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Summary

Neurodevelopmental disorders (NDDs) represent a large group of disorders arising from alterations of tightly
coordinated processes that regulate development and function of the brain. Different types of syndromes,
including intellectual disability, autism spectrum disorders, attention deficit hyperactivity disorders and
epilepsy, have been classified as NDDs (Niemi et al., 2018). Due to their relatively high prevalence, NDDs
constitute a serious socio-economic problem of health care. The identification of NDD-associated genes is
essential for a better understanding of both the genetic contribution to the disease and the potential
underlying pathomechanism. The recent introduction of high-throughput technologies such as next
generation sequencing (NGS) has substantially improved our understanding of the genetic causes of different
forms of NDDs (Vissers et al., 2016). Specifically, NGS-based studies in children affected by NDDs have led to
the identification of mutations in genes encoding proteins involved in RNA metabolism as a major cause of
NDDs; this includes AGO2, a component of the RNA interference pathway, as well as several RNA helicases
such as DHX30. The DHX30 gene was initially established as a candidate gene for NDDs (Eldomery et al., 2017;
Zheng et al., 2015). The identification of mutations in AGO2 in 21 patients, and in DHX30 in more than 35
patients affected by mild to severe NDDs has ultimately provided strong evidence for assessing the
indispensability of these genes in the development of the central nervous system. For DHX30, the majority
of the affected individuals carry heterozygous missense variants within highly conserved helicase core motifs
(HCMs) and display global developmental delay, intellectual disability, severe speech impairment and gait
abnormalities. Notably, four individuals carrying heterozygous variants which result in haploinsufficiency or
truncated proteins present with a milder clinical course, thereby delineating a different, less severe clinical
subtype compared to variants affecting the HCMs. However, the physiological role of DHX30 in cellular RNA
metabolism so far remains largely unexplored.

The current PhD project was focused on analyzing the molecular and cellular dysfunction associated with
AGO2 and, as a central topic, DHX30 missense mutations and on elucidating the physiological role of DHX30
in cellular RNA metabolism. In ATPase assays, it is shown here that DHX30 is an RNA-dependent ATPase, and
that all DHX30 missense mutations affecting highly conserved HCMs lead to disrupted ATPase activity. Using
purified recombinant protein in helicase assays with a radiolabeled RNA duplex, DHX30 is formally
established here as an ATP-dependent RNA helicase. Again, all tested missense mutations in HCMs disrupt
the helicase activity whereas a mutation outside the core region does not affect helicase activity.
Subcellular localization studies confirmed the cytoplasmic diffuse distribution of overexpressed GFP-tagged
DHX30-wild type (WT). All HCM missense variants, overexpressed as GFP-fusion proteins, stimulated
spontaneous stress granule (SG) hyper-assembly, leading to inhibition of global translation. Again, mutations
outside HCMs had lower to no ability to induce SGs.

The clear correlation between SG formation and severity of the phenotype observed in the patients
motivated further investigation of the role of DHX30 in SG assembly. Permanent knockdown using
CRISPR/Cas9-based gene editing of DHX30 in a human cell line led to impaired SG formation upon heat stress,
uncovering a previously unknown role for DHX30 in this aspect of RNA metabolism.

Analysis of the nature of DHX30 missense mutations showed that RFP-tagged DHX30 WT is recruited to SGs
upon co-expression of several GFP-tagged missense variants, possibly suggesting a dominant negative effect
of the mutations. However, the observation that both endogenous and overexpressed DHX30-WT are
recruited to SGs after stress induction (Lessel et al., 2017) together with the fact that DHX30-deficient cells
show reduced SG formation, actually suggest that mutations affecting HCMs result in a detrimental gain of
function with respect to SG formation.



Zusammenfassung

Neurologische Entwicklungsstérungen (neurodevelopmental disorders, NDDs) bilden eine groRe Gruppe von
Erkrankungen, bei denen prazise kontrollierte Mechanismen gestort sind, die zur Entwicklung und Funktion
des Gehirns beitragen. Verschiedene Syndrome, einschlieRlich der Intelligenzminderung, Autismus-
Spektrum-Storungen,  Aufmerksamkeitsdefizit-/Hyperaktivitdtsstorung und Epilepsie wurden als
neurologische Entwicklungsstorungen klassifiziert (Niemi et al., 2018). Auf Grund ihrer hohen Pravalenz
stellen NDDs ein ernstzunehmendes, soziotkonomisches Problem dar. Die ldentifizierung von NDD-
assoziierten Genen ist essentiell fiir das Verstandnis der genetischen Komponente der Erkrankungen, sowie
der zugrundeliegenden Pathomechanismen. Durch neue Hochdurchsatz-Technologien wie Next Generation
Sequencing (NGS) wurde unser Verstdandnis der genetischen Ursachen vieler NDDs deutlich verbessert
(Vissers et al., 2016). Insbesondere haben NGS-basierte Studien bei betroffenen Kindern viele Mutationen in
Genen identifiziert, die fiir Proteine des RNA-Stoffwechsels kodieren; dazu gehdéren AGO2, eine Komponente
des RNA-Interferenzweges, und mehrere RNA-Helikasen wie z.B. DHX30. Das DHX30-Gen wurde zunachst als
ein Kandidatengen fir NDDs klassifiziert (Eldomery et al., 2017; Zheng et al., 2015). Die Identifizierung von
Mutationen in AGO2 bei 21 Patienten, und in DHX30 bei mehr als 35 Patienten, die von leichten bis schweren
NDDs betroffen sind, zeigte, dass diese Gene fiir die Entwicklung des Nervensystems unverzichtbar sind. Bei
DHX30 tragt die Mehrheit der Patienten heterozygote missense-Mutationen innerhalb der
hochkonservierten Helikase-Kernmotive (HCM) und weist klinische Phanotypen auf, die durch globale
Entwicklungsverzogerung, Intelligenzminderung sowie schwere Sprach- und Gangstérungen gepragt sind.
Interessanterweise sind heterozygote Varianten von DHX30, die zu Haploinsuffizienz oder der Expression
eines verkiirzten Proteins flihren, bei vier Individuen mit einem milderen klinischen Verlauf assoziiert; dies
ist ein Hinweis auf klinisch unterscheidbare Subtypen der Erkrankung.

Diese Arbeit fokussiert sich auf die Analyse der molekularen und zellularen Dysfunktionen, die mit missense-
Mutationen in AGO2, und hauptsichlich in DHX30 assoziiert sind, sowie auf die Aufklarung der
physiologischen Rolle von DHX30 im zelluldaren RNA-Stoffwechsel. In ATPase-assays wird hier gezeigt, dass
DHX30 eine RNA-abhdngige ATPase ist und dass alle Mutationen in den hochkonservierten HCMs die ATPase-
Aktivitat hemmen. Mit Hilfe von gereinigtem rekombinanten Protein und einer radioaktiv markierten RNA-
Duplex wird erstmalig die Aktivitat von DHX30 als ATP-abhangige RNA-Helikase gemessen. Wieder storen alle
untersuchten HCM-missense-Mutationen diese Aktivitat, nicht jedoch eine Mutation aufRerhalb der HCMs.
Die Untersuchung der subzelluldren Lokalisation bestatigt die zytoplasmatisch diffuse Verteilung von
Uberexprimiertem GFP-markiertem DHX30-Wildtypprotein (DHX30-WT). Alle HCM-missense-Varianten
dagegen induzierten die spontane Bildung von stress granules (SGs) und wurden in diesen lokalisiert; dies
ging mit einer Hemmung der Translation einher. Varianten auRerhalb der HCMs induzierten wenige oder
keine SGs.

Die klare Korrelation von Haufigkeit der SG-Bildung mit der Schwere der bei den Patienten beobachteten
Phanotypen gab den Anstol3, die Rolle von DHX30 bei der SG-Assemblierung genauer zu untersuchen.
Permanenter knock-down von DHX30 mit Hilfe der Crispr-Technologie in humanen Zellen fiihrte zu einer
reduzierten Bildung von SGs nach Hitze-Stress, was auf eine bisher unbekannte Funktion von DHX30 in
diesem Aspekt des RNA-Metabolismus hinweist.

Die weitere Analyse der DHX30-missense-Mutationen zeigte, dass RFP-markiertes DHX30-WT Protein durch
die Koexpression von GFP-markierten missense-Varianten ebenfalls in SGs rekrutiert wird. Dies deutet auf
einen dominant-negativen Effekt der missense-Varianten beziiglich der Funktion des WT-Proteins hin. Jedoch
zeigt die Beobachtung, dass sowohl endogenes als auch (iberexprimiertes DHX30-WT Protein durch
zelluldren Stress in SGs rekrutiert wird, im Zusammenhang mit dem Befund, dass DHX30-defiziente Zellen



eine reduzierte SG-Bildung aufweisen, dass Mutationen in den HCMs zu einer pathogenen gain of function
Veranderung im Hinblick auf die SG-Bildung fuhren.



Chapter 1 | Introduction

1.1 | The RNA world and RNA binding proteins

RNA is the blueprint of life. Indeed, during the evolution of life on Earth, many isolated mixtures of complex
organic molecules produced by random chemistry failed to achieve self-replication and therefore went
extinct (Cech, 2012). The discovery that RNA can serve as an informational molecule and as a biocatalyst
capable of replicating itself, provided firm basis for the plausibility of a primordial RNA world, highlighting
the indispensability of RNA since the dawn of time. In all living organisms, RNA still plays active roles in
catalyzing biochemical reactions, translating mRNA into proteins and regulating gene expression (Cech, 1986,
2012; Kruger et al., 1982). However, most of the RNA molecules in eukaryotic cells do not act in isolation but
rather exist in complex with RNA-binding proteins (RBPs) to form ribonucleoprotein (RNP) complexes. By
forming transient dynamic interactions with coding, untranslated and non-coding RNAs, RBPs regulate every
aspect of RNA metabolism ranging from transcription to post-transcriptional gene regulation processes such
as RNA maturation, nuclear export, subcellular localization, surveillance, translation, storage and
degradation (Glisovic et al., 2008; Lukong et al., 2008; Muller-McNicoll & Neugebauer, 2013). Given the
central role of RBPs in determining the fate of RNA molecules, it is not surprising that 7.5 % of ~20,500
protein-coding genes in humans code for essential components of RNPs. Although target-RNA recognition
studies show that nearly 50% of RBPs act within messenger ribonucleoprotein (mRNP) complexes and 11%
are represented by ribosomal proteins, post-transcriptional gene regulation concerns processes involving
both coding and non-coding RNAs (ncRNAs) (Gerstberger et al., 2014).

1.2 | RNA metabolism

From transcription to nuclear export
The nascent protein-coding transcripts are generated by RNA polymerase Il (Pol Il) and are termed precursor

MRNAs (pre-mRNAs). Newly transcribed pre-mRNAs undergo a maturation process which consists of multiple
nuclear modification steps including 5’end capping, splicing and 3’end processing (e.g. cleavage and
polyadenylation). Several observations point to a mutual regulation mechanism between these processing
events. For instance, the importance of the 5’ end cap (also called m’G cap) in determining the life cycle of
the RNA does not only rely on its involvement in cap-dependent translation initiation (Filipowicz, 1978) but
also on its protective function against 5’ to 3’ exonuclease cleavage (Shimotohno et al., 1977) and on its role
as a platform for recruiting proteins involved in pre-mRNA splicing (Konarska et al., 1984), polyadenylation
(Cooke & Alwine, 1996) and nuclear export (Hamm & Mattaj, 1990). Moreover, splicing factors such as the
small nuclear ribonucleoproteins U1 snRNP (Gunderson et al., 1997) and U2AF65 snRNP (Millevoi et al., 2002)
have been shown to regulate cleavage and polyadenylation either negatively or positively, respectively.
Similarly, 3’end processing factors such as the cleavage and polyadenylation specificity factor CPSF (Kyburz
et al., 2006) and the poly(A) polymerase PAP (Vagner et al., 2000) were reported to stimulate splicing
efficiency. Taken together, these observations support the idea of a functional coupling between splicing and
cleavage/polyadenylation (Kaida, 2016).

The fidelity of the maturation process is essential for generating an export-competent mRNA. The formation
of translationally competent transcripts strongly relies on the proper coordination between upstream
processing events and nuclear export of mRNA (Stewart, 2019; Wickramasinghe & Laskey, 2015). For
instance, the recruitment of the cap-binding complex (CBC) by the m’G cap is essential for mediating both

pre-mRNA splicing and nuclear export of mature mRNA (Ramanathan et al., 2016). In the first case, CBC
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promotes mRNA splicing through interaction with the uridine-rich small nuclear ribonucleoproteins (snRNPs)
U4/U6-U5 complex (Pabis et al., 2013). In the second case, CBC mediates the directional exit of the mRNA via
interaction with nuclear export factors belonging to the transcription export complex (TREX) (Nojima et al.,
2007).

mMRNA translation
Upon entry in the cytoplasm, CBC-bound mRNPs undergo a remodeling process whereby CBC is replaced by

the translation initiation factor elF4E (Chiu et al., 2004). Eukaryotic translation occurs in three mechanistic
steps - initiation, elongation and termination - but the most rate-limiting and highly regulated step is the
initiation. Indeed, the initiation process consists of multiple linked stages that require at least nine eukaryotic
initiation factors (elFs). In eukaryotes most mRNAs are initiated by a cap-dependent scanning mechanism
whereby a 43S preinitiation complex binds the capped 5’ terminus of the mRNA and proceeds in the 5’ to 3’
direction searching for an appropriate start codon to initiate protein synthesis. The 43S preinitiation complex
consists of a ternary complex including elF2, GTP and initiator transfer methionyl-tRNA (tRNAMe) which
together with elF1, elF1A, elF3 and elF5 binds to the free 40S subunit. In order to stop the scanning process
and promote stable codon-anticodon base-pairing at a suitable AUG start codon, the 43S complex must
undergo conformational rearrangements that result in the formation of a “closed” complex, the 48S initiation
complex where the mRNA entry channel is locked onto the mRNA. Joining of the 60S ribosomal subunit to
the 48S initiation complex and concomitant displacement of elFs lead to assembly of the 80S initiation
complex. GTP hydrolysis by elF5B and release of GDP-bound elF5B make the 80S complex competent to
catalyze the first peptide bond (Aylett & Ban, 2017; Gebauer & Hentze, 2004; Jackson et al., 2010; Pestova &
Hellen, 2001). At this point, the anticodon of the methionine-carrying tRNA is bound to the start codon of
the mRNA within the peptidyl (P) site of the ribosome. The aminoacyl-tRNA whose anticodon is
complementary to the next codon is delivered to the aminoacyl (A) site of the ribosome where it binds to the
matching codon on the mRNA. Formation of the peptide bond occurs when the methionine is transferred
from the initiator-tRNA to the amino group of the aminoacyl-tRNA in the A site leading to an extended
peptidyl-tRNA. As the deacylated tRNA translocates to the exit (E) site of the ribosome and the peptidyl-tRNA
to the P site, the A site becomes available for binding of the next aminoacyl-tRNA (Dever et al., 2018; Dever
& Green, 2012). Translation terminates when the A site of the ribosome encounters a stop codon leading to
the release of the nascent polypeptide from the peptidyl-tRNA in the P site. Post-termination complexes
(post-TCs) consisting of an mRNA-bound 80S ribosome, a P-site deacylated tRNA and at least one termination
factor, undergo a recycling process which allows ribosomes and mRNAs to participate in multiple rounds of
translation. During recycling, the ribosome splits into free 60S subunits and mRNA/tRNA-bound 40S subunits
first and then the mRNA is released from the 40S subunits (Hellen, 2018; Jackson et al., 2010).

MRNA decay
The control of eukaryotic gene expression strongly relies on the interconnection between translation and

mMRNA degradation. However, the early notion that translation of an mRNA prevents its degradation
(Schwartz & Parker, 1999) has been overcome by more recent observations showing that the
interrelationship between these two processes is actually much more complex. Whether mRNA decay is
triggered by inhibition of translation, whether translation repression is a prerequisite for mRNA decay or
whether changes in translation efficiency are promoted by alterations in mRNA decay are only a few of the
possible mechanisms by which translation and mRNA decay influence each other (Roy & Jacobson, 2013).
Nevertheless, cap-dependent translation initiation only occurs if the 5 m’G cap and the 3’ poly(A) tail have
been correctly added to the mRNA in the nucleus. These two elements are essential for regulating both
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translation and stability as they serve as a binding platform for the cytoplasmic proteins elF4E and poly(A)
binding protein (PABP), respectively (Bicknell & Ricci, 2017; Decker & Parker, 2012; Garneau et al., 2007).
Moreover, a variety of regulatory elements located in the 5’ untranslated region (UTR) of the mRNA such as
GC-rich secondary RNA structures and unfavorable upstream AUG context usually act as negative regulators
of translation initiation (Gebauer & Hentze, 2004; Leppek et al., 2018) thereby increasing the likelihood of
deadenylation and decapping events. The first step of eukaryotic mRNA decay is the shortening of the poly(A)
tail, a process known as deadenylation. Removal of the poly(A) tail is catalyzed by the deadenylase activity
of PAN2-PAN3 and the CCR4-NOT complex. Subsequently, the mRNA is decapped by a decapping complex
consisting of DCP1 and DCP2 proteins. Decapping enzymes are assisted by several accessory factors including
the RNA helicase DDX6, different Sm-like (Lsm) proteins such as those of the Lsm1-7 complex and EDC3
(enhancer of decapping-3, also known as Lsm16). These events leave the mRNA susceptible to be degraded
either from the 5’ terminus (5’3" mRNA decay) by the exonuclease XRN1 or from the 3’ terminus (3’55’
mMRNA decay) by the exosome (Garneau et al., 2007; Grudzien-Nogalska & Kiledjian, 2017; tabno et al., 2016).
To minimize synthesis of aberrant protein products, it is important to promptly identify errors which are not
as obvious as the lack of 5’ cap or 3’ poly(A) tail. For instance, mRNAs containing a premature termination
codon or lacking a stop codon or carrying a ribosome stalling sequence are subjected to different mRNA
surveillance mechanisms including non-sense-mediated decay (NMD), non-stop decay (NSD) and no-go
decay (NGD), respectively (Bicknell & Ricci, 2017; Decker & Parker, 2012; Garneau et al., 2007). Therefore,
MRNA surveillance is another example of the synergistic relationship between translation and mRNA
stability.

P-bodies and Stress Granules
Proteins involved in mRNA decay and translation repression are enriched in cytoplasmic RNP granules

referred to as processing bodies (P-bodies). A conserved core of proteins found in P-bodies include factors
involved in deadenylation, decapping and 5’3’ exonucleolytic decay. Additionally, P-bodies also contain
proteins participating in NMD, translation initiation/repression and microRNA-mediated mRNA repression
(Parker & Sheth, 2007). Some evidence suggests that P-bodies may exist constitutively as preformed
structures which increase in number and size upon stress (Kedersha & Anderson, 2007; Kedersha et al., 2005;
Teixeira et al., 2005). However, P-bodies are most likely dynamic entities whose assembly is dependent on
and proportional to the cytoplasmic accumulation of translationally repressed mRNAs (Decker & Parker,
2012; Garneau et al., 2007; Luo et al., 2018). Similar to other membrane-less RNP granules such as Cajal
bodies, nucleoli and stress granules, P-bodies behave like liquid droplets undergoing a physical process called
liquid-liquid phase separation (LLPS). LLPS occurs as a consequence of an energetically favorable process
where highly concentrated solutions of macromolecules such as RNAs and proteins condense into a dense
phase. Similar to the energetically favorable separation of oil and water, this dense phase is physically
separated from a dilute phase corresponding to the surrounding cellular context (Alberti et al., 2019; Luo et
al., 2018; Riggs et al., 2020). LLPS depends on intramolecular interactions driven by low complexity sequences
(LCSs) residing within intrinsically disordered regions (IDRs) and prion-like domains (PLDs) which frequently
occur in P-body components (Jonas & lzaurralde, 2013). In yeast, LCSs are typically present within the
Glutamine/Asparagine (Q/N)-rich domain of the decapping Sm-like protein Lsm4 and the highly conserved C-
terminal domain of Edc3 (known as Yjef-N). Edc3 (as part of the 5’ end-bound complex formed by Dcp1/Dcp2
and Dhh1, the yeast homolog of human DDX6) and Lsm4 (as part of the 3’ end-bound complex together with
Pat1, Xnrl and Ccr4-Not) have been shown to promote P-body assembly through interactions between their
respective LCSs (Decker et al., 2007; Reijns et al., 2008). The Yjef-N domain of Edc3 is highly conserved,
suggesting this protein to likely have a similar function in higher eukaryotes. By contrast, the Q/N-rich domain
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of Lsm4 is replaced by an RGG domain in higher eukaryotes suggestive of a different mechanism by which
Lsm4 promotes P-body formation compared to yeast (Decker et al., 2007). In higher eukaryotes, additional
proteins have been shown to contribute to P-body assembly/maintenance. Among these, the enhancer of
MRNA decapping protein 4 (EDC4) (Yu et al., 2005), the cytoplasmic polyadenylation element-binding protein
1 (CPEB1) (Wilczynska et al., 2005) and the eukaryotic translation initiation factor 4E transporter (4E-T)
(Andrei et al., 2005) whose depletion was shown to lead to P-body loss. Moreover, components of the
microRNA (miRNA) repression pathway including the GW182 protein and the Argonaute proteins were also
found in mammalian P-bodies (Liu et al., 2005; Rehwinkel et al., 2005). Nonetheless, GW182 was shown to
accumulate in discrete cytoplasmic speckles identified as GW-bodies (Eystathioy et al., 2002). The
subsequent observation that GW182 colocalized with mRNA decay associated proteins, a hallmark of P-
bodies, led to the definition of GW-bodies and P-bodies as two indistinguishable entities (Eystathioy et al.,
2003).

Despite the presence of mRNA decay components in P-bodies, these RNA granules are not only required for
mMRNA degradation but may also have a broader regulatory role as sites of mRNA storage. Under conditions
of stress that inhibit translation initiation, mMRNAs may be temporarily sequestered and kept translationally
silent in P-bodies without necessarily being degraded afterwards. Translationally arrested mRNAs can then
recycle from P-bodies to actively translating polysomes (Brengues et al., 2005).

Repression of translation initiation in response to stress also leads to formation of Stress Granules (SGs).
Similar to P-bodies, SGs are membrane-less RNP organelles which form through LLPS in a way that is
proportional to the pool of untranslating mRNAs. However, whereas P-bodies are constitutively present in
certain cell lines and tend to increase in size and number upon stress, SG assembly is exclusively triggered by
stress (Kedersha & Anderson, 2007; Kedersha et al., 2005). This observation implies that SGs are transiently
formed compartments which disassemble upon removal of the insult (Panas et al., 2016). In response to
exogenous and endogenous stressors, the cell diminishes translation rates by prioritizing synthesis of stress-
protective proteins in order to promote cell survival (de Nadal et al., 2011). Translationally arrested mRNAs
accumulate in cytoplasmic foci where SGs eventually form (Anderson & Kedersha, 2008). However, SGs are
not stable depots of untranslated mRNAs, as indicated by the antagonistic effect of different pharmacological
inhibitors of protein translation on SG assembly. In fact, they coexist in a dynamic equilibrium with a cluster
of actively translating ribosomes called polysomes. SG assembly is enhanced by the disassembly of translating
polysomes. Treatment with puromycin destabilizes polysomes by breaking up the ribosome when
incorporated into the nascent polypeptide chain. The release of ribosomal subunits from mRNA transcripts
disrupts the polysomal mRNP thereby increasing the pool of untranslated mRNAs and the formation of SGs.
By contrast, SG assembly is not favored by polysome stabilization. Treatment with cycloheximide blocks
translation elongation and freezes ribosomes on mRNAs thereby increasing the pool of polysome-associated
mMRNAs, a condition that prevents SG assembly (Anderson & Kedersha, 2002; Kedersha et al., 2000; Wolozin
& Ivanov, 2019).

The dynamic shuttling of mMRNAs between polysomes and SGs relies on proper assembly of both the cap-
binding complex elF4F (consisting of elF4E, elF4A and elF4G) and the elF2-GTP-tRNAM®! ternary complex
(Jackson et al., 2010). Two major signaling pathways regulate SG formation by controlling these two early
checkpoints in translation initiation (Wolozin and lvanov, 2019) (Fig. 1). Specifically, the recruitment of elFAF
to the mRNA 5’ end is regulated by the mechanistic target of rapamycin (mTOR). mTOR is a serine/threonine
kinase which regulates cellular growth and metabolism by modulating protein synthesis in response to
environmental inputs (Saxton & Sabatini, 2017). Under optimal growth conditions, mTOR phosphorylates the
inhibitor of elF4E, namely elF4E-binding protein (4E-BP). When phosphorylated, 4E-BP is not able to bind its
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target protein thereby allowing formation of the elF4F complex and proper translation initiation. By contrast,
conditions of metabolic stress such as amino acid and/or serum starvation inactivate mTOR resulting in the
accumulation of hypophosphorylated 4E-BP. As a consequence, 4E-BP binds elF4E thereby preventing proper
assembly of the elF4F complex and ultimately leading to inhibition of translation initiation (Thoreen et al.,
2012). The resulting translationally arrested pre-initiation complex (PIC) that lacks essential translation
initiation components, forms the seed for SG assembly (Wolozin & lvanov, 2019).

Another early checkpoint of translation initiation is the assembly of the elF2-GTP-tRNAM®t ternary complex.
Delivery of a properly assembled elF2-GTP-tRNAMet ternary complex to the 40S ribosomal subunit is essential
for the formation of a translationally competent 43S PIC. Phosphorylation of the a subunit of elF2 in response
to stress prevents elF2B from reloading the ternary complex with GTP thereby reducing its availability and
the overall translation initiation process (Sudhakar et al., 2000). Phosphorylation of elF2a on serine 51 is
promoted by a family of four serine/threonine kinases that are activated by different types of stress (Wek,
2018). These four kinases play a key role in the context of the integrated stress response, a eukaryotic
signaling pathway which promotes cell survival and homeostasis restoration by modulating protein synthesis
in response to different stress stimuli. Specifically, general control non-derepressible 2 (GCN2) binds to
deacylated tRNAs in response to amino acid deprivation; protein kinase R (PKR) is activated by double-
stranded RNA (dsRNA) during viral infection; PKR-like ER kinase (PERK) activation is triggered by the
accumulation of unfolded proteins in the endoplasmic reticulum; and heme-regulated elF2a kinase (HRI) is
activated by heme deprivation and oxidative/osmotic stress (Pakos-Zebrucka et al., 2016). The reduced
availability of ternary complexes caused by increased levels of elF2a phosphorylation is responsible for the
loading of scanning-incompetent PICs at the 5’ end of the mRNA. As this ternary complex-deficient PIC is
unable to recruit the 60S subunit to form a translationally competent 80S ribosome, it is targeted to SGs.
Elongating ribosomes that are already engaged in translation will complete peptide synthesis and disengage
from the mRNA (a process known as ribosome run-off). However, the lack of translationally competent PICs
assembling at the 5’ end of the mRNA will eventually lead to polysome disassembly (Kedersha et al., 2002).
The resulting accumulation of untranslated mRNAs carrying non-canonical PICs is essential for SG assembly.
In parallel, RBPs involved in different aspects of mRNA metabolism initiate SG formation by interacting with
either exposed regions of the untranslated mRNAs and/or components of the non-canonical PICs such as
elF3, elF4F, PABP and the 40S subunit but not the 60S subunit(lvanov et al., 2019; Kedersha et al., 2002;
Kimball et al., 2003; Panas et al., 2016). Typical SG nucleators are Ras GTPase-activating protein-binding
protein (G3BP1) (Tourriere et al., 2003), T-cell intracellular antigen-1 (TIA-1) and TIA-1 related protein (TIAR)
(Gilks et al., 2004), tristetrapolin (TTP) (Stoecklin et al., 2004), fragile X mental retardation protein (FMRP)
(Mazroui et al., 2002) and cytoplasmic activation/proliferation-associated protein 1 (CAPRIN1) (Solomon et
al., 2007). Moreover, ataxin-2 (ATXN2) (Nonhoff et al., 2007) and AGO2 (Leung et al., 2006) were also
identified as SG components, and ataxin-2 can be used as a reliable marker for SGs. Similar to P-body
constituents, SG nucleators are characterized by prion-like domains (PLDs) or intrinsically disordered regions
(IDDs) which mediate the interaction with PICs components (Kedersha et al., 2016). Several candidate
proteins containing IDDs have been identified within the 40S ribosomal subunit. Under normal conditions,
the 40S subunit would be covered by the 60S subunit to form a translationally competent 80S ribosome.
However, within translationally arrested PICs, ribosomal proteins located at the 40S subunit interface are
exposed to recruit other RBPs via interaction between IDDs (Panas et al., 2016). As an example, G3BP1 has
been shown to interact with the 40S subunit via its RGG domain (Kedersha et al., 2016). Moreover, PLDs and
IDDs are able to undertake different conformations as a consequence of post-translational modifications
such as O-GlcNAcetylation, methylation, dephosphorylation and deacetylation (Mahboubi & Stochaj, 2017).
Therefore, due to their highly dynamic nature, PLDs and IDDs provide a scaffold for the recruitment of
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additional proteins to SGs (Gilks et al., 2004; Kedersha et al., 2016) and facilitate the dynamic shuttling of
these proteins in and out of SGs (lvanov et al., 2019). A critical role in several aspects of SG formation is
fulfilled by microtubule-associated motor proteins such as kynesins and dyneins. Indeed, their motor activity
was found to be essential for mediating the movement of further mRNPs to SGs (Loschi et al., 2009). Overall,
SGs consist of a stable core which serve as a platform for the formation of a transient surrounding shell
(Wheeler et al., 2016). Canonical SGs consist of a series of defining components including 40S subunit,
translation initiation factors elF4F, elF3 and PABP, and polyadenylated mRNAs (lvanov et al., 2019). However,
composition and dynamics of SGs may vary depending on the type of cell and the nature of the stress insult.
For example, in U20S cells, hydrogen peroxide induces formation of SGs that lack elF3b and therefore differ
from canonical SGs (Emara et al., 2012). Similarly, in HAP1 cells, UV-induced SGs contain less elF3b and elF4G
(Aulas et al., 2017). Interestingly, both hydrogen peroxide (Emara et al., 2012) and UV-induced formation of
SGs (Ying & Khaperskyy, 2020) occurs via a elF2a-independent mechanism. This indicates that although for
many types of stress SG formation relies on the elF2a phosphorylation pathway, some stressors promote SG
assembly in a elF2a -independent fashion (Farny et al., 2009).
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Figure 1 | Regulation of stress granule formation. Two major signaling pathways regulate formation of SGs by
interfering with the assembly of key elements of the pre-initiation complex (PIC). (1) Inhibition of mTOR enables hypo-
phosphorylated 4EBP1 to bind elF4E, thereby preventing the assembly of the elF4F complex on the cap structure of the
mRNA. (2) Phosphorylation of elF2a prevents reloading of the ternary complex (elF2-GTP-tRNAMet) with GTP thereby
blocking proper delivery of the ternary complex to the 40S ribosomal subunit. Both events result in the accumulation
of untranslated mRNAs carrying non-canonical PICs which serve as a binding platform for typical SG nucleators such as
G3BP1, TIA-1, TTP, FMRP and CAPRIN1.

Due to their dynamic nature, SGs disassemble upon removal of the stressor. Different factors contribute to
SG disassembly. Among these, the ATPase-dependent activity of RNA helicases has recently emerged as a
key factor in determining SG dynamics. Using the energy of ATP hydrolysis, RNA helicases unwind RNA
structures thereby disrupting mRNA-protein interactions within SGs ultimately leading to their disassembly
(Jain et al., 2016). SG clearance may also be mediated by the activity of chaperones such as the heat shock
protein HSP70. Its overexpression inhibits SG formation by preventing TIA-1 aggregation (Gilks et al., 2004)
and its pharmacological inhibition leads to delayed SG disassembly (Ganassi et al., 2016). Depending on how
long they remain assembled, SGs can also be cleared by autophagy. SGs arising from chronic stress or disease
mutations are removed by autophagy (Buchan et al., 2013). The valosin-containing protein (VCP) plays a key
role in autophagy-dependent clearance of SGs. As an ATPase that catalyzes the extraction of ubiquitinated
proteins from complexes, VCP may extract some ubiquitinated proteins from SGs thereby promoting
targeting of SGs to autophagy (Buchan et al., 2013). However, the recent observation that ubiquitinated
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G3BP1 is targeted by VCP for proteosomal degradation during SG disassembly after removal of heat stress
suggests that short-lived SGs are disassembled in an autophagy-independent manner (Gwon et al., 2021).

Several observations indicate that mRNAs might accumulate in both SGs and P-bodies after polysome
disassembly suggesting a working model whereby mRNAs cycle between polysomes, SGs and P-bodies. First,
pharmacological inhibitors of translation (e.g. puromycin and cycloheximide) that modulate SG assembly
have similar effects on P-body formation. Second, the hypothesis of an mRNA cycle is supported by the
observation that P-bodies and SGs transiently interact with each other upon oxidative stress. Third,
fluorescent recovery after photobleaching experiments (FRAP) highlights the dynamic nature of SG and PB
components (Kedersha et al., 2005). Finally, although SGs and P-bodies are distinct and independent entities,
as indicated by their composition, several proteins localize to both SGs and P-bodies (Stoecklin & Kedersha,
2013). Different models have been proposed trying to elucidate the mechanism by which mRNAs shuttle
between polysomes, SGs and P-bodies but the exact mechanism remains unresolved. One possibility is that
in response to defects in translation initiation, mRNAs interact with components of the decapping machinery
and accumulate into P-bodies. Within P-bodies, translationally arrested mRNAs can either be targeted for
mMRNA decay or recycled to actively translating polysomes. However, under conditions of stress that inhibit
translation initiation, translationally arrested mRNAs may shift from P-bodies to SGs and be stored until
translation is allowed to resume (Decker & Parker, 2012). Another possibility is that in response to stress, the
MRNA may be released from polysomes and directly targeted to SGs. In this model, SGs are described as sites
of mRNA triage where untranslated mRNAs are sorted and remodeled for storage, reinitiation or transit to
P-bodies for mRNA decay (Kedersha et al., 2005). The observation that SGs are defined by components of
the translation initiation machinery and P-bodies by factors belonging to the mRNA decay machinery is
suggestive of a dynamic integration between molecular, functional and morphological aspects of translation
and decay. Moreover, the dynamic relationship between SGs and P-bodies as cytoplasmic entities capable of
docking while remaining physically independent, highlights the fundamental role of compartmentalization
during mRNP trafficking.

Given their central role in mRNA metabolism, it is not surprising that mRNP granules are closely related to a
variety of human diseases (Buchan, 2014). Specifically, SGs have been found associated with cancers,
neurodegenerative diseases, viral infections and inflammatory diseases. The relatively simple manipulation
of SG dynamics using different chemical compounds targeting SGs offers a potential therapeutic intervention
for the treatment of several diseases caused by aberrant SG formation (Wang et al., 2020).

Regulation of gene expression by small non-coding RNAs
SGs and P-bodies contain components of the RNA silencing pathways including the Argonaute proteins AGO1

and AGO2, and miRNAs (Leung et al., 2006; Liu et al., 2005). miRNAs are a class of small non-coding RNAs
(ncRNAs) which regulate gene expression through post-transcriptional gene silencing (Leung & Sharp, 2006).
Another major class of small ncRNAs is represented by short interfering RNAs (siRNAs). Initially discovered in
plants (Hamilton & Baulcombe, 1999) and subsequently shown in Drosophila to guide the cleavage of their
target RNA (Zamore et al., 2000), siRNAs are nowadays widely used as a synthetic tool to knockdown genes
of interest both in vitro and in vivo (Kole et al., 2012). The mechanism of action of both miRNAs and siRNAs
relies on the ability of a short RNA duplex to base-pair match the mRNA of the target gene due to the
complementarity of one of the two strands. Depending on whether the source of the RNA duplex is
endogenous or exogenous, two different pathways are responsible for carrying out the silencing activity: the
miRNA pathway and the RNA interference (RNAi) pathway (Fig. 2). Initially discovered by Fire and Mello as a
mechanism to manipulate gene expression in C. elegans (Fire et al., 1998), RNAi was subsequently found to
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be essential in many eukaryotes for protecting the genome from viral infection and transposable elements
(Chung et al., 2008; Ding & Voinnet, 2007). Whereas the miRNA pathway leads to gene silencing through
translation repression of the target (Hendrickson et al., 2009), RNAi is mediated by the endonucleolytic
cleavage of the target (Zamore et al., 2000). Specifically, miRNAs are transcribed in the nucleus by RNA
polymerase Il as primary transcripts (pri-miRNAs) equipped with a 5’ m’G cap and a 3’ poly(A) tail (Lee et al.,
2004). The microprocessor complex formed by the RNase Il endonuclease Drosha and the double-stranded
RNA-binding protein DGCR8 excises the hairpin at a distance of 11 bp from the binding site thereby
generating a precursor miRNA (pre-miRNA) of 60-70 nt in length (Yao et al., 2013). After being transported
into the cytoplasm by the Exportin-5/Ran GTP nuclear export machinery (Lund & Dahlberg, 2006), pre-
miRNAs are further processed by the RNase Il Dicer and its associated dsRNA-binding protein TRBP. The
endonucleolytic activity of Dicer cuts out the terminal loop and generates a ~22 bp double-stranded RNA
(dsRNA) fragment known as miRNA/miRNA* complex (Hutvagner et al., 2001) which is ready to assemble
with AGO proteins to form the RNA-induced silencing complex (RISC). Duplex loading into AGO proteins is a
selective process based on the thermodynamic stability of the ends of the duplex (also known as the
asymmetry rule). The strand whose 5’ end harbors the less thermodynamically stable base-paring serves as
the guide strand and will be retained in AGO, whereas the other strand, the passenger strand will be ejected
and eventually degraded (Meijer et al., 2014; Schwarz et al., 2003). Whereas miRNAs are transcribed from
the genome (Lee et al., 2004), siRNAs originate either from exogenous dsRNA, viral or synthetic (Zamore et
al., 2000), or from transposons, bidirectional transcription of specific chromosomal regions and mRNAs
paired to antisense pseudogene transcripts (Ghildiyal & Zamore, 2009). Independent of whether the siRNA
precursors are exogenous or endogenous, both will be processed by Dicer into 20-25 bp long dsRNAs
characterized by a dinucleotide overhang at the 3’end and a monophosphate group at the 5’end (Zamore et
al., 2000). Once loaded onto AGOZ2, the core component of RISC, the passenger strand of the siRNA duplex is
cleaved by AGO2 and ejected. Once the duplex is disrupted, the siRNA or miRNA guide strand remains
associated with AGO to form a mature RISC. Although in some organisms, like flies, siRNAs and miRNAs are
loaded into different Argonautes, mammalian AGO proteins (Ago1-4) do not discriminate between siRNA and
miRNA duplexes during loading (Yoda et al., 2010). However, among the Argonaute proteins, AGO2 is the
only one capable of catalyzing the cleavage (Liu et al., 2004). The Argonaute protein subsequently uses the
small guide RNA to associate with the complementary target sequence on the mRNA. Depending on the
degree of complementarity between the guide RNA and the target mRNA, RNA silencing might occur through
either translation repression or target cleavage. miRNAs are usually not fully complementary to their mRNA
targets (Ghildiyal & Zamore, 2009). The presence of mismatches in the central part of the miRNA-mRNA
duplex prevents the target from being cleaved. Therefore, miRNA-mediated mRNA silencing is thought to
occur via translation repression and deadenylation followed by mRNA degradation (Jinek & Doudna, 2009;
Olina et al., 2018). The molecular mechanism underlying miRNA-mediated translation repression is not
completely understood. However, one possibility is that by interacting with the 3’ UTR of the mRNA, miRNAs
might interfere with the function of the elF4F complex thereby inhibiting translation initiation (Fukao et al.,
2014). Moreover, AGO proteins have been shown to recruit the GW182 protein to the mRNA target which in
turn interacts with PABP and promotes recruitment of deadenylation and decapping enzymes, thereby
potentially promoting mRNA degradation (Guo et al., 2010). Unlike miRNAs, siRNAs perfectly pair with their
target mRNAs, a condition that enables AGO2 to catalyze the slicing of the target (Liu et al., 2004). Thus,
although differing in respect to the source of the small ncRNA, the common point of convergence between
the miRNA pathway and the RNAi pathway is the RISC assembly. It is therefore not surprising that AGO
proteins, the core components of RISC, are conserved throughout all domains of life (Swarts et al., 2014).
The observation that miRNAs are predicted to regulate more than 60% of mammalian genes (Friedman et
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al., 2009), further suggests the central role of the small ncRNA silencing machinery in reorganizing the gene
expression pattern.

AGO proteins have been shown to associate with typical P-body components such as GW182 and DCP1/2
(Liu et al., 2005) and their presence has been detected within SGs (Leung et al., 2006). However, several lines
of evidence suggest that miRNA and siRNA-mediated gene silencing does not only occur within these
structures. First, miRNA-mediated mRNA repression occurs independent of the appearance of P-bodies in
the cell, suggesting that P-body formation is not a prerequisite for the silencing machinery function (Chu &
Rana, 2006). Second, AGO?2 is recruited to SGs only in the presence of miRNAs. This observation indicates
that AGO2 assembles first onto the miRNA in the cytoplasm and then, under conditions of stress, the miRNA-
associated AGO2 protein is targeted to SGs (Detzer et al., 2011).

The ability of siRNAs to regulate gene expression through RNAI provides firm basis to exploit this biological
mechanism for the regulation of desired target genes and therefore for novel therapeutics. RNAi-based
therapeutics rely on the use of synthetic siRNAs or their precursor short-hairpin RNAs (shRNAs) as a tool to
knockdown genes of interest for the treatment of cancer, infectious diseases and genetic disorders (Burnett
et al., 2011; Karim et al., 2018).
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Figure 2 | Small non-coding RNA silencing pathways. Small non-coding RNAs are short duplex RNA molecules capable
of silencing the target gene due to the complementarity of one of the two strands. (1) microRNAs (miRNAs) are encoded
in the genome and transcribed as primary transcripts (pri-miRNA) which are then cleaved by Drosha-DGCRS to yield a
precursor miRNA (pre-miRNA). In the cytoplasm, Dicer catalyzes further cleavage of the pre-miRNA generating a duplex
consisting of a guide strand and a passenger strand (miRNA/miRNA*). After loading onto an Argonaute protein the
miRNA strand mediates mRNA silencing through translational repression or deadenylation. (2) Short-interfering RNAs
(siRNAs) originate from exogenous long dsRNAs which are processed by Dicer in the cytoplasm to yield siRNA duplexes.
Once loaded onto AGO2 within the RNA-induced silencing complex (RISC), the guide siRNA associates with the target
mMRNA allowing AGO2 to catalyze the cleavage.

1.3 | RNA metabolism and neurodevelopment

Regulation of gene expression at the post-transcriptional level has recently emerged as a key factor for
proper development of the central nervous system. The development of the human brain is an extremely
delicate process relying on the formation of highly specialized cells like neurons and properly connected
neuronal circuits (Sartor et al., 2015). Proper formation of neuronal networks is essential for shaping the
physical and behavioral development of the human organism; therefore, tight control of gene expression is
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especially critical during early stages of neurodevelopment (Swanger & Bassell, 2011). The morphological
complexity of neurons, their ability to change number, size and strength of synapses with gain of experience
and the processing of local information strongly rely on the promptness of proteome modifications in axonal
and dendritic synaptic compartments (Holt et al., 2019). mRNA trafficking along dendrites and axons and
subsequent local MRNA translation at synapses have evolved to fulfill local demand for new proteins within
a short time frame, thus playing a key role in axon guidance and growth, dendrite morphogenesis,
synaptogenesis and synaptic plasticity (Holt et al., 2019; Swanger & Bassell, 2011). The observation that many
forms of long-lasting synaptic plasticity, require dendritic and synaptic protein synthesis suggests that local
mMRNA translation is important for formation and storage of memories (Sutton & Schuman, 2006). Therefore,
itis not surprising that during early steps of neurodevelopment, even small alterations in post-transcriptional
gene regulation could negatively impact the ability of the brain to respond to local stimuli resulting in a wide
range of neurodevelopmental disorders (NDDs) (Sartor et al., 2015; Tebbenkamp et al., 2014).

As key players in different steps of mMRNA metabolism, RNA-binding proteins (RBPs) have a critical role in
synaptic development and function and therefore in the regulation of learning and memory processes
(Bardoni et al., 2012). The importance of accurate post-transcriptional gene regulation in formation and
maintenance of neuronal networks has emerged in a broad range of neurodevelopmental and
neurodegenerative diseases. One typical example is the Fragile X syndrome, the most common hereditary
form of mental retardation in humans (Hagerman et al., 2017). The presence of a CGG trinucleotide repeat
expansion in the 5’UTR of FMR1, encoding the ribosome-associated RBP FMRP, was relatively early identified
as the cause of the Fragile X syndrome (Kremer et al., 1991). However, it was the recent development of
high-throughput technologies and especially next generation sequencing (NGS)-based studies including
whole-exome sequencing or whole-genome sequencing approaches, that have significantly contributed to
the identification of the genetic basis of several mMRNA metabolism related disorders. Given the high
susceptibility of the brain to even small changes in mRNA stability and translation during early stages of
neurodevelopment, it is not surprising that NGS-based approaches have established mutations affecting
RBPs as a major cause of NDDs such as developmental delay (DD) and intellectual disability (ID) (Balak et al.,
2019). The most recent examples include mutations in genes encoding proteins involved in different steps of
MRNA metabolism such as mMRNA decay and translation, SG and P-body assembly, and small non coding RNA-
mediated gene silencing.

For instance, germline mutations were identified in genes encoding components of the mRNA decay
machinery and regulators of translation repression such as decapping scavenger enzyme (DCPS) (Ng et al.,
2015), enhancer of mRNA decapping 3 (EDC3) (Scheller et al., 2018), regulator of nonsense transcript 3B
(UPF3B) (Alrahbeni et al., 2015) and the enhancer of decapping/repressor of translation DDX6 (Balak et al.,
2019). These mutations have been shown to impair their decapping activity, stabilize specific subsets of
mMRNAs, reduce the interaction with key binding partners and interfere with their ability to control mRNA
levels and assemble P-bodies (Sartor et al., 2015; Weil et al., 2020). Additionally, NDD-associated mutations
identified in genes encoding RNA helicases involved in translation such as DDX3X and DHX30 were shown to
drive SG assembly and impair global translation (Lessel et al., 2017; Valentin-Vega et al., 2016; Weil et al.,
2020). As an additional confirmation of the correlation between RBPs-associated mutations and NDDs,
several further pathogenic variants identified in genes involved in different steps of MRNA metabolism have
been established as the major cause of these disorders. Examples include the RNA helicase encoding genes
DDX59 (Salpietro et al., 2018), DHX16, DHX34, DHX37 and DDX54 (Paine et al., 2019). Interestingly, the fact
that all these genes, in addition to DDX3X and DHX30, encode DExD/H-box RNA helicases further suggests
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the importance of this gene family in neurodevelopment. However, the impact of these mutations on the
molecular and cellular function of the respective protein products has not yet been elucidated (Weil et al.,
2020). Further examples include genes encoding components of the RNA polymerase Il general transcription
IID (TFIID) protein complex, such as TATA-box binding protein associated factor TAF13. TAF13 variants
interfere with the formation of the TFIID complex thereby causing a syndrome characterized by ID and
microcephaly (Tawamie et al., 2017). Additional mutations were identified in genes involved in splicing such
as those encoding the heterogeneous nuclear ribonucleoproteins (hnnRNP) HNRNPH2 (Bain et al., 2016) and
SON (Kim et al., 2016). Whereas no functional analysis was performed in respect to the HNRNPH2 variants,
SON mutations were found to downregulate both mRNA and protein expression levels, thereby causing a
complex NDD associated with ID and/or developmental delay (DD) and brain malformations. Furthermore,
mutations identified in the post-transcriptional repressor Pumiliol (PUM1) were shown to alter neuronal
morphology and impair its ability to suppress its mRNA targets (Gennarino et al., 2018).

Although the introduction of NGS-based approaches has significantly contributed to rapidly identify the
genetic cause of several NDDs, understanding the molecular mechanism underlying the functional and
cellular impact of the identified mutations would be essential for assessing the pathogenicity and potentially
identify effective therapeutic intervention.

1.4 | The RNA helicase DHX30

DHX30 encodes the DExH-box RNA helicase DHX30. As a member of the superfamily 2 (SF2) of RNA Helicases
(RHs) containing more than 50 human proteins, DHX30 owes its naming to the DExH amino acid sequence in
its ATP-binding motif Il (Umate et al., 2011). Based on similarities to published structures of other SF2
members, it has been proposed that DHX30 possesses a modular domain organization consisting of a highly
conserved helicase core region surrounded by multiple auxiliary domains. Whereas the helicase core region
is believed to play an essential role for the catalytic activity of the protein, the function and therefore the
biological relevance of the auxiliary domains remain so far unclear. Although DHX30 was classified as an RH
based on sequence similarities to other RHs, it is so far unknown whether this protein actually possesses
helicase activity.

The importance of DHX30 as an essential neurodevelopmental gene was highlighted by the initial observation
that dhx30 knock-out mice exhibit lethal developmental defects in the central nervous system (CNS) (Zheng
et al., 2015) and by the subsequent classification of DHX30 as a candidate gene for human neurodevelopment
(Eldomery et al., 2017). Ultimately, 6 de novo missense mutations in DHX30 were identified in 12 unrelated
individuals affected by a severe NDD (Lessel et al., 2017). All the identified mutations were shown to impair
either ATPase activity or RNA-binding and exhibited an increased propensity to trigger SG formation with
concomitant inhibition of global translation. Although these findings provide strong evidence for the
indispensability of this gene in the development of the CNS, the exact physiological function of DHX30 in
cellular RNA metabolism remains largely unknown. Our current knowledge of its cellular function relies on
the observation that a specific isoform of DHX30, equipped with a mitochondrial signal peptide, has a
prominent role in mitochondrial ribosome assembly (Antonicka & Shoubridge, 2015). However, none of the
patients described by Lessel et al. (2017) present with typical clinical signs of mitochondriopathies suggesting
that the pathological phenotype is determined by others, non-mitochondrial isoforms of DHX30. Thus, for a
better understanding of the disease, a comprehensive characterization of the molecular and cellular function
of non-mitochondrial DHX30 isoforms in particular will be required.
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Aim of the project

Our understanding of the genetic causes of different forms of NDDs has significantly benefited from the
recent introduction of high-throughput sequencing technologies such as next generation sequencing (NGS)
approaches (Vissers et al.,, 2016). NGS-based studies in children affected by NDDs have led to the
identification of potentially pathogenic mutations in genes encoding proteins involved in RNA metabolism.
Analyzing the impact of these mutations on the molecular and cellular function of the affected protein
product is essential to clarify whether these mutations are indeed pathogenic.

A growing number of human genetic studies have been reported focusing on the pathological relevance of
altered function of RBPs. One recent example is DHX30, a member of the DExH-box family of RNA helicases.
Several studies have classified DHX30 as a candidate gene for human NDDs (Eldomery et al., 2017; Zheng et
al., 2015). However, it was the identification of six de novo missense mutations in DHX30 in 12 unrelated
individuals with NDDs (Lessel et al., 2017) that ultimately confirmed the indispensability of proper function
of this RNA helicase for the development of the central nervous system. More recently, the identification of
further missense mutations in DHX30 in similarly affected individuals has provided a strong motivation to
further investigate the DHX30-related NDD and to shed light on the physiological role of DHX30 in cellular
RNA metabolism, an aspect which has been almost unexplored so far.

Therefore, the main purpose of the current work was to provide further understanding of the DHX30-related
NDD and novel insights into the role of DHX30 in the metabolism of RNA. Functional analysis of missense
mutations identified in DHX30 was performed to analyse the molecular and cellular dysfunction associated
with these mutations and to infer molecular and functional properties of DHX30-WT. Moreover, elucidating
the cellular function of DHX30 was beneficial for a better understanding of the pathomechanism underlying
the mutations in DHX30.

The observation that miRNAs can regulate formation and function of neuronal networks by modulating local
mRNA translation highlights the importance of gene regulation mediated by small ncRNA in the development
of the central nervous system (Rajman & Schratt, 2017). The main actor in the process of RNA interference
is AGO2 which, among the Argonaute proteins, is the only one capable of catalyzing the cleavage of the target
MRNA (Liu et al., 2004). So far, no genetic alterations in AGO2 have been described to be associated with any
human pathology. The recent identification of missense mutations in AGO2 in patients affected by
disturbances in neurological development has strongly motivated further characterization of the dysfunction
associated with AGO2 missense mutations.

Therefore, part of the current PhD work was dedicated to establish experimental conditions aiming to
provide molecular insights into how mutations in AGO2 affect human neurological development and cause
a Mendelian disorder.
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The Materials and Methods, and Results sections in this thesis are reported as part of the two
publications presented in Chapter 2 and Chapter 3.
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Chapter 2 | Germline AGO2 mutations impair RNA interference and human
neurological development
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Germline AGO2 mutations impair RNA interference
and human neurological development
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ARGONAUTE-2 and associated miRNAs form the RNA-induced silencing complex (RISC),
which targets mRNAs for translational silencing and degradation as part of the RNA inter-
ference pathway. Despite the essential nature of this process for cellular function, there is
little information on the role of RISC components in human development and organ function,
We identify 13 heterozygous mutations in AGO2 in 21 patients affected by disturbances in
neurclogical development. Each of the identified single amino acid mutations result in
impaired shRNA-mediated silencing. We observe either impaired RISC formation or
increased binding of AGO2 to mRNA targets as mutation specific functional consequences.
The latter is supported by decreased phosphorylation of a C-terminal serine cluster involved
in MRNA targel release. increased formation of dendritic P-bodies in neurons and global
transcriptome alterations in patient-derived primary fibrablasts. Our data emphasize the
importance of gene expression regulation through the dynamic AGO2-RNA association for
human neuronal development.

A list of authors and their atiiliations appears at the end of the papsr
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transcriptional regulation of gene expression. Precursors
of microRNAs (miRNAs) are transcribed, processed into
mature miRNAs and loaded onto Argonaute (AGO1-4) proteins
to form the RNA-induced silencing complex (RISC)'. Each
miRNA may recognize a set of target mRNAs by base pairing?,
which leads to translational silencing and mRNA degradation in
cytoplasmic structures referred to as processing (P-) bodies®5.
Biallelic Joss of Ago2 leads to early embryonic lethality in mice
exhibiting various development defects including anomalies
of the central nervous system®. Therefore, accurate regulation of
gene expression by the RNA interference pathway seems to be
of utmost importance for proper development and maintenance
of complex neural circuits’*. However, so far no genetic altera-
tions in the gene encoding for AGO2 have been described which
are associated with any human pathology. Thus, it still remains
largely elusive how RNA interference, and especially domains of
AGO2 or local sequences down to single amino acid residues,
regulate human organismal development and function.,
Here, we demonstrate that germline AGO2 mutations affect
human neurological development and provide molecular insight
into how AGO2 dysfunction causes a human Mendelian disorder.

RNA interference is a major mechanism for post-

Results

Identification of patients bearing germline AGO2 mutations.
During trio whole-exome sequencing of a cohort of 50 children
affected by developmental disturbances and neurological mani-
festations of unknown etiology”, we identified a patient bearing a
de novo missense mutation p.L192P in AGO2 (NM_012154.5).
Based on the ExAC and gnomAD sequencing data, AGO2
is one of the most missense-intolerant genes in the human gen-
ome, ranked 15 and 30 respectively. Its Z scores of 7.696
(ExAC dataset) and 6.058 (gnomAD dataset) are far higher than
the average Z score for genes involved in developmental

disorders'®!2. Only two AGO2 non-synonymous alterations (p.
G88V and p.E186K) with an allele frequency of more than 0.0001
are deposited in ExAC and gnomAD datasets. Moreover, the p.
L192P variant was not present in publicly available datasets
(dbSNP, ExAC and gnomAD), had a high in silico pathogenic
prediction score (CADD_Phred of 27.1) and changed a highly
conserved residue (Supplementary Fig. 1). Furthermore, a pre-
vious study aiming to identify de novo variants in 20 individuals
with sporadic non-syndromic intellectual disability identified a de
novo p.L190P in AGOI'?. The leucine at position 192 in AGO2
corresponds to the leucine at position 190 in AGOI (Supple-
mentary Fig. 1). In addition, five individuals affected by neuro-
developmental disturbances bearing a deletion that encompasses
both AGO! and AGO3 have been documented previously'®.
These findings motivated us to search for further cases carrying
heterozygous AGO2 variants utilizing both the internet-based
GeneMatcher tool'®, and direct contact to our network of
collaborators.

This approach led to identification of altogether 21 patients,
including our index patient, affected by mild to severe global
neurodevelopmental delay, whao were discovered either by whole-
exome sequencing or microarray-based comparative genomic
hybridization. Eleven missense mutations, one in-frame deletion
(Fig. 1a) and a 235.3-kb deletion involving the first three exons
occurred de novo (Fig. 1b). In addition, one of the missense
mutations (p.T357M) was transmitted from a similarly affected
mother. Five mutations (p.L192P, p.G201V, p.T357M, p.M364T,
p.C751Y) were recurrent. None of the mutations were present in
publicly available datasets, and similarly to p.L192P, all missense
mutations display high in silico pathogenic prediction scores
(mean CADD_Phred of 29.1) and change highly conserved
residues (Supplementary Data 15 Supplementary Fig. 1). Thus, the
genetic data, especially the recurrence of mutations, already
provide strong evidence for their pathogenicity.
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Fig. 1 Location of identified AGO2 germline mutations, a Domain structure of AGO2 and position of the single amine acid mutations using the structure of
human AGO2 in complex with a miRNA and a target RNAZ2, Guide and target RNA are depicted in orange and red, respectively. The recurring mutations
are designated in brackets. b Genomic region, chrB.hg19:g.(141,582.269-141,817,600)del, of the 235.3-kb deletion identified in case 21, invelving the first

three AGOZ2 exons and the last 23 PTK2 exons.
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Table 1 Summary of clinical findings in individuals bearing
AGO2 mutations.
Amount Percentage
Neurological signs
Intellectual disability /21 100 %
Motor developmental delay 22 100%
Impaired speech development 221 100%
Impaired receptive language 1313 100%
Muscular hypotonia 12/21 57%
Autistic features 9/16 56%
Cerebral MRI abnormalities 9/16 56%
Gait abnormalities 10/18 55%
Attention deficit hyperactivity disorder 8/15 53%
Seizures 8/18 44%
Strabism 2 33%
Visual impairment 6/21 29%
Abnormal respiration 5/19 26%
Agressive behavior an7 24%
Myopia/Hyperopia 4/21 19%
Craniofacial abnormalities
Epicanthic folds w2 52%
Thin upper lip w2 52%
Dental anomalies 9/19 A7%
Frontal bossing 9/21 43%
Open mouth appearance 9/21 43%
Deep set eyes 9/21 43%
Upslanting palpebeal fissures 6/21 29%
Congenital anomalies of the skull 6/21 29%
Helix anomalies 5/ 24%
Broad nasal bridge 3721 14%
Other findings
Neonatal feeding difficulties 12/19 63%
Skeletal anomalies 9/19 a47%
(Gastroesophageal reflux 719 37%
Heart anomalles 6/18 33%

The 21 individuals show overlapping phenotypes, summarized
in Table I, and in more detail in Supplementary Note 1 and
Supplementary Fig. 2. All individuals displayed intellectual
disability, albeit of variable degree, as well as delayed motor
development, impaired speech and receptive language develop-
ment (13/13). Twelve patients had hypotonia (57%) and ten had
gait abnormalities (10/18, 55%). Nine patients (9/16, 56%)
showed features of autism spectrum disorder, including stereo-
typic and hand-flapping behavior, eight patients (8/15, 53%)
showed features consistent with attention deficit hyperactivity
disorder, and four (4/17, 24%) developed aggressive behavior,
predominantly upon entering puberty. Eight patients developed
seizures (8/18, 44%). Brain anomalies on MRI, mainly affecting
the corpus callosum, were observed in nine patients (9/16, 56%).
Vision problems included visual impairment in six (29%),
strabismus in seven (33%) and myopia or hyperopia in four
(19%) patients. Various breathing abnormalities were observed in
five (5/19, 26%) and included central apnea in the postnatal
period (observed in both cases carrying the p.L192P mutation),
sleep apnea and hypopnea. Craniofacial abnormalities included
epicanthic folds (57%), thin upper lip (52%), frontal bossing
(43%), open mouth appearance (43%), deep-set eyes (43%),
upslanting palpebral fissures (29%), congenital anomalies of the
skull (29%) including plagiocephaly (5/21) and scaphocephaly (1/
21), various ear helix anomalies (24%) and broad nasal bridge
(14%). Dental anomalies were observed in nine (9/19, 47%).
Twelve had neonatal feeding difficulties (12/19, 63%). Skeletal
anomalies, not including congenital anomalies of the skull, were
observed in nine patients (9/19, 47%). Notably, all three
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individuals carrying the p.C751Y mutation had bilateral clin-
odactyly of the 5th finger. Seven individuals experienced
gastroesophageal reflux (7/19, 37%). Heart anomalies were
observed in six patients (6/18, 33%), whereas three of them had
patent foramen ovale,

Spatial clustering of residues affected by germline AGO2
mutations. AGO2 consists of N-terminal (N), Piwi/Argonaute/
Zwille (PAZ), middle (MID) and PIWI (P-element induced
wimpy testis) domains which are connected by linker regions L1
and L2 (Fig. la). The N domain is indispensable for RNA
unwinding during RISC formation'®, The PAZ domain binds to
the 3' end of the guide RNA and is involved in RISC
activation! 1%, The MID domain provides a binding pocket for
the 5" end of the guide RNAs'. The PIWI domain harbors a
conserved catalytic core that cleaves the passenger strand, med-
iates protein-protein interactions needed for the enrollment of
GW182, and regulates the interaction between RNA and the MID
domain?’?!, Binding determinants for miRNA (in the AGO2/
miRNA RISC) and the structural changes occurring upon
engagement of mRNA targets have been identified through
structural analyses’>?. An a-helical segment in the L2 linker
(helix-7, residues 359-369) is responsible for the proper posi-
tioning of the guide RNA during scanning of target mRNAs; here,
residue 1365 intercalates between guide RNA bases and induces a
conformational change which is required for rapid target recog-
nition!, We identified three mutations in helix-7: p.T357M (four
patients), p.M364T (two patients) and p.A367P. All three residues
face towards the L1 linker and are in close spatial proximity to
L192 in L1, mutated in two patients (p.L192P). Upon target
mRNA recognition, helix-7 and the PAZ domain move relative to
the rest of the protein by 4 A, to accommodate the target mRNA
strand??, The hinge for this movement is partially localized at the
base of L1, where we identified p.F182del, p.G201C, p.G201V
(two patients) and p.H203Q; this is a region of the protein which
has previously been implicated in the unwinding of RNA
duplexes'®. Finally, mutations p.G733R, p.C751Y (three patients,
including monozygotic twins) and p.S760R affect residues which
are in direct contact to each other, and located at the base of a
loop in the PIWI domain which binds to the minor groove in the
guide/target duplex?”. Thus, we identify three spatial clusters of
mutations: at the helix-7/L1 interface, at the hinge region of L1,
and in a loop in PIWI which recognizes the guide-target duplex
(Supplementary Fig. 3). Only p.G573S affects a residue outside of
these clusters at the C-terminal end of the MID domain (Fig, la).
In addition, the de novo (as determined by qPCR analysis) long-
range deletion affecting the first three AGO2 exons (Fig. 1b) is
likely to result in haploinsufficiency (Supplementary Fig. 4),
similar to deletions affecting both AGO! and AGO3'.

AGO2 germline mutations impair shRNA-mediated silencing.
To analyze how single amino acid mutations affect AGO2 func-
tion, we deleted AGO2 in human HEK293T cells using CRISPR/
Cas9-technology. Complete loss of AGO2 was confirmed by
Western blotting (Supplementary Fig. 5). We used three ShRNAs
which had been established before in the lab and shown to be
effective in reducing expression of Shank3, §-catenin and DDX1,
respectively. In line with the previously established essential role
of AGO2 in shRNA-mediated gene silencing®, strongly reduced
silencing activity was observed for these shRNAs in AGO2 defi-
cient cells, as they did not silence coexpressed Shank3 (Fig. 2a),
DDX1 (Fig. 2b) and §-catenin (Fig. 2c and Supplementary Fig. 6)
mRNAs. Re-expression of WT-AGO2 efficiently rescued this
phenotype, with residual expression of target proteins Shank3
of about 20%, and DDXI and 6-catenin of <2% compared to
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AGO2-deficient cells. All mutants were significantly less efficient
than WT AGO2 in Shank3 silencing, whereas only some of the
mutations showed significant effects for DDX1 and §-catenin
(Fig. 2a-e), suggesting target mRNA specific effects of some
mutations, We further used this experimental system to investi-
gate whether AGO2 variants may exert a dominant-negative effect

4 NATURE COMBLINI

on the function of the WT AGO?2 protein. Notably, we observed
that knockdown of DDX1 expression by the DDX1 shRNA in the
presence of F/H-tagged WT AGO2 was not affected by coex-
pression of selected mutant GFP-tagged AGO2 (p.L192P; p.
M364T or p.G733R; see Fig. 2f). Thus, these data suggest that, at
least the analyzed mutants, result in a loss-of-function,
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Fig. 2 Germline AGO2 mutations impair shRNA-mediated silencing. a-c AGO2-deficient HEK293T cells were transfected with mRFP-Shank3 (a), mRFP-
DDX1 (b), or GFP-tagged 5-catenin (¢) along with shRNA constructs targeting Shank3 (a; in pLVTHM vector coexpressing GFP), DDX1 (b; in pSuper) or 8-
catenin (¢; also in pSuper), and Flag/HA-tagged (Shank3, 6-catenin) or GFP-tagged (for DDX1) AGO2 variants as indicated. Efficient transtection (70 %
of cells) was verified by fluorescence microscopy using approprizte fluorophores (GFP in (a) and (b); RFP in {c). Cells were lysed and lysates were analysed
by Western Blotting using the antibodies indicated. In each case, each experiment was repeated eight times with similzr results. d Quantification of the
representative immunoblots shown in (a-¢). The expression levels are relative to those in control cells without an AGO2 construct (first lane in each

immunaoblot). e Quantification of a second set of AGO2 mutants. For (d, e), data are means + SEM, Data for mutant and contral conditions were compared
towt, *, **, ***p<0.05, 0.0, 0.001, respectively; n = 8 biologically independent experiments in (d); cne-way-ANCVA, fallowed by Holm-Sidak's multiple
comparisons test; n = 6-14 biologically independent experiments in e for Shank3; mixed-effects analysis, followed by Holm-Sidak” multiple comparisons
test; n = 6 biologically independent experiments in (e} for &-catenin; one-way ANOVA, followed by Dunnett's multiple comparisons test. f Knockdown of

DDX1 with DDX1 shRNA was performed as in (b}, but using F/H-tagged AGO2 in combination with GFP, or in combination with GFP-tagged AGO2
variants. Note that the GFP-tagged AGO2 mutants do not interfere with the knockdown capacity of F/H-AGO2 WT. n = 8 biologlcally independent
experiments; data are means +/— SD; ****p < 0.0001; ane-way ANOVA, followed by Dunnett’s multiple camparisons test, Source data are provided as a

Source Data file.

As the abovementioned experiments were performed by
overexpression of AGO2 variants, we next carefully calibrated
our experimental system over a wide range of WT AGO2
concentrations, In brief, we transfected different amounts of
AGO2 expression vectors into the AGO2 deficient cells, while
keeping amounts of cotransfected shRNA (for §-catenin) and
target vector (GFP-§-catenin) constant. AGO2 expression relative
to native HEK293T cells ranged from 54 % for WT AGO2, when
the lowest concentrations of DNA was used (0.1 pg), to an about
20-fold overexpression when 1 pg was transfected into each well
of a 12 well plate (Supplementary Fig. 6). Interestingly, the
silencing efficiency of WT AGO2 was maintained almost
unaltered over this wide range of concentrations, Even at
expression levels which are lower than those in unmodified
HEK293T cells, efficient downregulation of 8-catenin was
observed. Importantly, both at low and at high concentrations
of AGO2, differences between WT and mutant forms of AGO2
were maintained, such that even at more than 10-fold over-
expression, the p.F182del, p.LL192P, and p.G733R variants did not
silence as efficiently as AGO2 WT at its lowest concentration
(Supplementary Fig. 6).

We conclude from these titration experiments that strong
differences between WT and mutant forms of AGO2 are observed
at physiological levels of the protein (i.e., at levels found in the
non-modified HEK293T cell Tine).

RISC formation is differentially affected by germline AGO2
mutations. Having established a functional deficit for all single
amino acid mutations, we used a spectrum of assays to determine
which step of the miRNA pathway might be affected. We tested
the ability of AGO2 variants to interact with DICER, the protein
responsible for pre-miRNA processing and loading of the mature
miRNA onto AGO2 (Supplementary Fig, 7), and with the pro-
teins of the TNRC6 family that associate with AGO proteins
during miRNA-guided gene silencing (Supplementary Fig. 8). We
further assessed the capacity to bind to an endogenous miRNA
(miR19-b) in HEK293T cells (Supplementary Fig. 8), the nuclease
or slicing function of the AGO2 variants in in vitro cleavage
assays using a radiolabeled substrate’ (Supplementary Fig. 9),
and the ability to silence a luciferase-based reporter mRNA in
Hela cells (Supplementary Fig. 10). Finally, correct targeting of
AGO2 to P-bodies™7 was investigated in U208 cells (Supple-
mentary Fig. 11). In these assays, most mutants performed similar
to WT-AGO2, with the exception of p.G733R, which appeared to
be non-functional in almost every aspect tested. Thus, mutations
i AGO2 have two tunctional consequences: first, in the majority
of the mutants, basic aspects of RISC formation and AGO2
function are not affected, and second the p.G733R mutant
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exhibits a loss-of-function in almost every assay, likely similar to
the anticipated effect of the here identified 235.3-kb deletion.

Reduced phosphorylation and altered mRNA target release of
germline AGO2 mutations. AGO2 function is regulated by
protein kinases whereby phesphorylation at Ser387 by AKT3
favors translational repression of targets over degradation®,
Importantly, phosphorylation of a C-terminal cluster (S824-5834)
by casein kinase al (CSNK1AL) is associated with the final step of
AGO2-mediated mRNA repression, which enhances the release of
the target mRNA from the RISC complex*®", We measured
phosphorylation of Ser387 and the C-terminal cluster upon
immunoprecipitation of AGO2 from HEK293T cells, followed by
quantitative mass spectrometry. Phosphorylation of 5387 was not
altered, whereas phosphorylation of the C-terminal cluster was
strongly reduced in all mutants tested, except for p.H203Q
(Fig. 3a). By performing qRT-PCR on RNA samples isolated from
AGO2 immunoprecipitates, we further observed that all mutants
exhibiting reduced phosphorylation of this cluster also showed an
increased association with a set of known target mRNAs, with the
exception of p.G733R, which did not bind any mRNAs further
supporting a complete loss of function of this mutant (Fig, 3b).
These data further corroborate the link between phosphorylation
of the $824-5834 cluster and the mRNA release from AGO2%30,
and indicate a slower release of the majority of the identified
AGO2 mutants from target mRNAs. Thus, we suggest a model in
which a reduced phosphorylation of the C-terminal serine cluster
of most of the disease-causing mutants coincides with reduced
target release and thus an extended dwelling time of the AGO2
mutants on their targets.

Molecular dynamics simulations suggest an effect of germline
AGO2 mutations on AGO2 unwinding function. To further
clarify the effect of AGO2 mutations, apart from the clear loss-of-
function mutation p.G733R, we performed non-biased molecular
dynamics (MD) simulations, Our goal was to gain further insight
into the effect of the above-mentioned mutations in apo-AGO2
and AGO2-RNA complexes. As a positive control, we included p.
F181A which was shown before in an alanine scanning muta-
genesis to reduce the unwinding of both siRNA and miRNA
duplexes'®. As a negative control, we included p.E186K, one of
the two common non-synonymous AGO2 variants found in
public repositories. AGO2 mutations were simulated in five states
corresponding to different complexes along RISC formation: (i)
apo-AGO2; two AGO2 complexes with guide RNA (core-RISC),
namely intercalating (ii; int core-RISC) and non-intercalating (iii;
non- int core-RISC); and two AGO2 complexes with guide-target
duplexes (holo-RISC) with fully matched seed region (iv; g2-7
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Fig. 3 Reduced target dissociation of AGO2 germline mutants. a 293 cells were transfected with F/H-tagged AGO2. After immunoprecipitation,
phosphorylation of 5824 3lone, of the $824-5834 cluster and of $387 was measured by a targeted quantitative mass spectrometry approach (Selected
reaction monitoring with Isotopically labeled spike-in peptides). The y-axis represents the percentage of individual phosphorylated peptide species
assuming the sum of singly, multiply and non-phospharylated peptides to be 100%. Significance was assessed by twe-sided Student's ¢ test in relation to
WT. n= 3 biologically independent experiments. Data are presented as mean + SD. *, **, *""p< 0.05, 0.01, 0.001, respectively. b RNA was isolated from
F/H-AGO2 immunoprecipitates and analyzed by gRT-PCR using primers for the genes indicated. The significance was assessed by two-sided Student's t
test in relation to WT, n =3 biologically independent experiments. Data are presented as mean + SD. *, **, **"p<0.05, 0.0, 0.001, respectively. Source
data are provided as a Source Data file.
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Fig. 4 Molecular dynamic simulation of effects of AGO2 mutations. a Distance between the Cu atom of 1365 and the glycosidic N atom of the g7 residue
of the guide (13650-g7(N)). Populations of all core-RISC trajectories were normalized to the same bin number (60). Black and orange dashed vertical lines
denote the reference X-ray structures of the inf and nonint core-RISC states (40LA and 4WSN, respectively). The red dashed line denotes the X-ray

structure of the helix-7 mutant (SWEA). b Distance between the c.o.m, of t

he 3'-end of the guide and the c.o.m. of the PAZ domain (g21-PAZ) along the

trajectories of ail RNA-bound states. Note that the relatively short length of the individual MD trajectories could affect the results. Color code of the states
in both a and b panels: apo-Ago2— green, int core-RISC—gray, nonint core-RISC—orange, g2-8 holo-RISC—magenta and g2-7 holo-RISC—Dblue, ed motion
af the helix7 and the PAZ domain along the open-closed mode (left panel, gray scale histogram). The histograms are calculated by concatenating the last
100 ns of non-biased trajectory of each variant with mismatched RNA duplex. Calored circles depict the maximum population density of each trajectory.
Black cross denotes the maximum population density of the WT AGOZ with guide RNA, Right panel: population histagrams on a7-MID corresponding to
the maxima on the left panel. Equivalent analysis of the variants in in complex with a fully matched seed duplex is shown on Fig. S16.

holo RISC) or with a mismatch at position 8 of the guide (v; g2-8,
holo RISC). The underlying structures and pdb codes are listed in
Supplementary Fig. 12, This large number of simulations (12
AGO2 variants in five different states) was chosen as an initial
screening approach to identify possible alterations in mutant forms
of AGO2; however, this large number also precluded detailed
quantitative measurements. Among the simulated complexes, the
mutations appeared not to uniformly affect the population dis-
tributions on this conformational mode. Principal component
analysis of apo-AGO2 trajectories suggested that only two muta-
tions, p.L192P and p.F182del, affected global protein dynamics. The
predominant conformational mode of these two variants deviated
from the open-closed mode, previously described as the most
pronounced conformational mode of AGO proteins®’ (Supple-
mentary Fig. 13). Further, analyses of the non-biased MD trajec-
tories of RNA-bound complexes suggested two effects: (i) a
compromised interaction in the int core-RISC state between helix-7
and g7 which was observed for the mutations p.G201C, p.H203Q,
p-M364T, p.A367P and p.S760R, similar to the p.FI81A positive
control (Fig. 4a); and (ii) a loss of anchoring of the 3-end of the
guide (g21) at the PAZ domain, observed for all patient-derived
mutations apart from the p.C751Y in at least one simulated state
(Fig, 4b). The first effect (on the helix-7-g7 interaction) is somewhat
reminiscent of a previously reported mutation in helix-7, which was
shown to affect rapid target recognition by RISC*'. The 1365a-g7
distance derived from the 3D structure of this mutant was therefore
included here in Fig. 4a for comparison.

Based on these findings, we next addressed the guide-target
duplex unwinding function of AGO2. First, we performed 360ns-
long 1D metadynamics (MetD) simulations of WT and p.L192P
in the duplex-bound complex, in which we enhanced sampling of
1365 intercalation between g6 and g7 using 13656-g(6,7) distance
as a collective variable (see Supplementary Fig. 14a for the
definition of collective variables), Here, we used the energy
potentials deposited during the MetD simulations to induce
intercalation-mediated partial duplex unwinding, as we could not
calculate the free energy profiles of intercalation. Therefore, the
MetD here provides only a qualitative picture of the possible
unwinding mechanism, allowing us to speculate which aspects of
JATURE AL
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this process are altered by the patient-derived mutations. As a
simplified metric of the unwinding progress, we used mean guide-
target duplex width (<C1-C1'>) (Supplementary Fig. 14b).
During unwinding, helix-7 appears to move towards the MID
domain and ‘squeeze’ the RNA duplex at base pairs gd-g7
(Supplementary Fig. 14a, 14c), thereby pushing the two RNA
strands apart (Supplementary video 1). In WT-AGO2 the highest
duplex width reached is slightly larger than in p.L192P (=13 A vs.
~11.54, respectively), as helix-7 in WT-AGO2 shifted closer to
the MID domain (Supplementary Figs. 14b and 15). However, the
nature of this analysis allowed only for the qualitative comparison
between WT and p.L192P. The movements of the PAZ domain
and helix- 7 towards the opposing AGO2 lobe (MID and PIWI
domains) are concerted (Fig. 4c, gray histogram in the back-
ground), corroborating previous suggestions®*+2,

Population distributions of the non-biased MD trajectories of
variants bound to a mismatched duplex (g2-7 holo-RISC) suggest
that compared to WT-AGO?2, helix-7 shifted further away from
the MID domain—an effect that seems to be common among all
AGO2 mutants (Fig. 4c; see also Supplemental Fig. 16).
Furthermore, the helix-7-MID distance appeared larger also for
the p.F181A positive control (~1.6 A larger than WT), but not for
the common non-synonymous AGO2 variant p.E186K. More-
over, a similar effect is also observed when we manually removed
the guide 3’-end from the PAZ domain of the duplex-bound state
(WTA(3'-PAZ) in Fig. 4c). This provides a further link between
loss of anchoring of the guide 3-end at the PAZ domain,
observed for almost all here identified mutations, and AGO2-
mediated guide-target duplex unwinding™. Taken together, based
on our simulations, we hypothesize that the mutations identified
in patients, apart from p.G733R, lead to reduced target release
due to impaired AGO2 unwinding function. However, one should
keep in mind that our data are mostly qualitative, and further,
more quantitative simulations will be needed to completely
dissect how the mutations in AGO2 affect unwinding.

AGO2 germline mutations lead to aberrant density of dendritic
P-bodies. GFP-tagged WT-AGO2 and a representative set of
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Fig. 5 AGO2 germline mutations lead to an increased number of dendritic P-bodies. a Primary cultured murine hippocampal neurons were transfected
with GFP control or GFP-AGO2 WT and variants and Tomate-red, Staining for the dendritic marker MAP2 1s shown in gray, inserts display the GFP signal in

cell bodies. Boxed areas are magnified b

v for GFP- and MAP2 signals. Arrows indicate dendritic GFP-AGO2 clusters. Similar results were obtained in

three independent biological experiments; resuits are quantified in (¢, d, @). Scale bars: 20 ym in overview pictures; 5 um in inserts. b Neurons expressing
GFP-AGO2 were co-stained for Depla. Similar costaining results were abtaiped in two biologically independent experiments for wt and F182del, L192P and
M364T mutants, with 30 cells analyzed per experimental condition Scale bar: 5 pm. c-e Quantification of GFP-AGO2 clusters in cell bodies (c), GFP-AGO2

clusters in dendrites (d), and primary dendrites per cell (e). Data for mutant and control conditions were compared to wt
Brown-Forsythe and Welch cne-way-ANOVA, followed by Dunnett's T3 multiple comparisons test, n

Source Data file

identified mutations were expressed in primary cultured rat
hippocampal neurons, Cells were stained for the dendrite marker
MAP2 (Fig. 5a), synaptic marker Shank3 (Supplementary
Fig. 17), and the P-body marker Dcpla (Fig. 5b). WT-AGO2
formed multiple clearly isolated punctae in cell bodies and
throughout dendrites, consistent with previous observations®*-3¢,
This pattern was maintained for p.F182del, p.L192P and p.
M364T mutants but not for p.G733R, which appeared entirely
diffuse similar to the GFP-control protein (Fig. 5a). In agreement
with the data from non-neuronal cells (Supplementary Fig. 11),
all GFP-AGO?2 puncta were identified as P-bodies by co-staining
for Depla (shown for WT in Fig, 5b). Importantly, we found that
whereas the number of AGO2-containing granules in neuronal
cell bodies was not affected by the mutations (Fig. 5c), the density
of dendritic P-bodies was almost doubled upon expression of
mutants p.F182del, p.L192P and p.M364T (Fig. 5d). We conclude
that the reduced phosphorylation at the C-terminal serine cluster,
and the delayed dissociation from mRNA targets leads to an
increased presence of AGO2 at dendritic P-bodies. This indicates
that mutations in AGO2 lead to impairment of local translation
that may result in altered plasticity in response to synaptic
activity’*-%. Morphological analyses showed that neurons
expressing WT, p.F182del, p.L192P and p.M364T exhibited a
reduced number of dendrites compared to GFP-control and p.
G733R (Fig. 5a, ¢). It has been shown previously that expression
of WT-AGO?2 is capable of reducing dendritic complexity*”, and
again only the p.G733R failed to do so. The number of Shank3
positive clusters in dendrites was similar for all variants, indi-
cating that synaptogenesis is not affected by over-expression of
WT-AGO2 and the AGO2 mutants (Supplementary Fig. 17).

“p<0.05, 0.07, respectively;
3; mean £ SD). Source data are provided as a

Global transcriptome alteration in primary fibroblasts of
AGO2 patients. Given the major role of AGO2 in post
transcriptional regulation of gene expression, we next assessed
global changes in the transcriptome in patient-derived primary
dermal fibroblasts. RNA sequencing was performed of primary
dermal fibroblasts obtained from two patients bearing the p.
L192P (cases 2 and 3) and one patient with the p.A367P mutation
(case 14). We compared the expression patterns of the protein-
coding transcripts to fibroblasts from age-matched individuals,
who were cither unaffected or bear a causative mutation unrelated
to AGO2. More than 770 genes were differentially expressed (DE)
in case 2 compared to his three age-matched controls, whereas
more than 1500 genes were differentially expressed in both cases
3 and 14, each of which was compared to a single age-matched
control, 485 DE genes overlapped between cases 2 and 3, who
bear the identical de novo p.L192P mutation (Supplementary
Data 2 and 3), All three AGO2-patients shared 164 commonly DE
genes (Fig, 6a, b, Supplementary Data 4), suggesting common but
also mutation-specific effects. Gene ontology enrichment analysis
of the commonly DE genes revealed enrichment for terms related
to mitosis and cell cycle regulation (Supplementary Data 5),
which is in line with the previously described function of AGO2
in regulating accurate chromosome segregation and cell cycle
progression”©=7,

Discussion

In this study, we present clinical and molecular findings in 21
individuals bearing heterozygous AGO2 mutations, accompanied
by in-depth functional characterization of identified missense
mutations. All individuals exhibited intellectual disability and
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Fig. 6 Global transcriptome alteration in primary fibroblasts of AGO2 patients. a_ b \Venn dizgram of upregulated (a) and downregulated (b) transcripts
in tibroblasts isolated from AGO2 patients (cases 2, 3, and 14) compared to five age-matched controls. The number of the upregulated (a) or
downregulated (b) genes in all three cases are marked red, whereas deregulated genes in both cases bearing the pL192P mutation are marked yetlow

developmental delay, including delayed motor development and
impaired speech development. Moreover, more than half of the
patients had neonatal feeding difficulties and hypotonia. The
majority of the patients presented with behavioral abnormalities
including features of autistic spectrum disorder and attention
deficit hyperactivity disorder. Some individuals developed
aggressive behavior upon entering puberty. Seizures were a fur-
ther common finding, observed in almost half of the individuals
described here, Although most displayed some dysmorphic fea-
tures, we did not observe a recognizable facial pattern. An
increased incidence of skeletal and heart anomalies was noted.
Interestingly, five individuals presented with plagiocephaly, a
feature which may be related to hypotonia in four individuals.
Furthermore, some specific clinical signs and symptoms were
observed exclusively in individuals bearing the identical mutation.
These include bilateral clinodactyly of the 5th finger as well as
misaligned or crowded teeth with large incisors in all three
individuals carrying the p.C751Y, and central apnea in the
postnatal period in both individuals bearing the p.L192P. We
additionally observed some unique clinical signs and symptoms.
Individual 3 presented with a differential diagnosis of
Pallister—Killian syndrome, individual 14 had blue sclera, indivi-
dual 15 developed hydronephrosis, and individual 20 presented
with precocious puberty. Future clinical reports beyond the large
number of the affected individuals identified in this study will
both broaden genotype-phenotype correlations and likely identify
further mutation-specific clinical features.

Our functional analyses show a clear reduction of activity of
the here identified AGO2 mutations in an shRNA-based silencing
assay. This corroborated the in silico pathogenic predictions. In
several cases we observed only subtle changes, which is consistent
with the overall extreme intolerance of human AGO2 to muta-
tions. Thus, our data show that even minor deficits in AGO2
function are sufficient to elicit aberrant neurological develop-
ment. Currently, our characterization of selected mutations sup-
ports the view that they lead to a loss-of-function rather than a
dominant-negative effect (see Fig. 2f). This is consistent with the
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fact that so far only a single homozygous, non-synonymous
AGO2 variant carrier (bearing the p.G88V) is documented in the
gnomAD dataset.

Notably, one of the mutations identified here, p.G733R, stands
out from the others as it fails in almost every functional assay. We
assume that the substitution of the rather bulky and positively
charged Arg for the small Gly will cause structural perturbations
and local unfolding in the PIWI domain, thus leading to a
complete loss of function. In this respect, we predict it to be
functionally similar to the large chromosomal deletion observed
in patient 21, The deletion encompasses part of the AGO2 gene
and is likely to lead to haploinsufficiency. It does not only lead to
loss of the first 3 AGO2 exons, but also the last 23 exons of PTK2.
To our knowledge, no mutation in PTK2 has so far been con-
nected to any human disorder, Several individuals bearing het-
erozygous loss-of-function mutations in PTKZ have been
documented in the gnomAD dataset, Nonetheless, since no
additional individuals with similar AGO2 loss-of-function
mutations, (either a gross deletion, nonsense or frameshift
mutation), are known currently, we cannot deduce to which
extent the additional PTK2 deletion might be contributory. It is
worth noting that the clinical presentation of this individual
somewhat resembles children bearing a deletion that encom-
passes both AGO! and AGO3'%,

Currently, the pathomechanism of the p.G573S mutation
remains somewhat unclear. It is conceivable that the change from
glycine to serine, due to the difference in the physico-chemical
properties of these residues, may cause some local structural
changes and alter the interface between PIWI and MID domains.

Importantly, our analyses add physiological and pathological
significance to recent advancements in structural and mechanistic
understanding of ARGONAUTE proteins. The fact that most of
the pathogenic variants in AGO2 alter residues either in L1 or
helix-7 of L2, corroborate the structural analyses showing that
subtle movements at the interface between these two segments
determine the kinetics of target recognition®**!. Furthermore,
phosphorylation of the serine cluster at residues 824 to 834 has
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recently been shown to coincide with the fast release of targets
from RISC?*, In the AGO2 mutants, we observe reduced
phosphorylation of this cluster, which together with our MD
simulations indicate that the unwinding of guide-target duplexes
may be slowed down by mutations, due to reduced movement of
helix-7 towards the MID domain of the protein,

The reduced phosphorylation and enhanced binding to target
mRNAs of mutant AGO2 coincide with an enhanced appearance
of AGO2-positive dendritic P-bodies in neurons, as observed here
for p.F182del, p.L192P and p.M364T variants. This may con-
tribute to the neuronal phenotype seen in patients, as dendritic P-
bodies and the activity of AGO proteins in dendrites are believed
to contribute to synaptic activity®*=%, In particular, it is con-
ceivable that changes in dendritic P-bodies will alter the com-
plement of dendritic mRNAs which may be locally translated
upon synaptic stimuli. Further work will be needed to determine
how this affects neuronal function and morphology, as well as
synaptic plasticity, learning and memory.

Our observation that patient-derived fibroblast cells exhibit
global alterations of gene expression support the view that the
global transcriptome changes due to altered function of AGO2
protein. Interestingly, we observed enrichment for commonly
differentially expressed genes with broad roles in mitosis and cell
cycle regulation, including cell division, mitotic nuclear division,
sister chromatid cohesion, chromosome segregation, microtubule
binding and regulation of cell cycle, to highlight only a few.
Notably, the causal link of neurodevelopmental disorders and
genes encoding for proteins regulatin ? abovementioned processes
have been previously established ", 1t would be interesting to
delineate which of these biological processes are affected in
patient primary fibroblasts. Moreover, given the different organ-
and tissue-specific expression patterns, a further emerging ques-
tion is whether similar transcriptome changes will be observed in
iPSC-derived neurons from these patients or even in patient-
derived cerebral organoids. In addition, further studies are needed
to delineate changes in global miRNA expression and investigate
if these pathogenic mutations result in different RNA and miRNA
binding sites. These analyses will require extensive further work
and will be the main aim of our future studies.

Taken together, our study demonstrates that mutations
affecting a core component of the RNAi machinery are associated
with altered human neurological development, supporting pre-
vious observations that development and function of the nervous
system is particularly vulnerable to alterations in gene expression
patterns and their regulation’,

Methods

Research subjects. Written infe t for all wits obtained in
accordance with protocols approved by the respective ethics committees of the
institutions involved in this study (approval number by the Ethics Committee of
the Hamburg Chamber of Physicians: PV 3802). The authors affirm that the
research participants and their legal representatives, and in the case of minors the
parents or legal repr tves of the 1 research participants provided
informed consent for publication of the images in Supplementary Fig. 2.

ad ¢ Wi,

Genetic analyses. Some of the investigators presenting affected individuals in this
study were connected through GeneMatcher, a web-based tool for researchers and
clinicians working on identical genes'”. Whole-exome sequencing (WES) or trio
whole-exome sequencing (trioc-WES) experiments, data annotation and inter-
pretation were performed in nine different centers with slightly different proce-
dures. Trio-WES in families of cases 4, 6, 7, 8, 12, 13, and 16 was performed at the
Radboud University Medical Center in Nijmegen, the Netherlands®. Exome
capture was performed with the Agilent SureSelect Human All Exon v5 enrichment
kit (Agilent Te-.hnolog)es) Whole-exome saquem:mg was performed on the Tlu-
mina HiSeq pl {BGI, Copenh k) and the Hlumina Nova
Seq6000 (NSW Health Pathologv Randwuk Genomics, Sydney, Australia). Dat.t
were analysed with BWA (read alignment,} and GATK (variant calling) software
packages. Variants were annotated using an in-house developed pipeline.

10 NATURE MMM

Prioritization of variants was done by an in-house designed ‘variant interface’ and
manual curation. Trio WES in families of cases 11, 15, 19, and 20 and quad-WES in
o family of cases 17 and 18 were performed on exon targets isolated by capture
using the SureSclect Human All Exon V4 (50 Mb) or the IDT xGen Exome
Research Panel v1.0, Massively parallel {NextGen) sequencing was done on an
Mlumina system with 100 bp or greater paired-end reads. Reads were aligned to
human genome build GRCh37/UCSC hgl9 {for case 11 to GRCh38/UCSC hgas),
and analyzed for sequence variants using custom-developed analysis tools®. The
general assertion criteria for variant classification are publicly available on the
GeneDx ClinVar submission page (http://www.nebinlmnihgov/clinvar/
submitters/26957/). Trio-WES in the family of case 2 was performed using a
SureSelect Human All Exon 50 Mb V5 Kit {Agllent, Santa Clara, CA, USA), and
sequencing was performed on a HiSeq2500 system (Ilumina, San Diego, CA,
USA). Reads were aligned to the h genome bly hgl¢ (UCSC Genome
Browser} with Burrows-Wheeler Aligner (BWA, v.0.5.87.5), and detection of
genetic varation was performed using SAMtools (01,18}, PINDEL {v (.2.4t), and
ExomeDepth (v1.00)*, Trio-WES in family of case 14 was performed using
SureSelect Human All £xon 50 Mb kit (Agilent Technofogics, Santa Clara, CA) on
a HiSeq2500 system (Illumina, San Dicgo, CA, USA), In-house developed scripts
were applied to detect protein changes, affected splice sites and overfaps to known
variations, with filtering against dbSNP build 138, the 1000 Genomes Project data
build November 2014 and ExAC Browser (status from August 2019}, DNA of
case 9 and his unaffected father was sequenced SureSelect Clinical Rescarch Exome
V2 {Agilent Technologies, Santa Clam, CA) on a HlSquSOO system (Illumina, San
Diego, CA, USA). The raw data were analyzed using the Care4Rare analysis
pipeline®. DNA of case | and his parents were extracted from peripheral blood
using the Gentra Puregene Blood Kit (Gentra Systems Inc., Minneapolis, USA).
Quality and quantity were checked with NanoDrop Spectrophotometer (Nano-
Drop Technologies, Wilmington, USA). G lc DNA was frag | by soni-
cation to generate fragments of 200-500 base pairs, Library preparation was done
using Kapa DNA HTP Library Preparation Kit (KAPA Biosystems, 07138008001),
Hybridization of the adapter-ligated DNA was performed to a biotin-labeled probe
included in the Nimblegen SeqCap EZ Human Exome Kit (Roche, 06465692001).
Libraries were sequenced using the Humina Hiseq 2300 sequencing system and
paired-end 101 bp reads were generated for analysis. Tro-WES in family of case 3
was performed using the SureSelect Human All Exon V4 (50 Mb) kit (Aglent,
Santa Clara, CA, USA), and sequencing was performed on a HiSeq2500 system
(Hlumina, San Diego, CA, USA), Variants were identified using haplotype caller
within GATK and Frechayes. The intersection of the two variant callers were
annotated with SnpEff and loaded into a database using the GEMINI framework.
Annotations included predicted functional effect {e.g., splice-site, nonsense, mis-
sense), protein position, known clinical associations (OMIM, CLINVAR), mouse
phenotypes (MGI), conservation score (PhastCons, GERP), and effects protein
function (PolyPhen), CADD scores, and population allele frequencies (Exome
Variant Server and Exome Aggregation Consortium data). Trio-Wes in family of
case 5 was performed on MGISEQ-2000 platform (BGI-Wuhan, Wuhan, China).
DNA extraction as well as quality controls were performed using standard meth-
ods. Half a microgram of genomic DNA was randomly fragmented by Covaris.
Using Agencourt AMPure XP-Medium kit fragments of 150-250 bp were selected.
The fragments were then subjected 1o end-repair, 3’ adenylation and adaptors
ligation. After PCR amplification and purification, hybridization using BGI
Hybridization and Wash Kits were used. After a second PCR and recovering step,
the double stranded PCR products were heat-denatured and circularized by the
splint oligo sequence. The single-strand circle DNA (ssCir DNA) were formatted as
the final library. Library was qualified by Qubit ssDNA kit. The library was
amplified to make DNA nanobxall which have more than 300 copies of one
molecular. The DNBs were loaded into the patterned nanoarray and pair-end 100
bases reads were generated in the way of sequenced by combinatorial Probe-
Anchor Synthesis (¢PAS). The raw data were then transferred to Limbus {Rostock,
Germany) and bioinformatic secondary and tertiary analyses were performed using
the standard algorithms of GATK, SNVs and CNVs were then presented in a web-
based interface and evaluation was performed by experienced scientists Identified
candidate genes were then prioritized based on in-house scoring system.

Chromosomal Microarray Analysis in family 21 was performed using a 4x180 K
whole-genome oligonucleotide microarray following the manuficturer’s protocol
(Agilent Technologies, Santa Clara, CA, USA), Results were interpreted with
Cytogenomics software v3.0.1.1 (ADM2 method), A CNV was defined as at least
three contiguous oligonucleotides with an abnormal mean log matio (>0.25 or <
~0.25), GRCh37/hgl9 was used as the reference sequence.

Plasmids. An expression vector for GFP-tagged human AGO2 (in pEGFP-C1) was
obtained from Phil Sharp (MIT) via Addgene (#219817'), The vector for Flag/HA
(E/H) tagged human AGO2 has been described before?®, Mutations were intro-
duced by site-directed mutagenesis using the QuikChange 11 kit (Agilent; CA),
using complementary ollgonudeoudo.s Constructs were verified by Sanger

ing. For in neurons, the entire cDNA fragments coding for
GFP-AGO? fusion | proteins were subcloned into FUW vector which uses a ubi-
quitin promoter for driving expression, FUW was obtained via Addgene #14882
from D. Baltimore, Caltech,
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Antibodies. 1he following primary antibodics were used: Chicken anti-MAP2
(antibodies Onling; ICC: 1:1000); guinea pig anti-Shank3 (Synaptic Systems # 162
304; ICC: 1:500); rabbit monoclonal anti Depla, Abcam 2183709; 1CC 1:1000);
rabbit anti-Shank and anti-mRFP antisera have been generated by custom
immunization by Biogenes GmbH, Berfin, Germany. Anti-Dicer antibody (Bethyl,
1:1000), anti-HA antibody (Covance Research Products, clone 16812, 1:1000); anti-
AGO2 (EMD Millipore; clone 11A9; #MABE253; 1:1000); and anti-TNRC6ABC,
clone 7A9 (Merck Millipore) were used for protein detection in Western Blotting,
Secondary antibodies: Alexa fluor 633 goat anti-rb, Alexa 405 goat anti-chk IgG
{abcam), Abberior star red goat anti guinea pig were used at 1:1000 dilution,
Cell lines and transfections, HEK293T, U208 and Hela cells were obtained

peptides was built and imported into the open source software Skyline (MacCoss
lab software, Seattle, USA ). In Skyline, then a targeted method was built according
to the eccurrence of precursor charge states <2, +3, +4 during several DDA runs.
A&cr m:muu] inspection of MSZ spectrit at least 3 transitions were selected for each
. The resulting ition list was imported into the instrument software
(Annlys: 1.6.1) und the following parameters were set: Q1 and Q3 at unit resolution
(0.7 m/z half-maximum peak width), dwell time 20 ms, cycle time < 35, After
annotating peptide retention times from the initial SRM run and setting the
following parameters: cycle time: 25, retention time window: 5 min, a scheduled
bRM method was created in Skyline. Sample preparation of overexpressed and

from ATCC and cultured in Dulbecco's modified Eagle medium (DMEM;
ThermoFisher) supplemented with 10% fetal bovine serum (FBS; GE Healthcare)
and penicillin-streptomycin (100 U/ml and 100 mg/mL, respectively;
ThermoFisher) under 5% CO2 and at 37 °C. For deletion of the endog AGO2
gene, cells were transfected with a Crispr targeting construct in pLentiCrisprV2
(Genscript), carrying a guide sequence encompassing the AGO2 start codon (seq.:
5-GCCACCATGTACTCGGGAG-3'), Cells were selected with puromycin (2 pg/
mi) for several days. Absence of AGO2 expression was verified by Western blotting.
For silencing assays; cells were plated on 12 well dishes and transfected 4-6 h later
using Turbofect transfection reagent (3.5 ul/well). Cells were transfected with an
expression vector for & gene of interest (mRFP-Shank3, mRFP-DDXI, or GFP-
tagged §-catenin) in combination with an shRNA vector targeting the
corresponding mRNA. For this, shRNA constructs were generated in pSuper for
DDX1 and 8-catenin and in pLVTHM for Shank3 using target sequences
AGGAGGAGGACCTGATAAA (rat DDX1; bp 1633-1651 in NM_053414.1),
GCAACTATGTCGACTTCTA (mouse S-catenin; 4240-4258 in NM_008729.3)
and GGAAGTCACCAGAGGACAAGA (rat Shank3; 3794-3814 in
NM_021676.2), For each well either empty vector or AGO2-expression vectors
were added to the transfection mix (1 pg/well),

Primary human dermal fibroblast cultures were established from skin biopsics
taken from the three patients (cases 2,3 and 13) and four age-matched controls
(controls 1, 2, 3, and 5; aged 2, 2, 2, and 15 years at sampling, respectively), In
addition, control 4 (GMOIS87 aged 7 years at sampling) was obtained from Coriell
Institute, Primary fibroblasts were cultured in the same manner as the cell lines
mentioned above,

Primary dissociated hippocampal neurons isolated from embryonic (EIS) rats
were co-transfected after 7 days in vitro (DIV7) with GFP-AGO2 constructs (in the
FUW vector) and pmRFP-C1 using the calcium phosphate method™, The neurons
were fixed at DIVI4 and stained for endogenous Shank3 (postsynaptic marker);
MAP2 (dendritic marker) and DCP1a (P-body marker), RFP fluorescence was used
to verify successful transfection. All animal experiments were approved by, and
conducted in accordance with, the guidelines of the Animal Welfare Committee of
the University Medical Center (Hamburg, Germany) under permission number

Org766.

Microscopy. Confocal images of hippocampal neurons were acquired with a Leica
Sp5 confocal mlcmocupe using a x63 objective. Quanti analysis for imagy
was performed using [ J. Three independent experiments wcre performed for
all newron data, Primary dendrites were counted at 2 ring within 10 pm distance
from the cell body. 12-15 neurons per each condition were counted. For counti
postsynaptic Shank3 dusters, 12-15 neurons per each condition with a total of 45
branches were evaluated. For counting dendritic AGO2-clusters, these were
counted along entire dendritic branches. Cluster density was obtained by dividing
the number of AGO?2 clusters/P-bodies by um of dendrite length. 12-15 neurons
with a total of 36-45 dendrites per each condition were evaluated,

Immunoprecipitation (IP). For immunoprecipitation of overexpressed FLAG/HA-
tagged AGO2 proteins, anti-FLAG M2 affinity agarose gel (Sigma-Aldrich) was
used and washed twice with cold PBS before incubation with lysate. After incu-
bation of 2.5h at 4°C on a rotating wheel, the beads with bound proteins were
centrifuged for | min at 1000 x g and the supernatant was removed. For gRT-PCR
analysis, the affinity matrix was washed with NET buffer (50 mM Tris/HCI pH 7.5,
5mM EDTA, 0.5% NP-40, 10% Glycerol, 1 mM NaF, 0.5 mM DTT, | mM AEBSF)
=+ 300 mM NaCl twice, once with lysis buffer + 450 mM NaCl, once with 600 mM
NaCll, once with 450 mM NaCl, followed by washing with PBS once. For Western
Blot, Northern Blot and MS analysis, beads were washed three times with NET-
lysis buffer with 300 mM NaCl and once with PBS, Subsequent mass spectrometric
analysis was performed as described below'?.

Targeted quantification of AGO2 phosphorylation by SRM (Selected Reaction
Monitoring). Phospharylation levels of AGO2 vartants were quantified by
obtaining selected AGO2 phosphopeptides as well as their non-phosphorylated
counterparts as stable isotope-labeled and quantified spike-in standards from JPT
{Innovative Peptide solutions, Berlin) Y, The following PC1N-labeled peptides:
SASFNTDPYVR and SApSFNTDPYVR for detection of ph S387;
YHLVDKEHDSAEGSHTSGQSNGR and YHLVDKEHDpSAEGSHTSGOQSNGR
for detection of pS824; and YHLVDKEHDpSAEGpSHTpSGQpSNGR for detection
of the pS824/pS828/pS831/pS834 duster, were used to set up a SRM method on &
hybrid triple quadrupole/linear jon trap instrument (QTRAP4500, SCIEX). A
spectral library built from DDA {data-dependent analysis} runs of the heavy

ipitated Flag/H A-tagged Ago2 vanants was performed as follows: after
scpunllxon on SDS-PAGE AGO2 bands were excised, washed with 50 mM
NHHCO,, 50 mM NH,HCO3/acetonitrile {3/1), 50 mM NH4HCO¥ acetonitrile
(1/1) and lyophilized. AGO2 variant proteins were then subjected to overnight in
gel tryptic digest at 37 °C with =2 pg trypsin per 100 pl gel volume (Trypsin Gold,
mass spectrometry grade, Promega). Importantly, 100 fimol of each heavy peptide
were spiked into the digests, After digestion, peptides were extracted twice with
100 mM NH4HCO3, followed by 50 mM NH4HCO3 in 50% acetonitrile. The
combined cluates were lyophilized and reconstituted in 20 ul 1% TFA for LC-MS
analysis. The LC-MS/MS system consisted of an UltiMate 3000 RSLCnano System
(Thermo Scientific, Dreieich) coupltd vm a NanoSpray II source (SCIEX) to a
(QTRAP4500 mass spec ptides were sep d by reversed-
chromatography on an Acclalm Pcpmaploo C1i8 nano oulumn (75 pm id. x 150
mm, Thermo Fisher) with a CI18 Acclaim Pepmapl00 preconcentration column
(100 pm i.d. % 20 mm, Thermo Fisher) in front. At a flow rate of 300 nl/min, a 60
min linear gradient of 4-40% acetonitrile in 0.1% formic acid was used. SRM
measurements resulted inwiff files which were imported back into Skyline. By
calculating the heavy-to-light ratios of the peak arcas of the respective transitions
ubsolute quantification of endogenous phosphorylated or non-phosphorylated
peptides was facilitated. Relative quantification of phosphorylated AGO2 peptides
was performed in Excel by first calculating the absolute amount of either peptide
species, followed by adding up the of the non-modified peptide species
und the refated phosphorylated peptide species. A ing this sum to represent
100%, it was possible to calculate the percentage of the individual phosphopeptide
Species.

Quantitative real-time PCR (qRT-PCR). For qRT-PCR analysis of overexpressed
FLAG/HA-tagged AGO2 proteins, the affinity matrix after immunoprecipitation
was washed with lysss buffer + 300 mM NaCl in total twice, once with lysis buffer
+ 450 mM NaCl, once with 600 mM NaCl, once with 450 mM NaCl, followed by
wushing with PBS once. The RNA of Input and [P samples were isolated using
TRIzol (Thermo Fisher Scientific) and a second step with chlaroform. For cDNA
synthesis, | pg of the Input and complete RNA yield of the IP samples were first
digested with DNasel (Thermo Fisher Scientific). After the digest, cDNA was
synthesized using the First-Strand cDNA synthesis kit (Thermo Fisher Scientific),
following the manufacturer’s protocol. gRT-PCR was performed with Sso Fast
Eva Green Mix (Bio-Rad). NFIC, fwd 5-GACCTGTACCTGGCCTACTTIG, rev
5“CACACCTGACGTGACAAAGCTG F8AL fwd 5 GTTTGCGTCTGGGGA
GGAAT, rev 5-TGGTAACGTTCAGCCAACGA; HANDI, fwd 5-GGAGTCC
GCAGAAGGGTTAAA, rey 5-CGGGCAAGGCTGAAAATGAG; HOXCS, fwd
SLCGGAGACGCCTCCAAATTICT, rev 5-GCCTTGTCCTTCGCTACTGT. gRT-
PCRs were run on a CFX96 cycler (Bio-Rad) and data were analyzed using AACt
method™

For f.lmxly survey of case 20, gRT-PCR analysis of AGO2 and PTK2 mRNA was
performed using the kit LightCycler® 480 SYBR Green | Master following the
manufacturer’s protocol (Roche), with detection on a Roche LightCycler 480 Real-
Time PCR instrument (Roche Diagnostics Corporation, USA). SULFT was used as
reference gene for normalization. The primer pairs were: AGO2, fwd 5-GATATG
CCTTCAAGCCTCCA, rev 5 -AACTCTCCTCGGGCACTICT; PTR2, fwd 5'- 1G
GGTGAGCTCATCAACAAG, rev 5« GCCCAAGCATTTTCAGTCTT; SULFY,
fwd 5« CCOCCAAGAAATGGTCACTA, rev 5« CAGGCAAGACTGCCCTA
GAC. Data were analyzed using AACt method,

In vitro cleavage assay. The cap-*2P-labeling of target RNA perfect com-
plementary to the endogenous miR-19b, and the in vitro cleavage assay were
performed according to described protocols™?%, For this, 25% of the total
immunoprecipitate was separated for subsequent analysis by Western Blotting,
Thereafter, translation mix was added to a final concentration of 1 x translation
mix and the reaction was started by addition of cap-labeled target RNA. The
reaction was incubated for 1 h at 30 °C and stopped by addition of TRizol (Thermo
Fisher Scientific) and chloroform, shaking and centrifuging, followed by pre-
cipitation overnight at 20 “C in ethanol with 20 pg glycogen RNA grade (Thermo
Fisher Scientific). After pelleting, the RNA was resuspended in RNA sample buffer.

RNA sequencing and gene expression analysis of primary fibroblasts, Total
RNA was extracted with the RNAeasy mini kit (Qiagen) from primary fibroblasts
that were in all in the same passage 8. These included primary fibroblasts of three
patients bearing AGO2 mutation (cases 2, 3, and 14}, 4 age-matched individuals
affected by NDD not related to AGO2 ion, and an app ly healthy
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individual control 4 (GMO01887 aged 7 years at sampling) obtained from Coriell
Institute. RNA integrity and quality was assessed with Epoch Microplate Spec-
trophotometer (BioTek) and on 1% agarose gels. RNA purity was checked using
the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA concentra-
tion was measured using Qubit® RNA Assay Kit in Qubit* 2.0 Flurometer (Life
Technologies, CA, USA), RNA integrity was assessed using the RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Library
preparation and transcriptome sequencing were performed at Novogene. In brief, a
total amount of 3 pg RNA per sample was used as input material for the RNA
sample preparations. Sequencing libraries were generated using NEBNext* Ultea™
RNA Library Prep Kit for llumina® (NEB, USA) following the manufacturer's
recommendations and index codes were added to attribute sequences to each
sample. mRNA was purified from total RNA using poly-T oligo-attached magnetic
beads. Fragmentation was carried out using divalent cations under elevated tem-
perature in NEBNext First-Strand Synthesis Reaction Buffer (5x first-strand ¢DNA
was synthesized using random hexamer primer and M- MuLV Reverse an
scriptase (RNase H-, Second strand ¢cDNA synthesis was quently | |
using DNA Polymerase | and RNase H. Remaining overhangs were converted into
blunt ends via exonuclease/polymerase activities, After adenylation of 3' ends of
DNA fragments, NEBNext Adaptor with hairpin loop structure was ligated to
prepare for hybridization, In order to select cDNA fragments of preferentially
150200 bp in length, the library fragments were purified with AMPure XP system
(Beckman Coulter, Beverly, USA), Then 3 pl USER Enzyme (NEB, USA) was used
with size-selected, adaptor-ligated cDNA at 37 °C for 15 min followed by 5 min at
95"C before PCR. Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X} Primer. At last, PCR products
were purified {AMPure XP system) and library quality was assessed on the Agilent
Bicanalyzer 2100 sy The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using HiSeq PE Cluster Kit cBot-HS (1llu-
mina) according to the manufacturer’s instructions. After duster generation, the
library preparations were sequenced on an Humina Hiseq platform and 125 bp/
150 bp paired-end reads were generated. Quality trimming and adapter cutting
were performed using Cutadapt v2.5. Genome mapping In paired-end mode was
done using Bowtic2 v2.3.4.1 to the human genome GRCh38.p12. Read counts were
obtained using bedtools v2.26.0 ized per protein-coding gene using
annotation version GRCh38.97,

Differential expression (DE) analysis was performed by calculating expression
fold-changes for each gene in patients and compared to the age-matched controls.
To account for high variations among (human) individuals we set a threshold of
twofold difference to extract DE genes, Gene ontology enrichment analysis for
molecular function and biological process were obtained wsing the DAVID
tool v6.8.

Molecular dynamics simulations. WT-AGO2 and AGO2 variants were simulated
in the apo-AGO2 state and in four AGO2-RNA complexes using classical all-atom
MD (Supplementary Fig. 13). In total, 60 non-biased MD trajectories were
obtained; the minimal trajectory length in this set is 200 ns, with a cumulative
simulation time of ~17 ps. All MI» simulations were conducted in NAMD 2,12
using CHARMM36 force field®® in TIP3P*" water box. Production MD simulations
were performed in NVT ensemble using Langevin thermostat at standard condi-
tions with 2 fs integration step. Principal t analysis of Cartesian coor-
dinates ofpmlein Ca atoms was applied to obtain dominant conformational modes
using ProDv*. To induce helix7-mediated duplex unwinding and to probe helix?
movemnents upon pL192P mutation and perturbed guide-PAZ interactions, we
performed metadynamics (MetD) simulations (reviewed in ref. ), In the case of
non-tempered MetD of WT-AGO2 and p.L192P in the complex with a mis-
matched duplex, we aimed at inducing g6-g7 kink by enhancing sampling of 1365
intercalution between g6 and g7. l'hc samplmg of the collective variable (13656-g
(6,7)) was not restrained, leadt ide the grid for Gaussian
potentials deposition. Thus, the polcnuul of mean force (PMF) from this set of
MetD simulations cannot be used. Trajectories from not fully converged MetD
simulations can be used to obtain mechanistic insights but with some restrictions
us discussed in the original reference™. The setup and performance of all simu-
lations are described in detail in Suppl tary Methods. Colvar module of
NAMD was used for enhanced sampling simulations®!.

Statistical analyses, Statistical analyses were performed with Prism software
(GraphPad, San Diego, CA).

Reporting summary. Further information on research design is available in the Nature
Research Reporting § y lmked to this article,

Data availability

The RNA-seq data were submitted to GEO repository under the accession number
GSE141099. The mass spectroscopy d.un for quam;ftcuuon of AGO2 phoshorylation
have heen submitted to the peptid ey y under PASSOT561. The mw
whole-exome sequencing and miceoarry-based comparative genomic hybridization data
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that support the findings in affected individual cannot be made publicly available for

of patient confidentiality. Qualified researchers may apply for access to these
data, pending institutional review board approval. Cells are available upon signing a
material transfer agreement, The data supporting the findings of this study are available
from the corresponding authors upon reasonable request. Source data are provided with
this paper.
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Abstract

Background: We aimed to define the clinical and variant spectrum and to provide novel molecular insights into
the DHX30-associated neurodevelopmental disorder,

Methods: Clinical and genetic data from affected individuals were collected through Facebook-based family
support group, GeneMatcher, and our network of collaborators. We investigated the impact of novel missense
variants with respect to ATPase and helicase activity, stress granule (SG) formation, global translation, and their
effect on embryonic development in zebrafish, SG forrnation was additionally analyzed in CRISPR/Cas9-mediated
DHX30-deficient HEK293T and zebrafish models, along with in vivo behavioral assays.
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Results; We identified 25 previously unreported individuals, ten of whom carry novel variants, two of which are
recurrent, and provide evidence of gonadal mosaicism in one family, All 19 individuals harboring heterozygous
missense varfants within helicase core motifs (HCMs) have global developmental delay, intellectual disability, severe
speech impairment, and gait abnormalities. These variants impair the ATPase and helicase activity of DHX30, trigger
SG formation, interfere with global translation, and cause developmental defects in a zebrafish model. Notably, 4
individuals harboring heterozygous variants resulting either in haploinsufficiency or truncated proteins presented
with a milder clinical course, similar to an individual harboring a de novo mosaic HCM missense variant.
Functionally, we established DHX30 as an ATP-dependent RNA helicase and as an evolutionary conserved factor in
SG assembly, Based on the clinical course, the variant location, and type we establish two distinct dlinical subtypes.
DHX30 loss-of-function variants cause a milder phenotype whereas a severe phenotype is caused by HCM missense
variants that, in addition to the loss of ATPase and helicase activity, lead to a detrimental gain-of-function with
respect to SG formation. Behavioral characterization of dhx30-deficient zebrafish revealed altered sleep-wake activity
and social interaction, partially resembling the human phenotype.

Conclusions: Our study highlights the usefulness of soclal media to define novel Mendelian disorders and exemplifies
how functional analyses accompanied by clinical and genetic findings can define dinically distinct subtypes for uitra-
rare disorders. Such approaches require close interdisciplinary collaboration between families/legal representatives of
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the affected individuals, clinicians, molecular genetics diagnostic laboratories, and research laboratories.

Background

RNA helicases (RH) are highly specialized proteins which
use ATP hydrolysis for the unwinding of RNA secondary
structures and the remodeling of ribonucleoprotein particles
(RNPs) [1, 2]. RHs are classified into six known superfamilies
based on their sequence and structure [1]. Among these, the
large helicase superfamily 2 (SF2) contains more than 50
members in humans [3]. These are designated DDX and
DHX proteins based on the consensus amino acid sequence
DExD or DExH signature in their ATP-binding motif II
(Walker B motif) [3]. All SF2 RNA helicases are built around
a highly conserved helicase core region consisting of two do-
mains that resemble the bacterial recombination protein re-
combinase A (referred to as RecA-1 and RecA-2). Within
these two core helicase domains, eight highly conserved se-
quence elements, helicase core motifs (HCMs) play a role in
either RNA binding, or ATP binding and hydrolysis. The
roles of SF2 RNA helicases include regulation of splicing, nu-
clear mRNA export, translation, transcription, facilitation of
mRNA decay, microRNA processing, and cytoplasmic trans-
port and storage of RNAs [1]. So far, many of the RHs have
been studied in various cancers revealing the role of transla-
tion in carcinogenesis [4], and serve as potential biomarkers
for diagnosis and prognosis, and novel drug targets [5]. The
importance and functional relevance of certain SF2 RHs in
human neurodevelopment is demonstrated by the identifica-
tion of pathogenic germline variants in DDX3X (6], DDX6
[7], DHX30 [8], and DDXS [9] in individuals with neurodeve-
lopmental disorders. Additionally, a paralog-based study im-
plicated a role for DHX 16, DHX34, DHX37, and DDX54, in
human neurodevelopmental disorders and suggested that
DHXS8, DDX47, and DHXS58 may also be neurodevelopmen-
tal genes [10),

Previously, we reported 12 unrelated individuals with
global developmental delay (GDD), intellectual disability
(ID) accompanied by severe speech impairment and gait
abnormalities, harboring one of six different de novo mis-
sense variants located within highly conserved HCMs of
DHX30 [8]. Moreover, a recent study reported gonadal
mosaicism in two brothers carrying a de novo missense
variant, p.(Ser737Phe), which resides within a HCM [11].
Here, we performed clinical, genetic, and functional ana-
lyses to provide further understanding of DHX30-related
neurodevelopmental disorders through the identification
of 25 previously unreported individuals. This systematic
clinical and research approach, partially facilitated through
social media, establishes novel genotype-phenotype corre-
lations based on in-depti functional analyses accompanied
by clinical and genetic findings.

Methods

Human subjects and genetic analyses

Written informed consent for all 25 subjects was ob-
tained from the parents or legal guardians in accordance
with protocols approved by the respective ethics com-
mittees of the institutions involved in this study. Next-
generation sequencing-based analyses were performed in
various independent research or diagnostic laboratories
worldwide, using previously described procedures [8,
12-16]. Trie-whole exome sequencing (WES) was per-
formed in families of subjects 1, 4, 5, 6, 10, 11, 13, 14,
15, 17, 18, 19, 20, 21, 22, and 23. Single WES was per-
formed in subjects 2, 3, 8, 16, and 25. Targeted Sanger
sequencing was performed in subject 9, half-sister of
subject 8. For subject 7, WES was performed as duo with
DNA sample of his mother. Trio-whole genome
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sequencing (WGS) in family of the subject 12 was done
on an Illumina system using Nextera DNA Flex Library
Prep. Reads were aligned to human genome build
GRCh38 and analyzed for sequence variants using Cpipe
analysis tool [17], Classification the identified variants
was based on the American College of Medical Genetics
and Genomics (ACMG) guidelines [18]. Clinical
Chromosomal Microarray analysis in family 24 was per-
formed using standardized platforms [19]. Interpretation
of identified copy number variants followed ACMG
guidelines [20]. Most individuals were enrolled in the
present study through the “DHX30 family support
group” on Facebook: https://www.facebook.com/
groups/1808373282809332, In such a case the families/
legal representatives were asked to provide the contact de-
tails of attending physicians in order to obtain objective
and accurate clinical and genetic data. Others presented in
the University Medical Center Hamburg-Eppendorf,
Hamburg, Germany, or were recruited through Gene-
Matcher [21] and our network of collaborators. For all 25
individuals, clinical data and information on genetic test-
ing were uniformly obtained from attending physicians
using a structured clinical summary (Additional file 1) and
clinical table (Additional file 2: Table S1).

Cell culture and in-vitro assays

Human embryonic kidney 293 T (HEK 293 T) cells and
human bone osteosarcoma epithelial (U20S) cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) as de-
scribed previously [8]. DXH30 expression vectors based
on pEGFP-C3 (leading to an N-terminal GFP-tag) and
pPEGFP-N2 (for expression of the mitochondrial form of
DHX30 with a C-terminal GFP-tag) have been described
previously [8]. Newly identified missense variants were in-
troduced into both vectors using Quick-Change 11 site-
directed mutagenesis kit (Agilent, Waldbronn, Germany),
HEK293T and U20S cells were transfected with Turbo-
Fect or Lipofectamine 2000, respectively, transfection
reagent (ThermoFisher Scientific) according to the manu-
facturer’s recommendations. Immunocytochemistry and
puromycin incorporation assay in U20S cells were per-
formed utilizing the following antibodies at manufacturers’
recommended dilutions: anti-Puromycin mouse monoclo-
nal (Millipore, ¥#MABE343); goat anti-mouse coupled to
Alexa Fluor 555 (ThermoFisher Scientific). A custom
made anti-ATXN2 (#8G3, kindly provided by Dr. S. Kind-
ler, Human Genetics, UKE; Hamburg) rat monoclonal
antibody was used at a 1:10 dilution as previously de-
scribed [8]. ATPase assay was performed as previously de-
scribed [B]. Briefly, after transfection of HEK293T cells
with DHX30 expression vectors, followed by lysis in 1 ml
of radioimmunoprecipitation assay buffer (RIPA), the ly-
sates were clarified by centrifugation at 20,000xg for 20
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min at 4°C. GFP-containing proteins were purified from
the supernatant by immunoprecipitation using 20 ul of
GFP-Trap_A matrix (Chromotek, Munich, Germany).
Precipitates were washed twice in RIPA buffer, and twice
in phosphate-free ATPase assay buffer (40 mM KCl; 35
mM HEPES pH7.5 5mM MgCly; prepared in plastic
ware to avoid phosphate contamination). Precipitates were
then incubated in 50 pl phosphate-free buffer supple-
mented with 2mM ATP and 2mM DTT at 30°C for 30
min (for assaying ATPase activity in the absence of ex-
ogenous RNA). After brief centrifugation (1 min, 1000xg),
the supernatant was removed and precipitated samples
were incubated in phosphate-free buffer containing 2 mM
ATP; 2mM DTT, and 100 pg/ml yeast RNA for 30 min at
30°C (for assaying ATPase activity in the presence of ex-
ogenous RNA). The amount of free phosphate released by
ATP hydrolysis was determined photometrically using
Biomol Green reagent (Enzo Life Sciences, Lorrach,
Germany). Subsequently, bead-attached proteins were de-
natured in SDS-sample buffer, and the amount of DHX30
protein was determined by western blotting using anti-
GFP (Covance). In each case, ATPase activity was normal-
ized to the amount of GFP-tagged DHX30 protein at-
tached to the GFP-trap matrix.

Helicase assay

6xHis-SUMO-DHX30 wild-type and mutant proteins
were expressed in the E. coli BL21 (DE3) pLysSpRARE
cells (Novagen, Germany). Proteins were purified from ly-
sates using Ni-NTA beads (Qiagen, Germany) as previ-
ously described [22]. To test the RNA unwinding activity
of DHX30, a [**P]-labeled RNA duplex was synthesized
using the T7 RNA polymerase from a linearized DNA
template designed by Tseng-Rogenski and Chang [23].
Helicase activity was measured in 20 pl of reaction mix-
ture containing 0.13 pmol of purified protein (=20 ng of
full-length protein), 25 fmol [**P]-labeled RNA duplex, 17
mM HEPES-KOH pH 7.5, 150 mM NaCl, 1 mM MgClI2,
2mM DTT, 1 mM spermidine, 0.3% PEG8000, 5% gly-
cerol, 150 mM KCl, 20 units of RNasin™ Plus (Promega,
USA), 1 mM ATP. The mixture was incubated for 1h at
37°C, mixed with 2X non-denaturing loading dye and
subjected to gel electrophoresis through non-denaturing
8% PAGE (19:1) in 0.5X TBE at 4°C. Reaction products
were visualized by autoradiography. For more information
see Additional file 1: Supplementary methods.

Generation of a HEK293T DHX30 stable knockout line

HEK293T DHX30-deficient cells were generated by
transfecting a plasmid (pLentiCRISPR v2, GenScript,
#52961) encoding a single guide RNA (CGAGTGCTAG
CTGATCGCTT) targeting exon 7, the Cas9 endonucle-
ase and a puromycin resistance gene under the control
of the EFS promoter. Cells were transfected with
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TurboFect transfection reagent (Thermo Scientific) and
treated with puromycin for 3 days. Surviving cells were
then subjected to single cell sorting using BD FACS
Aria® Illu Cell Sorter (BD Biosciences). Single-cell
clones were grown in 96-well plates for two weeks and
then expanded into 6 well dishes, DHX30 knockout effi-
ciency was assessed by Western blotting using an anti-
DHX30 rabbit polyclonal antibody (Bethyl, #A302-218A)
(1:500).

Stress treatment

HEK293T WT and DHX30-deficient cells were plated
on glass coverslips coated with poly-L-Lysine. After 24 h,
cells were heat stressed at 43.5°C for 1h, fixed in 4%
paraformaldehyde and permeabilized with 0.1% Triton
X-100 (Sigma). Blocking was performed using 10% horse
serum (HS). Rat monoclonal anti-ATXN2 was used as a
primary antibody (1:10 in 2 % HS in PBS), followed by
goat anti-rat lgG coupled to Alexa Fluor 647 (Thermo
Fisher Scientific). Coverslips were mounted on glass
microscope slides with ProLong Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific)., Im-
munofluorescence images were acquired using a con-
focal microscope (Leica TCS SP5, 63x/1.25 objective)
and processed with Image] software.

Construction of Tol2 plasmids

DHX30 ¢DNA plasmids were assembled using the Tol2
MultiSite Gateway” kit (Invitrogen, USA). Briefly, the
¢DNA of the wild-type DHX30 and DHX30 containing re-
spective missense variants were amplified from the
pEGFP-C3-DHX30 plasmids, using primers containing
the appropriate att site sequences for BP recombination
reactions. PCR products were purified and cloned into a
pDONR221 donor vector using BP Clonase II enzyme
mix following the manufacturer's manual. The resulting
middle entry clones pME-DHX30 were purified and veri-
fied by direct sequencing, To assemble the final expression
plasmids, p5E-tubala promoter and pME-DHX30 were
cloned into a Tol2-based destination vector, pDest-
Tol2CG2 containing cmlc2:EGFP  transgenesis marker,
using LR Clonase II Plus enzyme mix following the manu-
facturer’s instructions. The resultant pTol2pA2-cmic2:
EGFP;tubala:DHX30 vectors were purified and verified by
direct sequencing.

Zebrafish maintenance and manipulation

Tol2 transposase mRNA were synthesized using mMES-
SAGE mMACHINE™ T7 Transcription Kit (Ambion)
per the manufacturer’s instructions. Twenty-five nano-
grams/pl Tol2 mRNA and 25 ng/ul of pTol2pA2-cmlc2:
EGFP;itubala:DHX30 DNA were injected into 1-cell
stage zebrafish embryos (Danio rerio AB strain). To in-
vestigate a potential dominant-negative effect, 25 ng/pl

Page 4 of 19

Tol2 mRNA and 25 ng/pl equal mixture of pTol2pA2-
cmlc2:EGFP;tubala:DHX30 with the respective variant
DNA were injected into 1-cell stage zebrafish embryos.
The embryos were raised and scored for abnormal devel-
opment 1-7days post fertilization. Zebrafish were
maintained in the Zebrafish Research Facility at the
University of Alabama at Birmingham using standard
protocols. All fish were maintained at 28 °C and kept at
14-h light and 10-h dark cycle under standard laboratory
conditions.

Generation of zebrafish dhx30 stable knockout line

The zebrafish dhx30 stable knockout line was generated
using CRISPR/Cas9 with sgRNA target sequence 5'-
TCAAGTTCAGCTGCACGGAT-3" made by Integrated
DNA Technologies (IDT) according to the manufac-
turer's protocol. The mutant contains an 8-bp deletion
that shifts the translational reading frame after amino
acid 90 and results in a premature stop codon at amino
acid 107, compared to 1173 amino acids for the wild-
type (WT) protein. Mutant animals were genotyped and
sequenced using primers 5 -ATCTTCACGCCAAAAA
CCTG-3" and 5'-GACCACGGTTCAGCTCTCTC-3".
The dhx30 heterozygous mutants were outcrossed to the
parental AB strain for at least two generations before
use in experiments to eliminate potential off-target vari-
ants. After each assay described below, test animals were
individually genotyped using PCR with primers 5'-
ATCTTCACGCCAAAAACCTG-3" and 5'-GACC
ACGGTTCAGCTCTCTC-3" and high-resolution melt-
ing (HRM) analysis as previously described [24].

Stress treatment and zebrafish whole-mount
immunostaining

The dhx30 +/- animals were in-crossed to generate
dhx30 +/+, +/-, and —/- sibling progeny for heat shock
and immunostaining analyses. Twenty-four-hour post-
fertilization embryos were dechorionated and incubated
at 28 °C or 42 °C for 1 h. After treatment, embryos were
fixed overnight in cold 4% paraformaldehyde (PFA). Em-
bryos were then dehydrated with acetone at - 20°C for
7min, washed in PBST [PBS+0.1% Tween 20], and
blocked with 10% goat serum for at least 1h at room
temperature. Thereafter, embryos were incubated with
rabbit anti-TIAL-1 (Novus Biologicals, NBP1-79932; 1:
200) overnight at 4 °C, washed with PBST, and incubated
with secondary antibody Alexa Fluor 488-conjugated
goat anti-rabbit IgG (Invitrogen, A11034; 1:200) for 2h
at room temperature, Embryos were washed with PBST,
incubated with 100 uM DAPI (1:500) to counterstain
nuclei for 10 min, and stored in PBS at 4 °C. For im-
aging, stained embryos were mounted in 1% low melting
agarose and imaged using a Nikon Al inverted confocal
microscope at approximately 50-pm Z-stacks at 5.6 pm

33



Mannucci et al. Genome Medicine (2021) 13:90

intervals. The number of TIAL-1-labeled stress granules
per 50 nuclei was quantified using Nikon NIS Element.
After imaging, test animals were individually genotyped
by PCR and HRM analysis to delineate the dhx30
genotype.

Behavioral assays
For each behavioral experiment, d/ix30 +/- animals were
in-crossed to generate dhx30 +/+, +/-, and —/- sibling

progeny.

Twenty-four-hour sleep-wake activity

For each sleep-wake study, zebrafish larvae at 5-day
post-fertilization (dpf) were chosen randomly and placed
individually into each well of a flat-bottom 24-well plate.
The activity of each larva was tracked for 24 h consisting
of 14-h light and 10-h dark using the DanioVision sys-
tem (Noldus Information Technology). The average
swimming distance was measured for 24 h per 1-h time-
bins using EthoVision XT software (Noldus).

Social preference assay (SPA)

We adopted and modified a previously described social
preference assay (SPA) [25]. Briefly, SPA was performed
using a flat-bottom 12-well plate and custom-built re-
movable opaque dividers. The individual “test” animals,
whose behaviors were analyzed, were placed in each of
the 4 middle wells of the plate, and a WT conspecific of
similar age and size was placed in a well either above or
below each middle well. The activity of each test larva
was tracked using the DanioVision (Noldus Information
Technology) system and data analyzed using EthoVision
XT software (Noldus). Before data acquisition, animals
were given 5-min habituation period. The “baseline” ac-
tivity of the test fish was then recorded while the opaque
dividers were inserted between each well to prevent the
animals from seeing each other. The dividers were then
removed, allowing each test animal to view one well
containing a conspecific animal and one empty well. The
fish were given another 5-minute habituation period,
followed by a 10-min “post-baseline” recording. For data
analyses, wells containing test fish were divided into two
0.5cm x 2.2 cm zones, one closest to the well containing
a conspecific animal and one closest to the empty well,
The amount of time spent by a test fish in each zone
during the baseline and post-baseline periods was ana-
lyzed. The social preference of each test fish was quanti-
fied by calculating the social preference index (SPl) =
(time spent in zone near the conspecific fish — time
spent in zone near the empty well)/time spent in both
zones as previously described [25].
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Statistical analyses

All cell line data (U20S and HEK293T) are presented as
mean + SD and analyzed by One-Way ANOVA followed
by Dunnett's multiple comparisons test or unpaired Stu-
dent’s ¢ test as indicated in figure descriptions. All
zebrafish-related data are presented as mean + SEM and
analyzed by unpaired Student's ¢ test. The percentage of
developmental defects observed upon overexpression of
dhx30 was analyzed by the y” test.

Results

Identification of likely causative variants in DHX30

We identified 25 individuals carrying likely causative
variants in DHX30 (Fig. 1). Of these, 12 individuals carry
a previously reported heterozygous missense variant lo-
calizing within highly conserved helicase core motifs
(HCMs): p.(Argd493His), p.(His562Arg), p.(Arg782Trp)
(5 individuals including two half-sisters indicative of go-
nadal mosaicism), p.(Arg785Cys) (4 individuals), and
p.(Arg785His). Further, 7 individuals have a novel het-
erozygous missense variant classified as either “likely
pathogenic” or “pathogenic” according to The American
College of Medical Genetics and Genomics (ACMG)
guidelines (Additional file 2: Table S1) [18]. Indeed, each
of these variants alters a highly conserved amino acid
within a HCM predicted to be responsible for ATP bind-
ing and/or hydrolysis (Fig. 1 and Additional file 3: Figure
S1). p.(Gly462Glu) identified in a single individual affects
motif I, also referred to as Walker A motif, that binds y
phosphate and coordinates, together with motifs II and
VI, ATP binding and hydrolysis in other DExH family
members [26, 27]. p.(Ala734Asp) identified in two unre-
lated individuals, one of which (individual 6) appears to
have mosaicism for the variant (Additional file 4: Figure
52), and p.(Thr739Ala) identified in a single individual,
both affect motif V which regulates both ATP binding
and/or hydrolysis and RNA binding (2, 27]. Three indi-
viduals carry p.(Arg782GIn), located within motif VI af-
fecting the identical arginine residue (Arg782), that we
previously reported p.(Arg782Trp) [8], which was identi-
fied here in five additional individuals.

Moreover, a homozygous variant p.(Arg725His) lo-
cated within the helicase core region albeit between mo-
tifs IV and V, unlike all the missense variants mentioned
above, was identified in individual 4 and classified as
“variant of uncertain significance”. Additionally, a het-
erozygous de novo variant p.(Arg908Gln) was identified
in individual 21. This was the only variant not located
within the helicase core region and was classified as
“likely pathogenic”. Predictions based on homology to
other SF2 helicases [26, 28] and published structures of
the Prp43 [29] and Mle [30] revealed three novel highly
conserved C-terminal regulatory domains (CTD). These
include a winged helix (WH), a ratchet-like (RL) and an
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oligosaccharide binding (OB) fold domain (Fig. 1) with a
potential role in coupling ATP hydrolysis to RNA un-
winding [31]. Notably, the p.(Arg908Gln) affects a highly
conserved residue within the RL domain (Figure S1).
Furthermore, we identified four individuals bearing
likely pathogenic loss-of-function variants, A heterozygous
de novo frameshift variant, p.(Alal16Valfs®12) in individ-
ual 22, a heterozygous nonsense variant, p.(Arg797%) in in-
dividual 23 inherited from a mosaic mother, and a de novo
in-frame deletion encompassing exons 7-9 of DHX30,
leading to deletion of 381 amino acids, in individual 25.
Individual 24 has a large heterozygous de novo deletion
(arr[GRCh37] 3p21.31 (47098509_48109065)del) encom-
passing ten genes including two disease genes previously
associated with an autosomal dominant inheritance,
SETD?2 [32-34] and DHX30 (Fig. 1b and Additional file 5:
Figure S3), possibly pointing to a dual diagnosis. The
whole gene deletion results in haploinsufficiency, whereas
the in-frame deletion, frameshift, and nonsense variant, if
they were to result in stable proteins, are predicted to lead
to loss of functionally important domains (Fig. la).
Notably, none of these DHX30 alterations was present
in the gnomAD dataset v2.1.1 (Additional file 2: Table
S1) [35), indicating that they are extremely rare in the
population and unlikely to be variants unrelated to dis-
ease. As previously noted, DHX30 is one of the most
missense-intolerant genes in the human genome [8].
Furthermore, according to the gnomAD v2.1.1 dataset

DHX30 is, with a probability of being loss-of-function
intolerant (pLl) score of 1 and a loss-of-function ob-
served/expected upper bound fraction (LOEUF) score of
0.04, extremely loss-of-function intolerant [35]. Add-
itionally, the degree of intolerance to deleterious variants
of DHX30 according to the Residual Variation Intoler-
ance (RVI) score, which quantifies gene intolerance to
functional variants, is — 1.51 (3.54th percentile) and thus
even lower than the average RVI score for genes in-
volved in developmental disorders (0.56; 19.54th per-
centile) [36, 37].

Clinical spectrum of the DHX30-associated
neurodevelopmental disorders

All 19 individuals harboring a heterozygous missense
variant within a highly conserved motif in the helicase
core domain have global developmental delay (GDD), in-
tellectual disability (ID), severe speech impairment, and
gait abnormalities, similar to our initial findings [8]. In
more detail, all individuals had an intellectual disability,
only nine (47%) learned to walk, all with an ataxic gait.
The majority had no speech (74%), four individuals
spoke only single words, and only individual 6, who is
mosaic for the de novo p.(Ala734Asp) variant, spoke
simple sentences. It is worth noting that the individuals
highly benefit from communication devices (tablets,
smartphones, and eye-driven tablet communication sys-
tems) which significantly reduced frustration-related
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behavior (D.L. personal communication with legal
guardians and family members). Additional phenotypic
features included muscular hypotonia in eighteen (95%),
feeding difficulties in sixteen (84%), microcephaly in
thirteen (81%, 13/16), joint hypermobility in fourteen
(74%), structural brain anomalies in eleven (65%, 11/17),
sleep disturbances in nine (47%), strabismus in eight
(42%), autistic features in five (33%, 5/15), and seizures
in four (21%) individuals (Table 1, Additional file 2:
Table S1 and Additional file 6). Noteworthy, individual 6
had a relatively milder clinical course, with a moderate
intellectual disability, independent walking at 2 years and
8 months, and the ability to speak in simple sentences at
the age of 15years. This individual’s presentation is
similar to that of the four individuals (#22, #23, #24, and
#25), who carry either a frameshift or nonsense variant,
whole-gene deletion or in-frame deletion, respectively,
who all learned to walk in the second year of life, had a
mild muscular hypotonia and spoke at least 20 words by
the age of 3 years. Although some individuals displayed
some dysmorphic features (Additional file 6) we did not
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observe a recognizable facial gestalt, similar to our previ-
ous findings [8].

Two individuals (#4 and #21) clearly stand out pheno-
typically. Individual 4 was homozygous for p.(Arg725His),
developed early-onset infantile epileptic encephalopathy,
and died at 11 months. In contrast, individual 21, who
harbors the de novo p.(Arg908GlIn) variant, had unre-
markable psychomotor development until the age of 8
years when she presented with progressive balance impair-
ment with truncal ataxia, Subsequently, she experienced a
decline in motor skills and developed cognitive problems
with reduced concentration (Table 1, Additional file 2:
Table S1 and Additional file 6),

Effect of novel DHX30 missense variants on ATPase
activity

To corroborate the pathogenicity of the novel missense vari-
ants identified in this study, along with the recently reported
pSer737Phe) [11], we performed several previously estab-
lished functional assays [8]. First, we analyzed the ATPase ac-
tivity of wild-type (WT) and mutant forms of DHX30. As

Table 1 Clinical features in 25 individuals bearing pathogenic DHX30 variants and frequency of these features in previously reported

individuals

DHX30 Heterozygous p.(Ala734Asp) Haploinsufficiency/ Homozygous Heterozygous Heterozygous missense

variant missense variants mosaic protein truncating p.(Arg725His) p.(Arg908GIn) variants within a HCM
within a HCM (this study) variants (this study)  (this study) (previous studies: Lessel
{this study) {this study) et al. 2017 and Cross et al,

2020)

Sex 11 females/? males Female | fernale/3 males Male Female 8 females/t males

Inteflectual 18418 + 4/4 ? - 1313

disability

Speech ability 14/18 non-verba! Simple 20 words to normal ? Normal speech  11/13 non-verbal
4/18 single words sentences speech ability ability 2/13 single words

Motor 18/18 + 4/4 mild + - 14/14

development

delay

Muscular 1718 + 3/4 + - 14/14

hypotonia

Gait 10/18 no independent  Ataxic gait (/4 no independent ? Ataxic gait 7/13 no independent walking

abnormalities  walking walking 6/13 ataxic galt
8/18 ataxic 3/4 ataxic gait

Feeding 1518 + 1/4 + - 11/14

difficulties

Microcephaly  13/15 + 0/4 7/10

Joint 13/18 + 13 - - 6/14

hypermaobillity

Brain MRt 147 23 + + 1014

anomalies

Steep 818 4 23 . -~ 7012

disturbance

Strabismus 8/18 - 2/4 - - 6/14

Autistic 4/14 - 03 ? - 712

features

Seizures 3/18 + 23 Severe ~ 314

+, present; —, absent; 7, too young to evaluate; NA, unkewn
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previously shown, DHX30-WT acts as an RNA-dependent
ATPase, and its A'TPase activity is strongly stimulated by the
addition of RNA [8]. In contrast, and similar to the previ-
ously analyzed mutants [8] all missense variants (p.(Gly462-
Glu), p.(Arg725His), p.Ala734Asp),  p.(Ser737Phe),
p{Thr739Ala), p.(Arg782GIn), and p.(Arg908Gln)) show a
significant reduction in AT'Pase activity in the presence of ex-
ogenous RNA (Fig. 2a). For control experiments, we included
two common non-synonymous DHX30 variants found in
public repositories [35]. Namely, p.(Val556lle) is located
within the helicase core region albeit not within a HCM,
similar to p.(Arg725His), and p.(Glu948Lys) in the vicinity of
p.(Arg908Gln). Notably, in comparison to the missense vari-
ants identified in affected individuals, the ATPase activity
was not significantly reduced neither for p.(Val556ile) nor
for p.(Glu948Lys) (Fig, 2b).

RNA helicase activity of DHX30 is disrupted by missense
variants within the helicase core motifs

DHX30 has been classified as an RH due to the presence
of the highly conserved motifs in its helicase core region
and sequence similarity to other RHs. To confirm that it
indeed possesses RNA helicase activity we established an
RNA unwinding assay for recombinant full-length
DHX30 purified from bacteria as a Hiss-SUMO-tagged
protein. As a substrate, we used a synthetic [**P]-labeled
RNA molecule which carries a sequence with a strong
propensity to self-anneal and form a double helix. Ana-
lysis of this RNA substrate by non-denaturing PAGE re-
sulted in a single band of low electrophoretic mobility,
corresponding to the dimer linked by the double helical
segment. This dimer could be resolved into a band of
higher mobility, the monomer, by pre-incubation at
96°C (Fig. 2c). To identify the amount of the DHX30-
WT necessary to resolve the dimeric form we performed
a titration analysis from 1 to 160 ng. In the presence of
ATP, 10 ng of DHX30-WT was sufficient to resolve the
dimer into the monomeric form, confirming that
DHX30 indeed possesses the ATP-dependent RNA heli-
case activity (Fig. 2c and Additional file 7: Figure S4).
We next analyzed the impact of selected missense vari-
ants on the helicase activity, each affecting a different
helicase core motif (p.(Gly462Glu) in motif I,
p-(Arg493His) in motif Ia, p.(His562Arg) in motif II,
p-(Ser737Phe) in motif V, and p.(Arg785Cys) in motif
VI) along with p.(Arg908GIn) located in the RL domain.
All missense variants within a HCM failed to unwind
the RNA substrates in this assay, whereas the
p-(Arg908GIn) mutant behaved similarly to DHX30-WT
(Fig. 2d). It is worth noting that we subsequently failed
to purify the p.(Arg725His) mutant protein product.
This finding suggests misfolding of this mutant protein,
followed by either deposition of the insoluble protein in
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inclusion bodies or its direct degradation [38], Thus, we
could not analyze its impact on the helicase activity.

Subcellular localization and effect on global translation of
novel DHX30 missense variants

We have previously shown that the expression of mutant
forms of DHX30 induces the formation of stress gran-
ules, concomitant with a global down-regulation of
translation [8]. Therefore, we repeated this analyses for
selected novel missense variants. In keeping with the
previous results [8], we observed that mutants within a
HCM, p.{Gly462Glu), p.(Ala734Asp), p.(Ser737Phe), and
p.(Thr739Ala), also strongly accumulated in cytoplasmic
foci shown to be stress granules upon co-staining with
Ataxin-2 (ATXN2). Expression of the p.(Arg908Gln)
mutant, however, resulted in localization to cytoplasmic
aggregates that co-stained with Ataxin-2 in only 50% of
the transfected cells. In contrast, p.(Arg725His) was
mostly diffusely localized throughout the cytoplasm
similar to the DHX30-WT (Fig. 3 and Additional file 8:
Figure S5). Global translation was measured by incorp-
oration of puromycin into nascent peptide chains, which
were visualized with a puromycin-specific antibody.
Interestingly, expression of both the HCM mutants and
the p.(Arg908GlIn) mutant resulted in dramatically de-
creased puromycin incorporation, suggestive of a global
decrease in protein synthesis (Fig. 3). Analogous to the
results obtained in the ATPase assay, the two common
variants p.(Val556lle) and p.(Glu948Lys) were diffusely
localized throughout the cytoplasm, resembling the
DHX30-WT (Additional file 8: Figure S5).

In vivo analyses of selected DHX30 missense variants

Given the somewhat conflicting results of functional analyses
of the p.(Arg725His) and p.(Arg908GIn) variants, and in
order to gain a better understanding of the impact of DHX30
missense variants in vivo, we utilized a zebrafish model. Pre-
vious studies showed that overexpression of pathogenic al-
leles in zebrafish results in defective embryonic development
[39, 40]. Thus, we overexpressed human wild-type DHX30
c¢DNA or DHX30 ¢DNA harboring selected missense vari-
ants, pJ(Argd93His), p.(Arg725His), p.(Arg785Cys), and
p-(Arg908Gin) as well as p.(Val556lle) and p.(Glu948Lys) in
zebrafish using Tol2 transposition. Tol2 mRNA and
pTol2pA2-cmlc2:EGFP;tubala:DHX30 were co-injected into
1-cell stage zebrafish embryos. For analyses, we selected em-
bryos with strong cmlc2:EGFP expression which indicates a
high level of transgene integration in somatic cells. Overex-
pression of DHX30-WT, p.(Val556lle) or p.(Glu948Lys) had
little or no impact on zebrafish embryonic development: over
88% of embryos displayed normal development and morph-
ology. However, expression of DHX30 harboring one of the
missense variants resulted in developmental defects in 75~
90% of embryos (Fig. 4 and Additional file 9: Figure S6),
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suggesting that these mutant alleles interfere with normal HCMs, we further investigated the nature of the latter.
embryonic development and supporting the pathogenicity of ~ First, we analyzed the localization of the RFP-tagged

p.(Arg725His) and p.(Arg908Gln). DHX30-WT co-expressed with respective GFP-tagged
missense variants. Notably, their equimolar expression re-
Analyses of the nature of the DHX30 missense variants sulted in each case in DHX30-WT being localized in

Given the somewhat milder clinical presentation of indi-  Ataxin-2 positive cytoplasmic clusters (Fig. 5). These data
viduals carrying a whole gene deletion, in-frame deletion,  suggest that these missense variants either exert a domin-
frameshift, or nonsense variant as compared to the indi-  ant negative effect on the wild-type or lead to a gain-of-
viduals harboring a de novo missense variant in one of the  function since both overexpressed DHX30-WT and
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endogenous DHX30 are recruited to cytoplasmic clusters
only after stress [8].

Next, we analyzed if the DHX30-WT can rescue the
inability of p.(Arg493His), p.(His562Arg), and
p-(Arg785Cys) to unwind RNA. The addition of DHX30-
WT to p.(His562Arg) and p.(Arg785Cys) efficiently re-
solved the dimer into the monomeric form even in the
presence of increased amounts of the respective mu-
tants. However, we observed only a partial rescue when
DHX30-WT was added to the p.(Argd93His) variant
(Fig. 6a), Our data suggest that the mutants cause a loss
of helicase function rather than having a dominant nega-
tive effect. Given these somewhat contradictory results,
we turned again to the zebrafish model. We co-injected
pTol2pA2-cmlc2:EGFP;tubala:DHX30 p.(Arg493His) or

p(Arg785Cys) with wild-type DHX30 c¢DNA and
assessed embryonic development. Interestingly, co-
injection of DHX30-WT, at a similar level, partially
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rescued the abnormal phenotypes associated with both
p.(Arg493His) and p.{Arg785Cys) (Fig. 6b), a finding that
could potentially support both loss-of-function and a
dominant negative effect as a mechanism underlying
disease.

DHX30 deficiency impairs stress granules formation in
HEK293T cells and zebrafish

To further characterize the role of DHX30 we estab.
lished HEK293T DHX30 stable knockout lines. CRISPR/
Cas9 based knockout (KO) of DHX30 in HEK293T cells
vielded several cell lines with a residual DHX30 immu-
noreactivity of less than 10 % (Fig. 7). Given that
DHX30 is recruited to SGs, we wondered whether
DHX30 additionally plays a role in SG formation. There-
fore, we assessed the ability of KO cells to induce SGs or
cytoplasmic clusters following heat stress treatment. By
incubating cells at 43.5°C, a condition after which en-
dogenous DHX30 accumulates in SGs [8], we observed
that KO cells had a significantly reduced number of SG-
positive cells as compared to HEK293T WT cells (Fig.
7). These data suggest a previously unknown role of
DHX30 in SG assembly. Combined with our previous
findings (Fig. 3 and 5) these data actually suggest that
the HCM missense variants exhibit a gain of function by
triggering SG formation which results in global transla-
tion inhibition.

Next, we generated a predicted null allele in the single
zebrafish dhx30 ortholog using CRISPR/Cas9. At day
five post fertilization, transcript levels of dhx30 were
barely detectable in homozygous mutant animals com-
pared to wild-type, whereas heterozygous siblings
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displayed ~ 30% lower dhx30 expression as compared to

wild type, potentially due to nonsense mediated decay of

the mutated alleles (Additional file 10: Figure S7). The
homozygous mutant animals are viable, fertile, and mor-
phologically indistinguishable from their wild-type and
heterozygous siblings (data not shown). Previous studies
have demonstrated that during early embryonic develop-
ment, zebrafish exhibit robust SG formation in response
to stress, such as heat shock [41]. Therefore, based on
our in vitro findings, we first asked whether dhx30 mu-
tant zebrafish exhibit impaired SG formation
in vivo. At 24-h post-fertilization and normal condition,
compared to dhx30-WT the homozygous mutant exhib-
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staining for TIAL-1, an established stress granule marker
(Fig. 8). Although an increase in SG formation occurred
upon heat shock, the number of TIAL-1-labeled SGs
remained significantly lower in the homozygous mutants
compared to sibling controls (Fig. 8). Thus, these data
show that SG formation is compromised in the homozy-
gous mutants and suggests an evolutionarily conserved
role for DHX30 in SG assembly.

Dhx30-deficient zebrafish display altered behavioral
activity

We next examined whether dhx30-deficient zebrafish
exhibit abnormal sleep-wake activity and social behav
iors, similar to those recently observed in a zebrafish
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model of the NR3C2-related neurodevelopmental dis-
order [25]. We first analyzed sleep-wake behaviors in 5-
day-old dhx30 KO mutants. Compared to wild-type and
heterozygous siblings, the homozygous mutants dis-
played significantly less activity during the day and more
nocturnal activity (Fig. 9a-c), mimicking somewhat the
sleep disturbances in individuals affected by a DHX30-
related neurodevelopmental disorder. Additionally, using
an established social preference assay, we observed that
the wild-type and heterozygous animals showed the pre-
viously described social behavior of preferring to stay
close to conspecific fish of similar age and size, whereas
the homozygous animals did not show this preference
(Fig. 9d—e). There were no obvious dysmorphic pheno-
types in the homozygous mutant animals compared to
their wild-type and heterozygous siblings. We propose,
therefore, that the mutant phenotype was not simply
due to developmental delay but influenced by abnormal-
ities in complex neural circuitry. Taken together, our
data indicate that dhx30 KO zebrafish have a social be-
havioral deficit with altered sleep-wake activity, which is

consistent with findings in DHX30-related neurodeve-
lopmental disorders.

Discussion

Our study has allowed further delineation of the clinical
spectrum of DHX30-related neurodevelopmental disor-
ders through analysis of 25 novel affected individuals,
partially facilitated by the use of a social media-based
family support group. Individuals harboring heterozy-
gous missense variants affecting highly conserved resi-
dues within a HCM present with global developmental
delay, intellectual disability, muscular hypotonia, severe
gait abnormalities (if walking is acquired), and remain
non-verbal or speak only single words. We also identi-
fied microcephaly as an additional common feature. In-
dividuals with either a mosaic missense variant within a
HCM, or with variants resulting in haploinsufficiency or
with protein-truncating variants all learned to walk in
the second year of life, had a mild muscular hypotonia,
and spoke at least 20 words by the age of 3 years. There-
fore, based on the clinical and molecular findings we
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suggest a classification in two DHX30-associated neuro-
developmental disorder subtypes.

It is worth noting that the identified heterozygous
deletion in individual 24 also encompasses the first
15 SETD2 exons, suggestive of a dual diagnosis. How-
ever, given the phenotypic differences in the seven in-
dividuals reported to date, some of whom inherited
their SETD2 variant from an apparently unaffected
parent [32-34], we are unsure to what extent loss of
SETD2 contributed to the phenotype observed in this
individual.

Identification affected individuals with milder
phenotype challenges naming of this disorder “Neurode-
velopmental disorder with severe motor impairment and
absent language” (NEDMIAL; OMIM # 617804). Not-
ably, only 9 of the 25 individuals (36%) presented here
had a severe motor impairment (never learned to walk)
and 9 out of 25 individuals (36%) spoke at least single
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words, thus did not have a completely absent language.
Therefore, we suggest referring to these conditions as
DHX30-associated neurodevelopmental disorders in the
future.

To provide further evidence for the pathogenicity of
the novel DHX30 variants and gain better insight into
the genotype-phenotype correlation we performed sev-
eral in vitro and in vivo analyses. For this, we have now
formally confirmed that DHX30 possesses ATP-
dependent RNA helicase activity. In line with their ab-
sence from public databases and high evolutionary con-
all
missense variants within a HCM resulted in impaired
ATPase activity (all were within an ATP binding and hy-
drolysis motif), impaired helicase activity, and showed an
increased propensity to trigger stress granule (SG) for-
mation resulting in inhibition of global translation, as
expected from the previous study [8]. In addition,

servation of affected amino acid residues, novel
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selected HCM missense variants interfere with normal
zebrafish embryonic development.

We have previously suggested that the missense vari-
ants within HCM might have a more severe effect than a
loss of one gene copy [8]. This hypothesis is now sup-
ported by identification of four affected individuals car-
rying variants that result in either haploinsufficiency or a
truncated protein, all of whom presented with a milder
phenotype as compared to the individuals harboring
missense variants within HCM. To gain further insight
into the nature of these variants we determined that
DHX30-WT can rescue the inability of selected HCM
missense variants to unwind an RNA duplex, and that
co-injection of DHX30-WT with selected HCM mis-
sense variants can partially ameliorate the observed zeb-
rafish phenotypes. These data point to loss-of-function
effects of the HCM mutants on a molecular level. How-
ever, co-expression of HCM missense variants together
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Fig. 9 Behavioral analyses of dhx30 mutant zebrafish. a Distance
moved of dhx30 mutants and wild-type sibling controls measured at
5 days post ferilization, b Average of distance moved during 14-h
daytime. ¢ Average of distance moved during 10-h nighttime. N =
15, 18, and 25 for +/4, +/-, and -/~ animals, espectively. d Secial
preference index (SPI) calculated during 10-min baseline and post-
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near a conspecific, SPI = — 1 Indicates a fish that spends 100% of its
time near the empty well, and SPI = 0 indicates a fish that spends
equal amounts of time near the conspecific and near the empty
well, e The change in SPI between baseline and post-baseling,
ndicating the preference of zebrafish to stay close to conspecific
fish, N= 13, 6, and 17 for +/+, +/-, and ~/- animals, respectively
Data are presented as means + standard error of mean based on
the indicated number of embryos. *: significantly different from
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with the DHX30-WT resulted in recruitment of
DHX30-WT into SG's, a finding that might possibly
suggest a dominant negative effect. It is worth noting
that DHX30-WT, as well as the endogenous protein, are
recruited to the SG’s after stress induction [8]. Thus,
HCM missense variants might actually result in a detri-
mental gain-of-function by inducing SG formation with
concomitant global translation impairment even without
endogenous or exogenous stressors.

To gain further clarity we focused on the relation of
DHX30 to SG formation, Using CRISPR/Cas9 based
technology, we established two DHX30 knockout
models. Analyses of both, DHX30-deficient HEK293T
cells and zebrafish, revealed an impairment of SG forma-
tion upon heat stress, pointing to an essential and evolu-
tionary conserved role of DHX30 in SG assembly. These
findings provide a molecular explanation for the above-
mentioned phenotypic differences, as they strongly sug-
gest that pathogenic missense HCM variants, in addition
to the loss of ATPase or RNA-binding activity and with
impaired helicase function, exert a selective gain-of-
function by triggering SG formation. This is in line with
our hypothesis that due to SG hyper-assembly these
pathogenic variants generate a chronic condition of im-
paired translation [8]. Noteworthy, impaired translation
due to aberrant SG formation is associated with a broad
variety of neurodegenerative and neurodevelopmental
diseases [8, 42]. Furthermore, repeat expansion under-
lying CYorf72-associated neurodegenerative disorders
has recently been suggested to result in chronic cellular
stress due to aberrant SG formation [43].

Table 2 Summary of functional analyses of missense variants
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Beyond providing the molecular explanation for the
genotype-phenotype correlation of these two subtypes
we additionally performed in vivo behavioral modeling
of zebrafish dhx30 KO's. Zebrafish exhibit all the hall-
marks of mammalian sleep by utilizing neurotransmit-
ters known to coordinate sleep and wake states in
humans [44]. Analysis of dhx30-deficient animals re-
vealed a compromised sleep/wake behavior, as they were
less active during the day but more active and slept less
at night than dix30-WT animals. This is partially remin-
iscent of the sleep disturbances observed in almost half
of DHX30-affected individuals. Additionally, homozy-
gous dhx30 KO animals displayed altered social behavior
as manifested by their performance in the social prefer-
ence assay, e.g., showing reduced preference for conspe-
cifics as compared to dhx30-WT zebrafish. The
observed social behavioral deficits and altered sleep-
wake activity are similar to the findings in zebrafish
models of other neurodevelopmental disorders [25, 45],
and to some extent recapitulate the clinical findings in
individuals affected by the DHX30-related neurodevelop-
mental disorder.

Furthermore, we present here two individuals who
clearly stand out both in terms of their clinical presenta-
tion and their identified DHX30 variant. Individual 4
with an early-lethal infantile epileptic encephalopathy
carries a homozygous missense variant, p.(Arg725His),
and individual 21 with a de novo p.(Arg908GIn) variant
shows late-onset progressive ataxia. Trio-WES analysis
performed in both individuals identified these DHX30
variants as the only candidates (Supplementary Data). As

DHX30 p.(Gly462Glu), p.(His562Arg), p.(Ala734Asp), p.Arg493His) p.(Arg725His) p.(Arg908Gin) p.(Valssélle) p.(Glu948Lys)
variant p.(Ser737Phe), p.(Thr739Ala), p.(Gly781Asp)

p.(Arg782GIn) p.(Arg782Trp), p.(Arg785Cys),

p.(Arg785His)
Location in  Helicase core motifs |, I, V, or VI (nucleotide- Helicase core Helicase core  Ratchetdike Helicase core C-terminal
DHX30 Interacting motifs) motif ia region, dornain region, reqion

{nucleic acid-  between between
binding) motifs IV and V motifs |b and |l

gnomAD Not identified Not identified  Not identified  Not identified  0/39/282352 1/49/282090
v2.1.1
ATPase Reduced Similar to wt*  Reduced Reduced Similar towt  Similar to wt
activity
RNA binding nd, Reduced* nd. nd, nd. nd.
capacity
Helicase Reduced** Reduced 6 ¥'o e Similar towt  nd. nd.
activity
Cellular Stress granules Stress granules  Cytoplasmic, Cytoplasmic Cytoplasmic, Cytoplasmic,
localization similar to wt aggregates similar 10wt similar to wt
Puromycin Impaired Impaired*® Similar to wt Impaired nd. nd.
incorporation
Zebrafish Impalred** Impaired Impaired Impaired Similar to wt Similar to wt
development

nd., not determined; *, Lessel et al. 2017; **, only selected variants analyzed; ***, unable to purify the protein
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these variants occurred outside the HCM motifs, we in-
cluded two similarly located common non-synonymous
DHX30 variants found in gnomAD, p.(Val556lle) and
p-(Glu9Y48Lys), in our functional analysis for comparison.
However, these two latter variants behaved similarly to
DHX30-WT in all assays performed (Table 2).

For the variant p.(Arg725His), located within the heli-
case core region but not within a HCM, we observed a
reduced ATPase activity. However, unlike HCM mis-
sense variants it does not trigger SG hyper-assembly.
When attempting to analyze its impact on the helicase
activity we consistently failed to purify the p.(Arg725His)
mutant protein product. We therefore suggest that this
biallelic variant leads to a loss-of-function, likely due to
misfolding. The fact that it was inherited from un-
affected heterozygous parents indicates that its effect is
somewhat milder as compared to the variants identified
here resulting in haploinsufficiency or protein-
truncation, and that similar heterozygous missense vari-
ants may not contribute to disease,

The de novo missense variant p(Arg908Gln) affects a
highly conserved residue within the RL domain. This
variant impairs the ATPase but not helicase activity of
DHX30, suggesting that the RL domain is required for
the coupling of helicase activity to ATP hydrolysis.
Whereas this variant leads to formation of aberrant cyto-
plasmic aggregates, which cannot be eliminated by co-
expression of DHX30-WT, not all of these aggregates/
foci could be confirmed to be translationally silent SGs.

The functional characterization of both variants identi-
fied differences to HCM missense variants, which may
potentially explain the genotype-phenotype correlation.
Additionally, both individuals presented with clinical
signs and symptoms observed in other affected individ-
uals, suggestive of a phenotypic continuum. We cannot
exclude, however, the possibility that they carry add-
itional variants with phenotypic consequences, which
were undetected by trio-whole exome sequencing. Iden-
tification of similarly affected individuals carrying similar
variants is required to establish their causality.

Conclusions

The identification of 25 affected individuals has ex-
panded the clinical and genetic spectrum of the DHX30-
associated neurodevelopmental disorder. Our data sug-
gest the existence of clinically distinct subtypes correlat-
ing with location and nature of pathogenic variants, Our
study highlights the usefulness of social media-based
family support groups as a resource in defining ultra-
rare disorders as well as the need for in-depth functional
characterization of potentially pathogenic variants to
understand their biological consequences. We confirmed
that DHX30 is an ATP-dependent RNA helicase, and
showed that DHX30 is essential for stress granule
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assembly in cellular and in vive models. Missense vari-
ants in helicase core motifs lead to a loss of ATPase and
helicase activity, concomitant with a gain-of-function
with respect to SG formation, and a severe phenotype.
In contrast, DHX30 loss-of-function variants are associ-
ated with a milder phenotype. Additional studies are re-
quired to further delineate the variety of clinical
outcomes underlying different DHX30 variants as well as
the roles of DHX30 in various aspects of RNA
metabolism,
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Additional information for:
Genotype—phenotype correlations, and novel molecular insights into the DHX30-
associated neurodevelopmental disorders

Mannucci et al.

Additional file 1: Supplementary methods.
Expression of 6xHis-SUMO-DHX30 constructs

6xHis-SUMO-DHX30 wild-type and mutant constructs were transformed into E. coli BL21 (DE3) pLysS
pPRARE competent cells. Colonies were inoculated into 100 mL of superbroth (SB) medium supplemented
with 2% glucose, 0.1% kanamycin and 0.1% chloramphenicol and incubated overnight at 37°C under shaking
at 200 rpm. The 100 ml bacterial pre-culture was transferred into 2 L of SB medium and incubated for 3h at
37°C under shaking at 180 rpm until an ODggo=1 was reached. Then, protein expression was induced by adding
1 mM of IPTG and cells were cultured overnight at 14°C under shaking at 180 rpm.

Cells were collected by centrifugation and cell pellets were resuspended in 50 mL of lysis buffer (20 mM
HEPES pH 7.5, 500 mM NaCl, 5 mM MgCl, 0.01% NP-40, 10% glycerol, 5 mM B-mercaptoethanol, 0.1 mM
AEBSF, 0.5 mg/L leupeptin/pepstatin A, 2 mg/L aprotinin). Solubilized samples were additionally sonified
with the Brandson 250 sonifier. Insoluble cell debris was removed by ultracentrifugation with a 45Ti Beckman
rotor at 25 000 rpm for 1h at 4°C.

Protein purification. Cell lysates were incubated for 2h at 4°C on Ni-NTA beads (Qiagen, #30210) previously
equilibrated with lysis buffer. Then, beads were washed three times with 50 times bed volume of washing
buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 5 mM MgCl;, 0.01% NP-40, 10% glycerol, 40 mM Imidazole,
5 mM B-mercaptoethanol, 0.1 mM AEBSF, 0.5 mg/L leupeptin/pepstatin A, 2 mg/L aprotinin). Bound proteins
were eluted with 8 times bed volume of elution buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 5 mM MgCl.,
10% glycerol, 300 mM imidazole, 5 mM B-mercaptoethanol,). The elution fractions were subsequently
analyzed for the presence of the target protein by SDS-PAGE and Coomassie blue staining. Afterwards the
fractions of interest were pooled and sample was concentrated using concentrators (Vivaspin™ 500, MWCO
10 000). 2 - 5 mg of the concentrated sample was further purified by size exclusion chromatography (Superdex
75) with the Akta™ purifier system (GE Healthcare). Fractions were analyzed for the presence of the target
protein by SDS-PAGE and Coomassie staining. Samples were quantified from the Coomassie stained gel using
the ImageJ software.

In vitro synthesis of RNA molecules. To test the RNA unwinding activity of DHX30, a *P-Labeled RNA
duplex was synthesized using the T7 RNA polymerase from a linearized DNA template designed by (Tseng-
Rogenski & Chang, 2004). The in vitro transcription reaction mix was prepared as follows: 1X transcription
buffer (40 mM Tris-HCI pH 7.9, 1 mM Spermidine, 26 mM MgCI2, 0,01% Triton X, 5mM DTT), NTPs (GTP
8 mM, ATP 5 mM, CTP 5 mM, UTP 2 mM, 50 uCi of *2P-UTP), 3 uM DNA template, 3 uM top strand primer
(5>-TAATACGACTCACTATAG-3’), 7 U of T7 RNA polymerase. Transcription reactions were incubated
for 2h at 37° C. RNA was precipitated by adding 0.1 volumes of 3M NaAc (pH 5.5) and 3 volumes of ethanol
for 30 min at -20°C. Then, samples were centrifuged at 13 000 g, 30 min at 4°C. RNA pellets were rinsed with
70 % ethanol and resuspended in H,O.

RNA samples were mixed with 2X denaturing RNA loading dye (1X Tris-Borate-EDTA pH 8.3, 95%
formamide, 0.1% bromophenol blue, 0.1% xylene cyanol FF) and analyzed on 8% UREA-PAGE in 1X TBE.
Radioactive signals were detected by autoradiography and the RNA band was excised from the gel.

The RNA product was extracted from the gel in RNA extraction buffer (200 mM Tris-Hcl pH 7.0, 0.1% SDS,
1 mM EDTA). Subsequently, RNA was precipitated as described above and the RNA pellets were resuspended
in 100 mM KCI.

To promote the formation of the RNA duplex, the RNA sample was boiled at 95°C for 5 min and cooled down
over 2h. The sample was mixed with 2X non-denaturing loading dye (1X TBE, 20% glycerol, 0.1%
bromophenol blue, 0.1% xylene cyanol FF) and separated on 8% native PAGE. The RNA duplex was excised
from the gel and purified as described before. The RNA concentration was determined by measuring
absorbance at 260 nm.
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RNA unwinding assay

The helicase activity was measured in 20 pl of reaction mixture containing 0.13 pmol of purified protein (=20
ng of full length protein), 25 fmol radioactively labeled RNA duplex, 17 mM HEPES-KOH pH 7.5, 150 mM
NaCl, 1 mM MgCl;, 2 mM DTT, 1 mM spermidine, 0.3% PEG8000, 5% glycerol, 150 mM KCI, 20 units of
RNasin™ Plus (Promega), 1 mM ATP. The mixture was incubated for 1h at 37°C and subsequently mixed
with 2X non-denaturing loading dye and subjected to gel electrophoresis through non-denaturing 8% PAGE
(19:1) in 0.5X TBE at 4°C. Reaction products were visualized by autoradiography.
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Additional information for:
Genotype—phenotype correlations, and novel molecular insights into the DHX30-

associated neurodevelopmental disorders

Mannucci et al.

Additional file 3

Conserved DExH motifs
DHX30 Homo sapiens
DHX30 Rhesus macaque
DHX30 Canis lupus
DHX30 Mus musculus

DHX30 Danio rerio
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DHX30 Rhesus macaque
DHX30 Canis lupus
DHX30 Mus musculus

DHX30 Danio rerio
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|
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FCTVGILLRK
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— —lY

p.Ala734 p.Ser737 p.Thr739 p.Gly781 p.Arg782 p.Arg785
(novel) (novel)

Fig. S1. Identified missense variants affect highly conserved amino acids. (a) Evolutionary conservation
of the missense variants within motifs of the helicase core region. The position of the missense variants
identified are shown in red. Amino acid residues affecting novel missense variants are noted in brackets. Non
conserved amino acids are shown in yellow. Nucleotide-interacting motifs (I, Il and V1) are shown in purple,
nucleic acid-binding motifs (la, Ib and 1V) in orange, motif V, which binds nucleic acid and interacts with
nucleotides, in purple and orange, and motif 111, which couples ATP hydrolysis to RNA unwinding, in blue
(as previously described by Lessel et al., 2017). (b) Evolutionary conservation of the missense variants
p.(Arg725His) and p.(Arg908GIn) not located within motifs of the helicase core region. The positions of the
missense variants are shown in red. Note that the affected amino acids are evolutionary highly conserved from

humans to zebrafish.
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Additional information for:
Genotype—phenotype correlations, and novel molecular insights into the DHX30-
associated neurodevelopmental disorders

Mannucci et al.

Additional file 4

individual 6 mother father
lle Ala/Asp Glu lle Ala Glu lle Ala Glu
T T & © T & & @ i ¥ % & €& % %® & B @ T T ®8 © ¥ © X B

Fig. S2. De novo mosaicism in individual 6. Sanger sequence electropherograms of parts of DHX30 after
PCR amplification of genomic DNA of the affected individual 6 and her parents, confirming de novo
mosaicism. The amino acid translation is shown in the three-letter code above the DNA sequence. The red
arrow indicates the variant at ¢.2201C>A, p.(Ala734Asp) present only in the DNA sample of the affected
individual.
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Additional information for:

Genotype—phenotype correlations, and novel molecular insights into the DHX30-
associated neurodevelopmental disorders

Mannucci et al.

Additional file 5

an{GRCh37] 3p21.31(47098509_48109065)x1

ﬂmwﬂmw@wwmw gt i Maasrratc Uik NS I o
: [ R ".-tsmw,

Waighted Log2 Ratio

a

Fig. S3. Whole gene deletion in individual 24. Adapted from Chromosome Analysis Suite 3.3 (ChAS 3.3)

showing loss of oligonucleotide probes at 3p21.31. Each dot represents one single nucleotide polymorphism
that are distributed on the x-axis which shows the genomic positions.
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Additional information for:
Genotype—phenotype correlations, and novel molecular insights into the DHX30-
associated neurodevelopmental disorders

Mannucci et al.

Additional file 6: Clinical reports:

Individual 1 is a 9-year-old female, the first child of non-consanguineous parents of Caucasian European
ancestry. Her older maternal half-brother, mother and maternal grandmother were regarded to have familial
hypermobility / Ehlers- Danlos syndrome. Otherwise family history was inconspicuous. Pregnancy and birth
were uncomplicated. At 6 months of age her elbow joint was dislocated without any trauma. She could roll
over spontaneously at 9 months of age. At 18 months she was able to sit on her knees with malrotated abducted
lower legs. At 2 years of age she could stand with support. She was hypermobile and could fall asleep with
her head between legs. She was referred for a genetic evaluation at 3 years of age due to muscular hypotonia,
joint hypermobility, feeding difficulties, delayed milestones of development and an occipitofrontal head
circumference (OFC) of 45 cm (-4.0SD), i.e. -3 cm below 2.5 percentile. Clinically she was suspicious of
absences. However, EEG gave normal results and brain MRI revealed somewhat cerebral atrophy, increased
subarachnoidal space and marked ventricles. At clinical investigation at 3.5 years of age she had an OFC of
455 cm (-3.9 SD), she had a marked muscular hypotonia, joint hypermobility, was non-verbal, had a
convergent strabismus of 20 degrees, and a tendency to stand on her toes with support of parent. She started
using a walker at the 5 6/12 years of age. At the last clinical examination at 6 years of age she had an OFC of
45.5 cm (-4.6 SD), was non-verbal, could stand alone and use a walker. Antiepileptics, Sodium valproic acid,
had some effect on sleep and daily function. Conventional chromosome analysis of lymphocytes, Array
Comparative Genomic Hybridization (array-CGH), Multiplex Ligation-dependent Probe Amplification
(MLPA) for ATRX, Ehlers-Danlos type 111&1V, Ehlers-Danlos type VI and Prader-Willi/Angelman, next-
generation sequencing (NGS) panel for Ehlers-Danlos syndrome (9 genes), all gave normal results. Trio whole
exome sequencing (trio-WES) with DNA samples of both unaffected parents and the proband, revealed a de
novo heterozygous variant ¢.1385G>A, p.(Gly462Glu) in DHX30 (NM_138615.2).

Individual 2 is a 4-year-old male, the second of two children of unaffected, non-consanguineous parents of
African American ancestry. Family history was non-contributory. He was born at 38 6/7 weeks gestation by
repeat cesarean to a 36 year old G2P1-2 mother weighing 2940gm (<1.5SD) with a length of 45.7cm (<2SD)
and OFC of 34.3cm (<0.3SD). The pregnancy was complicated by maternal anemia. He had mild feeding
issues after birth and was in the NICU for a total of 5 days and was then discharged home. He was born with
post-axial polydactyly of both hands and one foot. All of the additional digits had a bony component, and were
surgically removed at 3-months. Psychomotor development was severely delayed. Physical exam at 4 years
old identified an acquired microcephaly, with an OFC of 47cm (<2.5SD). His length was 93.5¢cm (<2SD) and
his weight was 12.2kg (<2.5SD). He had no significantly dysmorphic features. At 4 years old, he was able to
babble, but had no specific words. He followed a few simple commands. He had a history of aspiration and
required thickened liquids and mechanically soft foods. He could use a fork and a spoon, but would often over-
stuff his mouth. He learned to walk at 2 ¥ years, but did not yet run and exhibited ataxia and toe-walking. He
could assist in dressing, but was not yet toilet trained. He had a normal brain MRI at 21 months of age. He
has had no seizures. A chromosomal microarray at 19 months of age identified a maternally inherited 15913
duplication which was considered to be a variant of unknown significance. He also had a normal Fragile X test
at that time. WES at 3 years of age revealed a heterozygous variant c.1478G>A, p.(Arg493His) in DHX30
(NM_138615.2).

Individual 3 is the first daughter of unaffected and non-consanguineous couple with unremarkable family
history. She was born following a normal pregnancy with a birth weight of 3231 grams. There were no
significant neonatal problems reported; and her parents feel that her early development was within normal
limits for the first 6 months. Following this, she started displaying signs of developmental delay and muscular
hypotonia, which has been understood as regression. She has also had a history of bronchomalacia, frequent
upper respiratory tract infections and vomiting, and very poor eye contact. Her growth pattern was age
appropriate. She was able to sit up at lyear, crawled at 20 months, and learned to walk with 54 months. She
presented with stereotypic hand movements; and due to these features, the diagnosis of Rett Syndrome was

59



considered at age 2 years. At the clinical examination at the age of 6 and a half years she was noted to have
some distinctive features, such as thick hair, thick vermillion of lower and upper lips, deep set eyes. She also
had generalized hypotonia and brisk reflexes on her lower limbs. She was making very slow developmental
progresses, and never actually developed expressive speech. She had some swallowing difficulties, problems
with chewing and history of severe regurgitation. Neuro-metabolic work-up has been within normal limits. A
brain MRI revealed abnormal white matter changes in the posterior horns of both lateral ventricles. She had
several EEG's, with no specific features. She did not suffer from epilepsy. Presently at 25 years, she no major
medical problems. She has a friendly personality and is always smiling. She does not speak; hence she
communicates using an iPad (iGaze), which is working very well for her. She still has some difficulties
swallowing and is dependent for feeding. Her gait is unsteady. Her mother suspects a propensity for ear
infections (she had several pseudomonas infections). Moreover, she was investigated for Postural tachycardia
syndrome (PoTS), as she was suffering from tacchycardia and sweets episodes; but a cardiac assessment gave
normal results. Over the years, conventional chromosome analysis of lymphocytes, array-CGH, genetic testing
for Rett syndrome, SMA, Pitt-Hopkins syndrome and myotonic dystrophy, chromosome 15 deletion for
Prader-Willi Syndrome, Fragile-X testing, all gave normal results. Without a diagnosis, in 2013 she was
recruited to the DDD study. WES revealed a heterozygous variant ¢.1685A>G, p.(His562Arg) in DHX30
(NM_138615.2).

Individual 4 was a boy, the third child of unaffected, consanguineous parents born at 40 weeks of gestation,
with a birth weight of 3220 grams (-0.9SD). Regarding family history, the child's father had one paternal and
one maternal uncle with epilepsy. He was admitted to pediatric resuscitation unit because of seizures and
myoclonia of the left hemibody, with consciousness disorders and a hypertonia of the left hemibody. The
electroencephalogram (EEG) showed a slow sleep path slightly pathological. Then, there were repeated
hospital admissions. Two weeks later, the clones in the lower left limb resolved. But at the age of 4 months,
he again presented myoclonia. The EEG showed centrotemporal focal spots of spikes. The brain MRI revealed
a diffusion restriction affecting the sub-cortical white substance of the left on the pre central convolution and
the posterior part of the upper frontal convolution; associated with meningeal lesions evoking a localized
inflammatory process. At the clinical examination at 5 months, he showed no eye contact, an axial hypotonia,
with agitation between the crises. The EEG showed a very slow track with abundant diffuse wave spikes and
a right rhythmic delta burst, and also a diffuse wave peaks, which predominate at the right and left centro-
temporal regions. He was admitted to hospital for gastroenteritis at 6 months. At 10 months, he was admitted
to the pediatric emergency room for increased seizures after a vaccination one week earlier, with onset of more
frequent contact ruptures and cloning of the right upper limb for prolonged periods. Feeding difficulties were
observed over the following days. Three weeks after, he was again hospitalized with decreased movements of
the eyeballs; a much altered contact, a major axial hypotonia, and repeated opisthotonos attacks as well as an
oral facial dyskinesia and myoclonias of the left hand which disappeared completely in deep sleep and
increased at stimulation. The EEG showed a hypsarrhythmia traversed from spikes to type of repetitive
paroxysms predominant on the right. He deceased at the age of 11 months. Standard metabolic screening gave
normal results. Conventional chromosome analysis of lymphocytes, array-CGH, genetic testing of mtDNA for
MELAS, MERRF and NARP, for elF2B-related disorders, as well as analyses of SCN1A and GABRG2 gave
normal results. The trio-WES, with DNA samples of both unaffected parents and the proband, revealed a
homozygous variant ¢. 2174G>A, p.(Arg725His) in DHX30 (NM_138615.2). No other candidate variant was
identified.

Individual 5 is an 11-year-old female of unaffected and non-consanguineous couple with unremarkable family
history. She has 2 healthy brothers. She was born after an uncomplicated pregnancy and a normal delivery at
41 weeks and 3 days of gestation with a birth weight of 2930 g (-1.7 SD) and a birth height of 48.5 cm (-1 SD)
and a OFC of 33.5 cm (-1.8 SD). Development was apparently normal up to 4 months with a smile response
and the start of voluntary grasping before 3 months. Parents describe deterioration of her condition at around
4 months following an episode of chickenpox infection. A brain MRI at 11 months revealed cortical and
subcortical atrophy, and delayed myelination. She later developed hand stereotypies of the middle line and
autistic features.at the last clinical examination at the age of 11 years we saw a girl with some dysmorphic
features including a short forehead, likely related to her microcephaly, arched eyebrows, a slight synophris,
upslanted palpebral fissures, anteverted nares, short columella, and smooth philtrum. There is a delay in the
fall of the lacteal teeth. Further, she has micrognathia and high palate. Skin is thin with an apparent venous
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network and a slight hypertrichosis was noticed. She did not yet acquire autonomous walking, and is
wheelchair-bound using it by advancing her arms and then both legs together. Fine motor skills are mostly
absent. She can speak only 4 words: “mom” “dad” “yes” and “no”, but can communicate a few words in sign
language. She had repeated pulmonary aspirations and prefers grinded food. She has a general hypotonia,
significant hyperlaxity with genu recurvatum of the knees and pes valgus. There is no pyramidal or
extrapyramidal syndrome. She developed postnatal microcephaly with -5 SD, a severe delay in weight (-3 SD)
and height (-5 SD) gain. She developed strabismus, further ophtalmological and auditive examination gave
normal results. Chromatography analysis revealed ammonemia and AICAR-SAICAR accumulation. Array-
CGH and Fragile X analysis gave normal results. Trio-WES with DNA samples of both unaffected parents
and the proband, revealed a de novo heterozygous variant c.2201C>A, p.(Ala734Asp) in DHX30
(NM_138615.2) which was confirmed by Sanger sequencing.

Individual 6 is a 15-year-old female, the first of three children of healthy non-consanguineous parents of
Aramean descent. The family history was unremarkable; in particular no developmental disorders have been
reported and both younger siblings are healthy. The girl was born after an uneventful pregnancy at term with
normal birth measurements (weight 3290 g (-0.5 SD), length 54 cm (1.0 SD), OFC 35 cm (0 SD)). Soon after
birth she was admitted to the ICU because of cyanotic events and hypotonia; she was discharged after a few
days. Hypotonia persisted, and she developed feeding difficulties and failure to thrive. A situation resembling
Acute Life- Threatening Event (ALTE) occurred at the age of 3 months, and a unique febrile seizure followed
at the age of 6 months. Motor and speech development were severely delayed; she started to walk without
support at 2 years and 8 month, but gait was unstable and she fell down many times over the next years. She
spoke first at 2 years and the language development was not appropriate for her age. Receptive language was
much better. During toddlerhood, feeding difficulties switched to hyperphagia, she had no feeling of satiety.
Thus, she gained weight and became obese (30.9 kg, +1.4 SD) at the age of 11 years. In addition she developed
aggressive behavior with autistic features and sleep disturbances. She attended a school for children with
special needs. Analysis of blood and urine showed slight and unspecific elevation of glycosaminoglycan’s, but
extensive metabolic work up did not detect any additional abnormal results. ECG, EEG, echocardiography,
abdominal ultrasound, and brain MRI were unremarkable. Hearing test and eye examination gave normal
results. At the last examination at the 15 years of age, we saw a friendly and shy young woman who answered
simple questions with simple sentences. She loved to play football although her gait was still ataxic. She was
able to read single letters and write single words. She was well- integrated in her family as well as at school,
her parents reported that she helps with household chores. She has not shown aggressive and autistic behaviors
anymore, but developed an anxiety disorder. Her height was 151.5 cm (-1.1 SD), weight was 49 kg (+0.1 SD)
and OFC was microcephalic with 52 cm (-1.6 SD). Conventional chromosome analysis of lymphocytes gave
normal results. Trio-WES with DNA samples of both unaffected parents and the proband, revealed mosaicism
for a de novo heterozygous variant ¢.2201C>A:p.(Ala734Asp) in DHX30 (NM_138615.2), identified in 36 out
of 174 reads (21%). The de novo occurrence of the mosaicism was confirmed by Sanger sequencing.

Individual 7 is a 33-year old male who was born by normal delivery at term following an uneventful pregnancy.
The family history was negative for similarly affected individuals and his non-consanguineous parents were
of European and Hispanic ethnicity. He developed normally until 8 months of age, when he started to regress.
He has had severe developmental delays. He started to walk at age 12 years, but has not developed speech.
Dystonia and chorea commenced at 10 years of age and he has also developed tics. At 33 years of age, he used
a wheelchair for ambulation and he was non-verbal, although he could communicate with sounds. He did not
consistently obey commands and his verbal comprehension was difficult to assess, but he was interactive and
affectionate with his family. He has had dysphagia and required a g-tube for liquids, but can eat solids by
mouth. Other medical problems have included gait ataxia, hypotonia, cortical blindness, sleep disturbances,
constipation and urinary incontinence. He suffered a single febrile seizure at two years of age. On examination
at 28 years of age, height was 162.6 cm (3" centile) and weight was 38.56 kg (<1% centile). His head
circumference was 53 cm (8" centile). He demonstrated dystonia and tics with writhing movements of his
arms. There were prominent supraorbital ridges, mildly overfolded right ear helix, a narrow nasal bridge and
a small and narrow jaw. He had left esotropia and leukocoria. He had wrist and finger hypermobility and a
thoracic scoliosis concave to the left. His 4th and 5th toes were small and curled. Neurological examination
showed increased tone in all limbs, with brisk reflexes. An MRI of the brain showed mild diffuse prominence
of the cerebrospinal fluid space and mild asymmetric prominence of right superior ophthalmic vein. Metabolic
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investigations, including ammonia, carnitine levels and acylcarnitine profile, serum amino acids, urine organic
acids, testing for congenital disorders of glycosylation, copper, ceruloplasmin and pantothenic acid levels were
non-diagnostic. Conventional chromosome analysis of lymphocytes, fragile X syndrome testing and single
nucleotide polymorphism (SNP) array gave normal results. Methylation studies for Prader-Willi
syndrome/Angelman syndrome were negative and mitochondrial testing was also unrevealing. WES,
performed as a duo with his mother, identified a heterozygous variant c.2215A>G, p.(Thr739Ala) in DHX30
(NM_138615.2). His father was unavailable for testing.

Individuals 8 and 9 are half-sisters born to the same mother but have different fathers. The mother has no
physical health problems and does not have any history of developmental delay or intellectual disability. She
has a history of anxiety, depression and substance abuse. Her examination did not reveal any evidence of
abnormal skin pigmentation or body asymmetry that would indicate a possible mosaic disorder. There is no
other relevant family history.

Individual 8 was born by spontaneous vaginal delivery at term. She was able to sit with support from the age
of 2 years. She achieved independent walking at the age of 10 years. She had limited vocalization and had 10-
15 words by the age of 5 years. Currently at the age of 14 years, she can speak only single words. At the age
of 12 years, she started having short-lasting and self-correcting vacant episodes that were associated with head
dropping, eye rolling and loss of body tone. She had one particularly severe episode where she went absent
and then her left arm lost power. There were no observed focal seizures. She was commenced on sodium
valproate however this did not recur and she has since been weaned from this medication successfully. She
continues to have absent episodes but these are thought to be non-epileptic in nature as they are short-lived
and she can be easily roused from them. She has a round face, brachycephaly, large ears, bilateral epicanthic
folds, open mouthed expression, everted lips and micrognathia. She has cold plethoric hands. Her growth
parameters at 2 years 4 months were: height 87.5cm (-0.25 SD), weight 9.2kg (-3.33 SD) and OFC 46.5cm (-
0.95 SD). Her OFC at 7 years 10 months was 48.3cm (-2.65 SD). An EEG and cranial MRI were both
unremarkable. She also had normal CSF cell count and biochemistry, VLCFA, CSF amino acids and TORCH
screen.

Individual 9 is the younger half-sister of individual 8, born by spontaneous vaginal delivery at term. She did
not require resuscitation but was admitted to SCBU for 5 days due to poor feeding and hypernatraemic
dehydration. There were no obvious neonatal seizures however she is noted to be jittery, possibly secondary
to neonatal opiate withdrawal. She attained social smile on time. At 9 months of age she was noted to be
vocalizing minimally. She was noticed to be poorly fixing but an ophthalmological examination did not
identify any abnormalities. At 2years 11months, she had no speech, was sitting with support but not
independently. At last clinical review, age 6 years, she has a standing frame but her mobility mainly consists
of rolling around. She is able to get into a crawling position and sit herself up for a very brief period. Her
speech remains unintelligible as she shouts and has no obvious words. She had experienced two chest
infections requiring admission to hospital. At this time she was noted to have short-lasting vacant episodes. It
is unclear clinically if these episodes could be behavioural although seizures remain a possibility. She has not
required any anti-epileptic medication. She has severe reflux requiring treatment with omeprazole and
domperidone. She has plagiocephaly, a bifid uvula, high palate and single left palmar crease. Her feet and
external genitalia were normal. She continued to have poor visual fixation and was also noted to have cold
peripheries, 2-3 mild syndactyly and small nails on the 5th toe bilaterally. Her growth parameters at 9 months
were: height 66.4cm (-1.55 SD), weight 6.25kg (-2.30 SD), OFC 41cm (-2.11 SD). At 2 years 11months, her
height was 76.9cm (-4.36 SD), weight was 7.65kg (-6.73 SD) and OFC was 44cm (-2.83 SD). An awake and
sleep EEG were both normal but cranial MRI showed partial agenesis of the corpus callosum with possible
frontal atrophy. Urine organic and amino acids revealed no abnormality. She was thought to have the same
condition as her elder half-sister.

In both girls, Angelman testing (FISH 15q and 15q methylation studies), 7-dehydrocholesterol and white cell
enzymes gave normal results. Chromosomal microarray analysis in individual 8 revealed no abnormalities. In
individual 9, chromosomal microarray revealed a possible duplication at 22q12.2:q12.3(31592382-32217094).
This gain encompasses RNF185, LIMK2, PIK3IP1, PATZ1, DRG1, EIF4ENIF1, SFI1, PISD, PRR14L and
DEPDCS5 genes. However, as both the affected girls were thought to have the same condition, this gain was
thought to be co-incidental. WES was performed in individual 8 as part of the Deciphering Developmental
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Disorders (DDD) study and identified heterozygous variants in DHX30 (chr3:9.47889727C>T,
ENST00000445061 c.2344C>T, p.Arg782Trp), RHOBTB2 (chr8:9.22864764C>T, ENST00000519685
c.1072C>T, p.Arg358Ter) and KAT6A (chr8:9.41798484C>G, ENSTO00000396930 ¢.2915G>C,
p.Arg972Pro).

Variants in RHOBTB2 have been associated to an autosomal dominant epileptic encephalopathy (OMIM
#618004) however all pathogenic variants are missense ones, and a gain-of-function mechanism has been
postulated. The p.Arg358Ter variant in individual 8 inserts a premature stop codon in exon 7 out of 12, which
is likely to undergo nonsense-mediated decay. This variant does appear in healthy controls at low frequency
(0.000008 mean allele frequency). There are also seven copy number losses encompassing RHOBTB2 on the
database of genomic variants which lends further support to loss-of-function not being the pathogenic
mechanism. Thus, this is thought to be a low frequency benign variant. Pathogenic variants in KAT6A cause
autosomal dominant mental retardation (OMIM #616268) with nearly all described variants being frameshift
or nonsense. The missense variant in individual 8 is predicted to be benign by in silico tools and is also seen
infrequently in healthy controls (mean allele frequency 0.00001) hence it is believed to be benign. Targeted
Sanger sequencing for the ¢.2344C>T DHX30 variant identified it to be present in the affected half-sister
(individual 9). However, targeted Sanger sequencing did not show presence of this variant in the DNA samples
extracted from either peripheral blood or saliva of the mother of the two children. Hence we suspect this is a
case of gonadal mosaicism given both girls have separate fathers.

Individual 10 is a 3 years old female who was the product of an uncomplicated pregnancy. She was delivered
to an unaffected Caucasian couple at 39 weeks of gestation with a birth weight of 3110 grams (-0.6 SD) and
length of 48 cm (-1.4 SD) and a OFC of 33.5 cm (-0.9 SD). APGARs were 8 and 9. She was noted to have a
heart murmur and an Echocardiogram at 3 days of life showed a small anterior/apical ventricular Septal Defect.
The Newborn screening was normal. She had a healthy sister and a healthy paternal half-brother. The maternal
half- uncle had cerebral palsy and her paternal aunt had severe epilepsy and intellectual disability. She was
referred to the clinical genetics because of developmental delay as well as feeding problems as early as 7
months of age. Hypotonia, mild facial dysmorphism and generalized joint hypermobility were noted. She had
rotatory nystagmus which improved in time. The brain MRI at 13 months of age showed delayed myelinization
(6-8 months) and delayed corpus callosum development with left hippocampal atrophy. At 3 years old age,
she has two words and is able to sit up, roll and is starting to crawl. She is also pulling herself up but is not
walking. She has two words and is starting to use a communication device. She can finger-feed herself. Her
weight is just below the 5th percentile and her length is at the 7th percentile. Chromosomal microarray analysis,
DNA testing for Prader Willi Syndrome and Spinal Muscular Atrophy gave normal results. Trio-WES with
DNA samples of both unaffected parents and the proband, revealed a de novo heterozygous variant ¢.2344C>T,
p.(Arg782Trp) in DHX30 (NM_138615.2).

Individual 11 is a 7-year-old female, product of an uncomplicated pregnancy following a natural conception.
Family history is negative for a similar phenotype; the patient’s younger sister is unaffected, and younger
brother was diagnosed with high functioning autism spectrum disorder; her parents are healthy of Caucasian
descent, consanguinity was denied. She was born by a normal spontaneous vaginal delivery with a birth weight
of 2.67 kg. due to poor sucking she required syringe feeding in the first few days of life. She has been followed
by Pediatric Neurology, Pediatric Gastroenterology, and Medical Genetics for intractable complex partial
epilepsy; profound global developmental delay and intellectual disability (non-verbal); athetoid cerebral palsy
(wheelchair dependent); and failure to thrive (G-tube dependent). Brain MRI with spectroscopy performed at
8 months and 27 months of age demonstrated symmetric patchy signal abnormality with T2 hyperintensity
throughout the bilateral cerebral white matter indicative of delayed myelination or nonspecific
leukoencephalopathy, and mild white matter volume loss with relative thinning of the corpus callosum. Her
OFC at the age of 5 years was 46¢cm (-4 SD). She was hospitalized at 6 years old for septic shock in setting of
febrile illness. At the last clinical examination at 7 years of age she presented with progressively worsening
mental status alteration, vomiting and constipation. Her weight was 13.6 kg (-5 SD) and height of 103 cm (-4
SD),. No dysmorphic facial features were observed, she was highly hypertonic with athetoid extruded tongue
posture. Metabolic screening gave normal results. Molecular genetic work-up included comparative genomic
hybridization and Prader-Willi methylation testing with normal results. Trio-WES with DNA samples of both
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unaffected parents and the proband, revealed a de novo heterozygous variant ¢.2344C>T, p.(Arg782Trp) in
DHX30 (NM_138615.2).

Individual 12 is an 8-year old female, the eldest child of non-consanguineous Australian parents of Caucasian
descent. Her siblings and both parents are well and healthy and there is no other family history of note. She
was delivered at 40 weeks after an induced rapid and uncomplicated labour. Her birth weight was 36109 (+0.4
SD), her birth length was 49cm (-1.2 SD) and her OFC was around 36-37cm (+0.9 / +1.6SD). She was in good
condition at birth and there was no complication in the immediate newborn period. She had feeding problems
that have improved but she still chokes on crackers, and she has ongoing constipation issues. Her general
health is otherwise good. She has strabismus and cortico-visual deficit, her vision has been improving over
time. She has not had any obvious seizures. She has trouble regulating her temperature, she is often cold and
wakes up at night when cold. She has inappropriate response to pain (laugh) and she needs strong stimulus
(loud noise, strong light) to respond. She smiled at around 12 weeks of age, rolled both ways at 4 months, sat
up at 12 months, crawled at 13 months and walked at 4 years of age. Her gait is unsteady and ataxic and she
has numerous falls. She has global developmental delay and is non-verbal. She is quite social but doesn’t care
to interact with people. She is generally placid. She has a high pain tolerance and is not aware of danger. She
holds her hands in a particular position with the thumbs abducted. At her last examination, her growth
parameters were all around the 50" percentile. She had deep set eyes (family trait), furnished eyelashes, thin
straight eyebrows, strabismus subtle facial asymmetry, posteriorly rotated ears with small antitragus, short
antihelix, and everted lower lip; she has joint hypermobility of her hips, shoulders and fingers and A brain
MRI showed minor periventricular leukomalacia. Plasma amino acids, urine metabolic screen, carbohydrate
deficient transferrin, plasma acid carnitine profile, plasma and CFS amino acid and plasma and CFS pyruvate
and lactate were all normal. Chromosome microarray testing detected a small maternally inherited, unlikely
significant, 2912.2912.3 duplication. Methylation studies for Angelman syndrome did not detect any anomaly.
Genetic testing for lysosomal disorders indicated that she is a carrier of Tay-Sachs disease (normal levels of
beta-hexosaminidase A activity) and Pompe disease. Genetic testing for an in-house absent speech gene panel
did not detect any likely causative variant. Trio-WGS with DNA samples of the proband and both unaffected
parents, revealed a de novo heterozygous variant ¢.2344C>T, p.(Arg782Trp) in DHX30 (NM_138615.2).

Individual 13 is an 8 year old male, the only child of non-consanguineous parents of Mexican origin. Regarding
family history, mother has 2 brothers, both of whom had seizures during childhood and have normal cognition.
The father has 2 brothers and 1 sisters. Father’s brother's daughter did not talk at the age of 4, walked by age
2 and has a brother who did not talk at the age of 2. Regarding the perinatal history, the pregnancy was
uncomplicated and he was born at full term. Birth weight was 3.72 kg. He was healthy in the newborn period
except for transient hypoglycemia treated with bottle feeding. It was noted at 6 months that he was
microcephalic and had delayed motor milestones. At 6 years of age regarding expressive language
development he was able to say mom, dad, and name of dog. He was not able to point or wave. He could do a
high five. In regard to gross motor development, he was able to roll, pull to stand, army crawl, and walk with
walker. He could crouch down and balance himself. Regarding fine motor skills he was able to do a raking
grasp. He could put things in his mouth. He was not toilet trained. He had dysphagia. He could eat finely
chopped foods and had difficulty with chewing. In regard to social skills: he was very social. In regard to
academics/cognitive ability: he could recognize things that he likes. He was able to identify four colors. At the
last comprehensive examination his OFC was 47.5 cm (-2.05 SD), height was 112 ¢cm (-1.77 SD) and weight
was 16.2 kg (-2.96 SD). Facial features were elongated. Head shape exhibited microcephaly. Forehead
revealed prominent brow. There were epicanthal folds. He had arched eyebrows and long eyelashes. He had
temporal muscle wasting. He had a small mouth, down turned. Mental examination revealed a social smile.
He was nonverbal. He had a normal cranial nerve examination. He had central and axial hypotonia. He had
increased tone in the Achilles. He had normal reflexes. He had joint hypermobility. He was able to walk with
an ataxic gait with two hand assist. Diagnostic studies included an MRI of the brain which was normal, one
EEG revealed bifrontal and left central parietal sharp waves during sleep but subsequent ones were normal.
Hypotonia panel demonstrated normal results for SMA, myotonic dystrophy, Prader Willi, Maternal UPD 14,
and Angelman syndrome. Lactate, pyruvate and urine organic acids were normal. Fragile X screen normal.
Chromosomal microarray was normal. Cornelia de Lange testing revealed a VUS in the RAD21 gene that was
determined to not cause CDLS or any genetic condition. Trio Autism/ID Xpanded Panel with DNA samples
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of both unaffected parents and the proband, revealed a de novo heterozygous variant c.2345 G>A,
p.(Arg782Gin) in DHX30. (NM_138615.2).

Individual 14 is now a 6-year old male product of a full term normal spontaneous vaginal delivery, the third
child of unaffected, non-consanguineous parents of Hispanic and German ancestry. His family history includes
two full siblings: an 8-year old brother with speech delay, an 11-year old healthy sister, and two half-siblings
through the father: a 10-year old brother with learning disabilities/ADHD and a 13-year old sister with
scoliosis. Father is healthy and mother experiences anxiety and depression. At about two months of age, his
grandmother noted that he rarely cried and he had significant head lag and was "limp" by her account. His
pediatrician formally evaluated him at 6-months of age and requested an ultrasound of his head due to his
having a small fontanelle. He received an MRI of the brain as well as an encephalography, which was normal.
His Newborn Screen was consistent with sickle cell trait. He also had poor weight gain, acid reflux, and
constipation, and was referred to GI, and subsequently gained weight on a high calorie mix. He had high
tolerance to pain and reportedly never cried. He was receiving physical therapy and occupational therapy.
Developmentally, he began rolling at about 4.5 months, but does not crawl or walk. He presented at the genetics
unit at 4-years of age for severe developmental delay and profound generalized hypotonia and dysmorphic
features suggestive of a genetic etiology. He could sit up with assistance, but was unable to hold his bottle and
had some head control. He could grasp objects and occasionally reached for things. He lacked speech but made
some babbling, and cooing, without consonant sounds. His physical features included microcephaly,
bitemporal narrowing, a tall forehead, a high arched palate, and a pointed chin with no dimple. Other notable
features were a single palmar crease on his left hand, overlapping second and third toes on right foot,
hypermobility in his knees, and decreased calf musculature. He had diminished bulk, and was severely
hypotonic throughout his body. On vertical suspension, he slipped through the examiner’s hands, and on
horizontal suspension was not able to lift his head. He showed a severe lag when pulled from a laying to a
sitting position. In a prone position, he had some head control and was able to lift his head occasionally. He
could not elicit upper extremity reflexes. He would withdraw upon experiencing light touch. He was unable to
sit, even when held in a sitting position. Prior negative testing included a Prader-Willi syndrome methylation
assay. Metabolic investigations, including carnitine, lactate/pyruvate, urine organic acids, and plasma amino
acids were non-diagnostic. Given his significant hypotonia, testing for Spinal Muscular Atrophy, creatine
kinase level, and myotonic dystrophy was pursued; none was informative. Trio-WES with DNA samples of
both unaffected parents and the proband, revealed a de novo heterozygous variant c.2345 G>A, p.(Arg782Gin)
in DHX30. (NM_138615.2).

Individual 15 is a 2 year old male, the only child of unaffected, non-consanguineous healthy Dutch Parents of
Caucasian European descent. Pregnancy was uncomplicated with normal screening ultrasound. The boy was
born at 41 weeks and 6 days. There was meconium in the amniotic fluid. He had APGAR score 4/7/7 after 1,
5 and 10 minutes respectively. Oxygen was supplied shortly and he received antibiotics because of suspected
perinatal infection. Birth weight was 3320 grams (-1 SD). Hernia inguinalis was noted. Because of hypotonia,
tube feeding was started for the first few days. Psychomotor development was delayed, with laughing at 8
weeks. Physiotherapy was started at age 5 months because of delayed motor milestones with persistent axial
hypotonia including head lag. Rolling over at age 9 months. He has gastro-oesophageal reflux and frequent
choking when drinking fluids. He experienced recurrent otitis. He never cries and had a high threshold for
pain. He has a cheerful behavior. Furthermore, he has a trigger finger. He does not experience seizures and
electroencephalogram (EEG) at age 1.5 y was normal. At the last physical examination at age 2 years and 7
months, height is 93 cm (-0.31 SD), weight 14 kg (-0,23 SD), head circumference 47 cm (-1,55 SD). There is
a broad and high forehead, low position of the ears, overfolded helix, simple ears, flat midface, brachycephaly,
clinodactyly of the 4th and 5th toe, and hypoplastic toe nails of the 5th toe on both sides. He is mildly
bradyphrenic and vocalizes but does not speak. There are feeding difficulties. He cannot sit without support,
there is still some head lag and axial hypotonia, strabism with saccadic ocular movements.and mild generalized
chorea.and poor fine motor skills. ). Metabolic investigations were unremarkable. Brain imaging has not been
performed. There was a normal CGG repeat length of the FMR1 repeat. Trio-WES with DNA samples of both
unaffected parents and the proband, revealed a de novo heterozygous variant ¢.2345 G>A, p.(Arg782Gin) in
DHX30. (NM_138615.2).
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Individual 16 is a 4 year female- Family history was unremarkable. She has two older, unaffected half siblings
(different fathers). She was delivered at 39 weeks by induction because of absent fetal movements for 2 days,
confirmed on ultrasound. Birth weight was 3900 grams (+1.33 SD) and birth length was 48.3 cm (-1.3 SD).
She did not cry, but did make grunting noises. As she got older her development fell further behind. She did
not cry after vaccinations and she had a "vacant" look and poor eye contact. At 9 months of age she began
rolling over, at 11 months she could only sit with support, and she made no attempts to crawl. At the clinical
examination at 10 months she had a pronounced global developmental delay. She had significant hypotonia
but began showing better eye contact. She was found to have a bicuspid, stenotic aortic valve and a moderately
dilated ascending aorta (z score 3.9) and mild insufficiency. She developed staring spells, and a Video EEG
showed focal slowing and epileptiform discharges. An MRI showed diffuse subcortical and periventricular
white matter signal abnormality in a symmetric pattern involving the temporal frontal and parietal lobes with
associated abnormal cerebral volume loss suggestive of a leukodystropy but not typical for periventricular
leukomalacia. Organic acids, VLCFA, pipecolic acid and arylsulfatase enzyme testing were normal. Over the
next several years, she developed few skills. She said a few words, but none consistently. She had a grand mal
seizure age 3, Keppra was started, and she had only one further seizure. At age 4, weight was 15.9 kg (48 %ile)
Height: 101.6 cm (52 %ile), She had mild ptosis, hypotonia, and did not talk, stand for very long, or take steps.
Because of recurrent ear infections tonsillectomy and adenoidectomy, and tympanostomy tube surgeries were
performed at the age of 4. WES revealed a heterozygous variant ¢.2353 C>T, p.(Arg785Cys) in DHX30
(NM_138615.2).

Individual 17 is a 7.5-year-old girl, the only child of unaffected, non-consanguineous American parents of
Caucasian European descent. Family history was non-contributory. The preghancy was uncomplicated with
normal screening ultrasounds. She was born at 39 weeks of gestation by caesarean section due to breech
presentation. Her birth weight was 4054 gram (+1.7 SD), birth length was 53.34 cm (+1SD), and OFC was
38.1 cm (+2.7 SD). Muscular hypotonia was first noted at 8-week old. Since then, she was regularly in physical
therapy, and she has had no period of regression. Her milestones of motor development were delayed and has
poor fine motor skills. She was able to sit independently at 13 months and to walk without assistance at 37
months of age. She presents symptoms of ataxic gait. She is unable to toilet train, and she was unable to feed
herself, but occasionally she can grab food with her fingers to feed herself. She is non-verbal and has been on
speech therapy regularly since 1-year-old. Her progress: At one-year-old she could respond to
pictures/flashcards. At three-year-old she was able to use a communicator with eye gaze technology. At seven-
year-old she was able to transition to a touch screen communication tablet. Overall, she is described as a
pleasant, quiet, smiling child with no behavioral concerns. But she is easily irritated by noises. Sleep
disturbance is rare. She presents repetitive finger snapping and teeth grinding on a regular basis, which causes
trouble in chewing. Physical examination revealed no obvious dysmorphic features or developmental features,
except joint hypermobility and low muscle tone, which has improved progressively with physical therapy. Her
reflex response findings overall were unremarkable. OFC at last examination at the age of 7years and 8months
was 53 cm (+0.9 SD). MRI was performed at 13-month, 17-month, and 37-month-old with similar findings:
generalized decreased in white matter volume in a symmetric fashion. The spectroscopy tracing did not reveal
any specific abnormality. Ethmoid sinus and left mastoid air cell opacification were noted. She occasionally
blanks out or stares into space. Electroencephalogram (EEG) at two-year-old was normal during wake and
sleep stages, ruling out absence seizures, and she has not had a history of seizures. She underwent array CGH,
Prade-Willi analysis, extensive metabolic analyses (including plasma amino acids, lactate and pyruvate, etc),
Canavan disease panel, Krabbe disease test, and lysosomal disease test: all were negative. Trio-WES with
DNA samples of both unaffected parents and the proband, revealed a de novo heterozygous variant ¢.2353
C>T, p.(Arg785Cys) in DHX30 (NM_138615.2).

Individual 18 is a now 3-year-old male. He is the first child of unaffected, non-consanguineous Caucasian
parents. There was no family history of seizures, developmental problems, neuromuscular disorders, or other
neurologic issues in the family. The pregnancy was uncomplicated aside from polyhydramnios noted in the
last month of the pregnancy. He was born via Caesarean section at 40 weeks due to a face presentation. There
were no other perinatal or neonatal complications, and he went home from the hospital in a normal amount of
time. Developmentally, all milestones were delayed. He did not roll until 6 months, and started to sit up
independently at about a year of age. At his last visit at age 3, he could pull to stand and was working on
walking with a walker but could not yet walk independently. His fine motor skills were somewhat delayed
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but he was able to feed himself using a spoon. He had chronic dysphagia and had trouble with chewing and
swallowing, though this improved over time. He could copy some sounds but could not yet produce intelligible
speech. He could partially communicate needs using a picture board, and does produce some verbal cues that
his parents can understand. He was noted to be friendly, social, and interactive with family. He has always
made slow, gradual progress and has never regressed. His notable medical problems are strabismus, suspected
mild central visual impairment, dysphagia, and failure to thrive. There has never been any evidence of seizures.
At his visit at 16 months, he was microcephalic (3%, Z=-1.95) with weight at the 10% for age and height at
the 12% for age. Over time, he had had poor growth, and at his last visit at age 3 he was noted to be at the 2nd
percentile for height. He also had poor weight gain, with his weight also falling below the 3rd percentile over
time, though at the last visit his weight gain had improved after intensive effort by his parents and he was at
the 30% for weight. At his last visit at age 3 his head circumference was at the 2nd percentile for age (Z- 2.05)
Facial features were nondysmorphic, and he had no notable birthmarks or other malformations. On neurologic
exam, he was alert and appropriately attentive to the examiner. He had mild strabismus. He had mild axial and
truncal hypotonia and mild symmetric proximal weakness. He could reach for objects without ataxia. Deep
tendon reflexes were normal and symmetric, though he had bilateral upgoing toes on Babinski testing. An MRI
scan at the age of 1 year showed mild-under operculization of the Sylvian fissures, but was otherwise
unremarkable. EEG was not performed. He had an extensive metabolic workup done which was unrevealing
including CK, CMP, serum amino acids, urine organic acids, acylcarnitine profile, tsh, carnitine, and pyruvate
all of which were normal. He had a normal chromosome microarray. Trio-WES with DNA samples of both
unaffected parents and the proband, revealed a de novo heterozygous variant ¢.2353 C>T, p.(Arg785Cys) in
DHX30 (NM_138615.2).

Individual 19 is a 2y8m old female, the second child of unaffected, non-consanguineous parents of Cuban and
African-American ancestry on the maternal side, and Irish, Native American and Cape Verdean ancestry on
the paternal side. Family history is non-contributory. There were no medical complications during the
pregnancy, and she was delivered at full term via induced vaginal delivery due to poor fetal movement. Her
mother and father were ages 21 and 20, respectively, when she was born. Phototherapy was needed for
hyperbilirubinemia, but otherwise the neonatal course was uncomplicated. She passed the newborn hearing
screen, but later had borderline hearing tests and is awaiting brainstem auditory evoked potential test to rule
out hearing loss. The patient was first evaluated by neurology at 20 months for concerns of diffuse low muscle
tone and global developmental delays. Her neurologic examination was notable for diffuse axial and
appendicular hypotonia with preserved deep tendon reflexes. She did not start to combat crawl until 10 months,
and started walking at 22 months. MRI of the brain done at 29 months showed no structural abnormalities and
normal myelination for age. She has never had any seizures. Clinical examination at 25 months was notable
for a weight of 9.895 kg (-1.6 SD), length of 79.9 cm (-2.2 SD), and OFC 47.0 cm (-1.2SD). She had a 5 mm
café au lait macule on the right torso and an irregular hypopigmented lesion on the right buttock, and epicanthal
folds. Her delays have persisted. She began using SMO braces at 26 months. Her fine motor skills are behind,
and she can only stack two blocks, one on top of the other. Beginning around 30 months, autistic features were
first noted. Currently, at 2y8m, she has had some language regression and cannot remember words that she
had learned earlier. She only uses one word consistently, which is the name of her brother. She has a happy
demeanor and does not cry. She has a very high pain tolerance, has bruxism, and stomps her feet repetitively.
Although she appears happy, she has a limited repertoire of emotions, makes only intermittent eye contact,
and generally appears somewhat indifferent and disinterested regarding interactions with either peers or toys.
In addition to this limited social-emotional reciprocity, she also has feeding difficulties, perseverates, and is
strong willed.Initial genetic testing included a G-banded karyotype, and chromosomal microarray; both were
negative. Trio-WES with DNA samples of both unaffected parents and the proband, revealed a de novo
heterozygous variant ¢.2353 C>T, p.(Arg785Cys) in DHX30 (NM_138615.2).

Individual 20 is a 16-year-old male, the first child of healthy, non-consanguineous parents of European descent.
He has a 10-year old-sister with ADHD and dyslexia, but otherwise normal development. A cousin of the
father had dyslexia and developmental delay, remaining family history was unremarkable. He was born after
an uneventful pregnancy at 39 weeks of gestation with a weight of 3050 g (-1 SD), a length of 54 cm (0.91
SD) and a head circumference of 36 cm (0.54 SD). In the first months of life feeding difficulties and neck
asymmetry were reported, and at age 8 months microcephaly was noted. He had psychomotor developmental
delay. Age of sitting was at 9-10 months and age of walking at 20-21 months, gait was unstable and ataxic. He
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is non-verbal. MRI at age 16 months and EEG were normal. Sleeping difficulties slightly improved with
Melatonin. He has mild constipation and received tympanostomy tubes. He has a short attention span, is very
active and occasional has temper tantrums. At the last physical examination at 16 years and 10 months, his
height was 174 cm (-0.62 SD), his weight was 69 kg (0.21 SD), and his OFC was 51.5 cm (-3.39 SD). Facial
dymsmorphism included overfolded helices, a low forehead, narrow palpebral fissures, a short philtrum, a high
and narrow palate, prominent incisors, a prominent jaw, broad thumbs, gynecomastia and pes valgus. He was
friendly but with short attention span, did not speak and showed stereotypic hand movements. Karyotyping,
chromosomal microarray analysis, Angelman syndrome methylation testing and sequencing of UBE3A,
MECP2, TCF4, CDKL5 and ARX were normal. Trio-WES with DNA samples of both unaffected parents and
the proband, revealed a de novo heterozygous variant c.2354G>A, p.(Arg785His) in DHX30 (NM_138615.2).
Additionally, a hemizygous, maternally inherited variant of unknown significance ¢.10688G>A,
p.(Gly3563Asp) was identified in HUWEL (NM_031407.5).

Individual 21 is a 15 year old female, the first child of unaffected, non-consanguineous parents of Latvian and
Norwegian descent. She has a healthy 11 year old brother, and unremarkable family history. The mother
experienced hyperemesis and vomiting during the entire pregnancy. The girl was born with elective Caesarean
section at gestational week 39. Birth weight and length were 3120 g (-0.5 SD) and 47 cm (-1.9 SD),
respectively. She was operated twice, at 3 months and 3 years of age, for inguinal hernias, and had bilateral
auricular surgery at age 8 years because of prominent ears with uneven size and unilateral irregular cartilage
of the antihelix. Psychomotor development was reportedly normal. Age of sitting was at 6-7 months and age
of walking at 12 months, she spoke first words at 11 months. After an unremarkable psychomotor
development, a progressive balance impairment with midline ataxia was noted from the age of 8 years.
Subsequently, she developed reduced motor skills and cognitive problems with reduced concentration and
fatigue. Neurological examination revealed midline and appendicular ataxia with nystagmus on lateral gaze,
dysdiadochokinesia, dysmetria and intentional tremor, broad-based ataxic gait and negative Romberg’s test.
Metabolic screening was normal. Muscle biopsy histology and testing for mitochondrial respiratory chain
defects gave normal results. MRIs showed progressive cerebellar atrophy. Although she had no clinical
seizures, EEG showed epileptiform, spike-and-slow-wave activity localized in the left central temporoparietal
region. She was given levetiracetam for a period, but this was discontinued following a normal EEG.
Audiometry was normal. At the age of 15 years her height was 172cm, her weight was 53kg (-0.3 SD) and her
OFC was 55.5 cm (+0.6 SD). Karyotyping with G-banding (46,XX) and array-CGH showed normal results.
Trio-WES with DNA samples of both unaffected parents and the proband, revealed a de novo heterozygous
variant ¢.2606G>A, p.(Arg908GIn) in DHX30 (NM_138615.2). Additionally, a de novo heterozygous variant
of unknown significance ¢.1535A>C, p.(Glu512Ala) in KLB (NM_175737.3) was identified, a gene variants
in which have so far not been connected to a human phenotype.

Individual 22 is a 5 year 10 month old female with non-consanguineous parents. She was born after an
uncomplicated pregnancy and delivery. Family history is non-contributory. She was born at 41 weeks, birth
weight of 4110 g (+1.2 SD), length of 52 cm (-0.1 SD), and OFC of 36 cm (+0.6 SD). Her neonatal course was
unremarkable. Her parents became worried when she began to walk around age 1 year because she was
unsteady on her feet. She still has an unsteady gait, especially when she is tired. Developmental delay is global
and most pronounced for expressive language where her parents estimate that she lags 1-2 years behind her
peers. She is starting in ordinary school with extra help. She is a willful child who has some difficulty
interacting with other children and often seeks the company of adults. She is very active and needs adult
supervision at all times when awake. She wanders at night and ends up in her parents’ bed. Periodically need
of melatonin. She has generally been somatically healthy. She had an adenotonsillectomy at age 3 years and
has had fewer upper airway infections subsequently. A clinical suspicion of brief complex partial seizures has
not been confirmed, she has short non-epileptic abscenses, no AED. Her vision and hearing is normal. She has
a bilateral, intermittent, exotropic squint. Ophthalmological exam performed under general anaesthesia at age
3 years was unremarkable. She is neither hypotonic nor dysmorphic. Her height is on the >99 percentile (+2,7
SD), weight 86 perc and OFC 68 perc. Cranial MRI at age 3 years was unremarkable. Array CGH gave normal
results. An trio-based, NGS-DDg2p panel revealed a de novo heterozygous variant c.347_360del,
p.(Alall6Valfs*12) in DHX30 (NM_138615.2). No other relevant variants were detected.
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Individual 23 is a 3-year-old male, the third child of non-consanguineous Caucasian parents. His brother has
a history of visual processing disorder and migraines. His sister has a history of strabismus, ptosis, and delayed
walking at 20 months of age. Pregnancy was naturally conceived with pre-existing maternal hypertension
treated with amlodipine. Worsening maternal hypertension prompted delivery induction at 37 weeks
gestational age. Maternal fever at delivery prompted 24 hours of antibiotics, and after discharge at day of life
3 he required readmission for mild hypothermia. He was noted to have global developmental delay. He started
laughing and smiling at 2-4 months of age. He is affectionate with good eye contact with his family, but he
does engage in some repetitive behaviors, flaps his arms when excited, and lines objects up. He started sitting
at 8 months of age, army crawling at 12 months, pulling to stand at 12 months, and walking at 16-17 months.
He had an immature pincer grasp at age 3 years. He did not babble much in early infancy. He said his first
word around 18 months. He uses more than 20 words at age 3 years, however his speech is largely not
intelligible. Evaluation demonstrated normal growth parameters (height 85th %lle, weight 40 %ile, head
circumference 44 %ile) with hooded eyelids, left eye exotropia, faint synophrys, widely spaced teeth,
underdeveloped left pectoralis muscle, and low axial tone. Genetic evaluation included a normal array CGH
and fragile X analysis. Trio-WES with DNA samples of both unaffected parents and the proband, revealed a
heterozygous variant ¢.2389C>T (p.Arg797*) in DHX30 (NM_138615.2) inherited from a mosaic mother. His
mother’s history was not notable for any concerns apart from hypertension. His brother was testing and was
found not to carry the variant. His sister’s testing remains pending.

Individual 24 is now a 5-year old male, the product of an unremarkable pregnancy and delivery, and the second
child of unaffected, non-consanguineous parents of Asian ancestry. He has an unaffected 7-year old brother.
At 6-months of age, he was reported to display low muscle tone. His developmental history includes: rolling
at 6 months, sitting at 9 months, babbling at 11 months, and walking independently after 12 months of age.
After starting to walk, his mother noted he did not progress like his healthy older brother. His first words
occurred around 1 year of age, and his vocabulary consisted of 100 words. To this day, he cannot climb stairs.
His preference is to run over walking, but he falls frequently. While he has significant language delay, given
his sociability with other children, his pediatrician had low concern for autism. He displayed significant
drooling though he had adenoid hypertrophy. He first presented at 2 years and 11 months of age to the
Neuromuscular Clinic for mild hypotonia, global developmental delay, speech delay, with motor impairment,
and no evidence of muscular or peripheral nerve disease. Brain MRI detected T2 hyperintensities consistent
with Chiari type 1 malformation with hypomyelination in the parietal occipital lobes; no cerebellar or cerebral
atrophy was observed. At three years of age, he last presented to Pediatrics. He was receiving speech,
occupational and physical therapies and was reported to have made progress. While reportedly bilingual, upon
examination, he did not talk, but he could follow commands, but was not responsive or as communicative as
a typically developing child. Physical examination revealed large hyperpigmented patches on his back and
buttocks, but lacked cafe au lait spots. He lacked any history of a seizure disorder. Also upon examination, his
disposition was smiling and responsive, alert and active. He did not display gross motor defects or localized
weakness. His muscle tone was normal, but a little uncoordinated with relaxation. He was able to sit and did
not display head lag. He was able to walk unassisted and could rise from the floor unassisted. While he had
some decreased facial tone, he had no overt dysmorphic features. At last ascertainment, he was enrolled in
Special Education classes. Genetic testing included Fragile X, which was negative, and chromosomal
microarray analysis, which detected a likely pathogenic, heterozygous deletion of ~1 Mb at 3p21.31, involving
the first 15 exons of SETD2, as well as KIF9, KLHL18, PTPN23, SCAP, ELF6, CSPG5, SMARCC1, DHX30
(NM_138615.2) and MAP4. Out of these, apart DHX30 only variants in SETD2 causing Luscan-Lumish
syndrome (OMIM#616831) have been associated with a human phenotype following autosomal dominant
inheritance. The literature makes note of altogether seven individuals, with somewhat different phenotype,
some of which inherited the SETD2 variant from unaffected parents. Follow-up testing using DNA samples
from both unaffected parents was performed and neither parent carried the deletion, confirming a de novo
status in the proband.

Individual 25 is a 2 year old male referred for evaluation and management of genetic risk associated with
global developmental delay. Family history is positive for maternal anxiety, maternal grandmother with
depression and a maternal aunt with autism spectrum disorder who also has an affected daughter. Maternal
two brothers with autism spectrum disorder. Pregnancy was complicated by prenatal diagnosis of
ventriculomegaly and at birth the patient presented perinatal depression requiring mechanical ventilation. At
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four months of age the patient showed signs of delayed developmental milestones and he presented seizure
activity that responded well to medical treatment. Patient did not sit by himself until 8 months of age, did not
crawl, and walked at 18 months of age. He was not verbal until the age of 17 months with a very limited
vocabulary by two years of age. He is a happy but hyperkinetic child with a very short attention span for age.
On physical examination the patient showed malar hypoplasia, midface hypoplasia, epicanthal folds, almond
shaped eyes, stellate pattern of the iris, posteriorly rotated ears, small upturned nose, significant hypotonia and
hypermobility. Head MRI confirmed persistent ventriculomegaly with mild reduction of white matter. Next
generation sequencing showed an intragenic deletion of exons 7-9 of the DHX30 (NM_138615.2). De novo
status was confirmed by Sanger sequencing.
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Fig. S4. DHX30 WT acts as an ATP-dependent RNA helicase. Top: Increasing amounts of His6-SUMO-
tagged DHX30 WT protein were incubated with a 32P-labelled RNA substrate in the presence (lane 3-7) or
absence (lane 8) of ATP and analyzed by native PAGE. The position of the RNA duplex and the single-
stranded RNA are indicated in the first and second lane, respectively. Their schematic representation is shown
at the right side. Bottom: RNA duplex containing a central GC sequence flanked by single-stranded regions of
53 nucleotides at the 5’ end and 21 nucleotides at the 3’ end.
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Fig. S5. Recombinant protein variants of DHX30 induce the formation of cytoplasmic clusters. (a)
Immunocytochemical detection of DHX30-GFP fusion proteins (GFP, green) and endogenous ATXN2
(magenta) in transfected U20S cells. Upper panel: wild-type DHX30-GFP preferentially resides throughout
the cytoplasm and GFP accumulates in nuclei, similar to recombinant protein variants of DHX30 harboring
amino acid substitutions V5561, R725H and E948K (upper panel). Lower panel: recombinant protein variants
of DHX30 harboring amino acid substitutions in the helicase core region G462E, A734D, S737F and T739A
induce the genesis of cytoplasmic foci containing endogenous SG-marker ATXN2 (arrowheads), Notably, the
R908Q amino acid substitution lead to the formation of clusters co-localizing with the SG-marker ATXN2 in
only 50% of transfected cells. Nuclei are identified via DAPI staining (blue). Scale bars indicate 10 um. (b)
Bar graph indicating the percentage of transfected cells, in which recombinant proteins induce the emergence
of clusters. (**,*** ****. significantly different form DHX30-WT: **p< 0.01; ***p<0.001; ****p<0.0001; n
> 100 from 3 independent transfections; One-Way ANOV A followed by Dunnett’s multiple comparisons test).
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Fig.S6. Representative images of zebrafish embryos. (a) Injected with Tol2 mRNA and pTol2pA2-
cmlc2:EGFP;tubala:DHX30 wild-type or (b) DHX30 harboring R493H, (c) R725H, (d) R785C, or (e) or
R908Q. Scale bars show 1000uM or 500 uM per unit. Embryos injected with wild-type DHX30 showed
apparently normal development at day 7. Embryos injected with mutated DHX30 showed sign of severe
developmental defects before day 7.
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Fig. S7. Generation of zebrafish CRISPR-Cas9-mediated dhx30 stable knockout line. (a) Shown are
genomic regions of zebrafish dhx30 targeted by CRISPR-Cas9. Red indicates gRNA-binding site with the
protospacer-adjacent motif (underlined) in wild-type (WT) sequence. The mutant animals carry an 8 bp-
deletions generated by CRISPR-Cas9. (b) Dhx30-targeted PCR products were analyzed by high-resolution
melting analysis (HRM) to distinguish wild-type (+/+), heterozygous (+/-), and homozygous (-/-) animals.
Two different melting peaks were shown in heterozygous PCR product (top). To distinguish wild-type and
homozygous animals, wild-type DNA samples are mixed with DNA from the ‘test’ animals. Homozygous
DNA hence become heterozygous-like, resulting in two melting peaks (bottom). (c) Analyses of dhx30
transcript levels in dhx30 mutant animals at 5 days post fertilization. Data are presented as means + standard
error of mean and are based on 3 replications. *, ***: significantly different from DHX30+/+ (*p<0.05,
***p<0.001; n=3; One-way ANOVA, followed by the Holm-Sidak multiple comparison test).
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Chapter 4 | Discussion

4.1 | Germline AGO2 mutations impair RNA interference and human neurological development

Biallelic disruption of Ago2 during murine embryogenesis leads to early developmental abnormalities in the
central nervous system (CNS) and an embryonic lethal phenotype in mice (Liu et al., 2004). Given the central
role of AGO2 as a part of RISC, these observations further highlight the importance of proper regulation of
gene expression by RNAi in development and maintenance of neuronal circuits. The essential role of miRNAs
in development and function of the CNS has been extensively investigated (Rajman & Schratt, 2017).
Whereas deletions encompassing both AGO1 and AGO3 have been reported to cause neurodevelopmental
disturbances in five individuals (Tokita et al., 2015), no genetic alterations in AGO2 were so far found
associated with any human pathology. Recently, our study by Lessel and colleagues (Lessel et al., 2020)
identified altogether 21 patients affected by mild to severe global neurodevelopmental delay with
heterozygous, de novo mutations in AGO2, including eleven missense mutations, one in-frame deletion and
a 235.3-kb deletion in AGO2. Similar to the large deletions encompassing AGO1 and AGO3, the 235.3-kb
deletion affecting the first 3 exons of AGO2 is likely to lead to haploinsufficiency. All AGO2 mutations were
found to impair shRNA-mediated gene silencing. The observation that upon co-expression with AGO2 WT,
selected AGO2 mutants do not interfere with its knockdown capacity points to a loss of function rather than
a dominant negative underlying pathomechanism. Careful dissection of the RNAi pathway led to the
observation that the majority of AGO2 mutations (with the exception of p.G733R which failed in almost every
functional assay) do not affect basic aspects of RISC formation such as the ability of AGO2 to interact with
DICER or bind endogenous miRNAs. Instead, mutations appear to delay mRNA target release from AGO?2.
With the exception of p.G573S that alters the C-terminal end of the middle (MID) domain, most of the
mutated residues are distributed at the interface between the linker region L1 and the helix-7 of the linker
region L2. Interestingly, helix-7 was shown to have a key role in ensuring the timeliness of miRNA silencing
by modulating the dynamics of target recognition (Klum et al., 2018). Phosphorylation of a C-terminal serine
cluster of AGO2 has been shown to facilitate mRNA target release from RISC (Golden et al., 2017; Quévillon
Huberdeau et al., 2017). The reduced phosphorylation of this cluster observed in the AGO2 mutants might
be the cause of their extended dwelling time on the target. This hypothesis is further supported by molecular
dynamics simulations showing that AGO2 mutations interfere with target release by slowing down the ability
of AGO2 to unwind guide-target duplexes. Ultimately, the slower release of mRNA targets by mutant forms
of AGO?2 is associated with an increased number of dendritic P-bodies in rat hippocampal neurons, and with
global transcriptome alterations in primary fibroblasts of AGO2 patients. Interestingly, four amino acid
residues in AGO1, F180, G199, L190 and T355 were very recently found mutated at the equivalent positions
to those found by us in AGO2 (p.F182del and p.G201C at the base of L1, p.L192P in L1 and p.T357M in helix-
7 of L2) in similarly affected patients (Schalk et al., 2020). Thus, alterations in the dynamic interaction of AGO
proteins with miRNAs and their mRNA targets appear to be a common pathway in the pathogenesis of
neurodevelopmental disorders.
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4.2 | The RNA helicase DHX30: role in neurodevelopmental disorders

The pathological relevance of altered RNA helicase (RH) function in human neurodevelopment has been
recently brought to the attention of the scientific community by a growing number of human genetic studies.
Pathogenic germline variants have been identified in DDX3X (Snijders Blok et al., 2015), DDX6 (Balak et al.,
2019) and DDX59 (Salpietro et al., 2018) in individuals affected by neurodevelopmental disorders (NDDs).
Moreover, the potential implication of paralog genes encoding members of the DExD/H-box RNA Helicase
family such as DHX16, DHX34, DHX37, DDX54 in human NDDs suggested that variant alleles in other
components of this family, including DHX8, DDX47 and DHX58, might also be genetic alterations underlying
NDDs (Paine et al., 2019). However, the majority of the reported alterations was never scrutinized by an
experimental approach and therefore the molecular and cellular consequences of the identified mutations
remain so far largely unknown.

One exception is represented by DHX30, which, similar to the other helicases mentioned above, is a member
of the superfamily 2 (SF2) of RHs. SF2 contains more than 50 human members characterized by the consensus
amino acid sequence DExD or DExH in their NTP-binding motif Il and thus termed DDX and DHX proteins,
respectively (Umate et al.,, 2011). Crystal structure analysis of other family members including the S.
cerevisiae spliceosome associated-helicase Prp43 and the Drosophila RNA helicase Mle (male-less) provides
the framework for functional and genetic analysis of all DEAH helicases (He et al., 2010; Prabu et al., 2015).
Based on these structures, a modular domain organization has been proposed for DHX30 (Fig. 3). The
catalytic module consists of two domains that resemble the bacterial recombination protein recombinase A,
RecA-1 and RecA-2 (aa 444-808). These two domains are packed tightly around the ATP or ADP molecule
(Caruthers & McKay, 2002; Fairman-Williams et al., 2010; He et al., 2010; Singleton et al., 2007). The helicase
core region is flanked by two dsRBDs (aa 53-338) at the N-terminus, and a winged-helix domain (WHD) (aa
809-878), a ratchet-like domain (RL) (aa 879-940) and an oligosaccharide-binding (OB)-like domain (aa 1016-
1102) at the C-terminus. Whereas the C-terminal extension is highly conserved in DEAH-box helicases, the
conservation of the N-terminal extension is dramatically lower, exemplified by the presence in Mle of two
dsRBDs which are instead missing in Prp43 (Prabu et al., 2015; Tauchert et al., 2017). In Prp43 the WHD
interacts extensively with RecA-1. It is followed by a seven-helical bundle corresponding to the RL domain
(He et al., 2010). This domain was originally named based on structural homology with the DNA helicase
Hel308 (Buttner et al., 2007). However, as recent studies on Mle revealed that this domain has no ratcheting
function, | will refer to it as the ratchet-like domain. The carboxyl-terminal domain (CTD) of Mle also includes
the OB-like domain which contains a helix and a five-stranded B-barrel motif. The OB-like domain makes
intimate contact with the dsRBD2, RecA-2 and the WHD (Prabu et al., 2015). Specifically, together with RecA-
2 and the WHD, it forms the 5’ portion of the RNA-binding channel (Prabu et al., 2015; Tauchert et al., 2017).
Within the helicase core region eight highly conserved motifs have been predicted to mediate either ATP
binding/hydrolysis or RNA recognition. Motifs | and I, also referred to as Walker A and Walker B motifs,
respectively, are involved in ATP-binding (Walker et al., 1982). Namely, motif | bears a loop structure called
the P loop that forms a pocket to bind the phosphates of the ATP molecule. Motif Il participates in ATP
hydrolysis by interacting with the B and y phosphates through a coordinated Mg?* ion (Tanner & Linder,
2001). Motif VI binds the y phosphate and coordinates, together with motif | and I, ATP binding and
hydrolysis in other DExH family members (Caruthers & McKay, 2002; Tanner & Linder, 2001). Motifs Ia, Ib
and IV are likely involved in RNA-binding while motif Ill has been suggested to couple ATP binding and
hydrolysis with conformational changes needed for RNA unwinding (Tanner & Linder, 2001). Motif V might
have a role in both RNA binding and interaction with ATP (Lessel et al., 2017). Whereas structure and
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properties of the catalytic core of DExH-box helicases have been well characterized, the mechanisms by
which the auxiliary domains regulate the function of individual DExH proteins are poorly understood.

5 RNA

Figure 3 | Crystal structure of the Mle-RNA-ADP-AIFs complex. A truncated version of Mle lacking the last 130 amino
acids was purified and subjected to proteolysis yielding a stable 120 kDa fragment lacking dsRBD1. This fragment was
crystallized in the presence of a Uis RNA and ADP-AIF4 (aluminium fluoride) to mimic the transition state of the ATPase
reaction (Prabu et al., 2015). The structure is represented in two orientations rotated by 180° around the vertical axis.
The N-terminal domain containing the dsRBD2 is colored in pink, the two RecA domains that are tightly packed around
the ADP molecule, in yellow and orange, the WHD, the Ratchet-like and the OB domains at the C-terminus in violet,
green and blue marine, respectively. The RNA molecule is depicted in blue. Coordinates and structure factors have been
obtained from the Protein Data Bank (PDB). DOI: 10.2210/pdb5A0R/pdb NDB: NA3382. This figure was generated using
PyMOL Molecular Graphics System.

The potential role of DHX30 in neuronal development was initially suggested by the observation that biallelic
loss of the DHX30 ortholog in mice, HelG, during murine embryogenesis led to early developmental defects
in the central nervous system (CNS) and lethality during early embryonic development in mice (Zheng et al.,
2015). Eldomery et al. (2017) confirmed this hypothesis in an international large-scale sequencing study by
classifying DHX30 as a candidate gene for human NDDs. Ultimately, the identification of 6 de novo missense
mutations in DHX30 in 12 unrelated individuals severely affected by GDD and ID (Lessel et al., 2017), has
provided even stronger evidence for assessing the indispensability of this gene in the development of the
CNS. Each of the identified mutations was found to lead to the substitution of a conserved residue within the
highly conserved helicase core region. Specifically, p.R493H identified in two individuals affected motif I3,
p.H562R, identified in a single individual, affected motif Il. p.G781D, identified in two individuals, p.R782W,
identified in three individuals, p.R785C also identified in three individuals and p.R785H, unique, all resulted
in amino acid alterations residing in motif VI. When mutations in these highly conserved motifs were
introduced in Prp43, they were found to either interfere with the splicing activity of this protein, to result in
a cold sensitive growth retardation (Martin et al., 2002; Tanaka & Schwer, 2006) or to be lethal (Martin et
al., 2002). All DHX30 mutations identified by Lessel et al. (2017) were exceedingly rare: their absence from
different public catalogues of human variation and genotype data (dbSNP, 1000 Genomes, the EXAC or the
gnomAD browser) indicates that they represent rare variants. Additionally, DHX30 has been identified as a
gene in which missense mutations are strongly selected against, as it is predicted to be very intolerant to
missense mutations based on the EXAC (Exome Aggregation Consortium) sequencing data of about 64.000
healthy individuals. Here DHX30 was ranked at position 31 out of 18.000 analyzed genes by its missense Z
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score of 6.82 (Lek et al., 2016), which is even higher than the average Z score for genes involved in
developmental disorders (Samocha et al., 2014). Thus, the genetic data by themselves, together with
published structural and functional findings on other RHs, already provided evidence that the patient
mutations in DHX30 were very likely to be deleterious. These findings were then corroborated by several
cellular and functional assays. Specifically, all six variants were found to interfere with either RNA binding or
ATPase activity in in vitro assays. The observation that each of the identified mutations led to aberrant
formation of SGs and concomitant impairment of translation highlighted the importance of proper
translation in neurodevelopment and began to uncover a previously unknown role for DHX30 in SG assembly
and global translation control. However, at this point, the exact physiological function of DHX30 in cellular
RNA metabolism was still mostly unknown. So far, our understanding of the cellular function of DHX30 relied
on a single proteomic analysis performed by Antonicka and Shoubridge (Antonicka & Shoubridge, 2015). In
an attempt to characterize the proteome of mitochondrial RNA granules, they uncovered a prominent role
for DHX30 in the assembly of mitochondrial ribosomes. These findings supported a previous observation that
a specific isoform of DHX30 localized to RNA granules in the vicinity of mitochondrial DNA nucleoids (Wang
& Bogenhagen, 2006). According to the Mitop2 software, this specific isoform (XM_011533492.2) was
predicted to have a mitochondrial signal peptide of 43 amino acids with a 99% probability of mitochondrial
import. However, none of the patients presented by Lessel et al. (2017) exhibited a typical mitochondrial
phenotype suggesting that the pathological phenotype of these patients was likely to be determined by
other, non-mitochondrial isoforms of DHX30.

With this thesis, and the associated publication by Mannucci et al. (2021), we have aimed to provide further
understanding of the DHX30-related NDDs and novel insights into the molecular and cellular function of
DHX30. In this work, we expanded the clinical and molecular spectrum of DHX30-related NDDs by identifying
25 previously unreported individuals carrying mutations in DHX30. Interestingly, although some of the new
patients were recruited through Gene-Matcher and our network of collaborators, the majority of new
patients was enrolled through a social media-based family support group, an observation that highlights the
usefulness of social media in the definition of novel Mendelian disorders.

Similar to the 12 patients previously reported by Lessel and colleagues (Lessel et al., 2017), 19 of the newly
identified ones carry heterozygous missense variants affecting highly conserved residues within helicase core
motifs (HCMs) and present with a severe NDD. Within the same cohort, we identified 2 individuals carrying
mutations that affect residues outside HCMs. Specifically, the p.R725H variant affects the linker region
between Motif IV and Motif V and the p.R908Q variant affects a highly conserved residue within the RL
domain, outside the helicase core region. The clinical presentation of these two individuals clearly differs
from that of the patients carrying HCM missense mutations, thereby suggesting a different type of
pathomechanism. In contrast to all other cases, the homozygous R725H mutation was inherited from two
heterozygous, healthy parents. The patient was severely affected and died in early infancy. The p.R908Q
mutant was associated with initially normal development, followed by development of ataxia and cognitive
problems at the age of 8 years. Due to the singular nature of these mutations, it was not immediately possible
to confirm their causality. Therefore, future studies will benefit from the identification of similar variants in
similarly affected individuals. This observation further highlights the importance of the recurrence of
mutations as a prerequisite to establish their pathogenicity as in the case of the HCM mutations.

Among the 25 newly identified individuals, 4 carry heterozygous variants resulting in either haploinsufficiency
or synthesis of truncated proteins and present with a relatively milder clinical course in comparison to the
patients carrying HCM missense mutations. This observation supports the previous hypothesis that missense
variants affecting a HCM have a more severe effect than the loss of one copy of the gene (Lessel et al., 2017).
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Clinical and genetic findings were then corroborated by a broad spectrum of in vitro and in vivo assays. In
line with the observations from the previous study (Lessel et al., 2017), all novel missense mutations affecting
one of the highly conserved ATP binding/hydrolysis motifs within the helicase core region (p.G462E, p.A734D,
p.S737F, p.T739A and p.R782Q) resulted in reduced ATPase activity. Sequence similarities to other RNA
helicases led to the identification of DHX30 as an RNA helicase, but so far this had not been experimentally
verified. As RNA helicases unwind RNA secondary structures and remodel RNP complexes by using the energy
of ATP hydrolysis, ATPase activity is a prerequisite for helicase activity. Based on the previous observation
that ATPase activity of DHX30 is strongly stimulated by the presence of exogenous RNA (Lessel et al., 2017),
we assessed here whether DHX30 can also unwind partially double-stranded RNA duplex substrates by using
the free energy provided by ATP hydrolysis. Incubation of a radiolabeled RNA duplex with increasing amounts
of purified WT protein revealed that DHX30 unwinds the RNA duplex in a dose dependent manner, as
outlined by the appearance of a single-stranded RNA and the concomitant disappearance of the double-
stranded RNA substrate. Interestingly, 10 ng of purified DHX30 were sufficient to unwind the RNA-duplex
thereby confirming that DHX30 indeed possesses the RNA unwinding activity. Importantly, the omission of
ATP entirely disrupted the helicase activity, showing that DHX30 acts as an ATP dependent RNA helicase.

In agreement with these observations, it is not surprising that mutations affecting ATPase activity resultin a
loss of helicase activity as well. In addition, the p.R493H variant, which was shown to interfere with RNA
binding but not ATPase activity (Lessel et al., 2017) appears here to disrupt the ability to unwind RNA, similar
to the ATPase activity-deficient mutants. Obviously, both ATPase activity and RNA binding are necessary for
proper helicase activity.

All missense mutations in HCMs (from this study, and from the previous study by Lessel et al., 2017) showed
an increased propensity to trigger SG formation and concomitantly inhibited global translation. ATP
hydrolysis was suggested to trigger the release of RNA targets from DEAD-box ATPases thus resulting in the
disassembly of RNA-containing membrane-less organelles (Hondele et al., 2019). Given that, one might
speculate that the increased propensity to trigger SG formation observed in the ATPase activity-deficient
mutants may be a consequence of their inability to catalyze the ATP-dependent release of their RNA client.
However, the fact that overexpression of p.R493H also leads to hyper-assembly of SGs suggests that the lack
of RNA unwinding activity might also be responsible for a longer dwelling time of the mutant on the mRNA
target resulting in aberrant formation of SGs. The hypothesis that mutations interfering with the RNA
unwinding activity of a protein slow down its ability to release the target was previously proposed for
missense mutations identified in AGO2 (Lessel et al., 2020), as discussed above.

Additionally, in order to provide novel insights into the impact of DHX30 missense variants in vivo, the effect
of selected HCM missense variants, namely p.R493H and p.R785C, was analyzed by our collaborators in a
zebrafish model. Both mutations resulted in embryonic developmental defects in 75-90% of embryos
suggesting that these mutations interfere with normal embryonic development.

Given the differences in terms of both the localization within the structure and the clinical presentation of
the respective patients when compared to the HCM mutations, the homozygous missense mutation p.R725H
and the heterozygous missense mutation p.R908Q necessitate a separate discussion. Specifically, the
p.R725H variant, was found to impair ATPase activity without triggering SG hyper-assembly. Similar to
DHX30-WT, its distribution is clearly cytoplasmic diffuse. As it was not possible to purify this variant from
bacteria, its impact on helicase activity could not be tested. However, the unsuccessful attempts to purify it
might provide an indication of the nature of this variant. Indeed, likely due to misfolding of the protein and
consequent deposition of the insoluble product in inclusion bodies or its direct degradation, this biallelic
variant might lead to a loss of function effect. The p.R908Q variant impairs ATPase but not helicase activity
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of DHX30, a finding that uncovers a potential role for the RL domain in coupling helicase activity to ATP
hydrolysis. A similar effect has previously been described for two mutations in IGHMBP2, a ribosome-
associated helicase. Interestingly, mutations in IGHMBP2 have been shown to disrupt its enzymatic activity
thereby causing degeneration of a-motoneurons in distal spinal muscular atrophy type 2. Specifically, these
two mutations in IGHMBP2 impair ATP hydrolysis but not RNA unwinding and yet result in a pathological
phenotype similar to the remaining nine mutations found in this gene (Guenther et al., 2009). This suggests
that the loss of either both ATPase and helicase activity or ATPase activity alone, as in the case of p.R908Q,
might equally contribute to the pathogenicity of DHX30 missense mutations. However, the observations that
overexpression of GFP-tagged R908Q resulted in localization to ATXN2-positive clusters in only 50% of
transfected cells challenge the pathogenicity of this variant. The developmental defects observed in zebrafish
embryos upon expression of both p.R725H and p.R908Q variants actually support the pathogenicity of these
two mutations. Moreover, the inclusion of two common non-synonymous DHX30 variants found in gnomAD,
namely p.V556l and p.E948K, in the functional analysis not only highlights the robustness of the finding in
respect to the pathogenicity of the HCM variants but also provides some clarity into the conflicting results
observed for p.R725H and p.R908Q variants. Noteworthy, p.V556l] and p.E948K, despite having a similar
location as p.R725H and p.R908Q (within the helicase core region but outside HCMs, the first one and within
the RL domain, the second one) display ATPase activity similar to DHX30-WT, remain mostly diffuse in the
cytoplasm and have little or no impact on zebrafish embryonic development. These findings, together with
the functional characterization of the two variants, point to a potential pathogenic role and might establish
a genotype-phenotype correlation. However, the lack of similarly affected individuals carrying similar
variants, together with the possibility that these two individuals carry additional variants previously
undetected by trio-whole exome sequencing, do not allow for a definitive establishment of their causality.

Whereas HCM mutations spontaneously stimulate aberrant formation of SGs and concomitant impairment
of translation resulting in a severe phenotype, mutations affecting residues outside HCMs only partially
trigger assembly of SGs leading to a relatively milder phenotypic outcome. This observation indicates that
depending on the location of mutations within the structure, DHX30 variants behave differently with respect
to SG assembly. This suggests a clear correlation between the hyper-ability of mutations to induce SG
formation and the severity of the phenotype. Given the central role of SG hyper-assembly in determining the
pathogenicity of DHX30 missense mutations, | further investigated the potential function of DHX30-WT in
this aspect of RNA metabolism. | therefore generated a CRISPR/Cas9 based knockout (KO) of DHX30 in
HEK293T cells. DHX30 KO led to a significant reduction of SG-positive cells upon incubation at 43.5°C, a
condition upon which SGs are routinely observed and endogenous DHX30 is recruited to these SGs in normal
cells (Lessel et al., 2017). Similarly, our collaborators confirmed this result by showing that homozygous
dhx30 mutant zebrafish (-/-) display significantly lower SG formation upon heat shock at 42°C when
compared to dhx30-WT animals (+/+). These findings uncover a previously unknown, essential and
evolutionary conserved role of DHX30 in SG assembly. Delineating the exact function of DHX30 in SG
assembly/disassembly will be the focus of future extensive work. Careful dissection of multiple signalling
pathways leading to SG formation in DHX30-deficient cells will help to understand at which step DHX30 is
crucial for the regulation of this rather delicate aspect of mMRNA metabolism.

Importantly, these findings shed light on the conflicting results obtained in our attempt to clarify the nature
of the missense mutations, and to allow for a distinction between a “dominant negative” and a “loss-of-
function” pathomechanism. Two results point to a dominant negative effect of HCM mutations: (1) the
coexpression of RFP-tagged DHX30-WT and several GFP-tagged DHX30 mutants resulted in each case in the
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recruitment of the WT into Ataxin-2 positive cytoplasmic clusters. (2) Co-injection of DHX30-WT with p.R493H
and p.R785C in zebrafish only partially rescued the embryonic developmental defects induced by the mutants
alone. On the other hand, as observed by our collaborators, the addition of DHX30-WT to increasing amounts
of p.H562R and p.R785C mutant forms of DHX30 completely rescued their inability to unwind the RNA duplex
(although only partially when added to increasing amounts of p.R493H). This finding suggests that HCM
mutations cause a loss of function with respect to helicase activity. The observation that KO of DHX30 impairs
SG formation and the fact that HCM missense mutations induce SG assembly even without endogenous or
exogenous stressors, actually point to a detrimental gain of function effect. Thus, the functional role played
by DHX30-WT in SG formation appears to be excessively active in HCM mutant forms of the protein.

In order to bridge the gap between the cellular defect and the brain phenotype and to provide further
understanding of the genotype-phenotype correlation observed for both the HCM and the loss of function
variants, our collaborators performed behavioral modeling of dhx30-deficient zebrafish. When compared to
WT (+/+) and heterozygous (+/-) siblings, the homozygous dhx30-deficient (-/-) animals displayed social
behavioral deficits and compromised sleep/wake behaviors partially resembling the clinical features of the
DHX30-related NDD. The developmental and brain-specific changes observed in zebrafish might be useful to
carry forward in a mouse model for future analyses. Specifically, the generation of a DHX30 knock-in mouse
will allow to analyse the impact of DHX30 missense mutations in brain development and function and to infer
molecular and functional properties of DHX30 in the development of the central nervous system.

This PhD thesis and the attached publication by Mannucci et al. (2021) has expanded the clinical and genetic
spectrum of the DHX30-related NDD and has provided substantial improvements in understanding the nature
of the pathogenic variants. Clinical and genetic findings, corroborated by several functional in vitro and in
vivo assays, contributed to the identification of two distinct clinical subtypes defined by location and nature
of the pathogenic variants. Missense variants affecting HCMs cause a severe phenotype by disrupting ATPase
and/or helicase activity and by leading to a detrimental gain of function in respect to SG formation. By
contrast, DHX30 loss of function variants cause a milder phenotype thereby confirming that the loss of one
copy of the gene is less deleterious than the occurrence of missense variants affecting a helicase core motif.
Importantly, this study has provided further insights into the role of DHX30 in cellular RNA metabolism by
formally establishing this protein as an ATP-dependent RNA helicase and an evolutionary conserved factor in
SG assembly. However, further extensive studies will be required to elucidate the roles of DHX30 in different
aspects of RNA metabolism. Specifically, given that our cellular and zebrafish data point to a role of DHX30
in the regulation of MRNA metabolism, a further emerging question is whether translatome and proteome
changes will be observed upon loss of DHX30 in neuronal as well as non-neuronal cells. Elucidating whether
loss of DHX30 affects the translational status of specific mMRNAs and identifying which RNA targets directly
bind to DHX30 will be the focus of future work. Moreover, investigating whether pathogenic variants of
DHX30 result in different RNA binding sites and whether there are changes in the translational status of iPSC-
derived neurons obtained from patients will contribute to further clarify the molecular and cellular
dysfunction associated with DHX30 missense mutations. Generating iPSC-derived neurons from patient
fibroblasts will also offer the opportunity for potential therapeutic intervention. Targeting SGs by using small
molecules known to affect SG dynamics might represent a possible strategy to treat the disorders associated
with DHX30 dysfunction.
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4.3 | Do AGO2 and DHX30 operate in similar pathways during neuronal development?

Most of the functions of RNA in eukaryotic cells are carried out together with proteins in the form of
ribonucleoprotein (RNP) complexes (Cech, 2012). Indeed, a previous proteomic analysis of RNP complexes
formed by Argonaute proteins revealed that DHX30 is specifically found in these RNPs (Hock et al., 2007).
The results of this initial affinity purification experiment followed by mass spectrometry analysis suggested
a role for DHX30 as a potential interaction partner of AGO2. In order to confirm this finding, | performed co-
immunoprecipitation assays in cells transfected with GFP-tagged DHX30 WT and found that AGO2 specifically
co-precipitates with overexpressed DHX30-WT.

Given the established role of AGO2 in RNA interference, these findings prompted me to investigate the
potential involvement of DHX30 in shRNA-mediated gene silencing. This possibility was tested using the
CRISPR/Cas9-based DHX30 deficient cell line (Mannucci et al., 2021). | investigated whether in the absence
of DHX30, an shRNA vector delivered into cells was still able to suppress the expression of its respective
target gene. It is worth noting that the efficiency of this vector in reducing the expression of the target gene
was previously established in the lab (Lessel et al., 2020). Comparisons between the magnitude of the target
gene repression in the presence versus the absence of DHX30 revealed a silencing efficiency of 77% and 71%
respectively, thus not supporting the hypothesis that DHX30 might have a role in RNAI.

Although these data exclude the possibility that DHX30 and AGO2 cooperate in the context of RNAI to
regulate post-transcriptional gene expression, both our works by Lessel et al. (2020) and Mannucci et al.
(2021) highlight the importance of these two RBPs in contributing to mRNA compartmentalization during
mMRNP trafficking. Whereas it is quite well established that AGO2 carries out its repression function within
GW-bodies/P-bodies due to its interaction with GW182 (Yao et al., 2013), our work by Mannucci et al. (2021)
has just started to address a possible role for DHX30 in SG assembly. However, the exact step of the SG life
cycle in which DHX30 is involved is yet to be determined. Careful dissection of the SG assembly/disassembly
process along with an extensive investigation of the signalling pathways leading to SG formation will be
necessary to gain further insights into the role of DHX30 within this aspect of mMRNA metabolism. Despite the
differences in terms of cellular function and localization, the common point of convergence between AGO2
and DHX30 is represented by their essential role as neurodevelopmental-associated genes. Biallelic
disruption of both Ago2 and HelG/DHX30 during murine embryogenesis results in early developmental
defects in the central nervous system (CNS) and lethality during early embryonic development in mice (Liu et
al., 2004; Zheng et al., 2015). Based on different public catalogues of human variation and genotype data,
AGO2 and DHX30 are predicted to be very intolerant to missense mutations. According to the genome
aggregation consortium (gnomAD), both AGO2 and DHX30 are extremely loss of function intolerant, as
predicted by their probability of being loss-of function intolerant (pLI) score of 1. Therefore, mutations
occurring in these two genes are very likely to be deleterious. None of the AGO2 and DHX30 alterations
analyzed in our two publications was present in publicly available datasets, indicating that they represent
extremely rare variants, most likely associated to disease. Missense mutations identified in AGO2 and DHX30
were found to lead to the substitution of conserved amino acid residues within the respective catalytic core.
Interestingly, both the structural domains of AGO2 (Swarts et al., 2014) and the helicase core motifs of DHX30
(Lessel et al., 2017) are evolutionary conserved. However, whereas the molecular function of AGO2 structural
domains (namely N-terminal, PAZ, MID and PIWI domains) has been extensively characterized (Wu et al.,
2020), the role of the highly conserved motifs within the DHX30 helicase core region has been so far
determined only based on structural similarities and published structures of other SF2 RNA helicases (Lessel
et al., 2017). The functional analysis of missense mutations in DHX30 performed here and in the previous
publication by Lessel et al. (2017) have contributed to infer putative molecular and functional properties of
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DHX30 helicase core motifs in respect to ATP binding/hydrolysis and RNA binding/unwinding activities. Taken
together, the results of both the genetic and functional analyses of AGO2 and DHX30 missense mutations
indicate that substitutions of highly conserved amino acid residues within the catalytic core of RNA binding
proteins result in impaired enzymatic activity.

The phenotypic consequences of AGO2 and DHX30 dysfunction reflect the importance of proper post-
transcriptional regulation of gene expression in the development of the CNS. Despite the differences in
respect to the pathomechanism underlying the AGO2 and DHX30-associated NDDs, the clinical features of
the affected individuals are often overlapping. Indeed, all individuals presented in these two studies display
intellectual disability, motor developmental delay and impaired speech ability. Additional common features
were muscular hypotonia, gait abnormalities, structural brain anomalies, features of autism spectrum
disorder, strabismus, feeding difficulties and seizures. The identification of further affected individuals will
contribute not only to establish novel genotype-phenotype correlations and eventually different clinical
subtypes but also to clarify the causality of variants classified as “likely pathogenic”.

Conclusion

Regulation of gene expression at the post-transcriptional level has recently emerged as a key factor for
development and maintenance of complex neural circuits (Swanger & Bassell, 2011). Therefore, it is not
surprising that altered functions of RNA-binding proteins (RBPs), as critical effectors of RNA metabolism,
underlie the origin of many human neurological disorders (Lukong et al., 2008). The introduction of several
high-throughput approaches to identify RBPs and their RNA binding sites has led to the discovery of more
than 4000 candidate RBPs, many of which are mutated in genetic diseases. Subsequent Gene Ontology
analysis showed that the majority of these potentially disease-linked RBPs are associated with metabolic
processes and development of the nervous system, further highlighting the close relationship between RNA
regulation and neuropathologies (Gebauer et al., 2021). However, the lack of a systematic experimental
investigation of the phenotypic consequences of mutations in RBPs does not allow for a mechanistic
understanding of the pathology and even less, for therapy opportunities. Among the very few exceptions,
AGO2 and DHX30 are two examples of disease-associated RBPs for which the genetic and clinical findings
were extensively corroborated by an experimental approach. Although in both cases the genetic data per se
provided strong evidence for the pathogenicity of the mutations identified in these two genes, the functional
analysis has significantly contributed to provide deeper understanding of the underlying pathomechanism
and to clarify the genotype-phenotype correlations. Moreover, given that missense mutations identified in
both AGO2 and DHX30 result in aberrant formation of P-bodies and SGs, respectively, targeting these mRNP
granules could represent a potential therapeutic strategy for the treatment of the respectively associated
diseases.
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