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Abstract Transcriptional analysis can be utilized to reconcile variants of uncertain signifi-
cance, particularly those predicted to impact splicing. Laboratory analysis of the predicted
mRNA transcript may allow inference of the in vivo impact of the variant and aid prediction
of its clinical significance. We present a patient with classical features of primary ciliary dys-
kinesia (PCD) who was identified to have compound heterozygous variants in the DNAH11
gene (c.10691 + 2T > C, ¢.13523_13543dup21) via trio whole-exome sequencing in 2013.
These variants were originally classified as Mutation and Likely Mutation. However, these
variants were downgraded to variants of uncertain significance (VUSs) during reanalysis
in 2016 because of uncertainty that they caused a loss of function of the gene. c.10691 +
2T > C is predicted to abrogate the canonical splice site and lead to the skipping of exon
65, but the adjoining of exon 64 and exon 66 in the DNAH11 transcript preserves the
reading frame of the resultant protein. ¢.13523_13543dup21 is located in the last exon of
the DNAH11 coding sequence, upstream of the canonical stop codon, which suggests a
reduced likelihood to trigger nonsense-mediated decay (NMD). Transcriptional analysis
was performed to characterize the impact of the variants, resulting in reclassification of
c.10691 + 2T > C to Likely Pathogenic by providing evidence that it results in a deleterious
effect and subsequent downstream reclassification of ¢.13523_13543dup21 to Likely
Pathogenic as well. Our case illustrates the potential impact of transcriptional analysis on
variant resolution, supporting its usage on variants that exert an unpredictable effect on
splicing.

INTRODUCTION

Primary ciliary dyskinesia (PCD) is a disorder characterized by abnormal ciliary structure and
function that results in chronic respiratory disease, situs abnormalities, and infertility. The in-
cidence of this condition is estimated at approximately 1 in 20,000 individuals (Loges et al.
2018). However, given the variable expressivity and nonspecific initial presentation of this
condition (chronic sinusitis, nasal congestion, cough, and otitis media are common presen-
tations in pediatric populations and could be misattributed as “daycare-itis”), PCD may be
underreported and the true incidence may be higher (Leigh et al. 2019).
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Transcript analysis for PCD variant resolution

Diagnosis of this condition is typically accomplished via a combination of clinical evalu-
ation, nasal nitric oxide measurement (NNO), electron microscopy of ciliary ultrastructure
and genetic testing as noted in a recent practice guideline publication by the American
Thoracic Society (ATS) (Shapiro et al. 2018). Genetic testing is typically performed as a
next-generation sequencing (NGS) panel of up to 39 genes, with variable reported diagnos-
tic yields because of limited sample sizes (Kim et al. 2014; Marshall etal. 2015; Boaretto et al.
2016; Djakow et al. 2016; Leigh et al. 2016).

Each methodology of diagnosis for this condition has limitations. The clinical presenta-
tion of PCD can be nonspecific; year-round daily cough or congestion beginning before
the age of 6 months represent two out of four essential and characteristic clinical criteria de-
scribed in the ATS guidelines. Thirty percent of individuals with PCD can have normal ciliary
ultrastructure detected on electron microscopy. NNO testing requires specialized instru-
ments and trained respiratory therapists. It also cannot be reliably performed in individuals
under 5 years old or in individuals with acute respiratory illness or sinusitis (Shapiro et al.
2018). Considering these limitations, genetic testing may represent the most accessible
tool in the diagnosis of PCD in a pediatric population, and a positive result yields a definitive
diagnosis. However, genetic testing is not without disadvantages; the knowledge regarding
the genetics of this condition is still incomplete as 30% of patients with a clinical diagnosis of
PCD do not have a molecular diagnosis (Leigh et al. 2019) and additional genes are contin-
uously being discovered to be associated with disease in recent publications (Bonnefoy et al.
2018; Fassad et al. 2018; Loges et al. 2018). Because of the novelty of these gene—disease
relationships, inconclusive results are common and there are limited tools to clarify results.

NGS has enabled the diagnostic usage of multigene panels in human diseases and the
comprehensive identification of genomic variants. Because of widespread usage of such
multigene testing methodologies, the identification of variants of uncertain significance
(VUSs) poses its own challenge in clinical interpretation. The American College of Medical
Genetics and Genomics and Association for Molecular Pathology (ACMG/AMP) guidelines
on interpretation of sequence variants presents a rubric for interpretation that mainly exam-
ines factors such as population frequencies, in silico predictions, and a comprehensive liter-
ature review (Richards et al. 2015). Overall, the interpretation of protein truncating variants is
relatively straightforward because of their expected deleterious effects on the gene function.
However, the interpretation of base substitution DNA variants are more challenging, and
mostly rely on the scant availability of functional studies to determine the effects of an amino
acid substitution. Of note, some DNA variants can also exert an impact even if they do not
directly cause amino acid substitutions, and these variants can occur in the exons or introns.
These variants may disrupt existing splice sites or splicing regulatory sequences, in addition
to either creating or activating cryptic sites. Such “spliceogenic” effects create alternative
splicing events in the transcribed mMRNA transcript of the gene and may lead to disruption
of the open reading frame of the translated protein. In silico prediction tools can help predict
the splicing impact of specific DNA variants but are not always accurate reflections of what
occurs in vivo (Anna and Monika 2019). Analysis of the mRNA transcript can serve to clarify
the functional effects of the variants by providing an expected prediction of the downstream
protein and represents an important tool for the assessment of pathogenicity of the variants.
In oncological interpretation, transcriptional analyses are common and have been widely cit-
ed for resolving the clinical significance of cancer mutations (Jayasinghe et al. 2018).
Transcriptional analysis has also been reported in research studies for PCD including for
the DNAH11 gene (Knowles et al. 2012; Andjelkovic et al. 2018). However, the application
and usage in clinical testing has been limited thus far. Techniques for analyzing the cDNA
reverse-transcribed from the mMRNA sequences can include Sanger sequencing of the poly-
merase chain reaction (PCR)-amplified products to delineate transcript splice junctions, or a
more comprehensive whole-transcriptome characterization using NGS-based RNA-seq.

Ing et al. 2021 Cold Spring Harb Mol Case Stud 7: a005363 20f14



Transcript analysis for PCD variant resolution

In this case report, we illustrate the usage of transcriptional analysis with PCR amplifica-
tion and Sanger sequencing to clarify the effects of two variants of uncertain clinical signifi-
cance in the gene DNAH11, in a patient with a clinical diagnosis of PCD. This analysis
resulted in a change in classification for the variants from VUS to Likely Pathogenic. We
also attempted to predict the effects of the splice variant in DNAH11 using the MMSplice
tool and present data on this analysis as well.

RESULTS

Clinical Presentation and Family History

Our patient was identified to have situs inversus totalis and mirrorimage dextrocardia by pre-
natal ultrasound at 20 weeks gestation and subsequently confirmed by prenatal ECHO (Fig.
1A depicts a computed tomography [CT] scan taken at 5 years of age). Patient was born full-
term and without complication. She was seen by Genetics at our institution at 4 weeks of age;
reported family history was noncontributory to presentation, and chromosomal microarray
was ordered, which was nonrevealing. Trio whole-exome sequencing (WES) was performed,
and bialleleic heterozygous variants in DNAH11 were identified (c.10691+2T>C and
c.13523_13543dup21) (Table 1) by a commercial reference laboratory in 2013, confirmed
in trans, and initially classified as Mutation and Likely Mutation, supporting a molecular diag-
nosis of PCD (see Fig. 1B for family pedigree). Given the initial diagnosis by WES, ciliary bi-
opsy was not performed. In light of these findings, the patient was referred to Pulmonology
atour institution. Patient was consistently followed beginning at 8 months of age with regular
follow-up for chest physiotherapy, airway clearance, and management monitoring. At 6 years
of age, patient was seen in the Lurie Children’s PCD specialty clinic to establish comprehen-
sive care and follow-up.

Throughout early childhood our patient reported features consistent with PCD.
Beginning at 6 months of age, parents noted that the patient had consistent rhinitis, conges-
tion, and cough. At 10 months of age, the patient was referred to Otolaryngology for persis-
tent middle ear effusion, resulting in the placement of ear tubes at 1 year of age. NNO
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Figure 1. (A) Computed tomography (CT) scan taken at 5 years of age demonstrating mirror image
dextrocardia of the proband. (B) Pedigree of proband’s family illustrating the inheritance pattern of the two
variants (c.10691 + 2T >C and ¢.13523_13543dup21). The father is a carrier of the ¢.10691 + 2T > C variant
and the mother is a carrier of the ¢.13523_13543dup21 variant. The unaffected sibling is a carrier of only
the ¢.10691+ 2T > C variant, and the proband is compound heterozygous for the ¢.10691+2T>C and
€.13523_13543dup21 variants. (C) Graph of nasal nitric oxide (NNO) levels (y-axis) versus time (x-axis)
illustrating the average reading of NNO levels in the proband that is consistently below the normal reference
of 77 nl/min.
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Table 1. Variants

HGVS DNA HGVS protein Variant Predicted dbSNP/
Gene Chromosome reference reference type effect dbVar ID Genotype
DNAH11 Chr 7(GRCh37): c.10691+2T>C p.? Substitution Altered rs886039341 Heterozygous
9.21857959T>C splicing
DNAH11 Chr 7(GRCh37): ¢.13523_13543dup p.Ala4508_ Duplication  In-frame n/a Heterozygous
g.21940844_21940864dup Leu4514dup duplication

measurement was indicative of PCD and reproducible on separate visits; 15.2 nL/min and
16.3 nL/min (<77 nL/min diagnostic for PCD) (Fig. 1C).

Although our patient carried a clinical diagnosis of PCD, at 4 years of age, the family was
contacted by Genetics that the laboratory that performed the whole-exome sequencing had
reclassified both identified variants as VUSs.

Variant Interpretation

The DNAH11 gene is a member of the dynein heavy chain family and contains 82 exons;
there is one described transcript in Refseq (NM_001277115.1) in the GRCh37 genome as-
sembly. Pathogenic variants in this gene cause PCD in an autosomal recessive inheritance
pattern. Loss of function is a known mechanism of disease for this gene; of note, patients
with pathogenic variants in this gene were identified to have normal ciliary ultrastructure
(Knowles et al. 2012).

When this patient presented to our specialty clinic, we recontacted the testing laboratory
to verify the classification; the performing laboratory confirmed that these variants had been
downgraded to VUS and that this classification was current. These variants were also inde-
pendently interpreted by our molecular diagnostic laboratory in 2019 using ACMG/AMP
variant interpretation guidelines (Richards et al. 2015). We present our laboratory interpreta-
tions below.

c.10691+2T>C

This variant represents a single-nucleotide substitution at an intronic region of a canonical
splice site. At the time of review, this variant was only identified in four Ashkenazi Jewish al-
leles within the gnomAD database (https://gnomad.broadinstitute.org/variant/7-21857959-
T-C) and no homozygotes. Computational splicing predictions (Alamut, SpliceSiteFinder-
like, MaxEntScan, NNSPLICE, GeneSplicer) (Shapiro and Senapathy 1987; Reese et al.
1997; Pertea et al. 2001; Yeo and Burge 2004) support a loss of the 5 splice site. This variant
is present in the literature (Retterer et al. 2016) and in ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/variation/265100/#summary-evidence), but likely represents the same case as our re-
port. The initial criteria used to assess this variant by our laboratory was PM2 (”Absent from
controls oratan extremely low frequency if recessive”). Because this variant occurs ata canon-
ical splice location, based on the nucleotide sequence, this variant is predicted to generate a
skip of exon 65 (Fig. 2A, Isoform 1), but the joining of exon 64 and 66 preserves the open read-
ing frame of the protein, reducing confidence that PVS1 (“Null variant in a gene where loss of
function (LOF) is a known mechanism of disease”) could be applied to this variant.

c.13523_13543dup21 (p.Ala4508_Leu4514dup)

This variant represents the duplication of 21 nt, resulting in an in-frame duplication of seven
amino acids (Fig. 2A, right panel). This variant occurs in the last exon of the gene (82/82) and
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Figure 2. (A) Schematic of the potential effects of the two DNAH 11 variants. The left panel describes the ef-
fects of the ¢.10691 + 2T > C variant. Isoform 1 with the predicted skipping of exon 65 and the splicing of exon
64 and exon 66 together was the in silico predicted outcome of the variant. Isoform 2 is the alternative tran-
script that is observed in the father of the proband and does not encompass the skipping of exon 65, but in-
stead utilizes the cryptic splice sites for the additional incorporation of 159 bp in between the junction of exon
65 and 66. This is expected to cause a shift in the open reading frame of the protein. The right panel illustrates
the location of the ¢.13523_13543dup21 variant in the terminal exon 82, and proximal to the canonical stop
codon (red asterisk). It is unclear if there are any additional splice effects due to this duplication. (B) Gel images
depicting the PCR products that are obtained when amplification was conducted with a forward primer on
exon 64 and the reverse primer on exon 66 of the DNAH11 coding sequences. In the proband and her sibling,
who are both carriers of the ¢.10691 + 2T > C variant, two PCR products are evident. Awild-type (wt) product of
~400 bp, and a ~280-bp product that is due to a skipping of exon 65 (Aexoné5). The PCR ampilification product
derived from the father of the proband contains the wild-type band but has an additional band that is ~550 bp
in size. (Legend continues on next page.)
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is predicted to extend the protein but preserve the wild-type stop codon. The variant was
absent from controls (gnomAD; https:/gnomad.broadinstitute.org/) and was not identified
in the literature (PubMed; https://www.ncbi.nlm.nih.gov/pubmed/), Human Genome
Mutation Database (HGMD; https:/portal.biobase-international.com/hgmd/pro/) or ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/). The initial criteria used to assess this variant were
PM2 (“Absent from controls or at an extremely low frequency if recessive”) and PM4
("Protein length changes due to in-frame deletions/insertions in a non-repeat region or stop
|oss variants”).

Given the critical position of the canonical splice variant as well as the identification of an
additional atypical variant in trans in this gene, consistent with the patient’s phenotype, ad-
ditional transcriptional analysis was undertaken to help clarify the impact of these two
variants.

Transcript Analysis

Peripheral blood specimens from the proband, mother, father and unaffected sibling were
processed for RNA extraction. The RNA specimens were reverse transcribed to cDNA.
Transcription analysis utilizing PCR amplification and Sanger sequencing was performed
to clarify the potential splicing effect of the variants.

c.10691+2T>C

After PCR amplification using primers flanking exons 64 and 66, three different possible PCR
products were identified in the family members; wild-type (~400 bp), presumed deletion of
exon 65 (~280 bp), and an unexpected larger product (~550 bp) (Fig. 2B). Sequencing anal-
ysis identified the ~280-bp product with a deleted exon 65 (Fig. 2D), and the larger product
of ~550 bp as a 159-bp intronic sequence insertion from intron 65 (Fig. 3A,B). The 159-bp
sequence (DNAH11:¢.10691 +8703_10691 + 8861) inserted into the alternate transcript, lo-
cated at Chr 7[GRCh37]:21866660-21866818, is flanked by cryptic splice sites in the geno-
mic DNA. Immediately upstream of the 159-bp intronic insertion is a 3’ splice site sequence
(5'-YAG-3', SpliceSiteFinder-like score =81.27, MaxEntScan score = 9.96, NNSPLICE score
=0.04), and immediately downstream from the intronic insertion is a predicted 5 splice

Figure 2. (Continued.) This was determined to be due to a 159-bp insertion between exon 65 and 66 of the
DNAH11 transcript by Sanger sequencing (159 bp ins). The housekeeping gene GUSB was amplified as a con-
trol to illustrate good quality of the starting cDNA specimens. The gel image on the right depicts the PCR prod-
ucts that are obtained when amplification was conducted with a forward primer on exon 63 and the reverse
primer on exon 66 of the DNAH 11 coding sequences. Using this primer set, the products derived from carriers
of the c.10691 + 2T > C variant are similar. The larger band that was present in the father was not detected by
this primer pair, potentially because of preferential amplification of the smaller products. The wild-type band in
the father is also lighter as compared to his offspring. (C) Gel images depicting the PCR products that are ob-
tained when amplification was conducted with a forward primer on exon 82 and the reverse primer on 3'-UTR
region of DNAH11. In the proband and her mother who are both carriers of the ¢.13523_13543dup21 variant,
two main PCR products are evident. Awild-type product of ~350 bp, and a slightly bigger product that is most
likely due to the additional 21-bp duplication. Unexpectedly, there is a ~700 bp product that is of unknown
origin. Sanger sequencing did not capture any sequences additional other than the wild-type allele and the
allele containing the 21-bp duplication. It is unclear if the larger product is due to an alternative transcript
or a secondary structure derived from the duplicated allele. The housekeeping gene GUSB was amplified
as a control to illustrate good quality of the starting cDNA. (D) Sanger electropherograms derived from se-
quencing the PCR product derived from an amplification reaction using the DNAH11 exon 64 forward primer
and exon 66 reverse primer on the proband specimen. The two electropherograms derived via bidirectional
Sanger sequencing depict joining of the coding sequences between exon 64 and exon 66 on one allele of the
coding sequences of DNAH11.
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Figure 3. (A) Sanger electropherograms derived from sequencing the PCR product derived from an amplifi-
cation reaction using the DNAH11 exon 64 forward primer and exon 66 reverse primer on the father’s speci-
men. The electropherogram depict joining of the coding sequences between exon 64 and 65 (left panel) and
exon 65 with exon 66 on one allele and exon 65 with a 159-bp stretch of sequences from intron 65 on the other
allele. The start of the 159-bp intronic sequence is at ¢.10691 +8703. (B) Sanger electropherograms derived
from forward strand sequencing the PCR product derived from an amplification reaction using the DNAH11
intron 65 forward primer, and exon 66 reverse primer on the father's specimen. The electropherogram depict
joining of the coding sequences between the end of the 159-bp insertion at c.10691 + 8861 from intron 65 and
exon 66. (C) Sanger sequencing electropherogram of the proband, demonstrating the 21-bp duplication in
the region of the ¢.13523_13543dup21 variant. The top panel depicts the sequence obtained when a forward
primer was used in the sequencing reaction. The middle and bottom panels show that the sequences obtained
by the overlapping peaks were deconvoluted into the two alleles. The heterozygous indel peaks were due to
the duplication of the preceding 21 bp in the region (denoted by red arrows).
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site sequence (5'-GUAAUUAC-3', SpliceSiteFinder-like score =74.52, MaxEntScan score =
6.19, NNSPLICE score = 0.98). Within the Sanger sequence data, exon 66 sequence resumes
after the 159-bp intronic insertion (Fig. 3A). These data suggest that both of the cryptic splice
sites that flank the inserted sequence were used during splicing of this cryptic exon: the cryp-
tic 3’ splice site upstream of the cryptic exon was used as a splice acceptor with the genuine
5’ splice site in intron 65, and the cryptic 5’ splice site downstream from the cryptic exon was
used as a splice donor with the genuine 3’ splice site in intron 65. The consequence of inclu-
sion of these cryptic intronic sequences into the open reading frame is a frameshift mutation
and a premature termination codon after 17 codons (NM_001277115.1(DNAH11):
c.10691_10691 + 1ins159, p.Gly3563_Lys3564ins17%).

Of note, this larger product was only visualized in the father, who is a carrier of this variant.
This product was not visualized in the proband or the unaffected sibling, who are both car-
riers of this variant. Also of note, this product was absent from all family members on repeat
assay with different primers. As mRNA levels may physiologically fluctuate over time, it is
possible that this transcript is produced at a lower level not detectable by our PCR reac-
tion,or is subjected to nonsense-mediated decay (NMD), preventing its detection in the pro-
band and her sibling. However, the presence and detection of this alternate transcript
indicates that the effect of this variant is not only the in-frame skipping of a singular exon.
It is possible that both children also generate this larger transcript that could have been vi-
sualized if there is a mechanism to stall the process of NMD and enable detection of the ab-
errant transcript.

¢.13523_13543dup21 (p.Ala4508_Leu4514dup)

After PCR amplification using primers flanking exon 82 and the 3’-UTR, two variable products
(~350 bp) comprising the wild-type sequences and sequences with the 21-bp duplication
were identified in the mother and proband who are carriers of this variant. Sanger sequenc-
ing verified the presence of the 21-bp duplication in the heterozygous state in the mother
and the proband (proband data shown in Fig. 3C). However, an unexpected third PCR prod-
uct band of ~700 bp in size was also detected in both individuals (labeled as “unknown”)
(Fig. 2C). Sanger sequencing failed to resolve the sequences in the 700-bp product even af-
ter gel separation; therefore, it is possible that the product is due to the formation of a sec-
ondary nucleic acid structure caused by the duplicated sequences. Additional in silico
prediction models were performed for this variant, which suggested a deleterious impact
of the duplication (SIFT: damaging, FATTHM: pathogenic [score = 0.853], Provean: delete-
rious [score = —5.11]) (Hu and Ng 2013; Choi and Chan 2015; Ferlaino et al. 2017).

MMSplice Analysis of the c.10691 + 2T > C Variant

To further our attempts at quantifying the potential effects of this splice variant, we complet-
ed the MMSplice prediction tool that serves to predict quantitatively the physical measures
of splicing (Cheng et al. 2019). Using this tool, a prediction score (delta_logit_psi) is gener-
ated that quantifies the likelihood of a splicing event that either includes or excludes the
exon in question. Delta_logit_psi is the main score predicted by MMSplice, which shows
the effect of the variant on the inclusion level (PSI percent spliced in) of the exon. Because
the score is on a logit scale, if the score is positive, it shows that variant leads to higher inclu-
sion rate for the exon. If the score is negative, it shows that variant leads to higher exclusion
rate for the exon. If delta_logit_psi is >2 or <2, the effect of the variant can be considered
strong. For this particular variant, the calculated delta_logit_psi score was —1.73, predicting
that the variant leads to a higher exclusion rate for exon 65. But because the value is <—2, the
effect of the variant is not considered strong and could be supportive of the notion that the
skipping of exon 65 is not definitive. This leaves room for in vitro transcript analysis that will
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provide confirmatory results of the variant transcripts. Overall this variant was given a path-
ogenicity score of 0.995 by MMSplice.

MMSplice Analysis for the ¢.13523_13543dup21 Variant

For this particular 21-bp duplication variant, the calculated delta_logit_psi score was 0.0457,
which does not indicate any significant exon inclusion/exclusion events. The variant was
given a pathogenicity score of 0.954 by MMSplice.

Outcomes
c.10691+2T>C

Data from these studies confirmed that the canonical splice variant causes an in-frame skip of
one exon; however, our analysis also detected an alternate transcript with a 159-bp intronic
insertion due to utilization of two cryptic splice sites. These results suggested a nonsingular
outcome for the canonical splicing variant, including the generation of a frameshift and pre-
mature stop codon that causes loss of function of the protein. Given the data supporting a
premature termination codon outcome, PVS1 (loss of function) criteria was more confidently
applied to the interpretation. In addition, PS3 (“Well established in vitro or in vivo functional
studies supportive of a damaging effect on the gene or gene product”) was also applied to
this variant, reflecting the usage of the transcriptional analysis. Of note, to avoid “double
counting” the same data point generated by these studies, the strength of PVS1 was re-
duced to Moderate and the strength of PS3 was also reduced to Moderate. The utilization
of these criteria enabled the upgrading of the classification from VUS to Likely
Pathogenic. (PVS1_Moderate + PS3_Moderate + PM2 = Likely Pathogenic).

c.13523_13543dup21 (p.Ala4508_Leu4514dup)

Although data from transcriptional analysis was obtained for this variant that is suggestive
of additional transcriptional or structural impact due to the presence of the 21-bp duplica-
tion, additional ACMG criteria could not be applied. However, because of the change in
classification for the canonical splicing variant to Likely Pathogenic, professional judgment
was used to apply PM3 (“For recessive disorders, detected in trans with a pathogenic
variant”) and was added to the interpretation. The utilization of this criteria enabled the
upgrading of the classification from VUS to Likely Pathogenic (PM2+PM3 +PM4 = Likely
Pathogenic).

DISCUSSION

The publication of guidelines by the ACMG to help interpret sequence variants has aided the
practice of variant interpretation greatly. However, VUS results are still common, particularly
for genes and conditions of which characterization is still emerging such as PCD. A significant
barrier to conclusive variant interpretation centers around insufficient data to determine
pathogenicity. Splicing variants can be especially difficult to reconcile and rely heavily on
computational prediction tools to interpret the potential impact to the splicing machinery.
Although some variant positions are intuitive to assess for splicing impacts, it is important
to complete an in silico assessment for any potential splicing effects for all detected DNA
variants (including variants that cause in-frame duplications and deletions) and not only for
variants that more obviously impact a canonical splice site at the £1 or 2 intronic position.
Transcriptional analysis represents a powerful tool to assist in variant classification. By giving
additional predictive context to the downstream protein product beyond the DNA level, the
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true nature of a variant can be more accurately assessed. As evidenced by our case, the po-
sition of the variant at a canonical splice site (c.10691 + 2T > C) was recognized as highly sus-
picious, but analysis predicting only an in-frame loss of a single exon resulted in a
downgraded classification. Only by additional transcriptional analysis conducted in the lab-
oratory were we able to verify the identification of a premature stop codon in another alter-
native transcript. We propose that transcriptional analysis be more routinely conducted in
the clinical laboratories involved in genetic testing, especially on variants with a predicted
splicing impact, as additional information obtained can be extremely valuable for variant
interpretation.

Although transcriptional analysis has clear benefits, it is not without limitations and is use-
ful for some, but not all, situations and variants and may present some variable data because
the analyte of choice is the relatively labile RNA species. During conversion of RNA into
cDNA for the purpose of transcript analysis, there is some potential for biases (Minshall
and Git 2020). Using a nonquantitative methodology like PCR amplification and Sanger se-
quencing may also miss the detection of transcripts that are lowly expressed or degraded
because of nonsense-mediated decay. A more comprehensive methodology like whole-
transcriptome profiling using RNA-seq or a molecular biology approach of utilizing agents
such as cycloheximide that may inhibit mMRNA degradation before transcriptional analysis
may provide the improved sensitivity in detecting the variant transcripts. However, these ap-
proaches would be cost-prohibitive or likely out of the scope of practice for most clinical lab-
oratories to undertake. Therefore it is important to be aware of the limitations in our
methodology of choice, as this may have caused the unexpected results to be observed
in this family (only the father’s specimen exhibited the 159-bp insertion). It is possible that
the same product is present in the proband and the carrier sibling but not observed because
of degradation by NMD. It is also of interest that in the characterized transcript with the in-
sertion of the 159 bp, exon 65 was not noted to be skipped, as exon 65 would have been
expected to be skipped if the variant caused significant weakening of the canonical splice
donor site. Moreover, based on the predictions by the MMSplice software using the delta_-
logit_psi output, the predicted exclusion of exon 65 is not defined as “strong.” A previous
publication (Anna and Monika 2019) provided evidence of the potential array of variable
transcripts that can be generated, even though suggested mutations at canonical splice
site sequences are usually only predicted to lead to single exon skipping. Overall this data
underscores that splicing predictors are less than perfect, and unexpected outcomes can
only be visualized with additional studies like transcript analysis. In silico predictive tools
like MMSplice may also be utilized to provide a quantitative assessment of the splicing im-
pact of the variants before transcript analysis is undertaken.

For the second 21-bp duplication, transcriptional analysis allowed visualization of an ad-
ditional large band. Interestingly, we have been unable to conduct Sanger sequencing of the
larger 700-bp PCR product for this variant, even after gel separation to resolve the 350- and
700-bp product. It is possible that the effects of the 21-bp duplication are purely structural
and may be affecting protein interaction and subsequent transport of the protein in its cel-
lular context. In support of this hypothesis, missense variants in this carboxy-terminal motor
domain of the protein have been reported in the literature, suggesting nonframeshift se-
quence changes in this region as a potential disease mechanism in addition to the well-es-
tablished NMD and subsequent loss of function pathogenesis (Knowles et al. 2012).
Furthermore, loss of function variants proximal to the termination codon have also been
found to be disease-causing even though they are less likely to trigger NMD, suggesting
that preservation of wild-type sequences in the carboxy-terminus domain may be important
for normal gene function. Therefore, functional studies of a different nature may be needed
to help clarify the significance of this variant further. In addition to variant type consider-
ations, it is critical to note that RNA studies represent a “snapshot” in time and are

Ing et al. 2021 Cold Spring Harb Mol Case Stud 7: a005363 10 of 14



Transcript analysis for PCD variant resolution

representative of the transcript expression from the sample tissue source. As such, data from
RNA transcriptional analysis may vary in the same patient from time to time, may not detect
transcripts that are subjected to NMD, and require critical judgment in its interpretation.
Finally, although transcriptional analysis for detection of causative variants has been demon-
strated in nonaffected tissue types, for certain diseases a peripheral blood sample may not
provide the right specimen type for analysis if the gene is not well-expressed in hematopoi-
etic lines, or this process may be occurring at a lower level relative to wild-type splicing
(Kremer et al. 2017). For our case, the presence of the isoform resulting in a premature
stop in the unaffected father, but not the affected proband or the unaffected sibling, may
represent a selection of these confounding factors complicating the interpretation of the re-
sult and supporting the potential necessity for additional samples and/or of a different type
to clarify the effect.

Barriers to implementation and broad usage of transcriptional analysis in a clinical labo-
ratory also exist at a practical level. As yield for transcriptional analysis is dependent on var-
iant type, both ordering clinicians and laboratory personnel must collaborate and exercise
discretion to determine for which variants this may be useful. Variants that would benefit
from transcriptional analysis are only identified once sequencing is complete. RNA is inher-
ently less stable than DNA and an additional subsequent draw from patients and family
members would likely be required. As a high number of genetic tests are not performed
within the ordering institution, obtaining additional samples to perform transcriptional anal-
ysis presents additional logistical challenges.

An additional difficulty with variant interpretation lies within the variance and best usage
application of the guideline criteria. Our case report provides an excellent example: The ap-
plication of transcriptional analysis established the potential usage of PVS1 (loss of function)
for the c.10691 + 2T > C variant, but the question was introduced as to the inclusion of PS3
(“Well-established in vitro or in vivo functional studies supportive of a damaging effect on
the gene or gene product”). Although transcriptional analysis can be considered a functional
study, it is unclear whether the application of this analysis to prove usage of PVS1 would be
"double counting” criteria from the same data point and if the additional utilization of PS3
in the interpretation is appropriate. The published guidelines do not provide detailed
insight beyond “expert judgment” on moderating the impact of a given criteria.
Additional recommendations providing further granularity for specific criteria have been
published, but these publications also acknowledge that further work must be done, includ-
ing how criteria may be used in relation to each other with PVS1 and PS3 named as a specific
example (Abou Tayoun et al. 2018; Brnich et al. 2019). At default strength, application of
PVS1 and PS3 to this variant would achieve a classification of Pathogenic. However, given
the nature of the transcriptional analysis assay in comparison to a model organism experi-
ment and being cognizant of overcrediting the same criteria, a reduction in strength of
the criteria to Moderate was applied (PVS1_Moderate and PS3_Moderate) and resulted in
a classification of Likely Pathogenic.

Furthermore, determination on usage of these criteria have downstream impacts for the
¢.13523_13543dup21 variant. If the ¢.10691 + 2T > C variant had achieved a classification of
Pathogenic, this would have allowed default usage of PM3 (“For recessive disorders, detect-
ed in trans with a pathogenic variant”) for the ¢.13523_13543dup21 variant. With default
application of PVS1 and PS3, the classification of the ¢.10691+ 2T >C variant and the
.13523_13543dup21 variant achieve a Pathogenic and Likely Pathogenic classification, re-
spectively; with reduced strength, the variants are default classified as Likely Pathogenic and
VUS. Given that the ACMG-AMP guidelines suggest that “expert judgment” should be uti-
lized when applying these criteria and that a classification of Likely Pathogenic represents a
>90% certainty of pathogenicity, the decision was made to utilize PM3 for the
€.13523_13543dup21 variant to reflect the likely impact of this variant with regards to
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disease. Therefore, the decision on application of criteria, even at reduced strength, repre-
sents an enormous impact in the classification of both these variants.

VUS results represent a significant source of frustration for patients and clinicians as well.
In addition to the uncertainty of a VUS and the subtleties of accurate interpretation of its
meaning, to further the complexity, classifications may undergo reassessment and can be
changed as more information is published about the variant or gene. Thus, it is imperative
that patients are counseled that the classification of variants are only accurate with the cur-
rent knowledge of the genetics for the disease. Most often in light of additional data, clas-
sification can be upgraded from VUS to Pathogenic or Likely Pathogenic, but can also be
downgraded from Pathogenic down to VUS/Likely Benign/Benign. This may occur after a
diagnosis has been given, medical management has been established, and patients have
reconciled the impact of a positive diagnosis on their life.

The current rate of novel genetic discovery within PCD is accelerated and gene-specific
characterization (e.g., mechanism of disease, critical domains) is ongoing. Given the scarcity
of institutions equipped with access to all diagnostic tools for PCD, genetic testing in diag-
nosis of PCD is of high importance. In light of this, it is crucial to understand the nuances and
the potential unique impacts that variants may have within the gene and how it relates to the
phenotype. lllustrating the dichotomous nature of a clinical vs. molecular diagnosis, our case
initially presented with classical features of PCD but an incomplete molecular diagnosis. As
evidenced by our case report, transcriptional analysis may aid in VUS resolution but is not an
all-encompassing solution. Although both variants were reclassified by our work, transcrip-
tional analysis was only able to directly reclassify the ¢.10691 + 2T > C variant to Likely
Pathogenic based on the available criteria. Data sharing, such as within the ClinVar database
or collaborative expert review groups such as the ClinGen consortia (https:/clinicalgenome
.org/) also represent a key direction toward better understanding of these genes and variant
interpretation.

In summary, this case report highlights the utility of transcriptional analysis to assist
in variant classification by giving insight on the downstream impact of a variant on trans-
cription. Given the high rate of VUS results in the genetic testing of rare pediatric conditions,
particularly in conditions like PCD with continual genetic discoveries, transcriptional
analysis adds significant value toward variant resolution and should be utilized when available.

METHODS

Total RNA was extracted from 1-3 mL EDTA-anticoagulated whole blood using QIAGEN
QlAamp RNA Blood Mini Kits according to manufacturer instructions. The extracted total
RNA was reverse-transcribed to cDNA using Invitrogen Superscript Enzyme mix according
manufacturer instructions. M13-tailed PCR primers flanking exon 65 (DNAH11-e64a-F1,
5-TGTAAAACGACGGCCAGT AGAATGTCCACCGAAAATGC-3'; DNAH11-e64b-F2, 5'-TG
TAAAACGACGGCCAGT TCCATTCCACTAACCGAAGG-3'; DNAH11-e66-R1/2, 5'-CAGGA
AACAGCTATGACC TGCCAATTTTGTGTGAAGGA-3') and primers flanking the termination
codon (DNAH11-e82-F1, 5-TGTAAAACGACGGCCAGTCCGTGGACAGACAAG AAACC-3
and DNAH11-3'UTR-R1, 5-CAGGAAACAGCTATGACCGACTTTCACTCTAAG GATAGCG
TTG-3') were used to PCR-amplify and Sanger-sequence the cDNA. cDNA product was visu-
alized using the Agilent 4200 Tapestation system. Soft Genetics Mutation Surveyor (v5.1.2)
was used to analyze Sanger sequence data, which was aligned against the DNAH11 NCBI
Reference Sequence NM_001277115. Alamut Visual v2.11 was used to assess the transcript
variants, including splicing effect prediction with SpliceSiteFinder-like, MaxEntScan,
NNSPLICE, and GeneSplicer (Shapiro and Senapathy 1987; Reese et al. 1997; Pertea et al.
2001; Yeo and Burge 2004).
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