for not reporting variants in the
distal 3’-end of the canonical transcript were erroneously
applied to the alternative isoform; the CDKL5 variant in
individual 1 was in the longer exon 17 within the alternative
transcript NM_001323289.1 and not distal to amino acid 938
in the canonical transcript (since pathogenicity of variants
distal to this is thought to be unlikely12). Thus, for genes with
multiple isoforms it is critical for sequencing laboratories to
consider regions in which alternative splicing can occur as
well as tissue expression of the various transcripts when
variants are prioritized and assessed for pathogenicity.
Similarly, the frameshift OFD1 variant in individual 3 was

reported as pathogenic because LoF variants throughout
OFD1 are known to cause a spectrum of OFD1-related
disorders. However, the laboratory did not take into account
the presence of an alternative transcript NM_001330209.1 in
which exon 10 is spliced out. Although we do not have tissue-
specific expression differences among the transcripts, the
presence of 15 presumably healthy male individuals in
gnomAD with hemizygous OFD1 nonsense variants supports
the notion that the transcript containing this exon may not be
highly expressed in biologically relevant tissues. Two of the
four variants reported as pathogenic or likely pathogenic in
ClinVar have also been found in presumably healthy
individuals in gnomAD (one in a female, and the second in
six males). It is unclear whether the two other individuals
reported in ClinVar have an OFD1-related disorder or
another condition with overlapping features. However, clearly
most individuals with putative LOF variants in exon 10 of the
canonical OFD1 transcript do not have an OFD1 disorder.
Individual 3 and the individual from our clinical cohort (both
with OFD1 variants reported as pathogenic) reinforce the fact
that not all LoF variants in a gene wherein LoF is the

mechanism of disease are indeed associated with disease.
Databases such as ClinVar can have erroneous data for
disease associations, and when there is remarkable phenotypic
discordance with the genetic results there must be a
reexamination of the pathogenicity of the variants (including
alternative transcripts) by the clinicians and the laboratory to
avoid conferring erroneous diagnoses.17 Incorporation of
next-generation phenotyping data may provide a more
objective determination of whether the phenotype is con-
sistent with the associated disease.18

When genes known to have multiple transcripts are strong
candidates in the differential diagnosis, incorporating tissue-
specific and temporal expression data using resources such as
GTEx may help identify transcripts that are most biologically
relevant.5,16 For individual 1, the canonical transcript
NM_003159.2 is mostly expressed in the fetal brain and
adult testes, while the alternative transcript NM_001323289.1
is the most abundant isoform expressed in the central nervous
system.9 Pertinent to individual 2, the shorter alternative
transcripts (that include the distal exons that were deleted in
her) are the isoforms most highly expressed in the brain. The
original CMA report did not consider the tissue-specific
expression of the isoforms of KMT2C or location of individual
2’s deletion in relation to the other small deletions in DGV in
the context of alternative transcripts, resulting in an erroneous
interpretation that the deleted exons were of uncertain
significance. Brain expression data from the GTEx database
(V8) was helpful in this case, since the phenotype of
individual 2 and her father was primarily neurologic. In both
of these cases, the canonical transcript was not the most
biologically relevant isoform, underscoring the importance of
laboratories considering tissue-specific expression data in
variant interpretation. Differential expression patterns of
isoforms by tissue system continue to be updated, and
continued curation of transcripts is important for accurately
annotating variants.16,19,20

Reanalysis of ES or GS data is a powerful tool and should
also include evaluation of alternative transcripts.5 Considering
alternate transcripts allows for the selection of the most
biologically relevant transcript based on tissue expression,
analysis of exons that may be spliced from the canonical
transcript, and detection of variants that may be intronic in
the canonical transcript but protein coding in the alternate
transcript. Individuals 1 and 2 had negative initial testing
(panel, ES, or CMA) and then received molecular diagnoses
with GS, utilizing updated variant annotation and informa-
tion about transcript expression. This emphasizes the
importance of allowing adequate time to elapse before further
genetic testing or reanalysis of prior data so that new
information may be included. Similarly, utilizing a different
laboratory may overcome limitations specific to an analytic
pipeline or reporting protocol.7 Our experience with indivi-
dual 2 highlights the importance of applying a similar
reanalysis process to existing CMA data, considering whether
genes have multiple transcripts along with transcript-specific
expression data when interpreting CMA results.

SCHOCH et al ARTICLE

GENETICS in MEDICINE | Volume 22 | Number 7 | July 2020 1273



Finally, these cases illustrate the complexities of having
multiple public databases using different languages to describe
gene information that is similar but not always identical.
The CCDS project is a step toward consistently annotating
coding regions of human genes, but this is an imperfect
process and these cases illustrate that the CCDS transcript
is not always the most biologically relevant. It would be
helpful for the genomics community to develop a single
resource for describing all known isoforms for each gene and
their biological relevance. The Clinical Genome Resource
(https://clinicalgenome.org/) curation teams have made
strides toward determining the significance of variation for
specific genes,21 and including relevant transcript and/or
expression data as part of this process would be beneficial to
the genetics community.
We understand that our approach to resolving missed

diagnoses and misdiagnoses may not be generalizable to all
clinic workflows, since it involves resources that may not be
readily available, such as reanalysis of sequencing data by an
in-house bioinformatician. In addition, our approach involved
testing of family members and frequent communication with
the sequencing or cytogenetics laboratory directors, which
may be challenging in many clinical settings, due to time
constraints. However, we wish to highlight the need for
clinicians to carefully consider CMA and ES or GS results, or
the lack thereof, in situations where there is phenotypic
mismatch and understand that these results may change over
time, with our understanding of transcript expression and
alternative splicing. The three examples in our study highlight
how the choice of selecting only the reference/canonical
transcript in variant annotation can lead to both the failure to
detect pathogenic variants as well as false attribution of
pathogenicity to variants in exons that are not biologically
relevant.

SUPPLEMENTARY INFORMATION
The online version of this article (https://doi.org/10.1038/s41436-
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