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Molecular diagnostics of
Mendelian disorders via
combined DNA and RNA
sequencing

Next-generation sequencing (NGS) has
transformed diagnostic protocols for
Mendelian diseases. Although in the
past it could be a long, frustrating and
often futile battle for parents with an
affected child to find the cause of their
child’s suffering, the availability ofwhole-
exome sequencing (WES) and whole-
genome sequencing (WGS) has made
molecular diagnosis—at least conceptu-
ally—possible for every patient. Genetic
confirmation of diagnosis can be key
for treatment, removes uncertainty, and
may be important for future family plan-
ning. However, this promise has not
been fully kept. For mitochondrial and
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other diseases, the analysis of the coding
sequence does not lead to a diagno-
sis in 50–75% of patients. This figure
indicates that in numerous cases, the
pathogenic variants escape detection,
were detected but erroneously classified
as a variant of uncertain significance
(VUS), or were part of a more complex
genetic constellation.

Limitations of DNA sequencing
in diagnostics

Only 25–50% of patients receive a firm
genetic diagnosis after WES, often be-
cause of limitations concerning the cov-

erage of the target regions, the detec-
tion of intronic and regulatory variants,
the bioinformatic filtering and prioriti-
zation of potential pathogenic variants,
and knowledge about the molecular and
clinical consequences of genetic variants.
WGS improves the coverage and allows
detection of extra-exonic variants and
structural variants [12]. When focusing
on the coding region, WGS currently im-
proves diagnostics of recessive disorders
only marginally. When the search space
is extended to the full genome, the cur-
rentlymost effective filter forminor allele
frequency of 0.1–1.0% is not effective. In
a single WES dataset, the frequency fil-
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Fig. 28 Complex I subunit NDUFA10 expression outlier in a patientwith complex I-deficiency.a Volcano plot visualization
shows five expression outliers (red dots) withNDUFA10 showing the lowest z score and p value.bNormalized read counts
over160 samples indicate this sample tobe theonly expression leveloutlier forNDUFA10.c Integrativegenomics viewer (IGV)
representation of a homozygous 20 base pairdeletion in the 5′UTRofNDUFA10

ter already yields on average 100–200
variants (25 bi-allelic) requiring man-
ual interpretation. Outside the exome,
the numbers of such variants are two or-
ders ofmagnitudes higher [1]. Moreover,
although our understanding of coding
variants is incomplete, our understand-
ing of non-coding sequences is severely
restricted. The capability of sequencing
technology and bioinformatics tools are
developing quickly and provide compre-
hensive genome annotation, much faster
than our ability to define the clinically
relevant impact of detected variants.

Limitations in DNA variant
interpretation

A definitive diagnosis is based on the
discovery of known pathogenic vari-
ant(s) in a patient with a specific clinical
presentation similar to the clinical pic-
ture reported multiple times, usually
listed in the disease-variant database
ClinVar [9]. However, this is not the
common situation, neither on a vari-
ant nor on a phenotype level. We
observe a continuous extension of the
phenotypic spectrum associated with

variants in the same gene or even the
same variant. The increasing overlap
of clinical presentations of genetically
different disorders is additionally weak-
ening the discriminating power of estab-
lished genotype–phenotype associations.
Identification of possible protein-trun-
cating variants in genes for which non-
truncating/in-frame pathogenic loss-of-
function variants are known can already
be challenging. If transcripts affected
by such variants escape nonsense-me-
diated mRNA decay (NMD), they may
still produce a functional protein by the
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mechanism of translation re-initiation
[15], by functional alternative transcript
isoforms [13], or by preserved/residual
function of the truncated protein [7].
A recent systematic study shows that
exons present only in tissue specific iso-
forms may not be essential for protein
function [5]. In many cases, the can-
didate variant is even more difficult to
interpret, such as rare missense, (near)
splice site, intronic, and synonymous
variants. Therefore, data describing
the functional consequences on the
molecular level are required to advance
diagnostics.

The value of RNA sequencing in
diagnostics

Transcriptomics by RNA sequencing
(RNA-seq) takes advantage of new se-
quencing protocols and allows direct
insights into the transcriptome of cell
lines or tissues, reflecting a snapshot of
a specific time point [11]. With a focus
on protein coding genes, the procedures
usually include an enrichment step for
full-length Poly(A) transcripts followed
by cDNA synthesis and sequencing;
however, many other protocols exist
to analyze total RNA, circular RNA or
micro RNA to name a few. RNA-seq
of full-length mRNA has the capability
to detect and quantify known pre-de-
fined RNA species, in addition to rare
and novel RNA transcript variants and
isoforms [3]. Hence, it uncovers the
transcriptional consequences of genetic
variants either previously prioritized or
previously missed by the applied filters
in the bioinformatics pipeline. RNA-
seq provides a single assay to validate
and quantify the impact of potential
regulatory or splice defects for all genes
expressed in a biological sample. More-
over, RNA-seq has been validated as
a tool to indicate novel Mendelian dis-
ease genes through the identification
of pathogenic variants in the respective
genes [8]. With a diagnostic yield be-
tween 10 and 35%, two recent studies
convincingly demonstrated the power of
combined DNA and RNA sequencing
[4, 8]. Whereas Kremer et al. performed
RNA-seq on fibroblast cell lines from
patients with suspected mitochondrial
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Abstract
The diagnostic yield in rare disorders is
currently less than 50% although sequencing
technologies in use are able to detect the
majority of possible variants in our genome.
The diagnostic gap is in part due to limitations
in prioritizing and interpreting identified
variants. The integration of functional
data, such as transcriptomics, is emerging
as a powerful complementary tool in
diagnostics. It is able to quantify aberrant
splicing, validate nonsense-mediatedmRNA
decay for potential loss-of-function variants,
identifymono-allelically expressed variants,
and help prioritize variants not predicted to

change the encoded protein. Moreover, RNA-
sequencing has been validated as a tool for
the discovery of pathogenic variants in novel
Mendelian disease genes. As RNA sequencing
provides complementary information to DNA
sequencing and can easily be established
in addition to DNA sequencing, it has great
potential for implementation as a routine tool
for improvingmolecular diagnosis.
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Molekulare Diagnostik vonmonogenetischen Erkrankungen
durch kombinierte DNA- und RNA-Sequenzierung

Zusammenfassung
Die diagnostische Ausbeute bei seltenen
Erkrankungen beträgt derzeit weniger als
50%, obwohl die verfügbaren Sequenzie-
rungstechnologien in der Lage sind, die
meisten der möglichen DNA-Varianten in
unserem Genom nachweisen zu können.
Die diagnostische Lücke ist zum Teil auf
Einschränkungen bei der Priorisierung
und Interpretation identifizierter Varianten
zurückzuführen. Die Integration funktionaler
Daten, wie z. B. Transcriptomics, entwickelt
sich zu einem leistungsfähigen ergänzenden
Instrument in der Diagnostik. Die RNA-
Sequenzierung ist in der Lage, anomales Spli-
cing zu quantifizieren, „nonsense-mediated
mRNA decay“ zu validieren,monoallelisch
exprimierte Varianten zu identifizieren und
bei der Priorisierung von Varianten zu helfen,

von denen nicht erwartet wird, dass sie das
kodierte Protein verändern. Darüber hinaus
kann die systematische Analyse von RNA-
Sequenzierungsdaten pathogene Varianten
in Genen identifizieren, die noch nichtmit
Erkrankungen beschrieben wurden. Da
die RNA-Sequenzierung komplementäre
Informationen zur DNA-Sequenzierung liefert
und leicht über die DNA-Sequenzierung
hinaus etabliert werden kann, bietet sie ein
hohes Potenzial, als Routineinstrument zur
Verbesserung der molekularen Diagnose
eingesetzt zu werden.

Schlüsselwörter
Aberrante Genexpression · Splicing ·
Mitochondriale Erkrankung · Gesamtgenom-
sequenzierung

disorders, Cummings studied muscle
biopsy samples from patients with mus-
cular disorders. In both cases, the tissue
was carefully selected. More than 90%
of the known mitochondrial disease
genes were reliably detected in fibroblast
cell lines, and muscular disease genes
in muscle biopsies respectively. How-
ever, this is not applicable for the whole
spectrum of tissues, e.g., in the usually
available tissue, blood, only about two
thirds of the known disease genes are
expressed.

RNA-seq data can be analyzed using
gene-specific questions to refine tran-
script isoform annotation and to verify
the consequence of a suspected variant
on a specific transcript, thereby replac-
ing quantitative RT-PCR and cDNA
sequencing in a comprehensive assay
including a number of controls. In cases
where only the index cases is available,
it enables haplotype phasing of two
variants in different exons represented
on continuous RNA reads. Examples
were transcriptome analysis providing
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Fig. 38 Exampleof a synonymoushomozygousvariant inC10orf2 creatinganovel splice acceptor site.aSashimi plot visual-
ization of a detected exon truncation.Themain transcript has a deletion of 62 base pairs of exon 2.b IGV visualization of DNA
andRNA sequencingdata. The predicted synonymous variant enhances splicing 4base pairs downstream and changes the
minor isoform (10%of reads in controls) to themain isoform (14 out of 18 reads)

complementary information to DNA
sequencing, including three cases with
non-pathogenic protein truncating vari-
ants (. Fig. 1). In cases of a homozygous
frameshift mutation in exon 2 of ATP7B,
we detected mRNA expression compa-
rable with healthy controls, suggesting
that NMD could be bypassed by the
mechanism of translation re-initiation.
This was confirmed by Western blot
and functional tests of copper export

capacity [15]. In another case, we iden-
tified bi-allelic frameshift variants in
FLAD1, which encodes FAD synthase.
Because FADS is essential for cellular
supply of FAD cofactors, the finding of
bi-allelic frameshift variants was unex-
pected. RNA-seq analysis discovered
a novel FLAD1 isoform missing the
affected exon, explaining why bi-allelic
FLAD1 frameshift variants still harbor
substantial FADS activity [13]. In a pa-

tient with a mitochondrial disorder, we
found homozygous, protein-truncating
variants in LYRM7 and MTO1, two
genes encoding essential mitochondrial
proteins. Transcriptome and proteome
studies confirmed normal expression of
the truncated MTO1 and we did not
find any indication of impaired MTO1
activity [7].

In addition to the validation of the
impact of an identified VUS on the
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Fig. 48 Example of a complex pattern of aberrant splicingdue to a homozygous near splice variant inMRPL44.As a conse-
quence of the near splice variant, three new transcript isoforms are produced, including exon truncation (isoform 2), intron
retention (isoform 3), andexonelongation (isoform 4), in addition to the reference transcript isoform 1 (18%of all transcripts)

corresponding transcript, RNA-seq data
can also be analyzed transcriptome-wide
to detect aberrant gene expression. In
such systematic analysis of RNA-seq
data, searching for extremes (as detailed
below) allows candidate disease-causing
genes for rare disorders to be identified
and prioritized. To focus on rare and
recessive diseases, we applied stringent
filtering for rare events with strong effect
sizes, as described below.

Mono-allelic expression (MAE) is
where one allele is silenced, leading
to expression of only the second allele.
When assuming a recessive mode of
inheritance, genes with a single het-
erozygous rare coding variant identified
by WES or WGS analysis are not priori-
tized [6]. However,MAEof suchvariants
fits the recessive mode of inheritance
assumption. Detection of mono-allelic
expression can thus help to re-prioritize
heterozygous rare variants. Our setting
is based on the use of fibroblast cell lines,
where about 7500 heterozygous SNPs
identified by genotyping are covered
by RNA-seq reads at least ten times,
allowing detection of alleles expressed
by at least 90% [8]. Six of the MAE alle-
les carry rare single-nucleotide variants
(SNVs) affecting the protein sequence.

Aberrant expression, identified as gene
expression outliers, occurs when expres-
sion is outside their physical range and
usually implies impaired gene expres-
sion of both alleles with decreased ex-
pression levels of less than 50% of the
controls. It can result from RNA degra-
dation through nonsense-mediated de-
cay (NMD) based on either apparently
protein-truncating variants or splice de-
fects, but it can also result from non-cod-
ing variants in regulatory regions such
as promoters, enhancers, suppressors or
variants in the untranslated region of the
transcripts or combinations thereof. The
genome-wide analysis reveals a median
of only one aberrantly expressed gene per
sample (. Fig. 2; [8]).

Aberrant splicing has been recognized
as a major cause of Mendelian disor-
ders for a long time [14]. A system-
atic study of SNVs in ClinVar predicted
that 20 to 30% of VUS and pathogenic
variants cause aberrant splicing patterns
[10]. However, the prediction of splicing
defects from genetic sequences is diffi-
cult, because splicing involves a complex
set of cis-regulatory elements that are
not yet fully understood. Some of them
can have deep intronic location and are
thus not covered by WES. Hence, di-
rect probing of splice isoforms by RNA-

seq is important, and has led to the dis-
covery of multiple splicing defects based
on single-gene studies. To detect aber-
rant splicing events, we adapted an algo-
rithm for splicing quantitative trait loci
to the context of rare disorders. This
pipeline is based on an annotation-free
algorithm that is also able to detect novel
splice sites. A median of five aberrantly
spliced genes are detected per sample [8].
Aberrant splicing is not only caused by
variation affecting known splice sites or
splice motifs, it can also be the conse-
quence of variants creating novel splice
sites or splice motifs within coding or
deep-intronic regions (. Fig. 3). Splic-
ing abnormalities include exon creation,
skipping, extension and truncation, or
a combination thereof, but also intron
inclusion and often leads to premature
in-frame stop codons, provoking degra-
dation of the RNA by NMD, which may
frequentlybedetectedasaberrantexpres-
sion. TheRNA-seqdata allow the charac-
terizationof all novel transcript isoforms.
Quantification of the reads connecting
the reference and aberrantly spliced ex-
ons may provide a direct readout of the
DNA variant’s consequences (. Fig. 4).

The small number of less than 20 aber-
rantly expressed genes per sample allows
a manual inspection and evaluation of
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the RNA-seq data and improved clini-
cal interpretation in the context of the
genetic and clinical data.

The RNA-seq protocols and bioinfor-
matics pipelines presently in use are fo-
cusedonthegene level forexpressionout-
liers, onexon/intronor splice site level for
aberrant splicing, andonSNPs formono-
allelic expression in a specific tissue or
cell line. The development of long-read
sequencing will also allow consideration
ofmore complex situations in large genes
withmultiple transcript isoformsandsin-
gle-cell RNA-seq protocols will increase
the resolution of average expression level
from a certain tissue to specific cell types
and will allow the cell specific regulation
and imprinting mechanism to be stud-
ied. However, the methods provide only
a snapshot of the cells studied and the
non-detection of aberrant expression in
a surrogate tissue does not allow nor-
mal splicing in the affected tissue to be
concluded, which represents a clear limi-
tation. Currently, several RNA-seq anal-
ysis pipelines are available, but further
improvement is necessary to optimize
sensitivity and specificity. To automate
andoptimize the correctionof confound-
ing technical, environmental, or com-
mon genetic variations, we recently de-
veloped OUTRIDER. OUTRIDER im-
proved the detection of aberrant expres-
sion, basedontheassessmentofstatistical
significance [2]. Further method devel-
opment is nevertheless required, espe-
cially for the detection of aberrant splic-
ing events and the prediction of causal
variants.

Practical conclusion

By integrating phenotype and geno-
type information only, less than 50% of
Mendelian disorders are diagnosed
4 This diagnostic gap is in part due

to limitations in prioritizing and
interpreting identified variants

4 Transcriptomis by RNA sequencing
provides complementary functional
information to DNA sequencing

4 RNA sequencing delivers quantita-
tive data on RNA expression level,
aberrant splicing, and allele specific
expression

4 The systematic analysis helps pri-
oritizing variants predicted or not
predicted to change the encoded
protein

4 RNA sequencing has been vali-
dated as a tool for the discovery
of pathogenic variants in novel
Mendelian disease genes

4 RNA sequencing has a high potential
to be implemented as a routine tool
to improve molecular diagnosis.
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Fachnachrichten

Das Gen Lypla1 beeinflusst geschlechtsspezifisch die Fettleibigkeit

Wie anfällig man für Übergewicht, Insulinresistenz und weitere kardio-metabo-
lischen Merkmale ist, kann auch vom Geschlecht abhängen. Ein internationales
Forscherteam der Universität von Kalifornien (UCLA), des Helmholtz Zentrums
München, einem Partner des DZD, und der Ludwig-Maximilians-Universität Mün-
chen untersuchte umfassend die Rolle des Geschlechts und seine Interaktion mit
dem genetischen Hintergrund bei kardiometabolischen Phänotypen (klinischen
Krankheitsbildern). Dabei entdeckten die Forscher u.a. einen geschlechtss-
pezifischen Adipositas-Locus bei dem Gen Lypla1, das mit der menschlichen
Fettleibigkeit in Verbindung steht.

Männer und Frauen können unterschiedlich anfällig für Fettleibigkeit, Insulinresistenz und an-

dere kardio-metabolischeMerkmale sein. Oft haben Frauen vorteilhalftere Stoffwechselprofile.

Das ist für Mäuse, aber auch bei Menschen beschrieben. Doch wie interagiert das Geschlecht
mit Genen? Welche Rolle spielt die natürliche genetische Varianz? Undwiewirkt sich das auf die

Entstehung von Stoffwechsel- und Herzerkrankungen aus? Um diese Fragen zu beantworten,

hat ein internationales Forscherteam im Tiermodell (Hybrid-Maus-Diversitätspanel) nach
geschlechtsspezifischen Unterschieden für 50 kardio-metabolische Eigenschaften gesucht.

Es wurde die Auswirkung des Geschlechts auf diese Merkmale untersucht, in Bezug auf
geschlechtsspezifische Korrelationenmit spezifischen Krankheitsbildern (klinischen Erschei-

nungsbildern), ihre genetische Architektur unddie zugrundeliegenden Expressionsnetzwerke in

Fett und Leber. Dabei zeigte sich,dass das Geschlecht – abhängig vom genetischenHintergrund
– bei der Genexpression und der Ausbildung kardio-metabolischer Merkmale eine Rolle spielt.

So hat das Forscherteam einen geschlechtsspezifischenAdipositas-Locus für das Gen Lyplal1

entdeckt.
„Darüber hinaus konnten wir zeigen, dass es eine geschlechtsspezifische Regulation für das

„Beiging“ (Bräunung) des weißen Fettgewebes sowie geschlechtsspezifische Interaktionen für
diemitochondriale Funktion gibt“, fasst Letztautor und Leiterder Studie Professor Aldons J Lusis

von der UCLA die Ergebnisse zusammen. Die Untersuchung zeigte, dass Weibchen eine höhere

Aktivität der Mitochondrien haben und mehr braunes Fettgewebe bilden („Beiging“). Das lässt
die Fettmasse und die Insulinresistenz sinken. Bei Männchen führt die Interaktion zwischen

Genen und Geschlecht eher zu niedriger Mitochondrien-Aktivität und geringem „Beiging“. Das

Gewicht und die Insulinresistenz nehmen zu.
„In der Literatur gibt es bereits Hinweise auf große Unterschiede in der Fettbiologie zwischen

den Geschlechtern auch beimMenschen. Diese Studie gewährt nun Einblicke in die Tiefe und
Breite der Geschlechtsunterschiede im Stoffwechsel. Wir glauben, dass unsere Ergebnisse

überzeugende Beweise dafür liefern, warumMänner und Frauen in der biologischen Forschung

als eigenständige Organismen behandelt werden sollten“, sagt DZD-Wissenschaftlerin Prof. Dr.
med. Susanna Hofmann vom Institut für Diabetes und Regenerationsforschung des Helmholtz

Diabetes Center. Ihre Gruppe hat gemeinsam mit Prof. Axel Walch von der Core Facility

Pathology & Tissue Analytics am Helmholtz ZentrumMünchen das Fettgewebe untersucht und
die Geschlechtsunterschiede in der Bräunung von weißem Fettgewebe herausgearbeitet.

Noch ist das Verständnis für die Biologie, die diesen geschlechtsspezifischenUnterschieden
zugrunde liegt, sehr lückenhaft. Als langfristiges Ziel wollen die Forscher deshalb ein

biologisches Netzwerkmodell entwickeln,das die Unterschiede zwischenMännern und Frauen

(das „sexome“) auf Systemebene beschreibt. Ein solches Modell erfordert die Identifizierung
der primären und nachgeschalteten geschlechtsspezifischen Faktoren, die auf das Netzwerk

einwirken, und ein Verständnis wie die geschlechtsspezifischen Netzwerkinteraktionen zu

Geschlechtsunterschieden in den entstehenden Phänotypen (klinischen Krankheitsbildern)
führen.
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