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General Introduction:
Challenges in the modern era
of genomics



Chapter 1

‘The great book of nature’, Galileo wrote in 1623, ‘can be read only by
those who know the language in which it was written.” This quote takes on
tangible significance in human genetics, as the deciphering of the entire
human DNA sequence in 2003 through the Human Genome Project furnis-
hed humanity with the ‘book of life” comprising nearly 262.000 pages.' The
results produced by the world’s largest collaborative project have been
hailed as ‘The end of the beginning.” Indeed, since 2003, genomic biology
has taken flight, fueled by the increased accessibility of genomic sequen-
cing as part of the diagnostic practice. Increased computational power and
sophisticated data analysis tools have done the rest. Having the entire human
genome at our fingertips, which complex genetic questions could not be
solved?

While the ‘genome-first era’ has greatly enhanced our knowledge about
inherited diseases, simultaneously it has revealed the astonishing complexity
of genetics, bringing on many novel challenges. It is evident that humans are
not merely a sum of their DNA base pairs inherited at birth; rather, genetics
exists within a complex context affected by many factors such as epige-
netics, the environment and genetic interactions. Large-scale sequencing
projects, such as Genome-Wide Association Studies alongside data-driven
tools capable of quantifying all biomolecules within a cell (transcriptomics,
proteomics and metabolomics) have further enriched our understanding of
genetic complexity. Yet, the immense volume of data generated with these
techniques often transcends human comprehension. Without clear context,
researchers and clinicians are at risk of ‘drowning in data lakes’.

Genetic Variation in health and disease

With the unraveling of the entire human DNA sequence came the possibility
to sequence the entire genome to search for genetic variation contributing

to disease. Subsequently, technical advancements have led to a significant
reduction of sequencing time and costs, leading to more and more patients
having their DNA searched for genetic pathologies.

If family members are known to carry a genetic disease, the genome can be
search in a targeted fashion. If no clear etiology is suspected, part(s) of the
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General Introduction

genome or the entire genome can be searched (Gene Panels, Whole Exome
(WES) or Whole Genome sequencing (WGS)). While WES or WGS re-
present effective methods to identify genetic pathology, they pose a risk of
identifying potentially undesirable, accidental findings. Additionally, WGS
or WES can reveal genetic variants of uncertain significance, which are
highly challenging to interpret. In the next few paragraphs, we will elaborate
as to why genetic variants of uncertain significance are generally considered
challenging.

The Challenges of Variants of Uncertain Significance

Variants of Uncertain Significance (VUS) are genetic variants identified
through genome sequencing with uncertain clinical significance. In other
words, a VUS might represent harmless genetic variation, or at the oppo-
site end of the spectrum, lead to severe genetic disease. While numbers
vary greatly, in approximately 25-73% of patients having Whole Exome or
Whole Genome sequencing performed, Variants of Uncertain Significance
are found.>® VUSes inflict a considerable burden on patients, particularly in
the case of pediatric patients, exhibiting severe symptoms without definitive
diagnosis or treatment options. The prospect of a cause for their symptoms
but lingering uncertainty is highly distressing for patients and their parents.
Moreover, it is highly complex to subscribe the right therapy when diagno-
sis is not known. Until now, many patients with VUS are still left without a
diagnosis, prognosis or therapeutic options.

When genetic variants are identified through genetic sequencing, they are
compared to large population screening results, sometimes referred to as
the healthy reference genome.** Genetic variants leading to monogenetic
disease are subject to evolutionary constraint, making them absent or rare-
ly seen in population databases, especially when it concerns heterozygous
pathogenic variants. Therefore, most variation that is observed with high
frequency in population databases is omitted from further analysis. All vari-
ants that remain, are analyzed using several tools and guidelines to aid their
interpretation. First of all, so-called in-silico prediction tools exist, that use
freely available data to predict the impact of the genetic variant. Depending
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on the tool that is used, evolutionary conservation of the (neighboring) resi-
due(s) among species, impact on RNA splice sites, and previously identified
variants in the same gene are assessed. In the end, formal guidelines and ex-
pert opinion aid the judgment regarding pathogenicity, taking these in-silico
predictions into account, but also other factors.” One of these factors is the
gene’s evolutionary constraint. Certain genes are essential for life or repro-
duction, and as a result, are much less tolerant for genetic variation leading
to loss-of-function compared to other genes. This information can be used to
predict the impact of genetic variants, especially when it concerns heterozy-
gous variants. If the effect of the variant remains uncertain after employing
these guidelines, it is considered a Variant of Uncertain Significance. In
order to resolve a VUS, follow-up studies are usually needed, including
experimental and/or functional studies to establish pathogenicity.

Many different types of functional studies to establish pathogenicity current-
ly exist. For well-known disease genes, previously established functional as-
says can be re-used when a novel variant is found in the same gene. If func-
tional studies are not available, they have to be developed. These assays can
be developed at different levels, for example on RNA-, protein- or cellular
pathway levels. Based on in-silico predictions, protein structure and availa-
ble literature, one can decide which of these levels should take precedence.
For example, when the variant is thought to result in a truncated protein,
protein and/or RNA levels can be assessed. However, while RNA- and pro-
tein studies are useful to assess the direct impact of the genetic variant, they
usually do not provide information about the impact on cellular functionality
and/or the clinical phenotype. Most genes operate in a complex cascade of
proteins, so-called cellular pathways, and understanding the impact on these
pathways is essential to fully appreciate disease pathophysiology.

While the ACMG guidelines consider functional studies as a criterion for
pathogenicity (“PS3: Well-established functional studies show a deleterious
effect”) they do not provide detailed guidance on how all functional evi-
dence should be graded.” The magnitude of genes housing VUSes has led to
a plethora of assays being developed, that usually cannot be performed in
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one single hospital, let alone one single country, impeding diagnostic fol-
low-up. Moreover, not all functional assays are diagnostically verified nor
protocolized, making their interpretation challenging at times. Most genes
have pleiotropic functions, making it unclear which functionalities should
be studied and how this relates to the clinical phenotype. In another subset
of cases, the Variant of Uncertain Significance is located in a gene with
unknown function (Gene of Uncertain Significance, GUS), making it almost
impossible to discern functionality at all. How can we structure and priori-
tize the assessment of functional consequences of a VUS in a field with so
many unknowns?

The need for Context

In the coming era, the quantity and complexity of genetic information will
only increase. In its slipstream, the number of VUS cases will increase as
well, leading to the unavoidable necessity of their interpretation. Currently,
existing guidelines fail to provide clarity in the majority of VUS cases. Whi-
le functional studies are essential to unravel the impact of a genetic variant,
there is no consensus on how to structure these. Additionally, as mentioned
earlier, structuring functional follow-up studies can be incredibly complex
for a number of reasons. Thus, the unresolved paradox of the increasing
availability of genetic data simultaneously generating significant uncertain-
ty, requires a new outlook on this part of genetics. Part of the solution might
lie in providing a context or framework that simplifies and structures the
interpretation of genetic findings.

Over the years, several of these frameworks have been developed to aid the
interpretation of VUSes, including statistical methodologies, integration of
OMICS data, and the adoption of phenotype first strategies.® !* Especially
when it comes to appreciating milder phenotypes or phenotypes associated
with pleiotropic genes. Additionally, the deluge of data produced with OMI-
CS-based frameworks is difficult to interpret without prior knowledge of the
gene that houses the VUS and the pathways it operates in. Finally, most of
these frameworks do not offer clear guidance on how to structure follow-up
experiments.



Chapter 1

An effective framework or context has the ability to answer fundamental
genetic questions. In other words, it helps pinpoint ‘where to look.’ In this
regard, we feel as this requires to view the gene within its broader context,
being aware of not applying excessive detail that obscures judgment.

One approach could be by appreciating the functional interaction of the
affected gene or protein with other biomolecules, or appreciating the gene
within its cellular functional context. For example, most genetic lysosomal
storage disorders are characterized by excessive lysosomal accumulation
within cells, that can be visualized and/or quantified. This functional pheno-
type reveals one of the key characteristics and pathophysiological mecha-
nisms of lysosomal storage disorders. These simple yet recognizable func-
tional characteristics could potentially help predict pathogenicity of a VUS,
and discern pathophysiological mechanisms caused by a VUS. We advocate
that appreciation of a VUS or genetic disease within its functional context
could provide a useful framework for VUS elucidation.

Another approach of how to apply context could be through viewing a ge-
netic finding in the broader tapestry of medicine or other relevant scientific
domains. For example, several phenotype-first approaches have been deve-
loped, that help interpret VUSes in the light of similar phenotypes compa-
red to well-known diseases. Another example could be of appreciating the
variant in its dynamic context, through appreciation of its expected protein
interactions and kinetic properties.

Outline of this thesis

In this thesis, we explored the potential of a framework for individuals with
VUS using several approaches. In the first three chapters, we elucidated
VUS cases, thereby illustrating the inherent complexity that comes with
solving these cases. Additionally, we tried to answer specific genetic ques-
tions that were raised, by viewing them in the broader tapestry of medical
and scientific domains. In the second part of this thesis, we used a functional
cellular screening to allow straightforward assessment of pathogenicity and
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pathophysiology for individuals with VUS. In the final part of this thesis,
we applied our straightforward functional screening tool in known genetic
diseases to uncover novel insights into disease mechanisms.

Elucidation of three VUS cases

In Chapter 2, we describe our seemingly most straightforward VUS case:
two brothers with genetic variants in the NAA4A80 gene. Since we knew the
function of NAAS8O and the cellular implications if the gene was dysfunc-
tional, the set-up of our experiments was more or less decided. What puz-
zled us, was the fact that we were only able to identify NAA80 variants in
one single family in the entire world, even though these variants are not
subject to significant mutational constraint. In order to solve this mystery,
we compared the clinical phenotype of individuals with NA480 variants to
the phenotype of patients with other actin-related diseases. Viewing these
findings in the light of NAAS80 enzyme kinetics, we found that there was a
very small range where actins would have been affected to a degree severe
enough to induce a phenotype, without compromising over 50% of the cy-
toplasmic actin population, which would be lethal. The chance of a genetic
variant inducing an effect that falls exactly within this range is extremely
small, hence explaining the limited number of patients observed. Thus, for
this chapter, context was provided by using enzyme kinetics and phenoty-
pic similarities, which helped us to solve the intricate question of how this
disease became so rare.

In Chapter 3, we describe four individuals with genetic missense variants
in the NAEI gene. While our initial experiments suggested NAE [ variants
were indeed pathogenic, the large number of clinical symptoms and cellular
pathways affected made it challenging to discern pathophysiological mecha-
nisms. We believed there was only a handful of mechanisms primarily affec-
ted in patients with NAE variants, and decided to structure the phenotypic
features based on their uniqueness. We felt that the most unique phenotypic
features would most clearly provide insight in the role of NAE1. Indeed,
focusing on the most rare phenotypic features helped to structure our expe-
rimental findings and put the RNA sequencing results into perspective. For
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this chapter, context was provided by combining phenotypic uniqueness
with our biochemical data, allowing us to design and structure our functio-
nal experiments and shed light on NAE1’s most important functions.

In Chapter 4, we describe a complex VUS case related to missense variants
in the LIMK gene in two children. They showed divergent clinical phenoty-
pes, suggesting that they might not harbor the same disease. However, when
we assessed LIMK1 in the context of its complex interactions, this led us to
believe that pathogenic variants could affect the pathway in potentially op-
posite ways. Indeed, we found that LIMK | variants were predicted to have
opposite effects, leading to either increased or decreased LIMK 1 activity.
Functional studies performed in fibroblasts supported these opposite effects
on LIMKI activity. Assessing insulin exocytosis in insulin-secreting cell
lines expressing these two variants revealed opposite effects on exocytosis
dynamics, which might explain the frequent hypoglycemic events observed
in one of the patients. Thus, we were able to make sense as of why these
divergent phenotypes were observed in the individuals harboring variants in
the same gene, by exploring these variants in relation to their effects on the
complex LIMK1 dynamics.

Functional screening for individuals with VUS

In the next part of this thesis, we focused on optimizing the process of VUS
elucidation. As said in the first part of this introduction, we aimed to do so
by providing context using a functional cellular screening.

In Chapter 5, we explored the potential of a functional framework to
interpret VUSes. To this aim, we screened patient fibroblasts derived from
individuals with VUS using Imaging Flow Cytometry (IFC). We designed
six assays that quantified essential components of cellular health frequently
involved in disease: mitochondrial, Golgi, autophagic and lysosomal health,
together with NF-kB translocation and ER-stress. We included molecular
compounds and positive control patients that were known to induce aber-
rancies on their designated assays. Additionally, we verified whether these
positive control patients would show aberrancies beyond the assay for which
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they were primarily selected, to see whether the combination of six assays
would be beneficial.

Next, we included fibroblasts of 20 individuals with VUS. For individuals
with VUS in well-known disease genes, we included patients harboring pa-
thogenic variants in the same gene as comparison. Well-established diagnos-
tic functional assays were used to verify the accuracy of IFC predictions. We
found IFC was able to provide relevant functional aberrancies for all indi-
viduals with VUS included in this study. In addition, for 12/20 individuals,
IFC-based screening revealed detailed and potentially relevant clues about
underlying pathophysiology which can be used to aid VUS elucidation.

In Chapter 6, we explored the potential of the IFC-based assays focused on
mitochondrial function to assess its potential to discriminate between
several subtypes of mitochondrial disease and their underlying pathophysio-
logical mechanisms. While we expected to see mostly disease subtype-spe-
cific aberrancies on mitochondrial assays, we identified two large clusters of
patients showing similar responses to mitochondrial injury that transcended
disease subtypes, and can be characterized as either a hypo- (cluster 1 or

a hypermetabolic (cluster 2 response. When assessing the location of the
genetic variants and their predicted impact, we found that the first clus-

ter correlated with a specific disruption of complex I assembly, while the
second cluster was was expected to have severely disrupted proton pumping
activity.

In Chapter 7, we used our IFC-based screening to assess mitochondrial
function in fibroblasts of patients with pathogenic ARS2 variants during
amino acid supplementation. This chapter builds on earlier work in patients
with pathogenic ARSI variants, where we found that amino acid treatment
relieved clinical symptoms. We aimed to translate this approach to ARS2-
deficient patients, however, as cellular growth was not affected in these
patients, we sought for alternative read-outs. Using the IFC-based mi-
tochondrial assay complemented with Oxygen Consumption measurements
using seahorse, we found that amino acid depletion had detrimental effects
on mitochondrial function. To prevent depletion, we treated ARS2 deficient
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patients with amino acids, and found improvements of clinical symptoms
for all patients.

For Chapter 6, we assessed mitochondrial function in a large number of
different ARS1-, ARS2- and combined ARS deficiencies. To our surprise,
we found that there was one cytosolic ARS deficiency (QARS1 deficiency
where we observed mitochondrial dysfunction, which was not observed in
all other cytosolic ARS1 deficiencies. In Chapter 8, we explored the pa-
thophysiology behind the mitochondrial dysfunction in QARS]1 patient-deri-
ved fibroblasts, and how this was related to the unique mechanism of tRNA
charging with glutamine in mitochondria and the potential import of cyto-
solically charged tRNAS". Additionally, we explored the safety and efficacy
of glutamine supplementation at a clinical level. Thus, functional studies,
including IFC-based functional screening, helped to delineate the disease
mechanism behind QARS1 deficiency.
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Chapter 2

NAAS80 bi-allelic missense variants result in high-frequency
hearing loss, muscle weakness and developmental delay.
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NAAS80 VUS

Abstract

Background: The recent identification of NAA8SO/NAT6 as the enzyme that
acetylates actins generated new insight into the process of posttranslational
actin modifications; however, the role of NAA8O0 in human physiology and
pathology has not been clarified yet.

Results: We report two individuals from a single family harbouring a homo-
zygous ¢.389T>C, p.(Leul30Pro) NAA80 genetic variant. Both individuals
show progressive high-frequency sensorineural hearing loss, craniofacial
dysmorphisms, developmental delay and mild proximal and axial muscle
weakness.

Based on the molecular structure, we predicted and confirmed the NAAS80
¢.389T>C, p.(Leul30Pro) variant to result in protein destabilization, causing
severely decreased NAAS8O protein availability. Concurrently, individuals
exhibited a 50% decrease of actin acetylation. Patient-derived fibroblasts
and peripheral blood mononuclear cells showed increased migration, incre-
ased filopodia counts and increased levels of polymerized actin, in agree-
ment with previous observations in NA480 knock-out cells. Furthermore,
the significant clinical overlap between individuals with NA480 variants and
individuals with pathogenic variants in several actin subtypes reflects the
general importance of controlled actin dynamics for the inner ear, brain and
muscle.

Conclusion: Taken together, we describe a new syndrome, caused by
NAAS80 genetic variants leading to decreasedactin acetylation and disrup-
ted associated molecular functions. Our work suggests a crucial role for
NAAS80-mediated actin dynamics in neuronal health, muscle health and
hearing.
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Introduction

Actins are among the most conserved and ubiquitously expressed proteins in
vertebrates. In humans, six actin genes exist; four actins are primarily invol-
ved in muscle contraction, whereas b-actin (4C7B) and c-1-actin (ACTG1)
are cytosolic and facilitate cellular movement, exocytosis, organelle traffic-
king and regulation of genetic transcription.' In muscle cells, actins and
myosins form tightly organized myofibrils that facilitate muscle contrac-
tion,* whereas in non-muscle cells, the actin network is highly dynamic,
resulting in dynamic modelling of actin filaments that fit the cells’ particular
needs.>®

Actins differ mostly at their N-terminus, which consists of three or four
acidic residues (glutamate or aspartate), the first of which is acetylated on its
amino group to suppress the positive charge of the amine. The acetyltrans-
ferase involved in this modification is NAASO, that belongs to a family of
N-acetyltransferases, modifying the N-terminus of a wide range of pro-
teins.” ' NAASO is specific for actin as a result of the untypically highly aci-
dic N-terminus of actins. In fact, no other N-acetyltransferase can compen-
sate for loss of NAA80.”%1° The specificity of NAASO for actin is not only
due to the acidic character of the N-terminus of actins, but also due to other
specific interactions that NAAS8O can establish with actins. These include
formation of a ternary complex with Profilin-2 (PFN2) , a protein known to
bind to monomeric actin.”'? In most cell types, 99% of the N termini of all
actin subtypes are acetylated.®

At a cellular level, the increased negative charge density induced by actin
acetylation is thought to result in altered actin dynamics, including actin
stability and elongation, that influence cell size, filopodia formation and
cellular migration.”!* For example, NA480 knockout cell linesshowed incre-
ased filopodia counts, increased cell size and increased cellular migration.’
However, consequences of absent actin acetylation have only been studied
in immortalized cell lines, which may be more tolerant to actin cytoskeletal
dysfunction than well-differentiated tissues. As a result, the importance of
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actin acetylation in organisms has yet to be determined.

Here, we describe two brothers, homozygous for a ¢.389T>C,
p-(Leul30Pro) variant in NAA480, with high-frequency sensorineural hea-
ring loss and craniofacial dysmorphisms. We found that the NAA480 variants
impacted protein stability, resulting in decreased NAASO protein levels

and decreased actin N-terminal acetylation. At a cellular level, changes in
filopodia formation, actin polymerization and motility were observed. The
brothers with NAA480 genetic variants have significant phenotypic over-

lap with patients harbouring c-actin and b-actin mutations, suggesting that
disrupted cytoskeletal actin dynamics might be causing the observed pheno-
type. Together, these results implicate an important role for actin acetylation
in human physiology and pathology.

Materials and Methods

Ethics

Informed consent was obtained from the parents of probands 1.2 and 1.4

to collect residual material collected for diagnostic purposes to include in
the Wilhelmina Children’s Hospital metabolic biobank (TCBio 19-489/B,
https://tcbio.umcutrecht.nl). From proband 1.2, we included both fibroblasts
and PBMCs. From proband 1.4 we were only able to include PBMCs. In
the same biobank, we included residual material of four different paediatric
healthy fibroblast lines. Healthy adult donor PBMCs (N = 6) were obtained
by using the Minidonor Service, an ethics review board approved blood do-
nation facility at the UMC Utrecht (protocol number 18-774). Since healthy
donor material availability was limited, we were not able to match individu-
als exactly by age and gender with healthy donors. Additionally, informed
consent was obtained for publication of facial images and medical images
of both individuals. All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institutional
and/or national research committee(s) and with the Helsinki Declaration (as
revised in 2013).
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Whole-exome sequencing and genetic analyses

Exomes were enriched using Agilent SureSelect XT Human All Exon kit V5
and sequenced on a HiSeq sequencing system (Illumina). Reads were alig-
ned to hg19 using Burrows—Wheeler Aligner. Variants were called using Ge-
nome Analysis Toolkit Variant Caller and annotated, filtered and prioritized
using the Bench NGS Lab platform (Agilent-Cartagenia, Leuven, Belgium)
and/or an in-house designed ‘variant interface’ and manual curation. The mi-
nimal coverage of the full target was 15 94.2%. All common polymorphisms
with a minor allele frequency >0.25 were filtered out using several public
databases including 1000 genomes database,'* Ensembl GRCh37 genome
browser,'* exome aggregation consortium database,'® genome aggregation
database (gnomAD)'” and database of single-nucleotide polymorphisms.

All variants with one of the following effects were included: Splice-site,
STARTLOSS, STOP, Frameshift, STOPLOSS, NONSYNONYMOUS.
Variant calling was performed using the complete human reference genome
(hg19, NCBI release GRCh37). Sanger sequencing was performed to iden-
tify if the same genetic variants were present in other probands, using the
following primers: for NAASO:

5-GATGCTTGTGCTGACCTCA-3’ and 3'-GGGCTGGTTCAGCACC-5',
for PLXNBI: 5'-CCCCTGGCTCC CAGGTCGC-3" and 3'-GCTCACACT-
CGACCCGGGCC-5', for HDAC6: 5'-AACTATGACCTCAACCGGCCA-3’
and 3'-CTGTGAACCAACATCAGCTCT-5', for PRRI4L: 5-TCTAG-
CCTGGCATGGTGG-3" and 3'-GCTGGAGATTCACATCAATCATTT-50.
Individuals were evaluated according to the Wilhelmina Children’s hospital
clinical practice, and all laboratory analyses were performed in ISO 9001/
ISO15189 accredited diagnostic laboratories.

Structural assessment of variants

A sequence-based search of the pdb database (12 December 2020) identi-
fied the entries 6NAS, 6NBE, 6NBW and SWJD as informative. To assess
putative structural consequences of the variants, the identified structural data
were inspected and individual structures superimposed in Bragi.'® Graphical
representations were generated based on pdb entry 6NBE using MolScript19
and Raster3D.?* NAAS8O expression in Escherichia coli and in HAP1 cells
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Recombinant NAAS8O expression and purification from Escherichia coli
were performed as previously described.® Phosphorylated primers 5'-CTG-
CCAAGCCCCCACCCCACACTTG-3" and 5'-CATCAGGCAGAGGGG-
GAAGGCATCTG-3" were used to introduce the ¢.389T>C, p.(Leul30Pro)
variant in NAAS80 sequence cloned in pET-22b and the construct was vali-
dated by sequencing. To generate lentiviral constructs for the expression of
wild-type and mutant NAASO in NAA80 knockout HAP1 cells, the NAASO
open reading frame (with and without the ¢.389T>C, p.(Leul30Pro) variant)
was inserted in the Xbal and BsrGI sites of the vectors pUB81, pUB82 and
pUB&83. These vectors are derivat ves of the pLVX-PURO (Clontech, Moun-
tain View, USA) driving expression of the gene of interest under the control
of EF-1alpha, SV40 and CMV promoter.”’ Human Embryonic Kidney 293T
cells were transiently co-transfected with these lentiviral vectors and se-
condgeneration packaging plasmids psPAX2 and pMD2 with Jet-Pei rea-
gent. Forty-eight hours after transfection, NA480 knockout HAP1 cells were
infected as described previously and selected with 2 mg/ml puromycin.

Wild-type NAASO cDNA transduction in fibroblasts

Patient cells and healthy control fibroblasts were transduced by combining
8 mg/ml Polybrene (#TR-1003-G, Bio-connect, Huissen, The Netherlands)
with 100 ml of lentiviral vectors with second generation packaging plas-
mids. Selection was performed using 2 mg/ml puromycin.

Western blot

Procedures for western blot in HAP1 knockout cells were described pre-
viously.® For the fibroblast western blots, cells were harvested with 0.05%
trypsin/EDTA, washed once with Phosphate Buffered Saline (PBS) wit-
hout calcium and magnesium and lysed in Laemmli buffer (SDS, Glycerol,
Tris) supplemented with a protease inhibitor cocktail (#P8340, Si ma Ald-
rich, Darmstadt, Germany). Protein concentration was determined using
the Bicinchoninic acid assay kit, using bovine serum albumin as standard
(#23225, Thermo Fisher Scientific, Waltham, USA). Blotting was perfor-
med using wet transfer (1.5 hours, 100 Volt) in blotting buffer (20% metha-
nol, Sodium Dodecyl Sulfate (SDS)/glycine). The following antibodies were
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used: anti-NAAS8O (#15476-1; Proteintech, Rosemont, USA) and B-tubulin
(CST2128S, Cell Signaling Technology, Danvers, USA).

Mass spectrometry analysis of actin N-termini

A mass spectrometry approach was used to quantify actin N-terminal ace-
tylation precisely. As acetylation of a peptide changes the intensity of the
signal obtained by mass spectrometry, we converted in vitro non-acetylated
actin to fully acetylated actin by incubation with labelled °C, D -acetyl-
CoA and recombinant NAAS8O. Trypsin digestion and mass spectrometry
allowed the quantification of the non-labelled N-terminal peptide (i.e. the
endogenously acetylated) and the labelled N-terminal peptide (i.e. unacety-
lated in intact cells).

In practice, °C,, D,-acetyl-CoA was synthesized from acetic anhydride-"C,,
D, (Sigma-Aldrich) and coenzyme A (sodium salt; from Sigma-Aldrich)

as previously described.?? Fibroblasts (from one confluent 10-cm plate),
PBMC (from 9ml of fresh blood) or buffy coat cells (from 9 ml fresh blood)
were resuspended in a buffer containing 25 mM HEPES, pH 7.4, 0.5 mM
phenylmethylsulfonyl fluoride, Smg/l leupeptin and 5 mg/I antipain, sub-
mitted to two cycles of freezing in liquid nitrogen and thawing, and lysed
by vortex-mixing. Cell extracts were centrifuged for 15 min at 15,000g and
4°C. Protein concentration was determined with the Bradford assay using
y-globulin as a standard. Fifty micrograms of cell extract supernatants were
incubated at 37°C, in a mixture (100 ul) containing 50 mM Tris, pH 7.5,
25mM Kalium Chloride, I mM MgCI2 and 0.15mM 13C2, D3-acetyl-CoA.
The reaction was initiated by the addition of 150 ng recombinant NAA808
and stopped after 5 min with 400 ul cold methanol and 100 pul chloroform.

For mass spectrometry analysis, samples were treated essentially as descri-
bed.® Separation was performed with a linear gradient of 4-50% solvent B
(0.1% fluoroacetic acid in 98% acetonitrile) for 100min, 50-75% solvent B
for 10min and holding at 95% for the last 5 minutes at a constant flow rate
of 300 nl/min. Intact peptides were detected in the Orbitrap at a resoluti-
on of 120000. Peptides were selected for tandem mass spectometry (MS/
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MS) using high energy collision dissociation setting at 35; ion fragments
were detected in the Orbitrap at a resolution of 50 000. A targeted mass list
was included for the six theoretical peptide sequences (see Supplementary
Table 1), considering oxidation of Met, acetylation of the N-terminus, in-
corporation of 2 | ,C and 3 deuterium and charge states +2. The electrospray
voltage applied was 2.1kV. MS1 spectra were obtained with an automatic
gain control target of 4 X 105 ions and a maximum injection time of 50 ms,
and targeted-MS2 spectra were acquired with an automatic gain control
target of 2 x 105 ions and a variable injection time. For MS scans, the m/z
scan range was 350—1800. The resulting MS/MS data were processed and
quantified using Skyline (version 19.1.0.193).

Trypsin was specified as cleavage enzyme allowing up to two missed clea-
vages, four modifications per peptide and two charges. Mass error was set
to 10 ppm for precursor ions and 0.05 Da for fragment ions. An example of
analysis is illustrated in Supplementary Fig. 1.

Filopodia count

Fibroblasts of proband 1.2 were cultured in Ham F12 medium (#11765054,
Thermo Fisher) supplemented with 10% fetal bovine serum (#F7524, Sigma
Aldrich), 100 Ul/ml penicillin and 100 pg/ml streptomycin, in a humidified
incubator at 37°C and 5% CO2. Cells were split at 80% confluency. For the
assay, cells were plated in a 96-well plate (500 cells/well). After 24 hours,
cells were fixed with 4% formaldehyde and permeabilized with 0.1% Tri-
ton X-100. Cells were incubated with phalloidin-tetramethylrhodamine B
isothiocyanate (TRITC) (#P1951, Sigma-Aldrich, 1:100) and mounted with
Hoechst (#B2261, Sigma 1:2000). Cells were visualized with the Leica TCS
SP8 (Wetzlar, Germany) using 63X enlargement. Pictures were analysed
with FiJi ImageJ software, using the FiloQuant package.24 For analysis,
GraphPad Prism was used (Version 8.0.0 for Windows, GraphPad Software,
San Diego, USA).

Flow cytometry analysis
Actin polymerization was determined by staining PBMCs and fibroblasts
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with Phalloidin-TRITC and subsequent analysis by flow cytometry. For
fibroblasts, cells were plated in a 6-well plate (5% 104 cells/well) and grown
until 80% confluency. Cells were harvested using TrypLE (#12604013,
ThermoFisher), washed and immediately fixed and permeabilized. Af-
terwards, cells were incubated Phalloidin-TRITC (1:1000) and DRAQS
(1:8000). For PBMC:s, after fixation and permeabilization, they were stained
with 1:100 phalloidin-TRITC and 1:8000 DRAQS5 (#424101, Biolegend,
San Diego, USA). Cells were analysed with BD LSR Fortessa (BD Biosci-
ences, San Jose, USA). Analysis of flow cytometry data was performed with
FlowJo (version 10.6.2., Becton, Dickinson and Company; 2019).

Boyden chamber analysis

Fibroblasts were plated in a 24-well Transwell insert (Corning, Glendale,
USA) at a density of 1 X 104 in normal culture medium without fetal bovine
serum. The bottom chamber was coated with collagen-I (#354236, Cornig)
and filled with either serum free medium or 600 ul HAM-F12 culture me-
dium containing 10% fetal bovine serum. After 24 hours, the top chamber
was scraped with a cotton swab and 400 pl of 0.5% trypsin was added to
the bottom chamber. Afterwards, 400 pl culture medium containing 1000x
diluted Hoechst 3342 (#B2261, Sigma Aldrich) was added to the bottom
chambers with the cells and immediately visualized with the EVOS™ XL
Imaging System (ThermoFisher).

PBMCs were isolated from whole blood using Ficoll (#17-1440-02, GE
Healthcare Hoevelaken, The Netherlands). Briefly, Ficoll was layered under
whole blood mixed with one volume PBS and the whole was centrifuged
for 20 min at 2400 rpm. PBMCs were collected, washed and frozen in 10%
Dimethyl sulfoxide (DMSO) in fetal bovine serum. On the day of the assay,
PBMCs were thawed and plated at a density of 50000 cells in the upper part
of 96-well transwell insert (# 3388, Cornig). PBMCs were allowed to mi-
grate for 4hours. Cells in both bottom and upper part of the transwell were
fixed, permeabilized and stained with 1:100 phalloidin-TRITC and 1:8000
DRAQS. Cells were counted using BD Fortessa LRS. The percentage of
migrated cells was calculated by dividing cell count in the bottom chamber
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by the total number of cells (top and bottom chamber).

Phenotypic overlap

To calculate the overlap between the phenotype of individuals with NAA80
variants to patients with other genetic diseases, we used PHRANK.?> As
input we used the top-23 features with the highest occurrence ratio in our
patients and the human phenotype ontology to disease list extracted from
https://hpo.jax.org/app/download/annotation in July 2021.%¢ To extract phe-
notypic features of individuals with actin genetic variants, a literature search
was performed in May 2020. Individual features in case reports were scored
using human phenotype ontology scores and binary code (1= present, 0= not
present) by two independent researchers. Occurrence ratios were calculated
by dividing the percentage of individuals with a phenotypic feature by the
number of genes associated with the phenotypic feature in human phenotype
ontology. To avoid doubles (‘abnormality of the metopic ridge’ and ‘promi-
nent metopic ride’), we used the human phenotype ontology code that was
furthest up the tree.

Statistical analysis

Differences in actin acetylation percentages were analysed using Student’s
t-test (separate analysis for fibroblasts and PBMCs). The data are presented
as mean + SD.

Differences in Phalloidin median fluorescence intensity were analysed using
Student’s t-test in case of two groups or ANOVA in case of three groups.
The data are presented as mean + SD. For the migration assays, ANOVA
was used to compare groups. The data are presented as mean + SD. Statisti-
cal analysis was carried out with Prism (GraphPad).

Data availability

The authors declare that all data supporting the findings of this study are
available within the paper and its supplementary information. Occurrence
ratios for individuals with variants in NAA80 or actin genes are added as
Supplementary Table 4. The new variant described in this study was ente-
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red in ClinVar, accession number: VCV001301869.1

Results

Phenotypic description

Proband 1.2 was born to Portuguese parents. After an unremarkable gestati-
on and birth, he was diagnosed with bilateral high-frequency sensorineural
hearing loss of 40 dB at the age of five weeks (Figure 1A). Upon clinical
examination, several dysmorphic features were noted, including hypertelo-
rism, low posterior hair line, highly arched eyebrows, low-set protruding
ears, small mouth, diastema, peg-shaped lateral incisors, disorganized
implant of the toes and tapered fingers (Figure 1B-D). In the following
years, proband 1.2 exhibited periodic hypotonia, feeding difficulties, fatigue,
swelling of his extremities and vomiting, which worsened during infections.
He had behavioural disturbances, including rage and auto-mutilation, trig-
gered by either loud noises or visual images. Additional phenotypic features
included sleeping difficulties, loud snoring, gait ataxia and mild constipation
requiring laxatives. Brain MRI revealed an enlarged right lateral ventri-

cle system, a decreased amount of white matter volume and asymmetrical
subcortical white matter lesions (Figure 1E). Overall development was
mildly delayed, with an estimated intelligence quotient of 79 at the age of
three. Extensive etiological workup at our Hospital Center for Evaluation of
Developmental Delay, including clinical chemistry and metabolic screening
in urine and plasma, did not reveal a cause for his clinical symptoms. Cardi-
ac evaluation revealed mild systolic dysfunction, but no other abnormalities.
SNP array revealed several small (<5 MB) and one large (8.8 MB) homo-
zygous identity by descent regions (Supplementary Table 2). The large
identity by descent region (8.8 MB) that was found in the patient exceeds
the size of identity by descent regions found in outbred populations and sug-
gests parents are distantly related.?’?® Parents originate from the same region
in Portugal. Subsequent trio-exome sequencing allowed the identification
of four genetic variants of unknown significance (Supplementary Table
S3), from which the variant in the NAA480 gene was considered most likely
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Figure 1: NAAS8O0 individuals present with craniofacial dysmorphisms, abnormal brain
MRI and high-frequency hearing loss. (A) Pure Tone Audiometry showing intensity measu-
red in decibels (dB) represented on the x-axis and the frequency measured in Hertz (Hz) on
the y-axis of the left ear (L) and right ear (R) of proband 1.2 showing high frequency hearing
loss in the 2000-8000 kHz region. (B) Front view of proband 1.2 at the age of 7 years showing
small upper lip, hypertelorism, abnormally shaped ears, ptosis and epicanthus fold. (C) Lateral
view of proband 1.2 showing retrognathia. (D) Brain MRI image of proband 1.2 showing
asymmetrical posterior horns. (E) Close-up of proband 1.2 showing diastema and peg-shaped
lateral incisors. (F) Front view of proband 1.4 at the age of 1 year showing small upper lip,
long philtrum, bulbous tip of the nose, ptosis, epicanthus fold, ocular hypertelorism, abnor-
mally shaped ears. (G) Lateral view of proband 1.4. (H) Close-up of proband 1.4 showing
peg-shaped lateral incisors. (I) Family pedigree of the NAASO family. Black squares indicate
affected male [homozygous for NAASO ¢.389T>C, p.(Leul30Pro) variant]. Semi-black squa-
res indicate that the individual is a carrier of a heterozygous NAAS8O variant.

to be pathogenic: NC 000003.11: g.50334572A>G, ¢c.389T>C, p.(L130P)
(OMIM: 607073). Both parents were heterozygous for this variant.

Proband 1.4 was born 6 years later after an unremarkable pregnancy. His

birth was complicated by respiratory distress due to meconium aspiration
syndrome, necessitating mechanical ventilation for 24 hours. He had similar
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dysmorphic features as proband 1.2, including hypertelorism, low posteri-or
hair line, highly arched eyebrows, low-set protruding ears, peg-shaped
lateral incisors, small mouth and thin lips (Figure 1E—G). In addition, a
bilateral sensorineural hearing loss of 70 dB, most prominent in the high
frequency 3 kHz area, was detected. He also experienced periodic hypoto-
nia, feeding difficulties, mild constipation, sleeping difficulties and snoring.
Additionally, he has multiple obstructive and central apnoeas per night (not
resulting in hypoxia). Sanger sequencing confirmed homozygosity for the
same variant in NAAS80: ¢.389T>C, p.(L130P) in proband 1.4, which was not
present healthy probands 1.1 and 1.3 (Figure 1I). Additionally, Sanger
sequencing confirmed homozygosity for the same variant in PLXNB! in pro-
band 1.2 and 1.4: NC_000003.11: g.48460754T>C, c.2731A>G, p.(S911G).
The PLXNBI variant was not identified in the healthy siblings.

With Sanger sequencing, we found the other genetic variants identified in
proband 1.2 did not segregate within the family (Supplementary Table 3).

Structural analysis of the NAASO ¢.389T>C, p.(Leul30Pro) genetic variant
NAASO includes an N-terminal extension, followed by a catalytic domain
(residues 78-220), a proline-rich loop and a stretch of residues also belon-
ging to the catalytic domain.” Leul30 is localized at the end of B-strand B1,
which is part of a central B-sheet of the catalytic domain (Figure 2A). The
side chain of Leul30 points into a hydrophobic environment (Figure 2B).
The backbone of Leul30 is involved in the formation of the hydrogen bond
network of the central B-sheet, with direct hydrogen bonds to Thr83 in 1
(Figure 2C). Replacement by a proline is expected to disturb the hydrogen
bond network, in particular of the nitrogen atom in the peptide bond.
Furthermore, adaptations would be required due to the sterical demands of
the proline ring. These effects are expected to weaken and disturb the local
fold of the protein.

The NAASO ¢.389T>C, p.(Leul30Pro) variant causes defective protein fol-

ding, resulting in limited protein availability
The wild-type and the mutant NAAS8O protein with a C-terminal poly-His tag
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The NAAS8O ¢.389T>C, p.(Leul30Pro) variant decreases NAAS80 stability and decrea-
ses actin acetylation. (A) Crystal structure of NAASO bound to the actin—profilin complex.
NAASO is shown in grey with B-strands 1—4 highlighted in blue and Leul30 in red. Actin
is shown in dark grey and profilin in orange. Coenzyme A (CoA) in blue and the acetylated
N-terminal aspartate (DAc) in dark grey are in ball-and-stick representation. The colour-co-
ding is used throughout the figure. (B) Detailed view of the local environment of the side
chain of Leul30. The peptide chain is shown as Ca-trace with selected side chains in
ball-and-stick representation. (C) Hydrogen network of the backbone surrounding Leu130.
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With the exception of Leul30, residues are shown without sidechains as glycine. Dotted
lines represent hydrogen bonds. (D) Western blot analysis of the expression of wild-type
(WT) and mutant NAASO in Escherichia coli. Induction of the expression with IPTG leads
to the appearance of a protein that is mainly present in the supernatant (SN) of bacterial
extracts in the case of the wild-type protein and in the sediment in the case of the mutant.
(E) Western blot of HAP1 NAAS8O knockout cells infected with lentiviral vectors driving
the expression of WT NAAS8O, Leul30Pro NAAS8O and no protein (empty). Mutant NAASO
generates decreased levels of NAAS8O protein, and with the weakest promoter, detectably
decreased acetylated B-actin levels. One representative experiment out of two is shown.
(F) Western blot showing severely decreased NAASO protein expression in fibroblasts of
proband 1.2 compared to two healthy donors, B-tubulin was used as a housekeeper. One
representative experiment out of two is shown. (G) Bar graph representing the proportions
of ‘endogenously’ unacetylated B-actin (expressed as percentage of acetylated + unacety-
lated B-actin) of healthy controls (black) and probands 1.2 and 1.4 (red). Two independent
experiments were performed of both the fibroblasts (proband 1.2) and the PBMCs (both
probands), and each cell type was compared to three different healthy control samples
(combined data from two experiments). Coloured squares represent mean values of all
technical replicates, bars represent mean values of healthy controls (Ctrl) or individuals

+ SD. *P < 0.05, ***P < (0.001 (Student’s t-test). Acetylation of the N-terminus of actins
was determined by /MS/MS analysis of tryptic peptides as described in the ‘“Materials and
Methods’ section. (H) Bar graph represents the percentage of unacetylated y-actin in three
healthy controls (black) and proband 1.2 and 1.4 (red). Two independent experiments were
performed of both the fibroblasts (proband 1.2 only) and the PBMCs (both patients), and
each cell type was compared to three different healthy control samples (two experiments).
Coloured squares represent technical replicates, bars represent mean per donor + SD. *P <
0.05, ***P < 0.001 (Student’s t-test).
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were expressed in E.coli, and bacterial extracts were centrifuged and
analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis
and western blot. Mutant protein was predominantly insoluble, contrasting
with wild-type protein, which was essentially soluble, with only a very
small proportion in the sediment (Figure 2D.

These findings align with the prediction that the NA480 variant induces
defective protein folding.

To measure the impact of the NAA4A80 genetic variant on protein levels in
mammalian cells, we infected NAA80-knockout HAP1 cells with constructs
expressing mutant or wild-type NAA8O cDNA with promoters of different
strengths, EF1A being the strongest and SV40 being the weakest promoter.
Lower protein levels of mutant NAA80 compared with healthy donors were
observed with all promoters (Figure 2E. Similarly, in fibroblasts of indi-
viduals with NAA480 variants, NAASO protein levels were lower compared
to healthy controls (Figure 2F. Use of the weakest promoter resulted in
partial restoration of actin acetylation, as determined by western blotting
with antibodies specific for the acetylated form of beta actin, while stronger
promoters led to maximal or near maximal acetylation, indicating that the
mutated protein still shows residual activity (Figure 2E. In addition, we
found that expression of low levels of wild-type NAA80O in HAP1 knockout
cells was already sufficient to reach maximal or near-maximal acetylation
(Figure 2E. It should be noted that the western blot approach used in this
experiment does not allow precise quantification of the level of acetylation.

The NAASO ¢.389T>C, p.(Leul30Pro) genetic variant results in decreased,
but not absent, actin acetylation

To accurately determine the levels of acetylated actin, the level of N-termi-
nal acetylation of - and y-actin in fibroblasts and PBMCs from individuals
with NAAS80 variants was analysed by mass spectrometry (Figure 2G and
H. In healthy donors, approximately 0.5% of beta and gamma-actins were
not acetylated. However, for the NAAS8O individuals, 25-65% of beta and
gamma-actins were not acetylated, depending on the cell type and the type
of cytoplasmic actin that was measured (Figure 2G and H.
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Fibroblasts of individuals with NAASO variants show increased rates of po-
lymerized actin, increased filopodia counts and increased cellular migration
The depolymerization rate for acetylated actin is approximately 2-fold
higher than for non-acetylated actin.” Therefore, we hypothesized that the
higher proportion of non-acetylated actin in individuals with NA480 vari-
ants would decrease the overall depolymerization rate, resulting in increased
levels of polymerized actin. Indeed, PBMCs and fibroblasts displayed incre-
ased phalloidin staining, corresponding with increased levels of polymerized
actin (Figure 3A and B). Expressing wild-type NAAS8O with the SV40
promoter in fibroblasts of individuals with NA480 variants normalized phal-
loidin staining intensity (Supplementary Figure 2 and Figure 3C).

Since HAP1-NAA480 knockout cells showed increased filopodia formation
and cellular migration®, filopodia counts and migration dynamics were quan-
tified. In fibroblasts of individuals with NAA480 variants, increased filopodia
counts were observed (Figure 3D). The introduction of wild-type NAASO
protein with the SV40 promoter lowered filopodia counts to the level ob-
served in healthy controls (Figure 3D). Cellular migration in response to
chemotactic stimuli was tested using the Boyden chamber assay. Both fibro-
blasts and PBMCs of NAAS8O individuals showed increased movement in
response to chemotactic stimuli (Figure 3E and F). In fibroblasts, expressi-
on of NAASO wild-type with the SV40 promoter protein lowered migration
levels to the level observed in healthy controls (Figure 3G).

Together, these results indicate that the NA480 genetic variants result in
decreased NAARSO protein levels and acetylation activity causing a distinct
cellular phenotype, similar to that observed in NA480 HAP1 knockout cell
lines.

Individuals with the NAASO ¢.389T>C, p.(Leul30Pro) variant show signifi-
cant phenotypic overlap with individuals with pathogenic variants in ACTB
and ACTG1

To relate our molecular findings to the clinical phenotype, individuals in
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Figure 3. NAAS80 variants lead to increased actin polymerization, filopodia count and
cellular migration. (A) Microscopy images of healthy Ctrl fibroblasts (upper panel) and
NAASO individual fibroblasts (lower panel) . NAAS8O individual fibroblasts show increased
filopodia counts and altered morphology of the polymerized actin network. (B) Phalloi-

din mean fluorescence intensity of healthy controls (N = 3, nine technical replicates) and
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NAAS8O patient PBMCs (N = 2, nine technical replicates). Dots represent the mean phalloi-
din staining (median fluorescence intensity) of each replicate, the line represents the mean
of all replicates £SD ****P < 0.001 (Student’s t-test). (C) Phalloidin median fluorescence
intensity of healthy controls (N = 3, one technical replicate each) and NAAS8O individual
fibroblasts (N = 1, one technical replicate) and fibroblasts of proband 1.2 expressing WT
NAAS80 with CMV or SV40 promoter (N = 2, both one replicate). Bar represents mean flu-
orescence intensity of the phalloidin staining +SD. (D) Filopodia count of healthy control
(N = 3) and individual fibroblasts (N = 1) transfected with an empty vector and SV40 pro-
moter, and individual fibroblasts with NAA8O WT expressing plasmid with SV40 promo-
ter (N = 1). Dots represent filopodia count per cell, lines represent mean filopodia count of
all cells £SD. *P < 0.05, ****P < (0.001 (ANOVA). (E) Cellular migration measured with
the Boyden chamber assay of PBMCs with normal culture medium (nothing) or CXCL21
enriched culture medium (CXCL21) in the bottom chamber. Dots and squares represent
mean migration of three technical replicates, bars represent mean migration of healthy
controls combined (N = 3) or NAASO individuals (N = 2) £SD. *P < 0.05 (Student’s
t-test). (F) Cellular migration of control and NAASO individual fibroblasts, measured with
the Boyden chamber assay, with normal culture medium without (No FBS) or with (10%
FBS) enriched culture medium in the bottom chamber. Dots or squares represent mean
migration of three technical replicates, bars represent mean migration percentage of three
donors £SD. *P < 0.05 (Student’s t-test). (G) Cellular migration of healthy control (N = 2)
and NAAS8O individual fibroblasts transduced with an empty vector (N = 1, three technical
replicates) and NAASO individual fibroblasts transduced with a NAASO wild-type expres-
sing vector (N = 1, three technical replicates). Bars represent mean migration per condition
+SD. *P< 0.05.
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this study were compared with individuals harbouring genetic variants in
other actin genes. For comparison, we used occurrence ratios that grant
more weight to specific features (e.g. high-frequency hearing loss) than

to non-specific features (developmental delay) by dividing the percentage
of individuals presenting with a phenotypic feature by the total number of
genes associated with that phenotypic feature.” With this approach, one can
define overlap for rarely seen phenotypic features, which may point in the
direction of shared pathophysiology.

To calculate the similarity between phenotypes, we employed the
PHRANK? tool, using the top-23 phenotypic features with the highest oc-
currence ratio (depicted in Figure 4), comparing it to the phenotype of each
actin gene. We found that Baraitser-Winter (OMIM #243310, resulting from
pathogenic ACTB and ACTG1 variants) was in the top three of diseases that
most resembled the phenotype observed in individuals with NAA480 variants,
together with Rubinstein—Taybi syndrome (OMIM #180849) and Wolf—Hir-
schhorn syndrome (OMIM #194190).

Strikingly, comparing individuals with NAA80 variants to patients with
pathogenic ACTB variants gave a similarity score of 60.29, and 30.37 when
compared to patients with pathogenic ACTG1 variants (Figure 4). The
overlap with patients with AC7A variants was only modest: individuals
with NAAS80 variants exhibited moderate axial hypotonia and proximal
muscle weakness, while individuals with pathogenic ACTA! variants have
overt nemaline myopathy (similarity score of 20). The similarity scores of
NAAS80 and ACTG2, ACTC1 and ACTA2 were negligible (1.00, 0.00 and
0.00, respectively). While individuals with ACTG2 variants show intestinal
pseudo-obstruction, mild constipation is seen in individuals with NAA480
variants. Similarly, the ventricular dysfunction seen in individuals with
NAASO variants could reflect a minor ACTC1 dysfunction. Together, these
results show that the individuals in this study resemble the phenotype seen
in individuals with pathogenic ACTGI, ACTB and ACTA 1 variants, but not
in individuals with pathogenic ACTG2, ACTCI and ACTA?2 variants.
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High-frequency
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Infantile axial hypotonia

Widely-spaced maxillary central incisors

Progressive
sensorineural hearing impairment

Brain imaging abnormality 0.500 - 0.990
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Sleep Apnea

Tapered finger F 4 0.100 - 0.490
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Figure 4. The most specific phenotypic features of NAAS8O individuals overlap with
those of individuals with ACTB, ACTG1 and ACTA variants. Colour coded occurrence
ratios of the most specific phenotypic features of individuals with NAA80 variants with
corresponding occurrence ratios of individuals with other actin genetic variants. ACTGI

= actin-y; ACTB = actin-f; ACTA1 = muscle a-actin; ACTA2 = smooth muscle actin-a;
ACTG2 = gamma-enteric smooth muscle actin; ACTC1 = cardiac, muscle alpha actin.

42



NAAS80 VUS

Discussion

Until now, the consequences of N-terminal actin acetylation have remained
largely unexplored in vivo. Here, we describe a new syndrome characterized
by high-frequency hearing loss, developmental delay and muscle weak-
ness, caused by homozygous NAA480 ¢.389T>C, p.(Leul30Pro) variants.

We provide evidence that the ¢.389T>C, p.(Leul30Pro) variant destabilizes
NAASQO, resulting in decreased, but not absent, enzymatic activity and con-
sequently decreased actin acetylation. This resulted in increased filopodia
formation, increased cellular movement and increased levels of polymerized
actin. Together, our results underscore the importance of NAA80-mediated
actin acetylation in vivo.

The shared clinical features of individuals with NAA480 variants and indi-
viduals with pathogenic ACTB/ACTG1 variants, for example hearing loss,
suggest a similar underlying pathophysiological mechanism. Most individu-
als with ACTB/ACTG1 variants that exhibit hearing loss have normal actin
abundancy, but show altered actin dynamics in vitro, suggesting that alte-
red actin dynamics rather than absolute actin concentrations contribute to
hearing loss.**3* Auditory hair cells consist of a particularly stable actin core
with new actin incorporation only at the distal tips, hence requiring control-
led actin dynamics.* To facilitate a stable actin core and controlled incorpo-
ration of F-actin, actin stabilizing proteins such as PLS1, FSCN2 and XIRP2
are highly expressed in the inner ear.>>3* For example, loss of plastin-1
(PLST) function, which limits actin depolymerization to prevent thinning

of the actin bundle, results in hearing loss.**** As NAA80-mediated actin
acetylation results in altered actin dynamics,’ it is likely that normal cytos-
keletal architecture is disrupted in individuals with NAA4A80 variants, causing
hearing loss.

We found increased filopodia counts in fibroblasts of individuals with
NAASO variants. In the brain, filopodia are precursors for dendritic spines,
that eventually form excitatory synapses.** Disturbances in filopodia
formation can lead to severe neuronal migration disorders, illustrated by
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the observation that genetic variants in actin remodelling genes, including
PAFAHIBI1, show decreased filopodia formation and decreased neuronal
migration, resulting in autism spectrum disorder, developmental delay and
epileptic seizures.***¢ Likewise, individuals with ACTB and ACTG1 variants
and Baraitser-Winter syndrome frequently present with neuronal migration
disorders like lissencephaly and pachygyria resulting in mild intellectual
disability and seizures.*’ However, the consequences of increased filopodia
formation, which occurs in our patients, have not yet been established. Spe-
culatively, excessive filopodia numbers could lead to uncontrolled formation
of excitatory synapses that might relate to the individuals’ hyperarousal,
behavioural disturbances and mild intellectual disability. Additionally, the
asymmetry seen in the lateral ventricles of proband 1.2 could reflect a minor
neuronal migration disorder.

Even though NAASO is predicted to have similar affinity for all six actin
isoforms, there was no overt clinical overlap between individuals with
NAASO variants and individuals with ACTA2, ACTG2 and ACTC1 genetic
variants. Some of these features might not have yet developed in individuals
with NAA80 variants, as ACTA2- and ACTC]I-related features often do not
manifest until the second or third decade of life.*53 However, individuals
with ACTG2 genetic variants are usually identified early in life, with severe
chronic intestinal pseudo obstruction.’* Alternatively, one could speculate
that the constipation and mild ventricular dysfunction seen in individuals
with NAA80 variants reflects mild ACTG2 and ACTCI1 dysfunction, in a si-
milar way as the myopathy of individuals with NA480 variants could reflect
a minor form of the severe, lethal myopathy seen in individuals with ACTA
variants. The latter would imply that NAA80O-mediated acetylation might
have a more modest role in the function of muscle actin isoforms, which
might relate to the more stable nature of actin isoforms within muscle, ma-
king them less vulnerable to flawed actin dynamics.

Surprisingly, the severely reduced NAAS8O availability only resulted in a

modest (=50%) decrease of actin acetylation. The relationship between
NAASO activity and substrate availability (unacetylated actins) can be
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Figure 5. Graphical model showing the NAAS80 activity (x-axis) versus the amount
of substrate (non-acetylated actin, y-axis). (A) Under steady-state conditions, actin

is synthesized, acetylated and degraded. For the sake of simplicity, we assume that the
degradation of acetylated and non-acetylated actins proceed with the same rate constant.
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If we assume that the rate of acetylation is proportional to the non-acetylated actin (non-
AA) concentration, V=k [non-AA], where k is the constant rate of the reaction catalysed
by NAAS8O. The concentration of non-AA is therefore equal to V/k. (B) An increase in the
proportion of non-acetylated actin from 0.5% (normal value) to 25% or 50% may be due

to a reduction in the NAASO activity of 50- and 100-fold, respectively (i.e. from a value of
100% to 2 or 1% approximately). Therefore, the reduced NAASO activity caused by NA480
variants in our individuals falls within a critical range (orange area) that is disease-causing
but not lethal. Less than 1% NAASO activity is thought to be lethal (red area). Over 2% of
NAASO residual activity probably does not result in overt clinical symptoms (green area).
Note that all percentages mentioned are based on estimates. Note that the x-axis has a loga-
rithmic scale.

studied with a simplified model, in which we assume that NAA8O activity
(k) 1s proportional to the concentration of non-acetylated actin (non-AA),
1.e. that it is equal to ke[non-AA] (Figure 5). If we consider that the rate of
non-acetylated actin formation and degradation (V) is the same in control
cells and in cells with the N4A480 variant, a 50-fold or 100-fold increase

in the concentration of non-acetylated actin (i.e. 25% or 50% in individual
cells versus 0.5% in controls) can be accounted for by a 50-fold or 100-fold
decrease in the value of k. Thus, 50% actin acetylation agrees with extre-
mely low, but not absent, residual NAAS8O activity, estimated in the range of
1-2% of normal activity.

If NAASO activity were to drop below the level observed in the individu-
als with NAAS80 variants, over 50% of actins would be affected. This level
is probably lethal, since bi-allelic actin variants—affecting over 50% of
actins—do not exist. In contrast, if NAA480 variants resulted in more residual
activity than is seen in the individuals included in this study, actin acetyla-
tion still reaches approximately 85%, a level that will probably not cause
an overt clinical phenotype. Thus, it is likely that only a narrow range of
residual NAAS8O catalytic activity is tolerated and disease causing. There

is a slim chance that NAA80 variants cause actin acetylation levels that fall
exactly within this critical range, which explains why we could not identify
additional individuals with NAA480 variants, despite extensive searches in
GeneMatcher and population databases.
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In conclusion, we here demonstrate that patients with NAA80 variants are
pathogenic and result in actin acetylation defects. Since NAAS8O activity

is directly linked to substrate availability, only a specific range of NAASO
catalytic activity is tolerated and disease causing, explaining why bi-allelic
NAASO variants are extremely rare. The significant clinical overlap between
individuals with NA480 and ACTB/ACTG1 variants suggests a more promi-
nent role for NAASO for cytoplasmic actin isoforms. These insights unders-
core the importance of fine-tuned actin dynamics by actin acetylation for
human health.
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Supplementary Files and Figures

Supplementary Table S1
Actin type | Acetylation Sequence targeted
[M+2H]*
beta no DDDIAALVVDNGSGMCK | 1795.783 898.395
beta 12C/'H acetate DDDIAALVVDNGSGMCK | 1837.793 919.400
beta BCPH acetate DDDIAALVVDNGSGMCK | 1742.819 921.913
gamma no EEEIAALVIDNGSGMCK 1851.845 926.426
gamma "2C/'H acetate EEEIAALVIDNGSGMCK | 1893.855 947.431
gamma BC/H acetate EEEIAALVIDNGSGMCK | 1898.881 949.944

Supplementary Table S1: List of the 6 theoretical peptide sequences that were targeted by mass
spectrometry. Meaning of bold amino acids: oxidation of M (+15.994 Da), carbamidomethyl of C
(+57.021 Da), N-term acetylation for E or D (+42.010 Da for '>Co/'Hs and +47.037 Da for

BCy Hs).
Supplementary Table S2
Label Chromosome  Start Stop Size \
ROH 3 45.476.694 54.264.197 8.788 MB
ROH 9 65.629.772 69.824.256 4.194 MB
ROH 5 129.486.905 132.169.532 2.683 MB
ROH 15 42.922.656 45.394.057 2471 MB
ROH 1 142.541.502 144.931.626 2.39MB
ROH 12 85.356.224 87.722.701 2.366 MB
ROH 5 44.442.578 46.404.402 1.962 MB

Supplementary Table S2: Identity by descent (IBD) regions found in proband 1.2 with SNP
Array. Runs of Homozygosity (ROH) are contiguous regions of the genome where the individual is
homozygous across all sites.

Supplementary Figure 1:
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Targeted N-term peptide: Ac-EEEIAALVIDNGSGM,,C.r K
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MS/MS spectra for 12C,/1H, “light” peptide
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Supplementary Figure 1: Identification and quantification of the N-terminal
acetylated peptide from gamma actin by targeted mass spectrometry. A PRM MS/
MS method was designed to measure the two acetylated forms (light or heavy) of
the processed N-term peptide taking oxidation of Met (Mox) and
carbamidomethylation of Cys (Cm) as fixed modifications. Left upper panel: X1C
of the two precursors ions (light in red m/z= 947.432, heavy in blue m/z=
949.948) for a control and the NAAS8O deficient individual. Right upper panel:
example from a NAASO deficient individual of the XIC of all daughter ions taken
into account for quantification by their area under the curve (AUC). Lower panel:
MS/MS spectra of the light and heavy +2 precursors ions, the b-ions series shows
the incorporation of a heavy acetylated group at the N-term side of the peptide
with a mass difference of 5.027 Da from their light counterpart. (-O) denotes
neutral loss of H4COS from the side chain of Cys.
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Supplementary Figure 2: Western blot showing NAA80 expression in healthy
controls (Ctrl 1, Ctrl 2) and proband 1.2 with and without (SV40-Empty) vectors
expressing NAASO WT cDNA using either a CMV or SV40 promoter.

Supplementary Table S3:

Considerations regarding Chromo Geno PhyloP and

Gene pathogenicity some Start Stop type Protein PhastCons

The PRR14L variant is not present in
affected proband 1.4. Phenylalanine
and Tyrosine have similar properties
and this change is thus not expected
to impact the protein structure PhyloP: 3.958,
PRRI4L |significantly. 22 32084196 | 3.2E+07 |A/T | c.6125T>A |p.F2042Y |PhastCons: 1

Segregates with affected individuals
(proband 1.2 and 1.4). Affected
residue is not conserved. Serine and
glycine have similar properties and
this change is thus not expected to
impact the protein structure
significantly. The variant is located
in a region of low conservation in the

protein. Serine to glycine has been PhyloP: -0.153,
PLXNBI | observed in other species. 3 48460754 | 4.8E+07 |C|C | c.2731A>G |p.S911G | PhastCons: 0.

Segregates with affected individuals PhyloP: 4.572,
NAAS80 | (proband 1.2 and 1.4). Very 3 50334572 S5E+07|G|G |¢.323T>C |p.L108P | PhastCons: 1

conserved residue, amino-acid
change predicted to result in altered
protein confirmation (loss of

proline).

The HDAC6 variant is also present PhyloP: 1.82,

in one of the healthy male siblings PhastCons:
HDAC6 | (proband 1.1). X 48663916 | 4.9E+07 | C| c.383G>C | p.C128S [0.998

Supplementary Table S3: Genetic variants in proband 1.2 found with
Whole Exome Sequencing that remain after filtering.
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Supplementary Table S4

TA2| ACTG2 ACTCI

Phenotypic Feautre

NAASO

AC

High-frequency sensorineural hearing impairment 50 0 35 0 0 0 0
Prominence of the zygomatic bone 25| 1.515152 1.282051 0 0 0 0
Congenital ptosis 25| 5.30303| 8.333333 0 0 0 0
High-frequency hearing impairment 14.28571 0 1.848539 0 0 0 0
Snoring 14.28571 0 0 0 0 0 0
Peg Shaped maxillary lateral incisors 111111 1.31 0 0 0 0 0
Infantile axial hypotonia 7.69 0 0] 0.3042156 0 0 0
Widely-spaced maxillary central incisors 7.14 0.67 0 0 0 0 0
Progressive sensorineural hearing impairment 2.325581| 0.422833 1.471985 0 0 0 0
Brain imaging abnormality 1.5625| 0.260417 0 0 0 0 0
Low posterior hairline 1.470588 | 0.039872 0 0 0 0 0
Prominent metopic ridge 1.25]| 0.113636 0 0 0 0 0
Sleep Apnea 1.162791 0 0 0 0 0 0
Tapered finger 1.07526 | 0.017618 | 0.053419 0 0 0 0
Everted lower lip vermilion 1.02| 0.030921 0 0 0 0 0
Self-injurious behavior 0.99 0 0 0 0 0 0
Microretrognathia 0.980392 | 0.089127 0 0 0 0 0
Eclabion 0.9259259 | 0.028058 0 0 0 0 0
Synophrys 0.892857 | 0.040584 0 0 0 0 0
Downturned corners of mouth 0.862069 | 0.026123 0 0 0 0 0
Highly arched eyebrow 0.7462687 | 0.135685 0.0333 0 0 0 0
Failure to thrive in infancy 0.6493506 | 0.059032 0 0 0 0 0
Muscular hypotonia of the Trunk 0.5813953 0 0] 1.0290698 0 0 0

Supplementary Table S4: Phenotypic features with their corresponding occurrence ratio
in individuals with NAAS8O genetic variants or actin mutations (ACTB, ACTG1, ACTAL,

ACTA2, ACTG2, ACTC1).







Chapter

IEiaan 2N

Bi-allelic variants in NAE1 cause intellectual
disability, ischiopubic hypoplasia,
stress-mediated lymphopenia and

neurodegeneration



Chapter 3

Bi-allelic variants in NAE] cause intellectual disability,
ischiopubic hypoplasia, stress-mediated lymphopenia and
neurodegeneration.

Irena J J Muffels!, Imre F Schene?, Holger Rehmann®, Maarten P G
Massink* Maria M van der Wal®, Corinna Bauder®, Martha Labeur’,
Natalia G Armando?®, Maarten H Lequin®, Michiel L Houben'?, Jaques
C Giltay*, Saskia Haitjema!!, Albert Huisman'!, Fleur Vansenne'?,
Judith Bluvstein'®, John Pappas'?, Lala V Shailee's, Yuri A Zarate'®
Michal Mokry!’, Gijs W van Haaften'®, Edward E S Nieuwenhuis!®,
Damian Refojo?, Femke van Wijk*, Sabine A Fuchs?, Peter M van
Hasselt?!

! Department of Metabolic Diseases, Division Pediatrics, Wilhelmina Children’s Hospital
University Medical Center Utrecht, Utrecht University, 3584 EA Utrecht, the Netherlands;

Center for Translational Immunology (CTI), Division Pediatrics, Wilhelmina Children’s Hos-
pital University Medical Center Utrecht, Utrecht University, Utrecht, the Netherlands.

2 Department of Metabolic Diseases, Division Pediatrics, Wilhelmina Children’s Hospital
University Medical Center Utrecht, Utrecht University, 3584 EA Utrecht, the Netherlands.

3 Department of Energy and Biotechnology, Flensburg University of Applied Sciences,
Flensburg, Germany.

4 Department of Genetics, Division Pediatrics, Wilhelmina Children’s Hospital University
Medical Center Utrecht, Utrecht University, Utrecht, the Netherlands.

3 Center for Translational Immunology (CTTI), Division Pediatrics, Wilhelmina Children’s
Hospital University Medical Center Utrecht, Utrecht University, Utrecht, the Netherlands.

6 Department of Neuroendocrinology, Max Planck Institute of Psychiatry, Munich, Germany;
Institute of Developmental Genetics, Helmholtz Zentrum Mnchen, Munich, Germany.

"Department of Neuroendocrinology, Max Planck Institute of Psychiatry, Munich, Germany.

8 Instituto de Investigacin en Biomedicina de Buenos Aires (IBioBA) - CONICET - Partner
Institute of the Max Planck Society, Buenos Aires, Argentina.

9 Division Imaging and Oncology University Medical Center Utrecht, Utrecht University,
Utrecht, the Netherlands.

19 Department of General Pediatrics, Wilhelmina Children’s Hospital, University Medical
Center Utrecht, Utrecht University, Utrecht, the Netherlands.

! Central Diagnostics Laboratory, University Medical Center Utrecht, Utrecht, the Nether-
lands.

12 Department of Medical Genetics, University Medical Center Groningen, Groningen, the
Netherlands.

American Journal of Human Genetics 223;11(1:146-16

58



NAEI1 VUS

13 Dravet Center and Comprehensive Epilepsy Center, NYU School of Medicine, New York,
NY, USA.

4 NYU Clinical Genetic Services, NYU Grossman School of Medicine, New York, NY, USA.
15 Department of Radiology, NYU Grossman School of Medicine, New York, NY, USA.

16 Section of Genetics and Metabolism, University of Arkansas for Medical Sciences, Little
Rock, AR, USA.

'7 Laboratory of Experimental Cardiology, Department of Cardiology, University Medical
Center Utrecht, University of Utrecht, Utrecht, the Netherlands.

18 Department of Genetics, Division Laboratories, Pharmacy and Biomedical Genetics, Uni-
versity Medical Center Utrecht, Utrecht, the Netherlands.

19 Department of Biomedical and Life Sciences, University College Roosevelt, Middelburg,
the Netherlands.

20 Instituto de Investigacion en Biomedicina de Buenos Aires (IBioBAI) - CONICET - Partner
Institute of the Max Planck Society, Buenos Aires, Argentina; Molecular Neurobiology, Max

Planck Institute of Psychiatry, Munich, Germany.

2! Department of Metabolic Diseases, Division Pediatrics, Wilhelmina Children’s Hospital
University Medical Center Utrecht, Utrecht University, 3584 EA Utrecht, the Netherlands.

Electronic address: p.vanhasselt@umcutrecht.nl.



Chapter 3

Abstract

Neddylation has been implicated in various cellular pathways and in the
pathophysiology of numerous diseases. We identified four individuals with
bi-allelic variants in NAE1, which encodes the neddylation E1 enzyme.
Pathogenicity was supported by decreased NAEI abundance and overlap-
ping clinical and cellular phenotypes. To delineate how cellular consequen-
ces of NAE1 deficiency would lead to the clinical phenotype, we focused
primarily on the rarest phenotypic features, based on the assumption that
these would best reflect the pathophysiology at stake. Two of the rarest fea-
tures, neuronal loss and lymphopenia worsening during infections, suggest
that NAE]1 is required during cellular stress caused by infections to protect
against cell death. In support, we found that stressing the proteasome system
with MG132-requiring upregulation of neddylation to restore proteasomal
function and proteasomal stress led to increased cell death in fibroblasts of
individuals with NAE variants. Additionally, we found decreased lympho-
cyte counts after CD3/CD28 stimulation and decreased NF-kB translocation
in individuals with NAE1 variants. The rarest phenotypic feature-delayed
closure of the ischiopubic rami-correlated with significant downregulation
of RUN2X and SOX9 expression in transcriptomic data of fibroblasts. Both
genes are involved in the pathophysiology of ischiopubic hypoplasia.

Thus, we show that NAE1 plays a major role in (skeletal) development and
cellular homeostasis during stress. Our approach suggests that a focus on
rare phenotypic features is able to provide significant pathophysiological
insights in diseases caused by mutations in genes with pleiotropic effects.
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Introduction

Covalent attachment of ubiquitin, NEDDS, and SUMO proteins to target
proteins (called ubiquitination, neddylation, and sumoylation, respectively)
is an important mechanism for eukaryotic protein regulation.! Neddylation
involves the attachment of NEDDS to a protein target through a sequenti-
al, three-step process, that is facilitated by so-called E1, E2, and E3 enzy-
mes.>** The E1 complex consists of APPBP1—encoded by NAE1 (MIM:
603385)—and UBA?*>%"While UBA3 acts as the activating enzyme, APP-
BP1 accelerates the kinetics of this first step.® The E2 enzyme aids a conse-
cutive transthiolation reaction of NEDDS. E3 enzymes catalyze the transfer
of NEDDS8 from the E2 enzyme onto the neddylation target. The best-known
targets of neddylation are cullins, that form cullin-RING ligase complexes
upon neddylation (CRLs),* which can tag proteins for degradation via the
26S proteasome. Additionally, non-cullin neddylation targets have been
described.>!

Neddylation is thought to be involved in the pathophysiology of many
diseases, including Alzheimer disease,!''"'> Parkinson disease,'® certain
auto-immune diseases,'* malignancies,'>'*!” and hepatic fibrosis.'® This is
not surprising, given that neddylation is a key regulator of a wide array of
essential intracellular pathways, including NF-«B,'*" HIF-1a,?° B-catenin,?!
and XPC.?>* Despite neddylation’s broad involvement in disease, the exact
pathophysiological role of neddylation in these diseases remains elusive,
partly due to the large variety of cellular pathways affected by neddylation.

Through GeneMatcher,** we identified four individuals harboring NAE/
genetic variants, that led to decreased NAE1 abundance and altered neddy-
lation dynamics. Next, we aimed to study the cellular impact, but the large
variety of cellular pathways that could be affected by faulty neddylation
called for prioritization. Based on the rationale of information theory, which
states that the information content of rare events is highest,” we studied the
underlying cellular mechanisms of phenotypic features that were present in
all individuals but rarely present in individuals with other genetic diseases.?
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The three rarest phenotypic features consisted of ischiopubic synchondrosis
hypoplasia, infection-triggered lymphopenia, and infection-triggered neuro-
degeneration. In vitro biochemical analysis of these features helped to deli-
neate the most important functions of NAE1 for human health: facilitating
(skeletal) development and maintaining homeostasis during cellular stress,
through a subset of regulatory pathways.

Materials and Methods

Ethics

Individuals 1 and 2 were recruited in the Wilhelmina Children’s Hospital
Utrecht. Informed consent was obtained to use residual material collected
for diagnostic purposes, to include in the Wilhelmina Children’s Hospi-

tal metabolic biobank (TCBio 19-489/B, https://tcbio.umcutrecht.nl). By
using the same biobank, we included residual material of pediatric healthy
fibroblast lines. Healthy adult donor peripheral blood mononuclear cells
(PBMCs) were obtained through the Minidonor Service, an ethics review
board-approved blood donation facility at the UMC Utrecht (protocol num-
ber 18-774). To compare the clinical phenotype of individuals with NAE1
variants to a pediatric reference population, clinical data from the Utrecht
Patient-Oriented Database (UPOD) was used. UPOD is an infrastructure of
relational databases comprising data on affected individuals that visited the
University Medical Center Utrecht (UMC Utrecht) since 2004. UPOD data
acquisition and management are in accordance with Dutch regulations con-
cerning privacy and ethics. The structure and content of UPOD have been
described in more detail elsewhere.”’ Pelvic X-rays were analyzed using the
picture archiving and communication system (PACS IDS7 22.1.5). The sto-
rage and handling of medical data was recorded in a data management plan
which can be consulted via https://dmponline.dcc.ac.uk/plans/66973. Indi-
vidual 3 was recruited via the Dravet Center and Comprehensive Epilepsy
Center in New York, and individual 4 was recruited via the University of
Arkansas for Medical Sciences. They were recruited through the Phenome-
Central repository. Funding for PhenomeCentral was provided by Genome
Canada and Canadian Institute of Health Research (CIHR).?® From all four
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individuals, informed consent was obtained for publication of facial images
and medical information. All procedures performed in studies involving
human participants are in accordance with national and local institutional
review boards (IRBs) of the participating centers.

Whole-exome sequencing

Exomes were enriched using Agilent SureSelect XT Human All Exon kit
V5 and sequenced on a HiSeq sequencing system (Illumina). Reads were
aligned to hg19 using a Burrows-Wheeler Aligner. Variants were called
using Genome Analysis Toolkit Variant Caller and annotated, filtered, and
prioritized using the Bench NGS Lab platform (Agilent-Cartagenia) and/or
an in-house designed “variant interface” and manual curation. The minimal
coverage of the full target was >15 x 95%. All common polymorphisms
with a minor allele frequency (MAF) higher than 0.25 were filtered out
using several public databases including 1,000 genomes database,” En-
sembl GRCh37 genome browser,* exome aggregation consortium database
(ExAC),*! genome aggregation database (gnomAD),* and database of single
nucleotide polymorphisms (dbSNP). Variant calling was performed using
the complete human reference genome (hg19, NCBI release GRCh37).%

RNA sequencing

RNA sequencing was performed as previously described.34 Briefly, total
RNA was isolated from fibroblast cultures using Trizol LS reagent (Invitro-
gen). mRNA was isolated using Poly(A) Beads (NEXTflex). Sequencing
libraries were prepared using the Rapid Directional RNA-Seq Kit (NEXT-
flex) and sequenced on a NextSeq500 (Illumina) to produce 75 base long
reads (Utrecht DNA Sequencing Facility). Sequencing reads were mapped
against the reference genome (hg19 assembly, NCBI37) using BWA35
package (mem —t 7 —c 100 -M —R). RPKM values were calculated using the
rnaseq_countgeneread function from Cisgenome v.233 and log2 transformed
for further analysis. To perform statistical enrichment in a ranked gene list,
the differential gene expression score was calculated: (overall mean RPKM)
x abs(log2 FC) x —log10(adjusted p value). Subsequent analysis was per-
formed using the Gene Set Enrichment Analysis (GSEA) tool from Broad
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Institute with the following settings: GSEA pre-ranked, 1000 permutations,
GO v.7.1 (updated on: 30-Mar-2021) and KEGG cellular processes.*

Statistical overrepresentation in Gene Ontology (GO) terms among differen-
tially expressed downregulated genes (Log2Fold <—2 and adjusted p value
< 0.05) were analyzed using R (v.4.0.3) and R Studio (v.1.3.1093) using the
ClusterProfiler package.”” A list of all expressed genes within control sub-
jects and the affected individuals with a base mean >2 was used as back-
ground.

Plasmid cloning of NAEI shRNA and NAE1 rescue construct

Restriction enzymes (Agel, EoRi-Hf, Nhel, Mlul) were purchased from
New England Biosciences. NAE1 shRNA was cloned into Tet-pLKO-puro
(Addgene). Targeting sequences were obtained using the TRC sequencing
database®® and can be found in Table S4. To generate ShARNA-expressing
plasmids, the stuffer DNA was removed from pLKO-Tet-On by an Agel/
EcoRI digest and replaced with double-stranded oligonucleotides encoding
the desired shRNA and Agel/EcoRlI sites. This product was transformed to
Stellar competent bacteria (Takara Bio). The bacteria were midi prepped ac-
cording to the manufacturer’s protocol (Invitrogen) to obtain plasmid DNA.
The sequence was verified by sequencing the entire insert. Lentiviruses were
generated by co-transfecting HEK293 cells with 6 pg of the NAE1 shR-
NA-encoding plasmid and lentiviral packaging plasmids pMD2.G (Addge-
ne) and psPAX (Addgene). After three days, lentiviruses were obtained by
spinning down the filtered HEK293 medium at 50,000 x g for 120 min. The
pellet contained the lentiviruses. Fibroblasts were transduced by incubati-
on of 8 pg/mL polybrene with lentivirus containing medium for 24 h. The
transduced fibroblasts with build-in construct were selected with Puromycin
(Santa Cruz Biotechnology). shRNA expression was induced by addition of
1 pg/mL doxycycline (Sigma) for 7 days.***

The WT NAE1 cDNA of isoform a (GenBank: NM_003905.4) was cloned
from human cDNA using flanking primers that contained complimentary 3’
and 3’ coding sequences and either Mlul or Nhel restriction sites, respecti-
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vely. The pLenti CMV Puro vector (Addgene) was digested with Nhel and
Mlul and then ligated with the insert. Plasmid DNA and lentiviruses were
generated similar to the generation of NAE1 shRNA-containing plasmids.

Fibroblast viability assays

Fibroblasts were obtained from individual 1, individual 2, both parents of
individual 1, and healthy control subjects. Cells were cultured in fibroblast
culture medium (HAM F12 with 10% fetal bovine serum, penicillin [100
Ul/mL] and streptomycin [100 pg/mL]), in a humidified incubator at 37°C
and 5% CO2. Medium was changed every 3—4 days. Cells were split at 80%
confluency.

For the viability assays, cells were seeded (2,000 cells/well) in a 96-well
plate. The following day, normal culture medium was removed, and medium
with different stressors—MG132 (Cayman Chemicals) or MLN4924 (Fo-
cus Biomolecules)—was added at the indicated concentrations. After 24 h,
culture medium was removed and replaced with 1:2,000 HOECHST 33342
(Sigma) and 1:20 propidium iodine (ThermoFisher). Fluorescent images
were obtained with the EVOS XL Imaging System (ThermoFisher). The
percentage of dead cells was calculated by dividing the number of PI-positi-
ve cells by the number of HOECHST-positive cells.

Western blotting

Western blots of cullin 1, cullin 3, and NAE1 were performed in the Max
Planck Institute. Cell lysates were prepared by adding RIPA lysis buffer (50
mM TrisHCI [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxychola-
te, 0.1% SDS) supplemented with protease inhibitors (Sigma), Phosphostop
(Roche), 20 uM N-ethylmaleimide (NEM) (Sigma-Aldrich), and 1,10-or-
thophenathroline (OPT) (Sigma-Aldrich) to the cells, scraping into a 1.5 mL
tube, sonicating, and centrifuging. Protein concentrations were determined
by Bradford protein assay (Biorad). Equal amounts of protein (6 pg) were
loaded into each lane of an 8%—15% SDS-PAGE gel, subjected to electrop-
horesis, and transferred onto a PVDF membrane (Millipore). Binding of
secondary horseradish peroxidase-conjugated antibodies was visualized by
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chemiluminescent substrate (Millipore). Western blotting membranes were
probed with NAET1 (dilution 1:1,000, Novus Biologicals), cullin 1 (dilution
1:1,000, Thermofisher Scientific), cullin 3 (dilution 1:1,000, Cell Signaling
Technology), B-actin (dilution 1:1,000, Cell Signaling Technology). The
intensity values were normalized against total protein using stain-free detec-
tion gels (Bio Rad). Western blots of NAE1 in fibroblasts transduced with
NAE1 shRNA or cDNA were performed in the UMC Utrecht, as described
previously.*' B-actin (dilution 1:1,000, Cell Signaling Technology) or HSP90
(dilution 1:1,000, Cell Signaling Technology) were used as housekeeper.

Flow cytometry

PBMC'’s were isolated from the whole blood fraction using Ficoll (GE
Healthcare). CD3+ cells were separated from the PBMC fraction using Pan
T cell isolation kit (Miltenyi). Cells were stimulated with soluble anti-CD3+
(Life Technologies, clone OKT3) and anti-CD28+ (Thermofisher) at 1 pg/
mL for 1 day. Cells were stained with CD3 (dilution 1:50, Biolegend), CD4
(dilution 1:200, eBioscience), CDS (dilution 1:25, BD), CD45RA (dilution
1:500, Biolegend), CD45RO (dilution 1:12.5, Beckman Coulter) for 20 min
at 4°C, followed by incubation with Annexin-V and 7-AAD (dilution 1:20,
BD Biosciences) for 15 min at room temperature.

For the analysis of double-negative (CD3+, CD4—, CD8—) T cell counts,
number of naive T cells, and the MLN4924 assay, PBMCs were cultured in
RPMI with 10% heat-inactivated FCS, 1% penicillin/streptomycin, and 1%
L-glutamine for 1 day with or without MLN4924, on a plate coated with
0.1 pg/mL anti-CD3. Afterwards, cells were stained with CD3, CD4, CDS,
CD45RA, CD45RO, Fixable Viability Dye eFluor 506, fixed with formal-
dehyde, and permeabilized with methanol. Cells were immediately analy-
zed using BD LSRFortessa. Flow cytometry analysis was performed using
FlowJo (v.10.6.2, Becton, Dickinson and Company; 2019). Gating strategy
is shown in Figure S2.

Imagestream NF-xB translocation
CD3+ T cells were stimulated with anti-CD3+/CD28+ at 2 ug/mL for the
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indicated time points (0, 15, and 35 min). After stimulation, cells were fixed
immediately using 4% paraformaldehyde. Fixed cells were permeabilized
with 0.1% Triton X-100 for 10 min and stained with p65 (dilution 1:16,000,
Cell Signaling Technology) and DRAQS (dilution 1:8,000, Biolegend)
antibodies for 20 min at 4°C, followed by incubation with FITC-anti Rabbit
(Jackson) for 20 min at 4°C. Data were collected with Amnis Imagestream
MKII Imaging Flow Cytometrer (Luminex) and data analysis was performed
with IDEAS v.6.0 software. Nuclear area was determined using the morpho-
logy mask. Cells with a similarity score >0 were considered translocated.
Gating strategy can be found in Figure S3.

Data analysis

Statistical analysis was performed using GraphPad Prism v.6 for Windos
(GraphPad Software). Final counts are presented as the mean percentages =+
SEM; one- or two-way ANOVA were performed for multiple comparisons.
As post hoc, uncorrected Fisher’s least discriminant analysis was used. To
assess normality, Shapiro-Wilk test was used. Unpaired two-tailed Stu-
dent’s t tests or Mann-Whitney U were used for dual comparisons. p < 0.05
was considered significant: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.

Occurrence ratio

The occurrence ratio was calculated by dividing the percentage of individu-
als showing a rare trait by the number of associated genes, extracted from
the Human Phenotype Ontology database (HPO) at 20-02-2021.%
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Results

Clinical features of individuals with NAE1 variants

The index proband (individual 1) was born as the second child to healthy
non-consanguineous parents. She presented with a ventricular septal defect,
coarctation of the aorta, and failure to thrive. At one year of age, she was
admitted to the ICU with a severe viral respiratory tract infection that led to
subsequent loss of developmental milestones and profound therapy-resistant
epilepsy. Brain MRI before ICU admission was normal, but after the ICU
admission it showed brain atrophy, as evidenced by enlarged ventricles and
diminished white matter volume. A subsequent viral respiratory infection

a year later resulted in a similar loss of milestones. During these and other
infections, she exhibited lymphopenia, which normalized upon recovery.
Pelvic X-ray taken at age four showed absence of the os pubis ramus inferi-
or and hip dysplasia. Extensive etiological workup did not lead to a diagno-
sis. Whole-exome sequencing revealed several genetic variants of uncertain
significance (Table S1). Of these variants, the NAE] variant was considered
the most promising candidate, based on conservation, constraint metrics,
and predictions: NM_003905.4: c.[147G>C]; [254G>A], p.[Leu49Phe];
[Arg85GIn].

Through GeneMatcher,* three additional individuals with similar phenoty-
pic features, harboring homozygous variants in NAE, were identified (Ta-
ble 1). Additionally, individual 4 has a pathogenic genetic variant in SCNIA4
(MIM: 182389) and displays phenotypic features associated with Dravet
syndrome® (MIM: 607208) as well as NAE1 deficiency (Table S2).

All individuals showed similar facial features (Figure 1): broad forehead
(individuals 1, 2, 4), downslant palpebral fissures (individuals 1, 2, 3), epi-
canthus/telecanthus (individuals 1, 3), round face (individuals 1, 3), promi-
nent cheeks (individuals 1, 3, 4), broad nasal tip (individuals 1, 3, 4), poin-
ted chin (individuals 1, 2, 4), and full lower lip (individuals 2, 4).

All individuals developed epilepsy and experienced exacerbation of epilepsy
and/or developmental decline during infectious periods. All individuals
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Table 1. Overview of symptoms of individuals with NAET variants
Individual 1 Individual Individual Individual
c.[147G>(]; 2c¢.[254G>A]; 3 c.[1289 G>A]; 4 c.[882C>G];
[254G>A]p. [254G>A]p. [1289G>A] [882C>G]p.
[Leud49Phe]; [Arg85GIn]; p-[Arg430GIn]; [Cys294Trp];
NAET1 variant [Arg85GIn] [Arg85Gin] [Arg430Gin] [Cys294Trp]
Other variants identified full list in Table S1 no no SCN1A:c.[1624C>T]; [=],
with WES p.[Arg542*]; [=],
Current age (years) 12 19 4 9
Gender F M M F
Pregnancy term (weeks) 40 36 37 40

Birth weight (g)

2,615 (~1.8 SDS)

2,767 (0.05 SDS)

2,140 (~1.6 SDS)

2,300 (~2.48 SDS)

Head circumference (cm)

51 (~0.47 SDS) 8 y)

54 (~0.59 SDS) (13 y)

473 (~1.5SDS) (2y 5 m)

48.7 (~1.73 SDS) (6 y 6 m)

Height (cm) 116 (-2.53 SDS) (8 y) 150 (-1.5 SDS) (13 y) 91 (-18DS) (2y 5 m) 97 (-5.9 SDS) (7 y)
Cleft palate - + - -
Asymmetrical palate + + - N/A
Heart defects + ventricular septal defect - - -
and coarctation of the aorta
Developmental delay severe moderate moderate severe
Seizures + - T +
Hypotonia during infancy + - + +
Underdeveloped corpus + + + +
callosum
Decreased myelination + + + +
Enlarged ventricles + - + +
Loss of milestones after + + + +
infections
Neurodegeneration + + + +
Decreased bone density + + + +
(DEXA scan)
Joint dislocation + + - _
Joint hyperextensibility + + - +
Joint stiffness - - - +
Resistant to sunburns + + + _

Recurrent infections

+ respiratory, urinary tract,
skin

+ respiratory, skin

+ respiratory

+ respiratory, urinary tract

Hepatomegaly at infancy + - + -
Splenomegaly at infancy + + + -
Decreased amount of +1gG + IgG, IgM - -
immunoglobulins

Leukopenia + + - +
Periodic lymphopenia + + - +
AST/ALT increase + during infections - - -
Delayed closure of + + N/A N/A
ischiopubic rami

Increased size of + + + +

ischiopubic rami
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Figure 1: Facial features of the cohort and structural analysis of NAE1 variants

(A) Representative photographs illustrating facial features of individuals with NAE vari-
ants.

(B) Graphical representation of UBA3 (space filling, yellow) in complex with NAE1 (light
gray), the E2 of neddylation (EM2, blue), and two molecules of NEDDS (light and dark
green). The positions of Leu49, Arg85, Arg430, and Cys294 are marked in red. ATP is
space filling in magenta. The color coding is used throughout the entire figure.

(C) The local environment of Leu49. NAE] is represented in part as space filling and in
part as backbone trace.

(D-F). Local environments of Arg85, Arg430, and Cys294. Dotted lines indicate hydrogen
bonds. Figures were generated by use of programs Molscript and Raster3D.#43
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showed moderate to severe developmental delay. All individuals showed
under-developed corpus callosum and enlarged lateral ventricles in MRI.
During infancy, three out of four individuals showed splenomegaly. All
individuals had frequent infections, which were mostly respiratory tract
infections, but urinary tract infections (2/4) and skin infections (2/4) were
also observed. Three out of four individuals had documented lymphopenia
during infec-tions, that normalized during recovery. All individuals showed
hypoplastic ischiopubic rami and decreased bone mineral density (assessed
using dual energy X-ray absorptiometry [DEXA] scans). Fibroblasts and
PBMCs were obtained from two individuals (individuals 1 and 2) for
biochemical analy-ses. A summary of clinical features can be found in
Table 1 and the Supple-mental note.

NAE abundance and the ratio of neddylated to non-neddylated cullin are
altered in individuals with NAEI variants

The amino acid positions where the NAE ] missense variants are located are
highly conserved in other species (Figure S5). All variants cluster together
in the three-dimensional structure of the protein, even though they are
located at the N- and C-terminal portions of the protein (Figure 1B). Leu49
(individual 1) is part of the hydrophobic core of NAE1 (Figure 1C). A phe-
nylalanine at this position is sterically not tolerated and is expected to result
in (local) perturbation of the fold. This may reduce the ability of NAEI to
interact with UBA3 and impacts the positioning of Argl5. Argl5 is in close
proximity to the UBA3-bond ATP and is required for efficient catalysis.
Arg85 is partially surface exposed but the guanidine group is engaged in
hydrogen bonds with Asp61 and Asp69. Substitution of Arg85 by glutamine
(individual 1 and 2) disturbs this network of hydrogen bonds, which would
destabilize the local fold, which may extend to the interaction surface with
UBA3 in proximity to Asp69 (Figure 1D). Cys294 (individual 4) points into
the hydrophobic core (Figure 1E). A substitution by a sterically very de-
manding tryptophan is incompatible with the local fold and would result in
destabilization of the entire protein.

The side chain of Arg430 (individual 3) points inwards, and a substitution
by a glutamine might thus destabilize the local fold (Figure 1F).
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Figure 2: NAE1 abundance and neddylated to non-neddylated cullin ratio are reduced in indi-
viduals with NAE1 variants
(A) Western blots showing NAE1, neddylated, and non-neddylated cullin 1/cullin 3 abundance in
dermal fibroblasts of healthy control subjects (2 healthy controls [C1 and C2]; 2 biological replica-
tes per healthy control [C1.1, C1.2, C2.1, C2.2]; 6 technical replicates each), heterozygous carriers
(father and mother of individual 1; 5 technical replicates each), and the fibroblasts of individual 1
with bi-allelic NAE genetic variants (6 technical replicates). Bar graphs represent the average band
intensity of all technical replicates per donor + SEM. All band intensities were normalized to total
protein content. Quantification was performed using ImageJ. One way ANOVA, Post-hoc: Dunnet’s
multiple comparisons test (**p < 0.01, ***p < 0.001).
(B) Graphic showing the neddylation and deneddylation cycles of cullins.
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(C) Gene set enrichment analysis of the pre-ranked (based on differential expression score)
transcriptomic dataset of individual 1- and 2-derived fibroblasts compared to 3 healthy
control fibroblast lines. For this analysis, all genes were taken into account. The top 10 most
significantly enriched (based on FDR (Q-value); blue, downregulated; red, upregulated)
pathways are shown. Pathways in bold are associated with protein degradation and prote-
asome function. Pathways were aligned to the GO Ontology database.

(D) Cell death in fibroblasts derived from individuals 1 and 2, parents of individual 1, and
healthy control subjects, after treatment with MG132 for 24 h at the indicated concentra-
tions (in uM). Cell death was assessed by dividing the amount of PI-positive cells by the
total amount of cells. Error bars represent SEM of 3 technical replicates of 2 donors for

Western blot analysis of fibroblasts from individuals 1 and 2 with NAE!
genetic variants showed a reduction of NAE1 by almost 80% compared to
healthy control subjects (Figures 2A, S4E, and S4F), whereas heterozygous
carriers of NAE] variants (parents of individual 1) exhibited a reduction of
approximately 50% of NAE1 abundance (Figure 2A).

Next, we quantified both neddylated (cullin“*PP*) and non-neddylated cullin
1 and cullin 3 (Figure 2B). Even though the amount of neddylated cullins
was normal, the ratio of neddylated to non-neddylated cullin 1 was signifi-
cantly decreased in individual 1 and showed a trend toward a decreased ratio
in individual 2 (Figures 2A, S4E, and S4F). The ratio of cullin 3 similarly
showed a trend toward a decreased ratio in both individuals (Figures 2A,
S4E, and S4F). CUL1 and CUL3 mRNA levels were unchanged, indicating
that the altered ratio does not result from transcriptional upregulation (Figu-
res S4C and S4D). These results indicate that NAE1 deficiency appears to
alter the neddylated to non-neddylated cullin ratio.

To determine the effects of the altered neddylated to non-neddylated cullin
ratio on proteasome function, we studied the transcriptomic profile of der-
mal fibroblast lines of individuals with NAE variants and healthy pediatric
dermal fibroblast lines (Figure S1, Table S5). Four out of ten most signifi-
cantly upregulated enriched pathways (highest false discovery rate) found
with gene set enrichment analysis included pathways involved in protein
degradation. This is probably the result of proteasome dysfunction, causing
compensatory upregulation of alternative cellular protein degradation
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Figure 3: Rarest clinical features in individuals with NAE1 variants

Dot plot showing features with occurrence ratio >0.5 in individuals with NAE1 variants. Color
coding refers to the percentage of individuals in our cohort experiencing a specific symptom. Dot
size refers to the number of associated genes in HPO, transformed with —10log to give features
with the lowest amount of associated genes the largest dot size. The occurrence ratio was calcula-
ted by dividing the percentage of individuals experiencing a specific symptom by the number of
associated genes.

ways (Figure 2C). Functionally, this was evidenced by increased sensitivity
to proteasome inhibitor MG132 (Figures 2D and S7). Addition of a wild-ty-
pe NAE1 cDNA expressing plasmid to cells from individuals with NAE1
variants decreased MG132 sensitivity (Figures 2E and S4B), while addition
of NAE1-shRNA to cells from heterozygous carriers mimicked the
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Figure 4: Individuals with NAE1 variants show hypoplasia of the ischiopubic synchondrosis

(A) Size of the ischiopubic synchondrosis was measured in n = 200 pediatric individuals that had
pelvic X-rays taken (black dots). The blue line represents the mean size of the ischiopubic syn-
chondrosis in this population with a 95% confidence interval depicted in gray. Red/pink colored
dots are the values of the individuals with NAE! variants.

(B) Pelvic X-rays of individuals with NAE[ variants showing increased size of the ischiopubic
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synchondrosis.

(C) Graph showing the 23 most overrepresented pathways in fibroblasts of individuals with
NAE] variants using significantly downregulated genes (adjusted p value < 0.05, log2fold-
change >2 and <2, Table S5) as input. Five out of nine pathways (bold) that are signifi-
cantly enriched are involved in endochondral bone development and might explain delayed
closure of ischiopubic synchondrosis in individuals with NAE variants. The X axis shows
the GeneRatio, defined as the number of genes associated with the pathway divided by the
total number of selected genes.

(D) Volcano plot showing differentially expressed genes in individual 1 and 2 fibroblasts
versus three healthy age-matched control subjects. RUNX2 and SOXO9 (in purple) are invol-
ved in bone development and are linked to disease presenting with os pubis ramus inferior
hypoplasia and are both downregulated in individuals with NAE variants.

phenotype of individuals with NAE variants (Figures 2F and S4A). These
results suggest that proteasome function might be affected as a result of
decreased NAEI abundance.

Characterization of rare phenotypic features in individuals with NAEI vari-
ants

After determining the pathogenicity of NAE! variants, we studied the cel-
lular and clinical consequences of NAEI1 deficiency. To specify our search,
we delineated the rarest phenotypic features by calculating the occurrence
ratio of all phenotypic traits. The occurrence ratio takes both the prevalence
within the cohort and the rareness of a feature within the population into ac-
count.” This approach identified the three rarest phenotypic features, shared
by at least 75% of the cohort: hypoplastic ischiopubic rami, infection-as-
sociated lymphopenia, and neurodevelopmental setback during infections
(Figure 3, Table S3).

Individuals with NAE variants show hypoplasia of the os pubis ramus
inferior

In individual 1, we observed increased size of the ischiopubic synchondro-
sis (Figure 4A), which prompted us to study the pelvic X-rays of the rest
of the cohort. For comparison, we determined the size of the ischiopubic
synchondrosis at different ages using pelvic X-rays of a pediatric referen-
ce population (Figures 4A and 4B). All individuals with NAE variants
showed increased size of the ischiopubic synchondrosis compared to the
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Figure 5: Individuals with NAE1 variants experience lymphopenia during inflammati-
on. (A) Lymphocyte counts (combined B cell and T cell counts) during outpatient clinic vi-
sits and during infections for which individuals visited the emergency room (ER visits). All
counts were normalized to the lower reference value of the corresponding age and depicted
as a percentage. Individual data points of individuals (dots) are shown, line and error bars
reflect the mean = SD, two-way ANOVA. Post Hoc: uncorrected Fisher’s LSD (¥*p < 0.05,
**p <0.01, ***p <0.001).

(B) Flow cytometry analysis of absolute CD3+ counts after treatment for 1 day with 1 pg/
ml anti-CD3/CD28 of individuals with NAE[ variants (—/—) (2 donors, 1 technical replicate)
versus healthy controls (3 donors, 1 technical replicate). Bars represent mean value + SD
two-way ANOVA, Fisher’s LSD (**p <0.01).
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(C) Percentage of NF-kB (p65) nuclear translocation in individuals with NAE variants (2
donors, 1 technical replicate) and healthy controls (3 donors, 1 technical replicate) CD3+
cells after stimulation with 2 pg/ml anti-CD3/CD28 for different timepoints (minutes)
measured with Imaging Flow Cytometry Lines represent mean + SD two-way ANOVA re-
peated measurement, without correction. Post-Hoc: Fisher’s LSD (**p < 0.01). The images
on the right show an example of cytoplasmic (untranslocated) and nuclear (translocated)
location of p65 in the cell. The graph shows how translocation was quantified, by using the
similarity score (pixel similarity p65/nucleus). All cells with similarity scores higher than
zero were considered as ‘translocated’ cells.

(D) Graph showing the intensity of CD45RA (Y axis) and CD45RO (X axis) of all cells
within the CD4+ population in healthy controls (3 donors, 1 technical replicate) and indivi-
duals with NAE] variants (2 donors, 1 technical replicate) without anti-CD3/CD28 stimula-
tion.

(E) Bar graph showing the percentages of CD45RA positive cells within the CD4 popula-
tion in the healthy control (3 donors, 1 technical replicate) and individuals with NAE] va-
riants (2 donors, | technical replicate), bar graph represents the mean value £SD Students’
T-test (*p < 0.05).

(F) Bar graphs showing percentage of CD3 positive but CD4 and CDS8 negative T cells in
individuals with NAE variants (2 donors, 1 technical replicate) and healthy controls (4 do-
nors, 1 technical replicate each) without anti-CD3/CD28 stimulation, bars represent mean +
SD; Student’s t test (**p < 0.01).

reference population. In transcriptomic data, Gene Ontologies (Biological
Function) aligned to significantly downregulated genes (>2-fold, adjusted

p value < 0.05) in fibroblasts of individuals with NAE variants compared
to healthy control fibroblasts and were enriched for cartilage development,
ossification, and chondrocyte differentiation (Figure 4C). Two of the main
drivers for these pathways included SOX9 (MIM: 608160) (log2fold change
—2, adjusted p value = 0.03) and RUNX2 (MIM: 600211) (log2fold change
—2.3, adjusted p value = 0.002) (Figure 4D). Both SOX9 and RUNX2 are
associated with congenital skeletal disorders (campomelic and cleidocranial
dysplasia [MIM: 114290 and MIM:119600]) that result in hypoplastic ischi-
opubic rami.***’** Thus, NAE1 might influence expression of these genes,
resulting in altered endochondral bone development.

Individuals with NAEI variants experience lymphopenia and decreased NF-
kB translocation during infections
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Figure 6: Individuals with NAE1 variants experience neurodegeneration and seizure fre-
quency during infections

(A) Timeline showing the development and seizure frequency (red line) in individual 1 and 2.
Development and seizure frequency were quantified by parents of individuals 1 and 2 (arbitrary
units). If the red line drops below the 0-point (the black line), this indicates that development
decelerated. Circles indicate infections, massive red circles indicate infections requiring admis-
sions. The bigger the circle, the longer the time of admission.

(B) MRI images of individual 1, individual 3, and individual 4 are shown. For individual 1, MRI
was taken at 10 months of age and at 20 months of age (after ICU admission). Note the brain
loss occurring between this time. The MRI of individual 3 was taken at approximately 29 mont-
hs of age, 67 months after his seizures began which were treated with ACTH. For individual
4, brain MRI was obtained at the age of 2.5 years, showing severe brain loss, resulting from
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multiple severe infections.

(C) Bar graph showing the lymphocyte count after 1 day of anti-CD3 (0.1 pg/mL) stimu-
lation with and without the addition of MLN4924 (200 nM) in healthy controls (3 donors,

1 technical replicate each) and lymphocytes of individuals with NAE1 variants (2 donors,

1 technical replicate each). Bars represent mean value + SD, two-way ANOVA, post hoc:
Fisher’s LSD (*p < 0.05).

(D) Bar graph showing the percentage of death cells (PI positive) over the total amount of
cells (counted using Hoechst) in fibroblasts, with or without MLN4924 treatment (500 nM)
in healthy controls (3 donors, 1 technical replicate each, gray bars) and individuals with
NAE]1 variants (2 donors, 1 technical replicate each, black bars). Bars represent mean value
+ SD, two-way ANOVA, post hoc: Fisher’s LSD. (not significant, p > 0.05).

The second rarest phenotypic feature was the lymphopenia, which worsened
during infections (Figure 5A). This clinical observation could be mimicked
in vitro, where we found that individuals with NAE variants showed a trend
toward decreased CD3+ T cell counts without stimulation, which became
significant during stimulation with CD3/CD28 for 24 h (Figure SB). We
found the lymphopenia was not the result of a proliferation defect, as the
proliferation rates of T cells in healthy control subjects and affected indivi-
duals were similar (Figure S6).

Neddylation is an important regulator of NF-xB,""# a signaling molecule
known to promote lymphocyte survival.50 Therefore, we studied NF-kB
activation by measuring p65 nuclear translocation in CD3+ T cells upon sti-
mulation with anti-CD3/CD28. Indeed, p65 nuclear translocation in respon-
se to CD3/CD28 stimulation was reduced in individuals with NAE[ variants
(Figure 5C).

Another rare feature involved the significantly decreased percentages of
naive (CD45RA-positive) CD4+ cells in steady-state conditions (Figures
5D and 5E). Additionally, when performing the gating of CD4 and CD8
subpopulations within CD3, we noticed increased percentages (40%) of
double-negative (CD4—CD8—) CD3+ cells (Figure 5F). Double-negative T
cells are immature thymic T cells which are normally found in low (<10%)
percentages in peripheral blood, and their physiological role remains poorly
understood.’' Gene set enrichment analysis using the KEGG database
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showed several pathways that could potentially link neddylation dysfunction
to the observed immunologic phenotype, including downregulated WNT/[3-
catenin and MAP-kinase signaling (Figure S1).

Together, these findings indicate that lymphocytes of individuals with NAE]
variants have different immunological characteristics at baseline, indicated
by their decreased naive T cell percentages and increased double-negative
cell counts. Additionally, their defective neddylation leads to perturbed NF-
kB signaling during infections, which might limit NF-kB-mediated lympho -
cyte survival, causing lymphopenia.

Individuals with NAE variants experience neurodegeneration and incre-
ased seizure frequency during infections

All individuals with NAE variants showed brain loss and setbacks in de-
velopment, mostly related to major hospital admissions due to severe viral
respiratory tract infections (Figures 6A and 6B). Similarly, seizure fre-
quency worsened after these severe infections. Neddylation is upregulated
during several types of cellular stress, including DNA damage,>> hypoxia,**
and proteotoxic stress.” Therefore, we hypothesized that neddylation is
sufficient in homeostatic conditions in individuals with NAE! variants,

but insufficient in conditions that require upregulated neddylation such as
physical stress caused by infections, and attempted to test this hypothesis in
fibroblasts. It proved difficult to mimic infectious conditions in fibroblasts,
and therefore we tried to downregulate the neddylation system instead, to

a level where it would already be impaired in homeostatic conditions. We
did so by using the neddylation inhibitor MLN4924. We found that NAE1
deficiency leads to increased sensitivity to MLN4924-mediated cell death in
fibroblasts. In PBMCs, we found that while MLLN4924 caused decreased cell
counts in all donors, this resulted in significantly lower cell count only in
individuals with NAEI genetic variants (Figures 6C and 6D). The increased
MLN4924 sensitivity suggests that individuals with NAE[ variants cannot
adequately upregulate their neddylation.
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Discussion

In this work we describe four unrelated individuals with intellectual disa-
bility harboring bi-allelic variants in NAEI. Reduced NAE1 abundance

and decreased ratios of neddylated to non-neddylated cullins in fibroblasts
supported pathogenicity. Subsequent phenotypic specificity analysis revea-
led ischiopubic synchondrosis hypoplasia, infection-triggered lymphopenia,
and infection-triggered neurodegeneration as the rarest phenotypic features.
We found several pathways involved in endochondral bone remodeling that
showed altered expression and downregulated RUNX2 and SOX9 expressi-
on. Moreover, we found enhanced cell death in fibroblasts after stressing the
system with MG132 and MLN4924. In contrast to healthy controls subject,
CD3/CD28 signaling led to decreased lymphocyte counts in individuals
with NAE1 variants, which was accompanied by decreased NF-kB tran-
slocation. These results provide in-depth support for the pathogenicity of
the genetic variants and suggest that NAE1 deficiency impairs homeostasis
during cellular stress and leads to disturbances in (skeletal) development.

The pathogenicity of the NAE] variants was supported by the significant re-
duction of NAEI abundance, resulting in a lower cullin 1¥°P%/cullin 1 ratio.
The unaltered CUL1 mRNA levels argue against transcriptional regulation,
and thus provide indirect support for increased stability of non-neddylated
cullins, which are exposed to fewer neddylation cycles.’® Since cullin functi-
on is controlled by cycles of cullin neddylation and deneddylation, maintai-
ning a proper cullin 1¥¥PP/cullin 1 ratio is crucial to ensure cullin-mediated
functions.”” As fibroblasts of individuals with NAE] genetic variants were
more sensitive to MG132 treatment, we speculate that the altered cullin
INEPD8/cullin 1 ratio results in proteasome dysfunction. However, it should
be noted that non-cullin neddylation targets, which we did not study in this
research, might also be involved in the pathophysiology.

Both the neurological and immunological phenotype of individuals with

NAE] variants reflect impairments in development and stress response.
During routine outpatient clinic visits, we found low to normal lymphocyte
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counts, but during infections, lymphopenia became more obvious. Lympho-
cyte survival in resting and activated conditions is partially regulated by NF-
kB activation, which in turn is regulated by neddylation.>® In lymphocytes of
individuals with NAE variants, NF-kB activation was severely decreased,
which might explain the decreased lymphocyte counts both in resting and
activated conditions. Anti-CD3/CD28 signaling requires upregulation of
neddylation, which in turn influences activity of many other pathways in

T cells.’® One example is WNT/B-catenin signaling, important for thymic
function.?!*?%° Defective WNT signaling can explain the decreased numbers
of naive T cells, as WNT signaling can keep T cells in a naive state, cor-
responding with low expression of AXIN2 in memory T cells.®! Moreover,
defective WNT signaling and subsequent thymic dysfunction can explain
the increased percentages of double-negative (CD4—CD8-) T cells, which
might represent immature T cells leaving the thymus prior to complete ma-
turation. Thus, similar to the neurodegeneration, the lymphocyte phenotype
might be the result of developmental and stress-mediated defects.

While the stress-mediated neurodegeneration was the most severe pheno-
typic feature in our cohort, additional neurodevelopmental abnormalities
were seen, not related to neurodegeneration. This is not surprising, given
the fact that recent evidence indicates that NAE1 is essential for develop-
ment, maintenance, and outgrowth of neuronal spines.'%3%626 Regarding

the infection-mediated neurodegeneration, several mechanisms might be
involved. First, during cellular stress caused by infections, unfolded proteins
accumulate, requiring neddylation-mediated Parkin and PINK1 activati-
on'*%* to break down these unfolded proteins and prevent neuronal apoptosis
and brain damage. Dysfunction of these pathways has been implicated in
the pathophysiology of Alzheimer and Parkinson disease.!"'*** Other path-
ways are also involved in neuronal integrity, like the neddylation-controlled
WNT/B-catenin pathway.*® Dysfunction of this pathway can result in loss of
cell-cell adhesion and neuronal apoptosis.®® Not only the integrity but also
the excitability of neurons during stress is under the control of neddylation.®
Mice with defective neddylation display decreased Navl1.1 stability during
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fever, leading to increased neuronal excitability and epilepsy.® Finally, in
mice, double-negative T cells can significantly enhance neuroinflammati
on during brain injury.®” Therefore, the high numbers of double-negative T
cells found in individuals with NAE1 variants might have enhanced neuro-
inflammation. Additional experiments using different stressors—preferably
in neurons—will be an important step to reliably establish the link between
neddylation, stress, and cell death, and how this links to stress-mediated
neurodegeneration.

Currently, there is no gold standard how to elucidate pathophysiologic
cellular mechanisms leading to a specific phenotype caused by variants

of uncertain significance (VUSs). As a result, researchers tend to focus on
the most severe clinical phenotypes. Instead, we propose that focusing on
information-dense phenotypes could provide more insight in the underlying
pathophysiology. In our case, focusing on the most severe phenotypic featu-
res would have led us to focus on the neurodegeneration and epilepsy, which
probably would have given insight in the mechanism of disease in the brain,
but would have overlooked the influence of faulty neddylation on the im-
mune system and (bone) development. Our overarching view led to a clear
pattern in lymphocyte values, that dropped significantly during infections,
which resembled the neurodegeneration, that similarly worsened during in-
fections. This framework allowed us to delineate the most important pathop-
hysiological mechanism: during stress, neddylation needs to be upregulated,
protecting cells from stress. We suspect individuals with NAE[ variants are
unable to adequately upregulate their neddylation for this purpose, resulting
in stress-mediated cell death.

Naturally, the complexity and resources needed to discover the pathophy-
siology of VUSs limits the number of genetic diagnoses that can be made.
When considering variants in pleiotropic genes, the wealth of pathways and
phenotypic features that can be studied threatens to complicate this pro-
cess even more. Therefore, smart prioritization is of the essence. This work
exemplifies the power of a focus on the most informative features. If valida-
ted on a larger scale, this approach could be beneficial for complex VUSs in
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genes encoding pleiotropically acting proteins.

In conclusion, this study shows that NAE1 deficiency leads to developmental
delay, epilepsy, ischiopubic synchondrosis hypoplasia, and infection-triggered
lymphopenia and neurodegeneration. It thereby unveils the importance of proper
NAEI function in facilitating development and suggests a crucial role for neddy-
lation in maintaining cellular homeostasis during cellular stress.
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Supplemental Note: Detailed case reports of individuals with NAE1 ge-
netic variants.

Individual 1:

The first individual is the second child of healthy, Dutch, non-consanguineous
parents. During pregnancy, the girl was diagnosed with an aortic coarctation
and a ventricular septal defect. After birth, several craniofacial dysmorphias
were noted. She has underdeveloped denture and a strikingly asymmetrical
palate. During infancy, failure to thrive, generalized hypotonia, mild deve-
lopmental delay and feeding difficulties were noted. At the age of one she
was admitted to the ICU due to a lower respiratory tract infection, which was
treated with antibiotics and dexamethasone. This admission was followed by
a loss of milestones and a debut of profound therapy resistant epilepsy. Brain
MRI, which had been normal, now revealed brain atrophy as evidenced by
enlarged ventricles, diminished white matter volume and a thin corpus cal-
losum. Laboratory tests revealed lymphopenia, leukopenia, hyperglycemia,
AST, ALT and AF increase, anemia and decreased immunoglobulin levels.
Other laboratory values were within normal range. Currently, her develop-
ment is still severely delayed. She cannot sit without support; she can produ-
ce a few sounds but no words.

Individual 2:

Individual 2, is the first child of healthy, Dutch parents. His parents come
from a region with known inbred population and cannot rule out distant

90



NAEI1 VUS

relatedness. During pregnancy, he received multiple blood transfusions due

to hemolysis as a result of thesus incompatibility. At birth, craniofacial dys-
morphias were noted: widely spaced eyes, a long small face, cheiloschisis, and
an asymmetrical palate. His development was normal until the age of 14-mont-
hs (rolling over at 7 months, sitting at 10 months). At 14 months, he was ad-
mitted to the ICU with severe pneumonia, and he was treated with antibiotics
and dexamethasone. After I[CU admission his development declined, he could
not sit without support anymore. After initial regression, he slowly started

to regain some of his developmental progress. Eventually, at two and a half
years of age he was able to walk. Brain MRI showed diminished white matter
volume, and thin corpus callosum. Laboratory tests revealed mild leukopenia
and low immunoglobulin levels (G1, G2, G3 and M). He did not develop nor-
mal antibody titers after vaccination. During infections, lymphocytopenia and
leukopenia were observed. He has recurrent episodes of Impetigo and HSV-1
infection, which can be severe. Currently, he can sit, walk and communicate
verbally (produce complete sentences).

Individual 3:

Individual 3 was born as the first child to healthy, consanguineous (first-degree
cousins) parents. Pregnancy and birth were unremarkable. As an infant, plagio-
cephaly, sleep difficulties, hyporeflexia, low muscle tone and spasms were
noted. For the spasms, he was first treated with Levetiracetam, but this was in-
effective. He was then given ACTH with resolution of the infantile spasms. He
had lost developmental milestones with the spasms but regained some of them
after 6-weeks of ACTH treatment. His EEG showed interictal tracing with
generalized background slowing and multifocal epileptiform discharges. Brain
MRI showed severe, diffuse white matter volume loss. At 14 months of age,
his development was still delayed. He could roll, but could not sit unassisted,
he could say about 3 words with meaning. At 2.5 years of age, he can roll, sit
with support, vocalize, and knows parents from strangers. With vigabatrin (113
mg/kg/day), his epilepsy is treated effectively. On physical examination, three
small hyperpigmented lesions (right abdomen and left leg) were noted.

Individual 4:
Individual 4 was born after normal pregnancy to healthy, non-consanguineous
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parents. After birth, anteverted nares, large appearing ears, epicanthal folds,
narrow palpebral fissures were noted, together with limited range of motion
at the elbows, knees and feet. As an infant, she developed epilepsy, and it
became clear that her development was severely delayed. Seizures and de-
velopment worsened significantly during and after infections accompanied
by fever. She had multiple respiratory infections, urinary tract infections and
bacteremia’s, for which she was admitted to the hospital repeatedly. Brain
MRI performed at the age of 4.5 years showed progressive global volume
loss (compared to earlier brain MRI taken at age 2.5), with marked ventricu-
lomegaly, thinning of the white matter and the corpus callosum, and decre-
ased cerebral cortex volume.

Figure S1: Analysis of bulk RNA sequencing data.
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Figure S1: Analysis of bulk RNA sequencing data of individual 1 and individual 2 dermal
fibroblasts, parents of individual 1 (heterozygous carriers), and three healthy controls. (A) PCA
plot based on the top 2000 differentially expressed genes. (B) Pre-ranked Gene Set Enrichment
analysis showing the top 32 significantly enriched (FDR<0.05) pathways (KEGG). Y-axis shows
Normalized Enrichment Score (NES).
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Figure S2: Gating strategy of flow cytometry experiments.
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Figure S2: Flow Cytometry Gating Strategy. Lymphocytes were gated using FSC-A and SSC-A.
Single cells were gated using SSC-A and SSC-W. Next, CD3, CD4, CD8, CD45RA, CD45RO
cells were gated. Living cells were gated using Annexin V and 7-AAD staining.



Chapter 3

Figure S3: Imagestream Gating Strategy
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Figure S3: Imagestream Gating Strategy. (A) Using the Brightfield channel, cells out of
focus were discarded (Gradient RMS MO1). (B) Next, cells in focus in the nuclear channel
were gated (Gradient RMS MOS3, nuclear channel). (C) Single cells were gated using
brightfield Area_ MO1 and Aspect Ratio MO1. (D) Next, cells were gated on CD45RA and
CD4 expression. (E) The bottom two images show unstimulated CD3 cells (left side, green
line). Every similarity score with a value below 0 is gated as untranslocated (red line). (F)
The bottom right image shows an example of stimulated CD3+ cells (yellow line).
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Figure S4: Western blots and RNA sequencing data of individuals
with NAE] genetic variants.
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Figure S4: (A) Western blot showing NAE1 abundance in heterozygous carriers of NAE! genetic
variants (parents of individual 1) with and without addition of NAE1 shRNA. B-actin was used

as a housekeeper. (B) Western blot showing NAEI protein levels in individual 1 and individual

2 with and without vector expressing NAE1 wildtype cDNA (‘rescue’). HSP90 was used as a
housekeeper. The quantification of the blots is shown in bar graphs. Quantification was performed
using ImageLab (Biorad). (C, D) CULLINI and CULLIN3 log2 RPKM reads derived from fi-
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broblast RNA sequencing data. Bar shows mean log2 RPKM reads of all donors (+/+ N=3,

+/- N=2, -/- N=2). Error bars show SD of the log2 RPKM reads. (E) Western blot showing

cullinl, cullin3 and NAE!I abundance in two controls (C1.1 and C2.1) and individual 2. The

bar graphs show the quantification of the blots, all normalized to actin. Quantification was

performed using ImageLab. The dotted line indicates where the blots were cut. Quantificati-
on was performed using ImageLab. (F) Uncropped blots used for Figure S4F (NAE]1, actin

and cullin3).

Figure SS5: Conservation of the residues altered in individuals with NAE1
genetic variants.
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Figure S5: Showing conservation of the residues altered in individuals with NAE1 variants:
Leu49, (top row), Arg85 (second row), Cys294 (third row) and Arg430 (bottom row). All
residues are conserved in other species (rat, mouse, chick, zebrafish) that express

NAE1 (ULA).



Chapter 3

Figure S6: Proliferation levels are similar between individuals and
healthy controls.
Healthy Control Patient 1 Patient 2
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Figure S6: CD3+ lymphocytes were stained with 2uM CellTrace Violet (Thermofisher)

and stimulated with soluble anti-CD3+ (Life technologies, clone OKT3) and anti-CD28+
(Thermofisher) at 1 ug/ml for 3 days. With every cell division, the intensity of CellTrace
Violet diminishes. Gating was performed based on the CT violet staining intensity at day

zero. Proliferation was similar in healthy controls and individuals with NAE! genetic
variants (p=0.5).
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Figure S7: Representative example of microscopic images taken after
MG132 treatment in a healthy control and individual 1.
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Figure S7: Representative example of microscopic images taken after MG132
treatment in a healthy control and individual 1. Staining was performed by incuba-
ting fibroblasts with Hoechts (1:2000) and PI (1:20) for 5 minutes. Cell death was

calculated by dividing the number of PI positive cells by the total number of cells.
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Table S1: Overview of genetic variants identified with WES (after filte-

ring) in individual 1.

Gene Mode of Variant GnomAD CADD | PolyPhen-2 | Mutation Prediction

inheritance Taster

NAE1 Compound NM_003905.4: pLI=0, 1x

heterozygous | c.147G>C reported in
p.Leud49Phe GnomAD.
Nonsynonymous

NAE1 Compound NM_003905.4: pLI=0, 4x

heterozygous | c.254G>A, reported in
p.Arg85GInNons | GnomAD.
ynonymous

TASOR Compound NM_001112736.2 | pLI=1 Possibly Benign (BS1,

heterozygous | c.1840T>A, Reported Damaging BS2)
p.Leu614lle 318xin (0.615).
Nonsynonymous | GnomAD.
MAF 2 0.001
TASOR Compound NM_001112736.2 | pLI=1. Benign Polymorphi | Benign (BS1,
heterozygous | ¢.3094A>G Reported 36x (0.003). sm. BS2)
p.lle1032Val in GnomAD.
Nonsynonymous | MAF <0.001.

PIWIL2 De Novo NM_00113572 pLI=0. 10.5 NA Likely benign
1.2¢.1899C>T, (BP1, BP5).
p.Gly633=,

Synonymous

DPY19L4 | De novo NM_181787.3 GnomAD: 3.5 NA Likely benign
€.1338T>C pLI=0 (BP1, BP5)
p.Gly446= 3x reported:

Synonymous other
missense
variant at the
same AA
position

Table S1: Overview of genetic variants identified after filtering in individual 1 with Whole
Exome Sequencing (WES). Filtering methods can be found in the methods section. The ge-
netic variants are sorted based on Combined Annotation Dependent Depletion (CADD) score
(high-low). The ‘Prediction’ Column represents the likelihood of pathogenicity based on the
“Standards and Guidelines for the Interpretation of Sequence Variants” drafted by the Ame-
rican College of Medical Genetics and Genomics (ACMG).! Additionally, MutationTaster?,
PolyPhen-23, CADD* score and GnomAD constraint metrics® (Probability of loss of function
intolerance, pLI) were used. To indicate the likelihood of pathogenicity, we employed a color
scheme. For CADD scores, values 0-10 were colored green, 10-20 were colored yellow and
values >20 were colored red. For Polyphen-2, probably damaging was colored red, possible
damaging was colored yellow and benign was colored green. For MutationTaster, ‘Disease
Causing variants’ were colored red and ‘polymorphisms’ were colored green. In the column
showing the predictions using the ACMG guidelines, a Variant of Unknown Significance was
colored red and likely benign was colored green. Based on these predictions and functional
studies, the NAE1 genetic variants were considered likely pathogenic.
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Table S2: Comparison of the phenotype of individuals with Dravet syn-
drome (MIM: 607208) caused by SCN1A mutations to the phenotype of
individual 4 from the NAE1 cohort.

Phenotypic Feature Dravet Syndrome | Individual 4 Cohort of individuals
with NAE1 genetic
variants

Short stature -0.5 SDS -5.0 SDS -1,-1.5,-2.3 SDS
Microcephaly +
Facial abnormalities -
Wide nasal bridge -
Long philtrum -
Anteverted nares -
Large ears -
Epicanthal folds -
Narrow palpebral fissures -
Thick lower lip vermilion -
Broad Philtrum -
Lymphopenia -
Other
Recurrent infections -
Ischiopubic hypoplasia
Neurological Abnormalities
Seizures

Seizure onset in the first year
of life

Seizure triggered by fever
Psychomotor development
stagnates.

Mental decline

Behavioral problems

Learning disabilities

Global brain atrophy on MRI
EEG with irregular generalized
spike and wave complexes
Microcephaly

Ataxia

Limited knee extension
Muscle Weakness

Dysgenesis of the
hippocampus
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Table S2: In individual 4, both a heterozygous truncating variant in SCN14 as well as a genetic
variant in NAE were identified. To distinguish the clinical phenotype caused by each of the
genetic variants, the phenotypic features of Dravet syndrome® (MIM: 607208) were compared
to all phenotypic features observed in individual 4. Truncating SCN1A4 variants result mostly in
Dravet syndrome. As individual 4 has a truncating variant in SCN1A4, features of Dravet syn-
drome were used for comparison. The characteristic facial features, short stature, lymphopenia,
frequent infections and ischipubic hypoplasia have never been identified in Dravet disease, and
therefore suggest and additional role for the genetic variants in NAE! in disease pathophysio-

logy.
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Table S3: List of 24 most specific phenotypes (with the highest
occurrence ratio).

HPO code | HPO name Associat | ndivid | Individ | Individ | Individ | Peroentage | Occurre
genes ual1 ual2 ual3 ual4 Ratio
HP:0008822 | Hypoplastic 1 X X X X 100 100
ischiopubic rami
HP:0006834 | Developmental 1 X - X X 75 75
stagnation at
onset of seizures
HP:0410256 | Infection 1 X X - X 75 75
associated
lymphopenia
HP:0031397 | Reduced 1 X X NA NA 50 50
proportion of
naive T cells
HP:0030887 | Increased 1 X X NA NA 50 50
lymphocyte
apoptosis
HP:0410255 | Transient 2 X X X - 75 37.5
lymphopenia
HP:0030374 | Decreased 2 X X X NA 50 25
proportion of
HP:0025539 | Abnormal B cell 2 X X NA NA 50 25
subset distribution
Recurrent joint 4 X X NA NA 50 12.5
HP:0031869 | dislocation
Developmental 12 X X X X 100 8.3
HP:0007281 | stagnation
HP:0002265 | Large fleshy ears 1" X X B X 6.81
Hypoplastic pubic 15 X X X X 100 6.66
HP:0003173 | bone
Abnormal B cell 9 X X NA NA 50 5.55
HP:0010975 | count
HP:0001041 | Facial erythema 6 X ) ) ) 25 4.16
Narrow palpebral 39 X X X X 100 2.56
HP:0045025 | fissure
Almond-shaped 41 X X X X 100 2.44
HP:0007874 | palpebral fissure
Progressive 43 X X X X 100 2.32
neurologic
HP:0002344 | deterioration
Abnormal shape 44 X X X X 100 2.27
of the palpebral
HP:0200005 | fissure
Decreased 26 X X NA NA 50 1.92
circulating total
HP:0002850 | IgM
Aplasia/hypoplasia 57 X X X X 100 1.754
involving the pelvis
HP:0009103
Abnormal T cell 33 X X NA NA 50 1.51
HP:0025540 | subset distribution
Neurodegeneration 77 X X X X 100 1.75
HP:0002180
Abnormal T cell 46 X X X X 50 1.08
HP:0011839 | count
HP:0001888 | Lymphopenia 107 X X NA NA 50 0.70

Table S3: Overview of the most specific phenotypes as depicted in Figure 3. The first two
rows represent the phenotype and the HPO codes attached to the phenotype name. The third
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column shows the number of genetic diseases associated with the phenotype, as assessed
using the Human Phenotype Ontology.” Columns four to seven show which individuals
display the phenotype, X means the phenotype is present, - means the phenotype is not
present, and NA means the phenotype was not assessed. If the phenotype was not assessed,
it was considered ‘not present’ for the calculation of column 8 (percentage). The occurrence
ratio is the value of column 8 divided by the value of column 3.

Table S4: Overview of primers used for this study.

Construct Targeting sequence

NAE1 Tet-PkLo- 5'-CCGGAGTCCTATGATTTGGATCACTCGAGTGATCCAAATCATAGGACTTTTTTGS4-
Puro 3’

pLenti-CMV-Puro  |5-GAATTCTGCAGTCGACATGGCGCAGCTGGGA-3’
NAE1 3-GCTGTCTAGACTCGAGCTACAACTGGAAAGTTGCTGAAGT-5’

NAE1 sequencing

primer 5'-GGCTCCAGAAGATGAAGAGAA-3’

Plko-tet-on

sequencing Primer 5-ATTACGCCAAGGTCGACTTAACCCT-3’
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Table SS: Overview of significantly up- and downregulated genes iden-

tified with RNA sequencing.

Gene Adjusted | Z-Score | Z-Score | Z-Score | Z-Score | Z-Score Z-_S_core Z-_ss:ore Log2 Fold | Log2 Fold
p-value HC1 HC2 HC3 Father | Mother | Individual1 | Individual2 | Change I1 | Change 12

ADA2 0.03585676 2.176 -0.55 0.03 -0| -0.364 -0.65 -0.637 -2.639 -2.542
ADAMTS8 0.02301275 -0.46 2.224| -0.093 -0.34| -0.154 -0.589 -0.589 -5.763 -5.763
ADAMTSL4 1.72E-05 1.018 -0.45 0.607 0.364 | 0.9949 -1.08 -1.45 -1.852 -3.202
AKAP6 0.02207786 0.955 -0.51 1.393 0.765| -0.873 -1.011 -0.72 -3.498 -1.815
AKR1C2 0.0456592 2.159 0.146 | -0.443 -0.04| -0.604 -0.668 -0.555 -5.456 -2.796
AMOT 0.01333326 -0.2 1.246| -0.325 0.07| 1.3758 -1.247 -0.922 -2.028 -1.354
AMPH 0.04072475 0.044 1.687 -0.47 1.026| -0.525 -1.041 -0.721 -7.565 -2.098
ARHGAP45 0.00015617 -0.14 -0.45 0.318 1.902| 0.3394 -0.985 -0.985 -6.492 -6.492
ATP2A3 0.00727996 0.551 -0.43 1.644 0.781| -0.693 -0.94 -0.917 -6.185 -5.004
AXIN2 7.88E-05 1.456 -0.01| -0.693 1.262| -0.127 -0.995 -0.895 -7.993 -3.713
B4GAT1 0.03114516 0.877 0.481 0.665 -0.57 | 1.0486 -1.288 -1.215 -1.381 -1.29
BMPER 0.00775421 0.129 1.917 0.289 -0.27 | 0.0078 -1.041 -1.035 -1.391 -1.38
BOC 0.03355107 0.17 0.501 0.028 -0.14 | 1.7381 -1.307 -0.984 -1.381 -1.009
BTN3A2 0.04321401 0.16 0.479| -0.101 0.302 1.576 -1.555 -0.861 -6.624 -1.526
C200rf96 0.04361249 0.783 0.161 0.858 0.225| 0.7691 -1.21 -1.587 -1.513 -2.238
CAMK2N1 1.10E-07 1.311 0.661 0.231 -0.04| 0.4884 -1.469 -1.18 -2.948 -1.971
CASZ1 0.04958066 1.869 0.138| -0.167 0.326 | -0.029 -1.253 -0.885 -5.171 -2.054
CD302 0.03355107 0.402 1.123| -0.255 0.533 0.728 -1.763 -0.768 -3.48 -1.032
CD82 0.0109587 -0.48 1.155 0.757 0.38 0.716 -1.309 -1.222 -2.01 -1.815
CDH4 0.00292178 1.496 0.196 0.567 0.445| -0.192 -1.338 -1.173 -1.572 -1.337
CDK18 0.0437208 -0.05 -0.45 2.194 0.018| -0.571 -0.579 -0.567 -7.312 -5.591
CDON 0.03061071 0.047 0.282 -0.07 -0.5| 2.0023 -0.66 -1.106 -1.368 -3.08
CELSR1 0.04874031 -0.09 1.598 -0.73 0.048 | 1.0595 -0.966 -0.92 -4.376 -3.628
CHRD 0.00138544 0.509 0.241| -0.745 1.293| 0.9565 -1.127 -1.127 -5.823 -5.823
CILP2 0.00281157 0.251 0.181 1.61 -0.45| 0.6964 -1.146 -1.146 -6.088 -6.088
CLEC2A 0.01419896 0.816 -0.13| -0.691 1.902| -0.516 -0.691 -0.691 -8.302 -8.302
CLEC2B 0.00013394 1.331 -0.13| -0.603 1.504| -0.434 -0.892 -0.773 -5.977 -3.167
CLMN 0.01653896 -0.39 0.277| -0.228 2.129| -0.315 -0.737 -0.737 -3.946 -3.946
CNNM1 0.02807154 -0.93 0.906 1.501 0.544| -0.155 -0.932 -0.932 -5.224 -5.224
COL10A1 0.04153762 0.238 -0.02| -0.071 2.058| -0.493 -0.854 -0.854 -5.363 -5.363
COLGA3 0.00051898 0.45 1.023 0.89 -0.25| 0.5322 -1.087 -1.559 -1.179 -1.843
COL7A1 0.01159841 1.196 -0.52| -0.273 0.799| 1.0304 -0.99 -1.244 -1.426 -1.939
COL8A2 6.74E-05 0.3 1.03 1.232 0.39| -0.592 -1.032 -1.329 -1.895 -3.007
COX7A1 0.00021423 1.263 0.053| -0.003 1.37| -0.609 -1.005 -1.069 -2.699 -3.113
CPXM2 1.53E-06 1.858 -0.14 0.772 -0.34| -0.284 -0.896 -0.964 -3.008 -3.69
CRYBG1 1.25E-05 1.415 0.673| -0.477 0.157 | 0.6258 -1.331 -1.062 -3.856 -2.269
CSPG4 4.54E-06 1.455 0.557 | -0.062 0.748| -0.279 -1.155 -1.264 -1.826 -2.093
CTSK 0.00991428 1.517 0.937| -0.392 -0.09 0.272 -1.313 -0.927 -1.732 -1.138
CYB5R2 0.00018635 0.077 -0.14 0.266 2.004| -0.315 -0.964 -0.927 -3.368 -3.039
DENND2A 1.57E-05 0.022 1.138| -0.357 1.584 -0.46 -0.963 -0.963 -7.599 -7.599
DGCR6 0.01241277 0.649 0.592 | -0.447 0.856 | 0.9454 -1.175 -1.422 -2.489 -4.097
DHCR24 0.0036859 1.391 1.009 -0.86 0.036 | 0.4522 -0.858 -1.169 -1.653 -2.735
DHRS13 0.00074085 -0.01 -0.08 1.46 0.653 | 0.4879 -1.405 -1.106 -4.925 -2.439
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DNM1 2.43E-05 -0.17 0.635 1.552 -045| 0.6647 -1.206 -1.031 -3.422 -2.403
DPF3 0.02310761 -0.36 0.612 1.61 -0.6| 0.7196 -0.803 -1.172 -1.717 -3.481
DPYSL3 0.00052457 1.565 0.385 0.227 0.638 | -0.503 -1.065 -1.247 -1.48 -1.824
ECM1 0.00697725 1.849 0.074 0.096 -0.03 0.234 -0.973 -1.251 -1.14 -1.527
EFNA5 0.00839476 0.083 1.308| -0.642 -0.64 1.482 -0.796 -0.796 -5.849 -5.849
EGR2 0.0332212 -0.53 0.082 2.015 0.489| -0.651 -0.703 -0.703 -5.909 -5.909
ELOVL2 0.01862053 -0.39 1.233 -0.2 -0.32| 1.5545 -1.012 -0.861 -6.66 -3.089
ENPP1 0.00292178 -0.66 11 -0.081 1.528 0.081 -1.174 -0.792 -4.632 -1.866
EPHB2 0.00697725 -0.47 1.723 0.152 -0.23 | 0.8284 -1.133 -0.876 -2.866 -1.828
ERMP1 0.00338071 0.918 0.855| -0.356 1.032| 0.0769 -1.403 -1.122 -1.87 -1.395
FBLN7 1.66E-05 0.08 -0.29| -0.149 0.739 1.751 -1.047 -1.086 -2.601 -2.806
FGF9 0.00396068 -0.8 1.879| -0.116 0.656 | 0.0455 -0.834 -0.834 -6.476 -6.476
FHOD3 0.02506544 1.644 -0.43 0.432 0.827 | -0.529 -0.785 -1.16 -1.301 -2.215
FMNL1 0.04321401 0.57 0.232| -0.196 1.356| 0.6152 -1.434 -1.144 -2.831 -1.898
FST 0.01419896 -0.67 -0.44 0.115 1.445 1.303 -0.984 -0.772 -2.295 -1.599
GDF6 0.01862053 1.94 0.668 | -0.122 -0.34| -0.442 -0.94 -0.761 -2.429 -1.739
GJA1 0.00164499 1.305 0.431 0.504 -0.06 | 0.4501 -1.015 -1.619 -1.103 -1.963
GJD3 0.04361249 0.547 -0.21 0.473 -0.16 | 1.6578 -1.153 -1.153 -7.004 -7.004
GPR153 0.01121289 0.473 -0.18 0.888 0.145| 1.2314 -1.548 -1.012 -1.995 -1.165
GPR3 0.04432331 0.735 0.098 0.455 0.688 | 0.8556 -1.538 -1.293 -6.739 -3.001
GRIA1 4.54E-06 2.16 -0.35 0.136 -0.08| -0.508 -0.692 -0.674 -7.954 -5.479
HAS2 0.00775421 0.18 0.626 -0.43 1.703| 0.0595 -0.749 -1.389 -1.178 -2.855
HECW1 0.0129608 0.61 0.89| -0.267 1.396| -0.293 -1.214 -1.122 -4.566 -3.398
HHIPL1 0.00164664 1.345 0.042| -0.058 0.079 | 1.0455 -1.428 -1.024 -2.485 -1.509
HLA-B 0.04072475 0.035 -0.91 1.304 -0.12| 1.4044 -0.757 -0.952 -1.609 -2.261
HR 1.81E-06 0.705 -0.51 0.843 0.402| 1.0836 -1.319 -1.209 -3.397 -2.739
ICAMS5 0.01623189 -0.42 -0.47 1.543 -0.24| 1.2971 -0.793 -0.926 -2.26 -3.101
IERS 0.00238366 -0.23 0.365 1.121 0.002| 1.1973 -1.462 -0.993 -2.165 -1.288
IL15RA 0.0246276 0.462 -0.42 0.334 -0.3| 1.8664 -1.098 -0.849 -3.658 -2.099
1L18 0.03631202 -0.18 -0.56 0.023 2186 | -0.167 -0.651 -0.651 -6.24 -6.24
IL1RAP 0.03585676 1.432 0.368 | -0.751 0.437 0.706 -1.379 -0.812 -2.255 -1.132
IPMK 0.03013895 0.584 1.489 0.38 -0.19| 0.2565 -1.382 -1.133 -1.683 -1.313
IRS2 0.01862053 0.023 -0.52 0.78 0.449 | 1.5347 -1.144 -1.118 -1.359 -1.323
1ISM2 0.0202337 -0.72 -0.54 1.414 1.457| -0.168 -0.722 -0.722 -6.275 -6.275
KCNB1 0.01619268 1.485 0.518 0.644 0.337| -0.925 -1.14 -0.918 -5.846 -2.663
KCNC3 0.00021423 1.386 0.141 1.145 -0.14 -0.21 -1.159 -1.159 -6.319 -6.319
KCNIP3 0.01862053 1.441 0.255 1.003 -0.04| -0.334 -1.044 -1.284 -1.342 -1.745
KCNS1 6.95E-05 0.158 0.62 0.73 1.028| 0.2673 -1.402 -1.402 -6.918 -6.918
KIAA1549 0.00991428 0.719 0.825 1.36 0.051 -0.831 -1.014 -1.11 -1.945 -2.252
KIAA1958 0.00309789 0.78 0.89 0.519 0.451] 0.1639 -1.112 -1.692 -1.071 -1.766
KRTAP1-1 0.03197017 1.818 0.275 0.597 -0.32| -0.356 -1.073 -0.939 -8.311 -3.408
LAMB1 0.01862053 0.949 1.271 -0.777 0.08| 0.6727 -1.167 -1.03 -1.278 -1.113
LAPTM5 0.00641507 -0.13 -045| -0.418 2.159| 0.1857 -0.673 -0.673 -6.67 -6.67
LGALS9 0.00248602 -0.4 0.746 0.434 1.649 -0.29 -1.071 -1.071 -5.793 -5.793
LIN7A 0.04432331 2.073 -0.44 | -0.389 -04] 0.5102 -0.559 -0.788 -1.895 -3.897
LINC00707 0.00564295 0.873 1.275| -0.915 0.938 | -0.256 -0.957 -0.957 -6.862 -6.862
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LINC00900 0.04958066 2 0.236| -0.577 0.319 -0.29 -0.844 -0.844 -5.003 -5.003
LINC01139 0.03374528 -0.82 0.779 1.487 0.854 -0.66 -0.82 -0.82 -7.353 -7.353
LOC101927809 | 0.01513948 -0.1 -0.17 2.032 -0.09| 0.2139 -0.943 -0.943 -8.35 -8.35
LOXL4 1.72E-05 -0.01 1.773 0.832 -0.12| -0.555 -0.925 -0.993 -2.493 -2.886
LRIG1 0.00543979 -0.91 0.971 0.164 1.12| 0.7954 -1.182 -0.958 -2.612 -1.836
LRP11 0.00157294 0.043 1.164| -0.263 0.679| 0.9164 -1.426 -1.113 -1.478 -1.11
LTBP4 1.26E-07 0.49 -0.08 1.188 0.147 | 0.9016 -1.231 -1.412 -2.246 -2.948
LUM 2.90E-05 0.085 0.692 0.879 0.72| 0.4362 -1.204 -1.607 -1.198 -1.703
MAF 0.00011392 2.119 0.027| -0.444 02| -0422 -0.769 -0.711 -7.528 -4.071
MAN1A1 0.01862053 -0.03 1.627 -0.37 -0.05| 0.9217 -1.339 -0.754 -2.432 -1.13
MAOA 0.03061071 0.342 0.27| -0.721 2.01 -0.458 -0.721 -0.721 -6.003 -6.003
MARCH9 0.00569747 1.925 -0.69 0.298 -0.13| 0.3667 -0.953 -0.819 -7.408 -3.208
MATN2 0.00056662 1.149 0.553 | -0.709 0.053| 1.1676 -0.942 -1.272 -1.804 -3.108
MC4R 0.01862053 2.244 -0.23 | -0.446 -0.12 -0.46 -0.493 -0.493 -9.408 -9.408
MDFI 0.02506544 -0.65 1.288| -0.391 1.575| -0.261 -0.779 -0.779 -6.459 -6.459
MDK 0.03252576 -0.48 0.114 1.556 0.674| 0.3615 -0.716 -1.503 -1.135 -3.544
MEIS2 0.00991428 0.349 0.827| -0.374 -0| 1.5044 -0.896 -1.41 -1.048 -1.798
MFSD10 0.02858347 1.163 -0.46 0.776 0.853 | 0.1537 -1.213 -1.268 -1.054 -1.106
MGARP 0.02722563 1.846 -0.25| -0.042 -0.13| 0.6218 -1.17 -0.868 -8.546 -2.366
MMP11 0.01544699 -0.35 -0 1.007 0.366 | 1.3574 -1.356 -1.026 -6.564 -2.409
MOCOS 3.81E-05 -0.01 -0.12| -0.022 2126| -0.317 -0.81 -0.842 -3.02 -3.352
MPP4 0.00248602 2.104 0.216| -0.557 0.1 -0.446 -0.709 -0.709 -6.468 -6.468
MSL2 0.00874296 04 0.877 0.332 0.654 | 0.6091 -1.567 -1.306 -1.235 -1.014
MSTN 3.01E-06 -0.37 2117 0.316 -0.27| -0.296 -0.748 -0.748 -9.181 -9.181
MTSS1L 0.00961871 0.4 -0.21 0.528 0.118 | 1.5675 -0.912 -1.487 -1.041 -1.871
MX1 0.00697725 1.941 -0.53 0.727 -0.08 | -0.625 -0.756 -0.679 -6.608 -3.595
MXRA5 7.27E-05 0.767 1.428| -0.459 -0.01| 0.6027 -0.964 -1.367 -1.851 -3.772
MYLK 0.02506544 2.085 0.075 0.124 -0.3| -0.279 -0.794 -0.915 -1.383 -1.654
MYRIP 0.01755076 2.242 -0.2| -0.241 -0.23| -0.518 -0.526 -0.526 -7.39 -7.39
NA 9.99E-06 -0.23 -0.27 0.585 1.639 | 0.5402 -1.107 -1.152 -3.073 -3.415
NA 0.00814197 1.089 -0.13 0.909 -0.44 0.958 -1.147 -1.242 -2.03 -2.318
NA 0.01898174 0.283 0.775 -0.35 0.559 | 1.2674 -1.451 -1.083 -7.581 -2.379
NA 0.04072475 -0.63 0.814| -0.814 0.676 | 1.5804 -0.814 -0.814 -5.782 -5.782
NES 4.24E-10 -0.34 1.538 -0.27 0.874 | 0.4306 -1.131 -1.105 -3.431 -3.215
NFATC2 0.00709268 2.09 -0.12| -0.538 0.381 -0.369 -0.777 -0.667 -6.689 -3.165
NFE2L3 7.12E-05 0.159 -0.6 0.815 1.3| 0.6877 -1.212 -1.147 -3.654 -3.117
PBX3 0.02008894 1.62 0.751 -0.547 0.356 | -0.076 -1.341 -0.763 -2.646 -1.199
PCOLCE 0.03518198 -0.13 0.027 0.989 -0.21] 1.5631 -1.114 -1.131 -1.089 -1.107
PHLDA1 0.01862053 1.608 0.203| -0.472 1.025| -0.394 -0.947 -1.023 -1.391 -1.532
PITPNM3 0.00684464 -0.13 1.515| -0.616 0.098 | 1.1241 -1.171 -0.816 -2.514 -1.466
PKN3 0.03374528 0.149 -0.17 0.01 1.738| 0.5438 -1.295 -0.979 -2.359 -1.557
PLTP 0.04958066 1.006 1.224 0.758 -0.19 -0.52 -1.196 -1.086 -1.469 -1.308
PPP2R2B 0.04762812 1.971 0.008| -0.134 0.484| -0.585 -0.872 -0.872 -4.657 -4.657
PRELP 0.02301275 0.102 -0.58 2.153 -0.19| -0.096 -0.708 -0.689 -3.732 -3.435
PRLR 0.01862053 0.417 1.443| -0.963 1.102 -0.24 -0.851 -0.907 -3.094 -3.71
PSG1 0.0025378 2.022 0.604 | -0.233 -0.48| -0.485 -0.678 -0.756 -2.843 -3.842
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PSG5 0.0089704 1.78 0.517| -0.756 -0.18| 0.4725 -1.082 -0.752 -2.585 -1.488
RALGPS1 0.02881424 -0.52 -0.13 0.339 1.893 0.35 -1.076 -0.855 -5.3 -2.535
RGCC 0.01898174 -0.73 0.378 -0.15 2.055| -0.088 -0.732 -0.732 -8.162 -8.162
RIMS2 0.00540232 -0.02 0.415| -0.808 1.193| 1.2763 -1.03 -1.03 -4.609 -4.609
RTN4RL1 0.04432331 2.139 -0.21 0.006 0.073| -0.536 -0.755 -0.722 -6.275 -4.509
RUNX2 0.00224238 1.51 -0.02| -0.014 0.47 | 0.5453 -1.029 -1.463 -1.625 -2.918
S1PR3 0.00557986 0.366 0.742| -0.706 -043| 1.7607 -0.989 -0.745 -3.69 -2.023
SALL2 0.0129608 1.177 0.654 -0.15 -0.1] 0.9364 -1.482 -1.04 -6.966 -2.129
SAMD14 0.03197017 2.044 -0.1 0.169 0.115 -0.48 -0.793 -0.955 -1.742 -2.327
SDC4 0.02506544 -0.86 0.287 1.428 0.393| 0.8342 -0.794 -1.284 -1.188 -2.242
SERPINE2 0.0343186 1.949 0.348| -0.373 0.368| -0.675 -0.659 -0.958 -1.372 -2.326
SFTA1P 0.03252576 -0.5 -041] -0.418 2.037| 0.6161 -0.665 -0.665 -8.078 -8.078
SHISAL1 0.01120488 0.72 -0.4 0.209 1.843| -0.728 -0.784 -0.856 -2.55 -3.087
SLC29A4 0.00697725 1.676 -0.29 0.073 0.686 | 0.1235 -1.286 -0.98 -6.802 -2.446
SLC43A1 0.00395203 0.672 0.134 1.079 -0.13| 0.8821 -1.536 -1.102 -5.661 -2.147
SLC8A1-AS1 0.01121289 2.209 -0.3| -0.454 -0.01] -0.197 -0.627 -0.627 -5.9 -5.9
SOX9 0.03197017 1.306 -0.29 0.268 -0.58 | 1.3202 -0.936 -1.087 -1.764 -2.219
SPON2 7.88E-05 -0.53 -0.11 0.185 2.133| -0.202 -0.734 -0.734 -7.151 -7.151
STAP2 0.00874296 0.5 0.842| -0.115 1.295| 0.0648 -1.343 -1.242 -6.871 -4.005
STEAP2 0.00243819 0.01 0.809 0.943 0.064 | 0.8259 -1.681 -0.971 -2.404 -1.154
STMN3 0.0456592 -0.22 -045| -0.514 2.164| 0.2361 -0.532 -0.676 -2.086 -3.425
STX1B 0.00382025 0.813 -0.05 0.646 -0] 1.2161 -1.363 -1.258 -2.409 -2.097
TCTN2 0.02881424 -0.05 0.886 | -0.346 0.655| 1.2486 -1.548 -0.841 -2.859 -1.189
TGFA 0.00091112 2.206 -0.31] -0.015 -0.25| -0.306 -0.708 -0.618 -6.479 -3.291
TGFBR3L 0.03895544 1.374 0.299 1.175 -0.53| -0.169 -1.174 -0.979 -3.467 -2.315
TLE2 0.01862053 1.331 0.846 0.514 -0.43 0.163 -1.427 -1.002 -7.287 -2.138
TMED1 0.00874296 0.543 0.465 0.036 1.076 | 0.6302 -1.648 -1.102 -1.818 -1.115
TMEM119 0.00074085 -04 0466 | -0.172 0.085| 1.9367 -0.916 -0.996 -1.892 -2.158
TMEM25 0.00052457 1.266 -0.12 1.474 -0.17] -0.486 -1.045 -0.925 -4.096 -2.871
TMEM9B-AS1 | 0.04361249 -0.62 -0.45 0.534 1.565| 0.9017 -0.966 -0.966 -7.031 -7.031
TNFRSF21 0.01648881 0.447 0.32| -0.663 -0.32] 1.9225 -0.907 -0.797 -2.46 -1.978
TOR4A 0.03751673 0.482 -0.32 1.86 0.403| -0.708 -0.68 -1.038 -1.552 -3.178
TPP1 0.00049575 1.338 0.25 0.725 -0.37| 0.5667 -1.306 -1.208 -1.601 -1.45
TRIM14 0.0083662 1.622 0.524| -0.185 0.658 | -0.404 -1.184 -1.032 -1.813 -1.508
TRIM16 0.0056343 1.632 -0.24 0.085 0.604 | 0.2935 -1.238 -1.134 -1.926 -1.701
TRIM55 1.81E-06 1.027 -0.28 1.582 -0.66 | 0.2603 -0.968 -0.964 -9.965 -8.029
TRIM7 0.00488864 0.882 -0.59| -0.331 1.687 | 0.2711 -0.986 -0.935 -6.013 -4.26
TSPOAP1 0.00992749 -0.33 -0.11 1.204 0.904| 0.7798 -1.226 -1.225 -2.031 -2.028
TYRO3 0.00082187 1.321 0.903 0.13 0.169 | 0.0306 -1.534 -1.02 -3.034 -1.545
VATIL 0.03627585 0.487 -0.78 0.933 -0.52| 1.5852 -0.705 -1.006 -1.857 -3.878
ZNF385D 0.02443378 1.144 0.729 11 -0.15| -0.619 -1.337 -0.87 -3.008 -1.496
ZNF521 0.0202337 1.498 -0.23 -0.91 0.325| 1.0924 -0.875 -0.9 -2.01 -2.104
ZNF578 0.02998066 1.278 0.267 | -0.343 1.119| 0.0903 -1.266 -1.146 -5.181 -3.406
ZNF853 0.0021976 -0.31 0.44 1.33 1.147| -0.381 -1.114 -1.114 -6.393 -6.393
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Table S4: Overview of significantly (adjusted p-value <0.05, log2foldchange >2 or <2) up-
or downregulated genes identified with RNA sequencing in individuals with NAE! genetic
variants and healthy control fibroblasts. Heterozygous carriers (parents of individual 1)
fibroblasts were also included. The first column shows the adjusted (Bonferroni) p-value
comparing individuals with healthy controls. The 3th to the 9th column show the Z-scores
of all donors comparing the RPKM score of the gene to the RPKM of that gene in all other
donors. The 10th and 11th columns show the log2foldchange in individual 1 and individual
2.
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Abstract

Background: LIM kinase 1 (LIMK1) plays a pivotal role in dynamic actin
remodeling through phosphorylation of cofilin. In turn, the dynamic remo-
deling of the actin cytoskeleton is involved in exocytosis, thereby contri-
buting to tuned secretion of hormones and neurotransmitters, although the
exact role of actin in these processes is still debated.

Results: We report two individuals with de novo variants in LIMK1 with
dissimilar clinical phenotypes: one individual exhibited epileptic encep-
halopathy and developmental delay, the other showed common variable
immune deficiency, glucose dysregulation, and episodic sinus tachycardia.
Given the intragenic localization of these variants, one impacting the highly
conserved kinase domain, the other variant located in the auto-inhibitory
LIM domain, we suspected that the phenotypic features could be explained
by opposite effects of the LIMK variants on LIMK 1-mediated exocytosis
dynamics. Indeed, we found significantly decreased actin polymerizati-

on in individual 1, contrasting with increased LIMK1 availability, cofilin
phosphorylation, and actin polymerization in fibroblasts of individual 2. As
compared to wildtype, significantly slower and decreased insulin exocytosis
was observed in insulin-secreting cell lines expressing the LIMK variant
of individual 1 (harboring the catalytically dead variant), which contrasted
with rapid and uncontrolled insulin exocytosis in case of a lack of auto-inhi-
bition for individual 2.

Conclusion: This first report of two individuals with LIMK] variants harbo-
ring divergent effects on cofilin phosphorylation and actin polymerization,
reveals novel and important roles for LIMK1 in tuned exocytosis. These
distinct exocytosis defects may underlie the epileptic encephalopathy and
glucose dysregulation observed.
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Introduction

The unique ability of actin to provide structural support to cells, whilst
allowing dynamic adaptations, is essential for eukaryotic health. The cytos-
keletal ability to change rapidly is utilized in many ways, including cellular
migration, endocytosis, and exocytosis.!? A set of actin-modifying proteins
warrant appropriate tuning of the actin cytoskeleton when needed. The
importance of these proteins is underlined by a growing number of monoge-
netic disorders causing dysfunction of these proteins, called actinopathies.?

LIM kinase 1 (LIMK1) is an example of an actin modifying protein that
operates via phosphorylation of cofilin, which increases the elasticity of the
actin cytoskeleton by severing actin filaments.* LIMK 1 and cofilin operate
in a complex signaling cascade, thought to allow rapid actin filament di-
sassembly when needed.’ Unusually, the two LIM domains and the PDZ
domain directly mediate LIMK1 activity, which is thought to occur by
interacting with the kinase domain directly.®” LIMK1 can also transphosp-
horylate other LIMK1 proteins, thereby increasing their activity, half-life,
and stability.® It is thought that these complex feedback dynamics promote
unique protein kinetics, essential to facilitate cellular processes requiring
rapidly changing morphology, such as endo- and exocytosis. However, the
exact role of actin in these processes is still debated, as it can be either a
positive or negative regulator, depending on the secretory system under
investigation.’

The complex dynamics of the LIMK 1-cofilin-actin signaling cascade sug-
gests that pathogenic variants can derail the entire pathway in potentially
unpredictable ways. We are the first to report two individuals with hetero-
zygous LIMK I missense variants, showing divergent clinical phenotypes,
ranging from epileptic encephalopathy to immunodeficiency and glucose re-
gulation issues. Functional studies in patient-derived cells revealed opposite
effects of variants on LIMKI1 activity, allowing us to delineate how a broad
range of altered LIMK1 activity leads to aberrant insulin exocytosis, gluco-
se dysregulation, and the other clinical phenotypes observed.
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Materials and Methods

Patient Inclusion

Two Dutch, unrelated children, both harboring LIMK variants, were re-
cruited in the Wilhelmina Children’s Hospital in Utrecht. The patient with
LIMKI/ELN hemideletion was recruited in Centre Hospitalier Universitaire
(CHU) Dijon. Written informed consent was obtained from the parents of
each child. Healthy adult donor Peripheral Blood Mononuclear Cells (PBM-
Cs) (N=4) were obtained through the Minidonor Services, an ethics review
board-approved blood donation facility at the UMC Utrecht (protocol
number 18-774). Healthy fibroblast lines were recruited through the Wilhel-
mina Children’s Hospital metabolic biobank (TCBio 19-489/B, https://tcbio.
umcutrecht.nl). The identified LIMK variants were submitted to the ClinVar
repository under accession numbers SCV004190115 and SCVXXXXXX.
All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national re-
search committee(s) and with the Helsinki Declaration (as revised in 2013).

Exome Sequencing

Exomes were enriched using Agilent SureSelect XT Human All Exon kit
V5 and sequenced on a HiSeq sequencing system (Illumina). Reads were
aligned to hg19 using Burrows—Wheeler Aligner. Variants were called
using Genome Analysis Toolkit Variant Caller and annotated, filtered, and
prioritized using the Bench NGS Lab platform (Agilent-Cartagenia, Leu-
ven, Belgium) and/or an in-house designed “variant interface” and manual
curation. The minimal coverage of the full target was >15 x 99%. All com-
mon polymorphisms with a minor allele frequency (MAF) higher than 0.5%
were filtered out using several public databases including 1,000 genomes
database'’, Ensembl GRCh37 genome browser'!, exome aggregation con-
sortium database (ExAC)'> genome aggregation database (GnomAD)", and
database of single nucleotide polymorphisms (dbSNP)'“. Variant calling
was performed using the complete human reference genome (hg19, NCBI
release GRCh37).
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Glucose measurements

Continuous glucose measurements were performed in individual 2 for a
period of three consecutive years. In individual 1, glucose was measured

for approximately one week. The glucose values were extracted from the
Dexcom Clarity Professional portal. Additionally, data from six patients was
extracted for comparison. Analysis was performed using R studio (Version
1.4.1106). ‘Non-hypoglycemic days’ were identified as days with all values
>3.5 mmol/L, while ‘Hypoglycemic days’ were quantified as days with one
or more glucose values <3.5 mmol/L. The derivative was calculated by divi-
ding the absolute glucose difference between two time points by the number
of minutes between the two time points. If the amount of time (in minutes)
between two time points was more or less than five minutes, values were
excluded.

Flow Cytometry

PBMCs were isolated from the whole blood fraction using Ficoll (GE
Healthcare). Cells were fixed with 4% formaldehyde and stained with live/
dead fixable viability dye (Thermo Fisher), CD3 (Biolegend), CD19 (Sony
Biotechnology), and phalloidin (Sigma Aldrich) for 1 hour at room tempera-
ture. Fibroblasts were harvested using Accutase (Gibco) and fixed with 4%
formaldehyde.

Western Blotting

Fibroblasts were harvested using TrypLE (Thermo Fisher) and lysed in
laemli buffer with protease (Sigma Aldrich) and phosphatatase (Sigma
Aldrich) inhibitors. Immediately after harvesting, samples were boiled for 5
minutes at 100 degrees. Western blot was performed as described previous-
ly.15 Membranes were probed with phosphorylated-Cofilin (Cell Signaling),
Cofilin (Cell Signaling), LIMK1 monoclonal antibody directed against the
PDZ domain (Enzo), or GAPDH antibodies (Novus Biologicals) overnight
at 4 degrees. Ins-1 cells were probed with anti-HA-high-affinity (Roche) and
anti-a-tubulin (Millipore).
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Overexpression of LIMK1 variants in Ins-1 cells

LIMKI-WT, or LIMK1 harboring variants of individual 1 or 2 lentiviral
plasmids were generated by Gibson (NEB) assembly using gene blocks
(Twist Bioscience). All constructs were verified by Sanger sequencing
(Quintarabio). Lentiviruses were produced by transfecting HEK293T cells
with pLenti-CMV-puro, psPAX2, and pVSVG together with PEI at 1ng/
puL. HEK293T cells were maintained in DMEM with 10% fetal bovine
serum under 5% CO2 at 37°C. Rat Ins-1 cells, originally obtained from the
laboratory of Dr. Peter Arvan (University of Michigan), were maintained in
RPMI supplemented with ImM sodium pyruvate, 10% fetal bovine serum
and 50 uM B-mercaptoethanol under 5% CO2 at 37°C. To generate stable
Limk1 cell lines, Ins-1 cells were transduced with lentivirus. 24hr after virus
transduction, Ins-1 cells were selected for ~24hr using 3ug/mL puromycin.
Transient transfection of Ins-1 cells was performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.

Exocytosis measurements in Ins-1 cells

Prior to exocytosis assays, stable Ins-1 cells overexpressing LIMK1-WT
constructs or LIMK1 harboring variants of individual 1 or 2 were transiently
transfected with NPY-pHluorin (a pH-sensitive GFP whose fluorescence is
quenched at acidic pH) and NPY-sfCherry3 (an RFP that fluoresces regard-
less of pH). When the granules fuse with the plasma membrane during exo-
cytosis, the pH rapidly rises allowing pHluorin detection. Prior to running
the exocytosis experiments, cells were incubated with a low KRB buffer
(1.5mM glucose, 5.4mM KCl). Cells in focus were imaged for 15 seconds
under these conditions before the low KRB was replaced with high KRB
buffer (40mM KCL, 16.7mM Glucose) as described previously.16 After
changing the medium, images were acquired for another 60 seconds. Cells
were visualized using total internal reflection fluorescence (TRIF) microsco-
py. Images were acquired every 0.2 seconds.

Statistical Methods
Statistical analyses were performed using Prism (Version 9.3.0, Graph-
Pad Software) or R-studio (Version 2022.12.0.353). P values *P<0.05;
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**#P<0.01, ***P<0.001, ****P<0.0001 were considered significant. Flow
cytometry analysis was performed using FlowJo (Version 10.6.2., Becton,
Dickinson and Company, USA, 2019). Exocytosis images were analyzed
using ImageJ. Western blots were analyzed using Image Lab software (Ver-
sion 5.1, BioRad). Figures 1D-F, 5D, E, G were created using R (Version
4.2.3) and R-studio (Version 2022.12.0.353). Specifically, the geom smooth
function from the ggplot2 package was employed to generate smoothed
trend lines. The following formula was used within geom_smooth: me-
thod="gam”, formula =y ~ s(x, bs = “cs”, fx = TRUE, k = 60). This formula
specifies a generalized additive model (GAM) with a cubic spline basis (bs
= ‘cs’) and other relevant parameters.

Results

Clinical Phenotype of individuals with LIMKI variants

In two individuals, LIMKI de novo missense variants were identified. Indi-
vidual 1 is a five-year-old girl who presented with epileptic encephalopathy
and developmental delay at the age of eight months. Individual 2 presented
with a completely different phenotype. During his first year of life, recurrent
upper- and lower respiratory infections, diarrhea and failure to thrive were
noted. Decreased levels of immunoglobulins led to the diagnosis of Com-
mon Variable Immune Deficiency (CVID) (Figure 1A). During childhood,
tiredness, exercise intolerance, enuresis nocturna and hypoglycemic events
were noted. The hypoglycemic events were associated with the intake of
fast-acting carbohydrates, but were always self-limiting. The hypoglycemia
could lead to temporary unconsciousness at times. Additionally, he expe-
rienced bouts of sinus tachycardia during exercise or rest, that similarly
normalized spontaneously (Figure 1B, C). Clinical descriptions are detailed
in Note S1.

Repeated hypoglycemia observed in individual 2 led to continuous gluco-
se measurements (CGM) being performed. In individual 2, hypoglycemic
events were frequently recorded: 21% of GCM recorded days (>900)

showed one or more hypoglycemic events, despite receiving hypercaloric
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Figure 1: Clinical characteristics of individuals harboring LIMK]1 variants.
(A) Graphs showing the immunological characteristics of individual 1 and 2. The dots in the
graph represent one single observation. Black lines indicate the mean of all observations +=SD.
The dotted lines and green planes indicate reference values in the healthy population. For
percentages of naive and memory cells as part of the total amount of cells, both the lower and
upper limit of the reference values are shown. For the immunoglobulins, only the lower limit
of the reference value is shown. The B cell counts are shown as a percentage normalized to
the mean reference values found in the pediatric population matched on age.
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(B) Graph showing continuous heart rate measurements of individual 2. On the y-axis, the
beats per minute (BPM) are shown, on a day with a tachycardic event. The x-axis shows the
time of day.

(C) Holter ECG recording of individual 2 during an episode of inappropriate sinus tachy-
cardia. During the tachycardic event, a maximum heart rate of 223 beats per minute during
exercise was observed.

(E) Graphs showing glucose values on a representative day (24-hour) for one of the pedia-
tric controls, individual 1 and individual 2. For individual 2, two separate graphs are shown.
On the left, a normal day is shown, where individual 2 does not experience hypoglycemia.
On the right, a ‘hypoglycemic day’ is shown, where individual 2 experiences a nocturnal
hypoglycemic event. As can be seen, glucose values remained highly variable throughout
the day after a nocturnal hypoglycemic event was recorded.

(F) Line graphs showing the average glucose variation throughout the day. For individual

2, two separate lines are shown, one for days where he does not experience hypoglycaemic
events, and one for days where he experiences one or more hypoglycemic events. Glucose
variation was calculated by measuring the absolute difference (delta) between consecutive
glucose value measurements (measured every 5 minutes). Missing values were excluded.
The dots indicate the mean glucose variation per hour. The error bars surrounding the grey
line indicate the standard deviation for six different pediatric controls. A more detailed

description of the pediatric controls can be found in Table S1.

intake (Note S2). Additionally, highly variable glucose values were seen,
which were even higher on days where nocturnal hypoglycemic events were
recorded (Figure 1D, E). We found individual 1 showed very little glucose
variation compared to pediatric controls (Figure 1D, E). However, her keto-
genic diet might in part explain this observation (Note S2, Figure S2).

Immuno-phenotyping revealed decreased percentages of naive T cells and
increased levels of memory T cells in individual 1. Intriguingly, individual 2
exhibited exactly opposite values, with high percentages of naive T cells and
low numbers of effector memory cells (Figure 1A).

In-Silico predictions

LIMKI shows intolerance against loss-of-function, with a pLI score of 1.0
and o/e ratio of 0.09."

The LIMK variant of individual 1 was located at a highly conserved residue
in the kinase domain: ¢.(1532G>C);p.(Gly511Ala) (Figure 2A, B). The va-
riant has not been reported in GnomAD. PolyPhen-218 predicts this variant
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Figure 2: In-silico predictions of LIMK]I genetic variants.

(A) Domain organization of LIMK1. The location of the genetic variants in individual 1
and 2 are indicated. Lim1, Lim domain 1; Lim2, Lim domain 2; PDZ, PDZ domain; kinase,
kinase domain.

(B) Showing the conservation of the glycine at position 511 among species. The green
square and arrow indicate the glycine at position 511. Gly511 and surrounding residues are
highly conserved across species.

(C) Ribbon representation of the LimK 1 kinase domain (grey) in complex with cofilin
(light blue) and ATPyS, a hydrolysis resistant ATP analogue (orange, ball-and-stick repre-
sentation). Gly511 and its neighboring residues are shown in ball-and-stick representation.
The red arrow indicates the phosphoryl transfer to the substrate. For structure determina-
tion the receiving Ser3 in cofilin was mutated to Cys. The figure is based on the pdb entry
SHVK20 and was generated with the programs molscript 37 and raster3d38

(D) Sequence motif of the Lim1 domain of about 370 different species. Amino acid resi-
dues with a frequency lower than 4.5% are omitted for clarity of presentation. The most
frequent residue is represented as a grey bar. The sequence of human LimK1 is shown
underneath.
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to be probably damaging (0.995), with a CADD score of 26.9." Gly511 resi-
des within the catalytic domain and is part of the activation segment, where
the transfer of the phosphate from ATP to the substrate takes place.”® The
backbone conformation of Gly511 adopts ¢- and Y-angles, which are im -
possible for other amino acids to adopt (Figure 2C). The second individual
harbored a variant in the first LIM domain: ¢.(127G>A);p.(Ala43Thr) (Fi-
gure 2A). The Ala43Thr variant has been reported with an allele frequency
0f 0.000009. PolyPhen predicts Ala43Thr to be benign, and the variant has

a CADD score of 13.4. Ala43 is substituted for threonine in many species
(Figure 2D). Interestingly, a shorter variant that lacks major parts of the first
Lim domain including Ala43 exists, although it is not clear to what extent
this isoform is biologically relevant. While structural information about the
LIM domains is lacking, the LIM domains are known to act as an auto-inhi-
bitor of the protein.® Thus, a destabilizing eftect of the Ala43Thr on the Lim
domain variant could result in increased activity of LIMKI1.

Functional assay results

We set out to study the functional effects of LIMK/ variants in patient-deri-
ved fibroblasts. We included a patient with heterozygous LIMK deletion for
comparison. The patient harbored a large deletion encompassing the entire
LIMK1 gene and the last exon of ELN. The patient showed verbal delay and
learning disability, together with ELN-related phenotypic features (Note
S1).

Overall, LIMK1 protein abundance varied between donors, but average
LIMKI protein levels in fibroblasts of individual 1 and the patient with
LIMK1 hemideletion were similar compared to healthy control fibroblasts.
In contrast, fibroblasts of individual 2 showed increased LIMK 1 protein
levels (Figure 3A, Figure S2). To study LIMKI1 functionally, we assessed
phosphorylated cofilin protein levels in fibroblasts (Figure 3B). We found
Individual 1 and the patient with LIMK1 hemideletion showed normal
phosphorylated cofilin over cofilin ratios compared to healthy controls (Fi-
gure 3C). In support of overactive LIMK 1, we found increased
phosphorylated cofilin over cofilin ratio in fibroblasts of individual 2.
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Figure 3: Functional assessment of LIMK]1 variants in fibroblasts and lymphocytes.
(A) Representative western blot showing LIMK1 protein levels in fibroblasts derived from
three healthy controls and individual 1 (I1), individual 2 (I2), and a patient with LIMK1/
ELN hemideletion (LIMK 1 Del). GAPDH was used as housekeeper. The bar graphs show
the ratio of LIMK 1 band intensity normalized to GAPDH. For the bar graph, three indepen-
dent western blot experiments were used (Figure S2). Each bar represents one biological
replicate, each dot represents one technical replicate. The bar graphs show the mean values
+SD.

(B) Graphical representation of LIMK1 and its downstream functions. On the far right,
polymerized actin strands are visualized in red.

(C) Representative western blot showing cofilin and phosphorylated cofilin (Ser3) protein
levels in fibroblasts derived from three healthy controls and individual 1,2 and a patient
with LIMKI/ELN hemideletion. GAPDH (as visualized in Figure 3A) was used as house-
keeper. The bar graph shows the ratio of cofilin or phosphorylated cofilin over GAPDH.
For the bar graph, three independent western blot experiments were used (Figure S2). Each
bar represents one biological replicate, each dot represents one technical replicate. The bar
graphs show the mean values +SD.

(D) Bar graphs showing the mean fluorescence intensity (MFI) £SD from one representa-
tive flow cytometry experiment. In total, the experiment was performed three times. The
gating strategy can be found in Figure S4.

(E) Representative histograms showing phalloidin fluorescence intensity distribution in he-
althy controls (N=2) and individual 1 and 2 B- and T cells. The bar graphs show the mean
fluorescence intensity (MFI) £SD for four different healthy controls (N=4) and for indivi-
dual 1 and 2 (N=1 each). The gating strategy can be found in Figure S3.
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The increased levels of LIMK 1 protein and LIMKI1 activity indicate that the
Ala43Thr variant might lead to increased half-life and stability, potentially
due to increased phosphorylation by LIMK1 itself or upstream kinases.®

Next, we measured levels of polymerized actin in fibroblasts and

PBMCs. Here, we found differences between individual 1 and the patient
with LIMK hemideletion, as individual 1 showed significantly decreased
actin polymerization while the patient with LIMK ] hemideletion did not
(Figure 3D). In contrast, we found increased levels of actin polymerization
in fibroblasts of individual 2, albeit not significant (Figure 3D). For indivi-
dual 1, we found no significant difference in actin polymerization in T and B
cells, however, the distribution seemed different between cells compared to
healthy controls (Figure 3E). In line with the western blot results in indivi-
dual 2, we observed a trend towards increased levels of actin polymerization
for individual 2 in fibroblasts, T and B cells (Figure 3E).

Together, these results support the divergent effects of LIMK variants.
While absolute cofilin phosphorylation levels were not altered in fibroblasts
of individual 1, cofilin phosphorylation dynamics could have been affected,
illustrated by decreased actin polymerization. The significant difference in
actin polymerization in comparison to the patient with LIMK hemideleti-
on indicates that the Gly511Ala variant might exert more severe effects on
overall LIMK1 functioning than the mere loss of one functional LIMK1
copy.

Conversely, in individual 2, the increased cofilin phosphorylation and actin
polymerization support the hypothesis of overactive LIMK1.

Translation of cellular defects to clinical phenotype

Given the aberrant glucose regulation observed in individual 2, and the role

of LIMK1 in insulin exocytosis?!, we studied Ins-1 cells, that release insulin
upon stimulation with glucose, overexpressing either WT-LIMK1 or LIMK 1
harboring Gly511Ala (individual 1) or Ala43Thr (individual 2) variants. We
found different LIMK1 protein levels were reached after overexpression of

these variants (Figure 4A). Visual inspection of the LIMK 1-Gly511Ala ex-
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Figure 4: Exocytosis measurements in Ins-1 cells after the introduction of different
LIMKT1 constructs.

Exocytotic events were visualized by introducing NPY-pHluorin (a pH-sensitive GFP that
fluoresces under higher pH) in cell lines. After stimulation of Ins-1 cells with medium con-
taining high levels of glucose/potassium, exocytosis was measured for 60 seconds. Images
were taken every 0.2 seconds.

(A) Western blot of Ins-1 cells overexpressing HA-WT-LIMK1, or HA-LIMK1 harboring
variants of individual 1 and 2. The western blot shows increased LIMK 1 protein levels for
the Ins-1 cells expressing LIMK 1-Ala43Thr, while Ins-1 cells overexpressing LIMK-Gly-
511Ala seem to have decreased LIMKI1 protein levels compared to overexpression of
WT-LIMKI.

(B) Showing representative images of exocytotic events in Ins-1 cells expressing either the
LIMKI1-WT, LIMK-1Gly511Ala or LIMK1-Ala43Thr construct.

(C) Line graph showing the cumulative number of exocytosis events over time. The num-
ber of cumulative events was normalized for the total number of cells that were visualized.
For each donor, approximately 30 cells were analyzed (WT=31, Ala43Thr=36, Gly511A-
la=29).

(D) Box plot showing the mean duration of complete vesicle excretion for each exocytosis
event. The box extends from the 25th to the 75th percentile. The whiskers extend to the
minimal and maximal value. 2% of outliers were removed using the ROUT method.39
Statistics were calculated using one-way ANOVA followed by Dunn’s test. p-values were
adjusted for multiple comparisons (Turkey’s range test).

(E) Line graph showing the number of exocytosis events observed at each timepoint (Event
rate/second). Ins-1 cells expressing the LIMK 1-Ala43Thr construct had faster vesicle
excretion, therefore less exocytosis events were observed at each timepoint, but the number
of events fluctuated heavily over time. Ins-1 cells expressing the GlyS11Ala variant sho-
wed slower vesicle excretion, and events started significantly later after potassium/glucose
stimulation.

(F) Line graph showing the median intensity of vesicles over time. Intensity values were
normalized for vesicle size (total area). Most events lasted between 1-30 seconds, and the-
refore the x-axis was adjusted accordingly. Every 0.2 seconds, the median intensity of the
events present at that timepoint was calculated. The values were plotted using a generalized
additive model (GAM) with a cubic spline basis (bs = ‘cs’). The grey shades surrounding
the lines represent the confidence intervals of the model.

(G) Box plots showing the median intensity values normalized for vesicle size (total area)
per vesicle. The box extends from the 25th to the 75th percentile. The whiskers extend to
the minimal and maximal value. 2% of outliers were removed using the ROUT method.39
To calculate overall median intensity, all timepoints were pooled (0-60 seconds). Statistics
were calculated using mixed effect models.
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pressing cell line revealed significantly less, slow, and dim exocytosis even-
ts, while the LIMK1-Ala43Thr expressing Ins-1 cell line seemed to have a
flashy appearance (Figure 4B, Supplementary Video 1,2,3). Upon quanti-
fication, we found LIMK 1-Gly511Ala overexpression was associated with a
decreased number of cumulative exocytotic events (Figure 4C). In contrast,
Ins-1 cells expressing the Ala43Thr variant showed a higher number of
cumulative exocytotic events after glucose stimulation (Figure 4C). Aver-
age exocytosis events normalized per cell were not significantly different for
both individuals (data not shown). The entire process of vesicle secretion in
Ins-1 cells expressing LIMK1-Gly511Ala lasted significantly longer (Figure
4D). Additionally, exocytosis commenced significantly later after glucose
stimulation (Figure 4E). In contrast, vesicle secretion in Ins-1 cells expres-
sing Ala43Thr lasted significantly shorter, started more rapidly after glucose
stimulation and fluctuated heavily over time (Figure 4D, E). For Ins-1 cells
expressing the WT-LIMKI construct, we found that the dim appearance of
the vesicles secreted by Ins-1 cells expressing the Gly511Ala variant cor-
related with significantly decreased intensity values over time (Figure 4F).
In addition, the median event intensity was significantly decreased (Figure
4G). Ins-1 cells expressing the Ala43Thr variant showed a high intensity
peak, in line with its flashy appearance (Figure 4F). However, the cumulati-
ve intensity of vesicles was not significantly altered (Figure 4G).

In conclusion, while overexpression of the Gly511Ala variant (individual 1)
resulted in decreased exocytosis, longer vesicle excretion duration and lower
intensity, faster vesicle excretion with higher peak intensity was observed
upon overexpression of the Ala43Thr variant.

Discussion

We present two individuals harboring LIMK variants with divergent clini-
cal phenotypes, and provide evidence that these differences align with diver-
gent consequences on LIMK1 function. Individual 1 showed developmental
delay and epilepsy, and decreased actin polymerization in patient-derived
fibroblasts suggested loss of LIMK1 kinase activity. Upon overexpression
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of this variant, significantly slower and decreased levels of exocytosis were
found in insulin secreting (Ins-1) cell lines. Conversely, the genetic variant
in individual 2, who exhibited common variable immune deficiency, disor-
dered glucose regulation and bouts of exaggerated sinus tachycardia, sho-
wed defective auto-inhibitory function of LIMK1, leading to rapid, flashy,
exocytosis events upon overexpression of this variant in Ins-1 cells. To-
gether, these results indicate that heterozygous variants in LIMK] may give
rise to neurological and hormonal disturbances, potentially through altered
exocytosis dynamics.

The first aim of this study was to establish whether LIMK variants were
pathogenic and give rise to a novel syndrome. The variant of individual 1
was predicted to disrupt the local fold and the highly conserved catalytic

site of LIMK. While normal levels of phosphorylated cofilin might argue
against pathogenicity, the significantly decreased levels of polymerized
actin, that were not identified in heterozygous loss of LIMK 1, suggest that
cofilin phosphorylation dynamics and downstream functions could have
been affected. The severity of the clinical phenotype found in individual

1 suggests the variant exerts effects beyond the mere loss of one active
LIMK] copy alone, although the mechanism remains to be studied. Potenti-
ally, the variant mimics the expression pattern of a specific LIMK 1 isoform
(ENST00000435201.1) lacking the catalytically active site. For LIMK?2, a
similar isoform (LIMK2d) has been identified, and was found to negative-
ly affect neurite outgrowth in rats. The authors postulated that this isoform
occupies the phosphorylation site of cofilin, masking it from other fully
functional LIMK isoforms. The variant of individual 2 was associated with
significantly increased LIMK1 and phosphorylated cofilin levels, suggesting
that the Ala43Thr variant affects the auto-inhibitory function of the first LIM
domain. Interestingly, a shorter LIMK1 isoform (ENST00000538333.3)
exists, lacking part of the first LIM domain, including the Ala43Thr variant.
While detailed information about this shorter isoform is lacking, it could

be used to regulate overall LIMK1 expression by converging LIMKI to a
more open confirmation. Exploring the clinical relevance of these isoforms
across different tissues and their impact on LIMK1 activity could provide an

12
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exciting avenue for further research.

LIMKI and cofilin are both activated upon glucose stimulation in pancreatic
B cells (MIN6-K8).2! The second phase of insulin secretion is characterized
by a continuously high state of LIMK 1 and cofilin phosphorylation, that
favors the presence of F-actin, allowing insulin vesicles further away from
the plasma membrane to be recruited.?! Expression of a constitutively active
form of cofilin, leading to a depletion of the G-actin pool preventing actin
polymerization, inhibits overall insulin secretion®!, potentially through a
mechanism where distant vesicles cannot be recruited. Similarly, the LIMK1
Gly511Ala variant could have limited the recruitment of distant vesicles,
leading to the decreased exocytosis observed. However, the various roles

of actin in several exocytotic processes (endocytosis, vesicle recruitment,
docking, etc.) make it challenging to pinpoint specifically which steps
would be most affected. We can only speculate why the profound exocyto-
sis defects in Ins-1 cells are not associated with severe glucose regulation
issues in individual 1. Possibly, as seen in patients with type II diabetes,
pancreatic B-cells might compensate for defective insulin secretion up until
a certain point.”> Additionally, the exocytosis defects could extend to other
endocrine cells and organs, making the prediction of glucose levels solely
based on altered insulin secretion non-trivial. Finally, the slower exocytosis
might be far more destructive to organs that require rapid kinetics, such as
neurons, which concurs with the predominantly neurological phenotype of
individual 1. Regarding individual 2, the hypoglycemic events observed
shortly after ingestion of fast-acting carbohydrates resemble the rapid and
uncontrolled insulin exocytosis observed in Ins-1 cells, after glucose sti-
mulation, suggesting a functional link. Additionally, other characteristics of
his clinical phenotype, such as enuresis nocturna and episodic tachycardia,
make it tempting to speculate that uncontrolled exocytosis of vasopressin or
catecholamines could similarly play a role in underlying pathophysiology.

The epileptic encephalopathy in individual 1 prompts consideration of de-
fective neurotransmitter exocytosis as a potential contributor, given the es-
tablished link between epilepsy and impaired neurotransmitter exocytosis.?

13
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While LIMK 1 knockout mice exhibit disrupted neurotransmitter exocytosis,
they primarily display decreased learning performance rather than epile-
psy.?* However, Cofilin knockout mice do show epilepsy, associated with
impaired neuronal vesicle recruitment and exocytosis, resulting in decreased
glutamate secretion.?*2® Thus, the treatment-resistant epilepsy observed in
individual 1 might similarly stem from significantly slower and decreased
exocytosis of neurotransmitters, thereby contributing to the development
and sustainment of epilepsy.

The phenotypic features in individuals with LIMK variants align with those
seen in other actinopathies®, where immunodeficiency is a common manifes-
tation. Similarly, developmental delay and seizures have been observed in
actinopathies, although to a lesser extent.!>?’3° While many actin-modifying
proteins have been linked to insulin exocytosis at the cellular level®' 3,
clinical glucose dysregulation has been reported only marginally.**>3*¢ Howe-
ver, this report of an actinopathy with a pronounced endocrinological phe-
notype, coupled with divergent exocytosis results in insulin-secreting cell
lines, strongly suggest a critical role for LIMK 1-mediated actin remodeling
in exocytosis. Additionally, the individuals described in this study suggest
that tight regulation and auto-inhibition of LIMK1 are essential to warrant
appropriate actin tuning.
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Supplementary Files

Note S1: Comprehensive Clinical Descriptions:

Individual 1

Individual 1 is a five-year-old girl born to non-consanguineous parents after
an uneventful pregnancy and delivery. Development appeared normal during
the first 8 months. Subsequently, parent noted sudden developmental decli-
ne: she lost the ability to laugh and did not respond to sounds anymore. She
developed myoclonic epilepsy and focal epileptic seizures. An EEG con-
firmed epileptic encephalopathy. She has since been treated with different
types of anti-seizure medication and a ketogenic diet. Brain MRI showed no
abnormalities. Cerebral vision loss was suspected, but due to her severely
delayed development this could not be assessed. In addition, frequent mid-
dle ear infections and bilateral conductive hearing loss were noted (~40dB,
most prominent in the high-frequency area). Despite extensive diagnostic
follow-up, no known cause for her symptoms was found. Trio Whole Exome
Sequencing revealed a de novo heterozygous missense variant in LIMK].

Individual 2

Individual 2 is a 16-year-old boy born to non-consanguineous parents. Du-
ring the first year of life, recurrent upper- and lower respiratory infections
were noted, as well as diarrhea and failure to thrive. At two years of age, the
diagnosis of Common Variable Immune Deficiency was made was based

on decreased levels of IgA, total I1gG, 1gG2, and IgM in plasma (Figure 1A
main text), after which intravenous immunoglobulin therapy was initiated.
From the age of 4 years onwards, parents noted frequent (~daily) episodes
of profuse sweating, sometimes leading to fainting that were more prone to
occur after ingestion of foods containing fast-acting carbohydrates, such as
apple juice. The events could lead to unconsciousness at times. For example,
he would grab and eat several sugar cubes and faint minutes after. He would
always recover spontaneously.

At five years of age parents noted that he was frequently tired, accompanied
by exercise intolerance and enuresis nocturna. During hospital admission, an
episode of excessive sweating occurred, and hypoglycemia (glucose value

13



LIMK1 VUS

of 1.8 mmol/L) was recorded. Interestingly, attempts to address the hypog-
lycemia with sugar (ingestion of apple juice and a sandwich) provoked an
exaggerated rise of glucose followed by a fall of glucose to 0.9 mmol/L.
Subsequent endocrine follow-up showed normal response to glucagon chal-
lenge tests (normal insulin, glucose, and cortisol values). Growth hormone
secretion after glucagon challenge test was slightly decreased 15 mlU/L
(normally >20 mlU/L), with normal levels of IGF1 (80 ng/ml, normally 42-
143 ng/ml). ACTH challenge test results were normal. Saliva cortisol levels
were normal. TSH and T4 values and catecholamine excretion in urine were
normal as well. Based on the clinical history dietary advices were given,
including avoidance of fast-acting carbohydrates and uniform distribution
of carbohydrates during the day, which was associated with disappearance
of episodes of excessive sweating and unconsciousness. Exercise tolerance
also improved. Over time, his dietary restrictions were temporarily relaxed
and reinstalled when complaints recurred. Parents noted glucose levels
increased more rapidly during adrenaline rushes, when he gets startled or

is stressed. For example, when individual 2 got startled by fireworks, his
glucose levels rose from 4 to 12 within minutes. At the age of 11, a decline
in cognitive development was noted by parents. He was unable to concen-
trate, his school performance declined, and impairments is short- and long-
term memory were noted. Brain MRI revealed no abnormalities. This slowly
normalized over the course of 2 years, and he is currently attending high
school without major issues.

At the age of 12, individual 2 reported palpitations. Holter ECG showed epi-
sodes of inappropriate sinus tachycardia during exercise. Parents noted these
episodes were more prone to occur when activity was suddenly initiated,

for example when walking the stairs, and occurred less when activity levels
were gradually increased. Continuous heart rate and event monitoring with
a subcutaneous ECG loop recording revealed additional bouts of inappro-
priate sinus tachycardia, which could occur either in rest or during exercise,
without any signs of cardiac conduction or rhythm abnormalities (Figure
2B, C, main text). [vrabradine treatment helped to relieve these complaints.
Additionally at the age of 13, his enuresis nocturna spontaneously resolved.
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Despite extensive diagnostic follow-up, no cause for his symptoms was
found. Trio Whole Exome Sequencing did reveal a de novo heterozygous
missense variant in LIMK]I.

Patient with LIMK1/ELN Hemideletion

The patient with LIMKI/ELN was 9 years old at the time of inclusion. He
presented with a heart murmur after which echocardiography was perfor-
med, that showed supravalvular pulmonary and aortic stenosis. During
follow-up, almond-shaped palpebral fissures, epicanthus, mild puffy cheeks
and flat feet were observed. His pulmonary stenosis resolved spontaneously
by the age of five years. Glucose values were never assessed. Additionally,
he showed learning disabilities and verbal dyspraxia. WPPSI-IV testing
revealed low-to-average results: Verbal Comprehension index 92, Visu-
al-spatial Index 82, Fluid reasoning index 83, Working memory index 100,
processing speed index 82, intellectual quotient 82. Genetic testing revealed
a 96 KB de novo deletion comprising the last exon of ELN, and the entire
LIMK]I gene (del7q11.23):
arr[hg19]7q11.23(73,482,417-73,578,265)x1,17p13.2(3,507,046-3,558,393)
x1

Note S3: Details about dietary regimen of Individual 1 and 2.
Individual 1: Ketogenic Diet

Total calories/day: 1230 kcal

Tube Feeding:

3 x 91 gr. Ketocal: 87% fat, 4% carbohydrates, 9% protein.

5 gr. Protifar: 4% fat, 1% carbohydrates and 95% protein.

70 ml whole milk.

Oral Intake:

1. Twice per day, 2.5 gr. carbohydrates (fruit) and 40 ml whipped cream.
2. Once per day 2.5 gr. carbohydrates vegetables/meat and 40 ml sour
cream.

3. Once per day: 10 gr. bread + 3 gr. margarine (>60% fat). With 15 ml Li-
quigen + 8 ml yoghurt drink.
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Intake Individual 2: High Caloric Diet

Total calories/day: 3270 kcal

Carbohydrates: 250g, 32%

Fat: 180g, 50%

Protein 130g, 16%

Oral intake: 1800 kcal, Tube Feeding: 1470 kcal

Tube Feeding:

During the day (breakfast — lunch — dinner — before sleeping):
4x 20 mL (=80 mL) Calogen (Nutricia ©):

Fat: 40g.

4x 45mL sachet ProSource (Sorgente ©):
Carbohydrates: 44g. Protein: 60g.

4x 47 ml Nutrison Protein Plus Multifibre (Nutrilon ©):
Protein: 12g.

During the night, continuous feeding.

90 ml Calogen (Nutricia ©):

Fat: 45g.

160 ml Nutrison Protein Plus Multi Fibre

Protein: 10,1g.
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Figure S1: Comparison of pediatric patient controls on a ketogenic diet
to individual 1 continuous glucose measurement values.
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Figure S1: Glucose variation during the day and during the night in six pe-
diatric donors and individual 1 and 2 harboring LIMK] genetic variants. The
bars show the mean glucose variation during the day or during the night for
six pediatric controls, individual 1 and individual 2. The green bar repre-
sents Healthy Control 6, who was on a ketogenic diet with limited carbohy-
drate intake when continuous glucose measurements were taken. In order

to verify whether the glucose variation of individual 2 was similarly due to
low carbohydrate ingestion, the glucose variation between these donors was
directly compared. As can be seen, the low glucose variation is similar to a
pediatric control on a ketogenic diet.
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Figure S2: Western blots as referred to in Figure 3A/C
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Figure S2: Western blots as referred to in Figure 3A/C

(A) Showing the uncropped version of the western blot which is also shown
in Figure 3A/C found in the main body of the manuscript. Healthy control

4 was removed due to the low amount of protein that was present (most pro-
minently visible in the stain-free blot).

(B) Showing the western blots used for quantification incorporated in the
bar graphs shown in Figure 3A/C. Again, healthy control 4 was removed
from the blot due to low protein levels. GAPDH was used as a housekeeper
instead of the stain-free blots due to the inferior quality of the stain-free
blots.

Figure S3: Flow cytometry gating strategy used for B- and T cells
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Figure S3: Flow cytometry gating strategy used for B- and T cells
Flow Cytometry Gating Strategy. Lymphocytes were gated using FSC-A
and SSC-A. Single cells were gated using SSC-A and SSC-W. Dead cells
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were excluded from analysis (using a fixable violet dead cell staining). Next,
CD3-, CD4- and CD19- cells were gated.

Figure S4: Flow cytometry gating strategy used for fibroblasts
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Figure S4: Flow cytometry gating strategy used for fibroblasts

Flow Cytometry Gating Strategy. Fibroblasts were separated from debris
using FSC-A and SSC-A. Single cells were gated using SSC-A and SSC-W.
Cells without nuclear staining were excluded from analysis.

Table S1: Detailed information about diet, diagnosis and glucose measu-
rements of pediatric controls and individuals with LIMK1 variants.

Donor No. of days with Diagnosis Diet Hypoglycemic Days
Name continuous glucose
measurement
Individual >900 No Diagnosis Hypercaloric diet, Yes
2 nightly feeding
Individual 8 No Diagnosis Ketogenic Diet No
1
HCl 18 GSD type | Continuous Yes
nightly feeding
HC2 9 Pediatric hypoglycemia Normal Diet Yes
HC3 8 Hypoglycemia ECI Normal Diet No
HC4 23 GSD type 1 Continuous Yes
nightly feeding
HCS 8 Fasting Intolerance ECI Normal Diet No
HC6 8 No Diagnosis Ketogenic Diet Yes

Table S1: Detailed information about the pediatric controls used as referen-
ce and individuals with LIMK1 genetic variants used in Figure 1C.
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Imaging Flow Cytometry-based cellular screening elucida-
tes pathophysiology in individuals with Variants of
Uncertain Significance.
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Abstract:

Background: Deciphering Variants of Uncertain Significance (VUS) repre-
sents a major diagnostic challenge, partially due to the lack of easy-to-use
and versatile cellular readouts that aid the interpretation of pathogenicity
and pathophysiology. To address this challenge, we propose a high-throug-
hput screening of cellular functionality through an Imaging Flow Cytome-
try (IFC)-based platform.

Methods: Six assays to evaluate autophagic-, lysosomal-, Golgi- health,
mitochondrial function, ER stress, and NF-kf} activity were developed

in fibroblasts. Assay sensitivity was verified with compounds (N=5) and
positive control patients (N=6). Eight healthy controls and 20 individuals
with VUS were screened.

Results: All molecular compounds and positive controls showed signi-
ficant changes on their cognate assays, confirming assay sensitivity. Si-
multaneous screening of positive control patients on all six assays reve-
aled distinct phenotypic profiles. In addition, individuals with VUS(es)

in well-known disease genes showed distinct — but similar - phenotypic
profiles compared to patients with pathogenic variants in the same gene,
suggesting pathogenicity of their VUSes. For all individuals with VUSes
in Genes Of Uncertain Significance (GUS), we found one or more of six
assays were significantly altered. Broadening the screening to an untarge-
ted approach led to the identification of two clusters that allowed for the
recognition of altered cell cycle dynamics and DNA damage repair defects.
Experimental follow-up of the ‘DNA damage repair defect cluster’ led

to the discovery of highly specific defects in top2cc release from dou-
blestrand DNA breaks in one of these individuals, harboring a VUS in the
RADS54L2 gene.

Conclusion: Our high-throughput IFC-based platform simplifies the
identification of VUS pathogenicity through six assays and allows for the
recognition of useful pathophysiological markers that structure follow-up
experiments, thereby representing a novel valuable tool for precise func-
tional diagnostics in genomics.
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Introduction

The “genetics first’ era has revolutionized the diagnostics of genetic disease.
In its slipstream, genetic screening has offered hints for yet uncharacterized
disease entities: Variants of Uncertain Significance (VUS). For these vari-
ants, a connection to human disease has yet to be established. Elucidating
the significance of a VUS is painstakingly complex, as it requires in silico,
in vitro and expert human analyses. It may take years to study the functio-
nal impact of a genetic variant on RNA levels, protein levels, and cellular
pathways, and at significant costs, whereas the outcome of this endeavor

is uncertain.! As a consequence, many VUS cases are left unexplored and
unsolved. For patients, the absence of a diagnosis hampers prognosis pre-
diction, family counseling, and treatment allocation, resulting in significant
morbidity and mortality.?

An important part of VUS elucidation is establishing the impact of the VUS
on intracellular pathway functionality. Even though this step is considered
most challenging, these insights are crucial to unravel disease pathophysio-
logy in relation to the clinical phenotype and to develop therapeutic strate-
gies. Challenges arise mostly when there is limited functional data about a
gene, there is no cellular read-out available, or when limited numbers of pa-
tients are included. Unless there is a clear-cut mechanism where the VUS is
thought to interfere, it is almost impossible to decide which of the numerous
potentially affected cellular pathways should be studied first, and which
assays should be prioritized. We hypothesized that screening for morpholo-
gical and functional cellular changes could help delineate the single culprit
involved. By narrowing down the cellular pathways that could be studied, a
functional cellular screening could provide a starting point to allow a more
targeted set-up of subsequent experimental follow-up assays.

Microscopy has become increasingly popular to screen for cellular dysfunc-
tion in human diseases.’ The largest benefit of microscopic screening is the
fact that prior knowledge about underlying pathophysiology is not required,
circumventing the need for expert-craft cellular assays.** However, this
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approach has not been tested for individuals with VUS on a larger scale, and
additionally, untargeted microscopic screening comes with its own set of
challenges, especially in regard to extracting relevant phenotypic profiles.
Imaging Flow Cytometry (IFC) combines flow cytometry with microsco-
py, and its high throughput potential combined with a simple analysis tool
allows rapid extraction of relevant features and morphological profiles,
without the need for deep learning models or computational scripts. These
aspects make IFC highly suitable for untargeted screening for individuals
with VUS.

Here, we developed a novel screening platform to identify functional cel-
lular aberrancies in individuals with VUS using Imaging Flow Cytometry
(IFC). We developed six assays to quantify morphology and function of
six important cellular organelles and pathways (autophagy — Golgi — lyso-
somes — mitochondria — endoplasmic reticulum — NF-«xf3). We confirmed
all molecular compounds and positive control patients showed significant
changes on cognate assays. Next, we screened 20 patients with VUS(es) in
well-known disease genes (N=7) and VUS in GUSes (Genes Of Uncertain
Significance) (N=13). For all individuals with VUS, we found significant
changes on one or more IFC assays, which were validated using additional
functional assays, thereby unveiling the IFC-based platform as a valuable
tool for the detection of relevant pathophysiological mechanisms for indivi-
dual with VUS.

Methods:

Patient recruitment

All patients without diagnosis despite an extensive diagnostic workup,
including Whole Exome Sequencing seen at the outpatient clinic of the
department of metabolic diseases, were eligible for inclusion in this study.
All patients consented to use their residual material collected for diagnostic
purposes in the Wilhelmina Children’s Hospital metabolic biobank (TCBio
19-489/B, https://tcbio.umcutrecht.nl). Fibroblasts of a patients with patho-
genic ERCC] variants was provided by the Genome Damage and Stability
Centre Research Tissue Bank (GDSC-RTB), University of Sussex. The
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GDSC-RTB is approved by the Wales REC 3 to release human cell lines for
research (19/WA/0091).

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national re-
search committee(s) and with the Helsinki Declaration (as revised in 2013).

Fibroblast cultures

Fibroblasts had been obtained previously for diagnostic purposes, using
forearm punch biopsies. Cells were cultured in fibroblast culture medi-

um (HAM F12 with 10% fetal bovine serum, penicillin (100 Ul/ml) and
streptomycin (100 pg/ml)), in a humidified incubator at 37°C and 5% CO2.
Medium was changed every 3-4 days. Cells were split at 80% confluency.

Positive Controls - Molecular Compounds

To validate the specificity of the assays and features used for this project,
molecular compounds were used as positive controls. Cells were incubated
with 25 ng/ml Ethidiumbromide (Sigma Aldrich) for 7 days to deplete mi-
tochondrial mass and FCCP (TargetMol) for 5 minutes to abolish membrane
potential (3uM). Bafalomycin (Sigma Aldrich) was added at 0.2 uM for 8
hours to stimulate autophagosome accumulation. For ER stress, cells were
incubated with Brefeldin A (Bio Legend) for 16 hours at a concentration of
10 ug/ml. To induce NF-«f translocation, cells were stimulated with TNF-a
for 30 minutes at a concentration of 20 ng/ml. To induce Golgi fragmentati-
on, cells were incubated with Nocodazole (Sigma Aldrich) for 16 hours at a
concentration of 0.3 uM.

Imaging Flow Cytometry Assays in Fixed cells

For IFC analysis, cells were collected using Accutase (Stempro) and fixed
immediately with fix/perm buffer containing methanol (BD Biosciences).
For the autophagy assay, cells were harvested, incubated in 0.5% saponin in
PBSO for 30 minutes, spun down, and fixed with 4% formaldehyde. For the
NF-«p assay, 4% formaldehyde was used instead of fix/perm buffer. Cells
were stained using: LAMP1 (Abcam), LC3B (MBL International), ATF6
(Novus Biologicals), GM130 (Abcam), p65 (Cell Signaling Technology)
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and DRAQS (Biolegend) in perm/wash buffer (BD Biosciences). For the
NF-«p assay, PBSO with 1% FBS and 0.1% triton-X-100 was used. For IFC
analysis, cells were resuspended in 20 uL of 1% FBS in PBS0 at a concen-
tration of approximately 5000 cells/uL. The laser power of the 488 and 642
laser were adjusted to avoid saturation (pixel intensity <1500) and consis-
tent voltages were maintained throughout experiments. Cells were acquired
using the 60X magnification and low speed fluidics using the MKII Image-
stream with Inspire (Version 201.1.0.765, Cytek Biosciences). Cells with a
nuclear intensity >1x10° were processed for downstream analyses.

Imaging Flow Cytometry Assay in Living cells (Mitochondrial Assay)

Cells were plated in 6-well plates to reach 70-80% confluency at the day of
the assay. At the day of the assay, cells were incubated with the following
antibodies TMRM (30 nM, Sigma Aldrich), NAO (50 nM, Enzo Life Scien-
ces), DRAQS (Biolegend) at 37 degrees in HBSS for 40 minutes. FCCP (3
uM, TargetMol) was added the last 5 minutes of incubation. After incubati-
on, cells were washed once with PBS0 and incubated with TrypLE (Gibco)
for 2 minutes. Cells were harvested using 1 mL 10% dialyzed FBS (Gibco)
in PBSO0, spun down, resuspended in small volumes (<30 ul) and immedia-
tely visualized using IFC. Since lipophilic cations like TMRM are extruded
by Multi Drug Resistance (MDR) transporters*, TMRM fluorescence is not
stable for prolonged periods. * Therefore, we included 4 samples per experi-
ment (one healthy control and one patient, two samples per donor (with and
without FCCP)) and measured each sample for 2 minutes. This set-up allo-
wed us to perform each IFC experiment within 30 minutes after the initial
staining procedure.

The laser power of the 488 and 642 laser were adjusted to avoid saturation
(pixel intensity <1500) and consistent voltages were maintained throughout
experiments. Compensation files were created using single staining for all
channels. Compensation settings were calculated using IDEAS software
(Version 6.2, Cytek Biosciences). Cells were acquired using the 60X mag-
nification and low speed fluidics using the MKII Imagestream with Inspire
(Version 201.1.0.765, Cytek Biosciences). Cells with a nuclear intensity

>1x10° were processed for downstream analyses.
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IFC Data Analysis - IDEAS

Data was analyzed using IDEAS software (Version 6.2, Cytek Bioscien-
ces). Gating strategy and masks used for each experiment can be found in
Supplementary Figure 3. For each donor, >200 cells were analyzed. For
mitochondrial mass and membrane potential, median pixel intensity of the
NAO and the TMRM staining, respectively, were extracted for each donor.
Each patient was compared to one healthy control counterpart analyzed in
the same experiment. For all other assays, patients were compared with at
least three healthy controls. To quantify Golgi functionality, the percentage
of cells with intact Golgi system was calculated. To quantify autophagy, the
mean spot count was extracted. To quantify NF-kf activity and ER stress,
the percentage of cells with translocated p65/AF6 were compared between
donors.

IFC Data Analysis in R

To create figure 1, raw feature values for single cells were extracted from
IDEAS as excel files, and analyzed using using R (Version 4.2.3) and
R-studio (Version 2022.12.0.353). Before extraction of raw data, compen-
sation was applied, and out of focus cells and doublets were removed using
IDEAS. The boxplot in Figure 1 shows the non-normalized feature values
per cell per condition. For Figure 2 and 3, similarity was calculated using
Manhattan distance, and clustering was performed using average linkage
clustering. Clustering performance was determined using the Elbow Me-
thod, by plotting the total intra-cluster variation (WSS) for each additional
cluster. We configured UMAP with specific parameters, setting the number
of neighbors to 8 and the minimum distance to 0.01, which were determined
through exploratory analysis. To create Figure 4, raw feature values were
extracted as .txt files. The mean value for each patient for each feature was
divided by the mean value of all three healthy controls analyzed within the
same experiment. The healthy control feature values were divided by the
means of all other healthy controls analyzed within the same experiment.
Columns containing significantly large foldchange values (<0.15 or >6)
were removed. Before UMAP and clustering, the entire data frame was sca-
led and centered. For clustering analyses using 1800 features, similarity was
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calculated using Euclidean distance, and clustering was performed using
Ward’s method. We configured UMAP with specific parameters, setting the
number of neighbors to 4 and the minimum distance to 0.01, which were
determined through exploratory analysis.

‘Cluster characteristics’ were determined by extracting features with a fold-
change <0.5 and >1.5 in individuals included in the cluster. Highly correla-
ting features were removed from the graph (Pearson correlation coefficient
>0.9) to enhance graph readability.

Functional assays for individuals with VUS in gene

To validate the specificity of the IFC assays, functional assays were used. To
assess pathogenicity of CLN3 variants, lymphocytes with vacuoles and the
number of vacuoles per lymphocytes were assessed as described previous-
ly. Data was acquired using FACSCanto II and analyzed using FACS Diva
Version 6.13 (BD Biosciences) or FlowJo version 7.6.5 software.*
Quantification of MLCL/CL levels in individuals with T4Z variants was
performed in dried blood spots using UHPLC-mass spectrometry.*

For individuals with DLP] variants, peroxisomes were examined with the
use of immunofluorescence microscopy with antiserum against peroxisomal
catalase.”” To examine mitochondria, fibroblasts were cultured on coverslips,
incubated for 30 minutes with 50 nM of MitoTracker Green FM dye (Mole-
cular Probes) and examined with the use of fluorescence microscopy at 488
nm.* Autophagy defects were assessed in individuals with EPG5 variants
using western blot probed against LC3-1, LC3-II and p62.*

Clonogenic survival assays and stainings to detect yH2AX foci

For clonogenic assays, fibroblasts were plated and treated 24 hours later,
and then stained and counted 14-21 days later, when visible colonies had
formed. All clonogenics were carried in 10cm dishes containing a feeder
layer of 5x10"4 fibroblasts irradiated with 35Gy. Cells were treated with
etoposide (VP-16, Cayman Chemicals) for the indicated timeframes or irra-
diated with indicated doses using CellRAD (Faxitron). For imaging purpo-
ses, cells were plated in 24-well imaging plates, treated with etoposide (30
uM, 30 min), washed, and released for the indicated period of time. After
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treatments, cells were fixed in 4% paraformaldehyde for 10 min, permea-
bilized in phosphate-buffered saline (PBS)—0.2% Tween for 10 min, and
blocked in PBS—5% bovine serum albumin (BSA) for at least 30 min. After
1 hour of incubation at room temperature with primary antibodies (YH2AX,
Cell Signaling Technology, 2577 and cyclin A, BD Biosciences, 611268),
cells were washed in PBS—0.2% Tween three times and incubated with
secondary antibodies for 45 min. After three more washes in PBS—0.2%
Tween, nuclei were stained with 4- ,6-diamidino-2-phenylindole for 10 min.
Images were acquired and analyzed using the Opera Phenix microscope. All
quantifications were done in cyclin A negative cells representing G1 popula-
tion.

Data Analysis and Statistics

To calculate statistics in Figure 1, nonlinear mixed effect models were used.
Statistical analyses were performed using Prism (Version 9.3.0, GraphPad
Software). Statistics were only calculated if the number of patients exceeded
three. If not shown, statistics were not assessed.

The following R packages were used for analysis: umap (0.2.10.0), dplyr
(1.1.3), ggplot2 (3.4.3), ggfortify (0.4.16), ggforce (0.4.1), cluster (2.1.4),
factoextra (1.0.7), misctools (0.6-28), caret (6.0-94).

Results

Assay selection

For this study, we included six essential cellular pathways that could be
morphologically assessed, and for which a reliable marker was available.
Selection criteria can be found in Supplementary Table 1. Out of 10 path-
ways eligible for inclusion in this study, we included six assays, that quanti-
fied morphology and function of mitochondria, autophagosomes, lysosomes,
Golgi and ER stress/NF-«f3 translocation (Table 1). All assays were set up in
primary dermal fibroblasts since these could easily be obtained from pa-
tients and their large cytoplasm allowed proper visualization of organelles.

Assay and feature validation
After optimizing antibody concentrations and assay conditions, we set out to
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Primary assay Marker  Molecular compound Positive patient control
Mitochondrial mass NAO Valproic acid (Jang et al., Polymerase-y pathogenic variants
2021) (Ashley et al., 2009)
Membrane TMRM FCCP (Park et al., 2002) Mitochondrial disease patients with mt-
potential TL1 or NDUSF4 pathogenic variants
(Bakare et al., 2021; Distelmaier et al.,
2009)
Autophagy LC-3 Bafilomycin and starvation EPGS5/Vici Syndrome (Cullup et al.,
(Pugsley, 2017). 2013)
Lysosomal LAMP-1  NA Batten Disease (Kuper et al., 2020)
Accumulation
ER Stress ATF6 Brefeldin A (Di Pietro et al., PMM2 pathogenic variants (Rita Lecca
2017). et al., 2005)
Golgi fragmentation GM130  Nocodazole (Wortzel et al., TRAPPC2L pathogenic variants
2017). (Scrivens et al., 2009)
NF-kB translocation p65 TNF-a (George et al., 2006) NFKB1 pathogenic variants
(Mandola et al 2021)

Table 1: Overview of the six IFtC assays quanOverview of the six IFC assays quantifying six dififying
six different aspects of cferent aspects of cellular health. assays were Allassays were validated using
compounds known to cause specific changes in the targeted pathway, serving as positive controls.
Next, all assays were validated using patient cells, with diseases known to cause specific changes in
the pathway of interest (Positive Patient Control)

evaluate whether the six assays were able to detect significant cellular changes in
the selected pathways. As positive controls, we used a set of molecular
compounds known to affect the specific pathways (Figure 1A-E, Table 1). For
quantification, we used features and masks derived from literature (Table 1). For
the LAMP1 assay, a novel feature and mask were designed based on two positive
control patient fibroblasts. For each assay and feature, we found significant
differences between healthy control fibroblasts with and without molecular
compounds (Figure 1A-E, Supplementary Table 2), indicating specificity of
assays and features. In the absence of a molecular compound known to induce
lysosomal accumulation, validation of the LAMP1 assay was based on two
positive control patients alone.

Establishing a healthy reference range and assessing the effect of passage
number and confluence on IFC assays

To assess interindividual variation and to set reference values as a benchmark,
we included eight healthy control fibroblast lines (Figure 1F).
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Figure i Validation of assays using molecular compounds. (A) Representative IFC images of
the mitochondrial staining (NAO and TMRM). The top two images show NAO/TMRM staining
before and after FCCP treatment. The boxplot shows the intensity of the TMRM staining within
the Object mask, which was used to quantify membrane potential. The bottom two images show
the NAO/TMRM staining before and after ethidium bromide treatment. The boxplot shows the
intensity of the NAO staining for both conditions, which was used to quantify mitochondrial mass.
(B) Representative IFC images of the autophagy staining (LC3). When autophagy is induced with
bafilomycin, the autophagosomes become visible. The boxplot shows the number of autophago-

somes per cell (Spot Count).

(C) Representative IFC images of a cell with a healthy and intact Golgi and a cell with fragmented
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Golgi after the addition of nocodazole. The boxplot shows the area of the Golgi staining af-
ter applying a 70% intensity threshold. During nocodazole treatment, the surface area of the
Golgi system becomes larger, indicating that the Golgi system is fragmented. To quantify
fragmentation, both surface area as well as minor axis were used (Supplementary Figure 3).
(D) Representative IFC images of the ATF6 staining. When ER-stress is triggered, ATF6
translocates to the nucleus. The boxplot shows the similarity between the nuclear staining
and the ATF6 staining, which was used as a measure to quantify ER-stress.

(E) Representative IFC images of the NF-kB staining (p65). Upon NF-kB activation, p65
translocates to the nucleus. The boxplot shows the similarity between the nuclear staining
and the p65 staining, which was used as a measure to quantify NF-kB translocation.

All boxplot represent one single experiment, and one treated and one untreated condition.
The length and concentration of drug treatment are described in the Methods section. The
boxplot upper and lower hinge reflect the 25% and 75% percentiles and the black line
reflects the median. The upper and lower whisker extend to 1.5 * IQR. Data beyond the end
of the whiskers are plotted as large black circles. All statistics were calculated using nonli-
near mixed effect models p<0.001***,

(F) Boxplots showing the natural variation of assays in healthy controls. The median

value of the designated feature for each assay was compared to the mean all other healthy
controls taken along in the same run and converted to percentages. The boxplot upper and
lower hinge reflect the 25% and 75% percentiles and the black line reflects the median.
The upper and lower whisker extend to 1.5 * IQR. Data beyond the end of the whiskers are

plotted as black circles.

For all assays, we found that variation in confluence - when kept within the
advised confluence range (30%-80%) - did not significantly affect assay
results (p>0.05). Passage number differences larger than five passages
between donors were found to significantly affect Golgi fragmentation and
mitochondrial function (Figure S2) (IQR<25% or IQR>75%). Therefore, for
these two assays, we kept patient fibroblasts and healthy control fibroblasts
at similar passage numbers (<5).

Cellular phenotypes are consistent among positive controls

Next, we verified assay sensitivity through the inclusion of positive control
patients. These individuals were chosen based on literature indicating that
their respective diseases could trigger discernible alterations in one of the six
assays (Table 1). We found all positive patient controls showed signifi-cant
changes on the assays for which they were selected, indicating assay
sensitivity (Figure 2A, Supplementary Table 2). Additionally, the similar
changes observed in two siblings with Batten disease, both showing
enlargement of the lysosomal compartment, and in fibroblasts of siblings
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with Vici Syndrome, both displaying increased amounts of autophagosomes,
indicates that assays are consistent among patients with the same disorder
(Figure 2A). We suspected that aberrancies in positive patient controls
extended beyond the cellular pathway for which they were primarily
selected. For example, it is well-known that mitochondrial disease patients
exhibit increased autophagy due to a pseudo-starvation response.?* Indeed,
we found that mitochondrial disease patients showed increased autophagy
(Figure 2B). Moreover, patients with Vici syndrome (homozygous
p-Argl161* variant in EPGJ5) showed decreased numbers of lysosomes
(Figure 2B), corresponding with the pathophysiological mechanisms of Vici
syndrome, associated with impaired autophagosome-lysosome transition.'?
Additionally, we found that patients with EPG5 and CLN3 pathogenic
variants both showed increased ER stress (Figure 2B). Putatively,
autophagic and lysosomal protein degradation is impaired in these patients,
triggering ER stress.?! Based on these results, we suspected that the
combination of primary and secondary aberrancies would lead to more
specific disease profiles. To evaluate the added benefit of using multiple
assays, we assessed the performance of clustering algorithms when it comes
to separating diseases from each other and from healthy controls. Indeed, we
found that combining the six assays yielded specific clusters that
corresponded with the specific diseases in the positive patient control cohort
(Figure 2C). In contrast, clustering based on primary assay results alone did
not allow separation of positive controls from healthy controls. Additionally,
it mistakenly clustered the patient harboring TRAPPC2L pathogenic variants
with mitochondrial disease patients.

IFC screening of individuals with VUS(es) in well-known disease genes
First, we assessed the potential of IFC assays for seven individuals with
genetic variants classified as VUS(es) in well-known disease genes (VUS in
gene) (Supplementary Table 2). For each fibroblast line of an individual
with VUS (white rows in Table 2), fibroblasts of a patient with a pathogenic
variant in the same gene (positive control counterpart) were included for
comparison (green rows in Table 2). When using all six assays, we found
that 6/7 individuals showed highly similar IFC profiles and clustered
together with their positive control counterpart (Figure 3A). The two
individuals with CLN3 VUSes clustered towards pathogenic CLN3 variants,
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Figure 2: Validation of assays in positive control patients. (A) Heatmap showing the va-
lues for each assay for the positive control patients compared to healthy controls (N=3) taken
along in the same experiment. Each experiment was performed once. The primary aberrancies
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for the positive control patients are colored using a color gradient (0%-200%). (B) Showing
a similar heatmap as in (A), but here the secondary aberrancies are also colored according
to the same scale as in figure 2A. (C) UMAP plots (Manhattan distance, neighbors=8,
minimal distance=0.01) showing the clustering performance when combining all six

assays (left), or when only the primary assay aberrancies were used (right). Clustering was
performed using Manhattan Distance followed by average linkage clustering. Input for the
plots were the percentage values as shown in Figure 2C. For the UMAP plot and clustering
based on the primary aberrancies only, secondary aberrancies were set to 100% (secondary
aberrancies include all values shown in grey in Figure 2B).

all of whom showed increased lysosomal size (Figure 3B). The individual
with ACAD9 VUS and its positive control counterpart both showed
increased Golgi fragmentation, increased ER stress and decreased
autophagy, and clustered together (Figure 3C). Two individuals with DLP]
VUSes clustered with the patient with pathogenic DLP] variants, based on

Patient Gene Golgi | ER-stress | Autophagy LAMP1 Membrane Mitoch NFKB

[») Potential | ondrial
Mass

33 CLN3 94% 136% 103% 175% 74% 87% 166%
34 CLN3 101% 119% 120% 217% 77% 70% 103%
31 CLN3VUS 106% 147% 111% 213% 84% 88% 234%
35 CLN3 VUS 103% 108% 87% 167% 127% 122% | 106%
07 EPG5 90% 125% 201% 27% 92% 101% | 159%
08 EPG5 102% 121% 232% 54% 95% 90% 113%
250 EPG5VUS 97% 135% 152% 83% 85% 89% 98%
252 DLP1 99% 111% 99% 78% 79% 76% 140%
249 DLP1VUS 106% 114% 106% 97% 60% 62% 139%
253 DLP1VUS 89% 132% 94% 108% 90% 72% 146%
251 TAZ 116% | 102% 116% 79% 87% 62% | 58%
240 TAZVUS 122% 160% 124% 112% 82% 67% 52%
261 ACAD9 51% 182% 77% 99% 103% 86% 65%
111 ACADI9VUS | 39% 158% 46% 101% 116% 84% 57%

Table 2: Showing the IFC assays results in individuals with VUS in known disease genes and
positive control patients. The white rows represent individuals with VUS, the green rows repre-
sent their positive control counterparts. The population means in individuals were compared to

healthy controls and shown here as percentages.
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(A) UMAP plot (Manhattan distance, neighbors=8, minimal distance=0.01) showing the he-
althy controls (HC), individuals with VUS(es) and positive control counterparts matching the
individuals with VUS in well-known disease genes. Normalized percentage values as shown in
Table 2 were first scaled and used as input for UMAP. Most individuals with VUS cluste-red
together with their positive control counterparts on UMAP, suggesting similar underlying
mechanisms of disease. Only the individual with EPG5 VUS clustered with healthy controls.
(B) Bar graph showing aberrancies for two patients with pathogenic variants in CLN3 (CLN3
mut) and individuals with CLN3 VUSes (CLN3 VUS). (C) Bar graph showing the Z-scores of
the individual with ACAD9 VUS and its positive control counterpart (one patient with pa-
thogenic 4CADY variants) for Golgi, NF-kff and mitochondrial assay. (D) Bar graph showing
aberrancies for one patient with pathogenic variant in 74Z (TAZ mut) and one individual with
TAZVUS (TAZ VUS) for Golgi and mitochondrial assays. (E) Bar graph showing the Z-sco-
res of the individuals with DLP] VUS and their positive conrol counterpart (one patient with
pathogenic DLP] variant) for the NF-kf3 and the mitochondrial assay. (F) Bar graph showing
the Z-scores for the individual with EPG5 VUS and two patients harboring pathogenic EPGS
variants for the autophagy assay (LC3 - Spot Count) and LAMP1 assay (LAMP1 - Interna-
lization) For all barcharts, the raw values for each experiment were converted to Z-scores. The
meanof all single cell Z-scores was calculated for each individual. The bars represent the mean
and the error bars represent the range for healthy controls, individuals with VUS or patients
with pathogenic variants. Each dot represents the mean z-score per donor. Each experiment
was performed once, and at least three healthy controls were included for each experiment,
except for the mitochondrial experiment, where only one healthy control was included.

mitochondrial dysfunction and decreased NF-«kf translocation (Figure 3E).
TAZ and DLP1 dysfunction were expected to predominantly result in
mitochondrial dysfunction'!-*2, While both cohorts indeed presented with
mitochondrial dysfunction, differences in NF-kf3 activation helped separate
the individuals with DLP] variants from individuals with 74Z variants
(Figure 3D/E). The individual with EPG5 VUS clustered with healthy
controls instead of pathogenic EPG) variants, probably due to the mildly
increased autophagy compared to pa-tients with pathogenic EPGS5 variants
(Figure 3F). Thus, IFC-based screening revealed highly specific phenotypic
profiles for individuals with VUS, that allowed clustering with their positive
control counterpart, indicative of pa-thogenicity. Only the individual with
EPG5 VUS showed similar — but much milder — aberrancies and was
clustered with healthy controls.

In order to verify the performance of IFC-assay based clustering, we validated
whether the VUS(es) were truly pathogenic using well-established diagnostic
assays. With the inclusion of these well-established functional results (PS3),
all VUS(es) could be classified as pathogenic or likely pathogenic according
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to the ACMG guidelines, except for the EPGS5 VUS, that remained
classified as VUS (Supplementary Table 2). Individuals with CLN3 VUS
harboring a large 1kb deletion in CLN3 showed increased number of
vacuoles per lymp-hocyte and increased percentage of lymphocytes with
vacuoles, indicating pathogenicity (Supplementary Figure 4). The TAZ
variant was classified as pathogenic due to its severely increased MLCL/CL
ratio (Supplementary Figure 4). For the ACADY VUS, functional studies
showed that the mis-sense variant in this patient causes mildly decreased
ACAD?O activity (70% residual activity compared to WT-ACAD9)?".
Individuals 249 and 253, both harboring heterozygous missense DLP]
variants, showed mild mitochond-rial fission and peroxisomal aberrancies
upon microscopy, characteristic of DLP1 dysfunction. Individual 253 lacked
the peroxisomal aberrancies typi-cally seen, suggesting that the variants in
this patients might have a milder impact on overall protein function.
Concurrently, IFC-screening revealed mild aberrancies for individual 253.
All DLP] variants were considered pa-thogenic based on ACMG guidelines
(Supplementary Table 2). Individual 250 harbored a homozygous
missense £PG5 variant. Western blot probed against p62/LC3 revealed only
mildly increased autophagy for this individu-al. Based on these results and
ACMG guidelines, the variant was classified as VUS (Supplementary
Table 2).

Thus, IFC assays correctly clustered individuals with CLN3, TAZ, DLP1 and
ACAD9 VUS with their positive control counterparts, based on diag-nostic
assay results and ACMG guidelines. The uncertain pathogenicity of the
EPGS variants was reflected in IFC assays, indicating the variant might
result in a very mild cellular phenotype or is not pathogenic.

IFC assays for individuals with VUS in GUS

Next, we assessed the potential of our platform for individuals that did not
harbor VUSes in well-known disease genes (Supplementary Table 4). We
found all individuals in this group showed aberrancies on at least one of the
six assays (Table 3). To allow better understanding of the IFC aberrancies
found, we assessed whether fibroblasts of these individuals behaved ana-
logously to any of the positive control patient fibroblasts used in this study.
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As expected, we did not identify relevant cluster formation (Figure 4A).
However, we did find seven individuals with VUS showing a unique com-
bination of IFC aberrancies, leading to them being clustered individually. In
contrast, all other individuals with VUS showed only very mild
differencesand clustered with healthy controls (Figure 4A).

To increase the possibility of relevant cluster formation, we introduced a
novel patient control with a DNA damage repair defect, assumed to have

a similar phenotype as one of the individuals harboring a VUS in a gene
associated with DNA damage repair (106, VUS in RAD54L2 **). To this aim,
we included fibroblasts of a patient with a pathogenic variant in the ERCC/
gene, ¢.693C>G?°). We found that individual 106, but also individual 211,
clustered with the patient with pathogenic ERCC/ variants, based on de-
creased mitochondrial function and decreased Golgi fragmentation (Figure
4B). These similarities suggest that the VUSes identified in individual 106
and 211 might lead to defective DNA damage repair.

PatientID‘ Gene Golgi | ER-stress Autophagy = LAMP1 EHIErE | BIEEIEe

Potential
143 CSDE1 32% 72% 112% 62% 47% 79% 149%
140 LIMK1 112% 173% 90% 153% 138% 66% 160%
093 LIMK1 98% 145% 95% 158% 98% 119% 111%
225 ZNF806 63% 186% 81% 135% 68% 48% 167%
227 PDE3B 112% 141% 154% 130% 119% 95% 167%
228 MMS19 | 112% 142% 99% 106% 96% 146% 201%
034 NA 99% 113% 126% 146% 63% 153% 183%
211 Tllilll_(C;Ang 118% 107% 88% 75% 73% 48% 109%
106 RADS4L2 | 105% 111% 90% 106% 81% 77% 69%
226 PDE4DIP 90% 33% 124% 152% 127% 97% 66%
216 NA 114% 152% 111% 104% 124% 99% 79%
202 MEIOC 132% 78% 95% 81% 101% 101% 97%
217 EIF4ENIF1 | 109% 82% 106% 68% 100% 66% 1%

Table 3: Showing the individuals with VUS included in Group 2. The population means
in these individuals were compared to healthy controls and shown as percentages. For
each of the six assays, the features as shown in Table 2 were used for quantification. Red
and blue values indicate the values are outside the reference range measured in healthy

controls.
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Figure 4: Imaging Flow Cytometry results for individuals with VUS in GUS. (A) UMAP
showing clustering based on six assays for healthy controls (HC), posi-tive control patients, and
13 individuals with VUS in GUS. Normalized percentage values as shown in Table 3 were
scaled and used as input for UMAP.
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(B) Bar graph showing the Z-scores of individual 106, 211 and patient with pathogenic
ERCCI1 variants, for the Golgi, LAMP1 and mitochondrial assay. For the bar charts, the raw
values for each experiment were converted to Z-scores. The mean of all single cell Z-scores
was calculated for each individual. The bars represent the mean andt he error bars represent
the range for healthy controls, individuals with VUS or patients with pathogenic variants.
Each dot represents the mean z-score per donor. Each experiment was performed once, and
at least three healthy controls were included for each experiment, except for the
mitochondrial experiment, where only one healthy control was included. (C) UMAP of the
healthy controls (HC), positive control patients, and the individuals with VUS in GUS. To
create the plot, all 1800 features were used, including those quantifying nuclear and
brightfield intensity and morphology. Each patient was normalized against three healthy
controls taken along in the same experiment. The circles were drawn using the ggforce
package. (D) Showing the cluster characteristics of the cluster with the individuals with
LIMKI1 genetic variants (093 and 140). The dot plot on the left shows the features with
foldchange <0.5 and >1.5 in both individuals compared to healthy controls. The me-dian
foldchange values for the two individuals is shown. Highly correlating features were
removed from the graph (Pearson correlation coefficient >0.9) to enhance graph readability.
The increased nuclear intensity observed in both individuals with LIMK1 genetic variants
suggests increased numbers of cells in S/M phase. The histogram plot shows the distributi-
on of nuclear intensity for single cells. For this plot, healthy controls (N=3) were merged,
and individuals with LIMK1 VUS were merged (N=2). The purple square indicates the
gating that was used to determine the percentage of cells that were in the S/M phase. The
bar chart shows the percentage of cells in S/M phase for each patient. Each dot represents
the percentage of cell in S/M phase per donor. On the right, two representative examples of
the autophagy staining are shown. For the images, the intensity threshold was set at 50%.(E)
Showing the cluster characteristics of the cluster of the patient with pathogenic ERCC1
variant and individuals 106, 211 and 216. The dot plot on the left shows the features with
foldchange <0.5 and >1.5 in both individuals compared to healthy controls. The median
foldchange values for the individuals is shown. Features with Pearson correlation coef-
ficient >0.9 were removed to enhance graph readability. The histogram plot shows the
distribution of the Contrast feature for healthy controls (N=3) and individuals 106, 211 and
216. On the right, representative examples of IFC images of healthy control fibroblasts and
individual 106 and 211 are shown. The histogram plot on the far right shows the distributi-
on of the H Energy Std_5 of the autophagy staining for healthy controls (N=3) and indivi-
duals 106 and 211. On the right, representative examples of IFC images of healthy control
fibroblasts and individual 106 and 211 are shown.
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The six selected features may offer only a limited representation of all quan-
tifiable changes that can occur in individuals with VUS. For example, altera-
tions in the distribution, size or shape of organelles may occur. Consequently,
alongside a targeted analysis based on six assays, we employed an broadened,
untargeted approach, that allowed quantification of many aspects of each of
the six cellular pathways. To this aim, we extracted all built-in IDEAS features
derived from all six assays (~300 features per assay, 1800 features in total),
including those quantifying nuclear and brightfield images (Supplementary
Table 3). To minimize batch effects, we normalized each individual to the he-
althy controls taken along in the same experiment (Supplementary Figure 5).
Using all 1800 features, we identified three clusters of individuals with VUS
that clustered away from healthy controls (Figure 4C).

The first cluster consisted of two individuals (093 and 140), both harboring
LIMK1 genetic variants. We found that this was mostly the result of altered
nuclear morphology and intensity (Figure 4D). Most notably, nuclear intensity
(DRAQS intensity) was increased in these individuals, suggesting increased
DNA content, and thus an increased number of dividing cells (S/M phase).
After quantification of the number of cells in G1/S/M phase using DRAQS
nuclear intensity (2N/4N peaks), we found that the individuals with LIMK] ge-
netic variants had increased percentages of dividing cells (S/M phase) (Figure
4D). Another characteristic of the cluster became visible when LC3 (autop-
hagy staining) intensity threshold was set at 50%, revealing a lower total area
of the autophagy staining.

The second cluster identified was similar as one of the clusters identified when
using all six assays. Again, we found the cluster included the patient with
pathogenic ERCC] variants and individuals 106 and 211. Additionally, indivi-
dual 216 was added to this cluster (Figure 4E). The cluster was characterized
by enhanced contrast of the mitochondrial staining (NAO) and altered texture
of autophagosomes and the Golgi system (Figure 4E). Texture was quantified
using Haralick (H) features®, using different pixel sizes. Notably, one of the
finer texture attributes (pixel size 1, H Variance Standard Deviation) showed
significant alterations in the autophagy assay. Moreover, there were notable
changes for the larger texture attributes of the Golgi assay (pixel size 19, H
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Energy Mean), corresponding to the observed disarray and irregular borders
of the Golgi system, which were evident upon visual inspection (Figure 4E).
These irregular borders could have potentially affected the quantification

of Golgi area and diameter, particularly following the application of a 70%
threshold, which might explain the diminished Golgi fragmentation that cha-
racterized this cluster when looking at six features only.

To study whether the second cluster indeed correlated with DNA damage
repair diseases, we performed follow-up experiments. For individual 106 that
harbored a VUS in RAD54L2 (NM_015106.2: ¢.389A>G, p.GIn130Arg) and
clustered with the patient with pathogenic ERCC] variants, we assessed DNA
damage repair capacity. We focused on DNA damage repair capacity after
X-ray irradiation and etoposide treatment, a chemotherapeutic agent that sta-
bilizes DNA topoisomerase II cleavage complexes (TOP2ccs), as RADS54L.2
is involved in TOP2cc resolution.?®3! For comparison, we included patient
fibroblasts of a patient with pathogenic 7DP2 variants, since TDP2 is also
involved in TOP2cc resolution and similarly shows increased sensitivity to
etoposide.’> While survival after X-ray irradiation was not appreciably affec-
ted, we observed decreased survival of fibroblasts from the individual with
RADS54L2 VUS upon etoposide treatment compared to control cells (Figure
5A, B). In addition, compared to control cells, we observed increased yH2AX
foci in patient-derived fibroblasts of individual 106 immediately after etoposi-
de treatment (0 hour), which normalized after 4 and 8 hours (Figure 5C). Ad-
ditionally, we did not observe any changes in yH2AX foci levels in individual
106 upon treatment with ionizing radiations, in agreement to the survival data
(Figure 5D). Based on these specific functional results, we concluded that the
RADS54L2 VUS was indeed pathogenic (ACMG: PS4, PS3, PM2, PP3).

The third cluster we observed consisted of individuals 225, 143, 217 and one
healthy control. The cluster was characterized by slightly decreased mi-
tochondrial mass values (data not shown). Due to the presence of a healthy
control in the cluster we decided not to study this cluster in depth.

In conclusion, we found that integrating all available IFC features (N=1800)
yielded two interesting clusters with distinct morphological aberrancies. In
the individuals harboring LIMK variants, we found increased mitosis and
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less bright autophagosomes. For individuals 211, 106 and 216, we found
significant overlap with a patient harboring pathogenic ERCC1 variants,
characterized by altered Golgi- and mitochondrial morphology, which could
be related to underlying DNA Damage Repair defects. Indeed, we found that
one individual in this cluster harboring a VUS in RAD54L2 showed decreased
survival and increased yH2AX foci after treatment with the
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Figure 5: Assessing pathogenicity of fibroblasts derived from individual 106.
(A-B) Clonogenic survival assay of patient fibroblasts upon treatment with the indicated doses of
etoposide (A) or X-ray irradiation (B). (C) Number of yYH2AX foci in G1 cells (cyclin A negative)
untreated or treated with 30 uM etoposide (ETP) for 30 min, washed, and left to recover for 4 or 8
hours. n = 3 independent experiments. Bars represent means + SEM. (D) Number of YH2AX foci in
G1 cells (cyclin A negative) untreated or irradiated with 2Gy X-rays and left to recover for 30 minu-
tes, 4 or 8 hours. n = 4 independent experiments. Bars represent means + SEM.
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chemotherapeutic agent etoposide, in agreement with the its mechanism on
TOP2 damage reversal recently elucidated.?®

Discussion

Here, we describe a novel Imaging Flow Cytometry (IFC)-based screening
platform, aimed to delineate the clinical significance of Variants of Uncer-
tain Significance (VUS) by providing insights into six pivotal cellular pro-
cesses. We found that both compounds as well as positive control patients
showed significant changes on cognate assays, indicating assay sensitivity,
and combining the six assays enhanced clustering performance. For all
individuals with VUS(es) in well-known disease genes, IFC-based screening
identified similar aberrancies compared to corresponding positive controls,
that aligned with diagnostic assay results, suggesting that IFC allows for
accurate pathogenicity prediction. For individuals with VUS(es) in Genes

of Uncertain Significance, we found significant changes for each individual
on one or more of six assays, which could be used to structure follow-up as-
says. Additionally, we found two relevant clusters that granted insights into
highly specific pathophysiological mechanisms, for example by uncovering
mitosis defects or DNA damage repair defects. Based on these results, we
propose that [IFC-based functional screening allows for high-throughput cha-
racterization of cellular phenotypes, which can contribute to disease elucida-
tion and subsequent diagnosis for individuals with VUS.

We found IFC aberrancies for all 13 individuals with VUS in GUS, all

of which could serve as a basis to structure subsequent experiments. Ho-
wever, the inclusion of a relevant control (DNA damage repair defect) to
complement individuals with VUS in genes associated with DNA damage
repair, provided a clearer picture of the potential pathophysiology invol-
ved. Both the mitochondrial dysfunction and the altered Golgi morphology,
that characterized the cluster, have been observed in patients with DNA
damage repair defects, including ERCC1 knockout models.*** Thus, the
combination of mitochondrial dysfunction and altered Golgi morphology
might be specific for DNA damage repair defects. One of the individuals in
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Figure 5: Overview of Imaging Flow Cytometry results for individuals with VUS

The Pie chart indicates the number on individuals with VUS in well-known disease genes that
were correctly clustered with its pathogenic counterpart based on diagnostic assay results, leading
to the VUSes being classified as pathogenic or probably pahogenic based on ACMG guidelines.
Only one individual was clustered with Healthy Controls (HC). Diagnostic assays were inconclu-
sive and the variant remained classified as VUS. The colored planes indicate the significant chan-
ges that were identified with IFC (upper row) and the ACMG classification of VUSes (lower row).
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Figure 5: Overview of Imaging Flow Cytometry results for individuals with VUS

Pie chart indicating the clusters identified with IFC assays for individuals with VUS in Genes of
Uncertain Significance (GUS). Three individuals clustered with the patient with pathogenic
ERCCI1 variants presumably based on altered DNA damage reponse, two individuals clustered
together based on striking mitosis defects and the rest of the individuals clustered with healthy
controls based on 1800 features. The colored planes indicate the significant changes found with

IFC.
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the cluster, individual 106, harbored a de novo variant in RAD54L2, which
interacts with TOP2 to alleviate DNA damage.*®*! Functional assays showed
that fibroblasts from this individual displayed increased yH2AX foci and
decreased survival after treatment with etoposide, suggesting individual 106
indeed exhibits a DNA damage repair defect. Additionally, these results sug-
gest that the VUS in RAD54L2 is most likely causative of the patient’s cli-
nical phenotype. Another individual included in the cluster, individual 211,
harbored multiple VUSes in the DLGAP2, TNKS, and BLM gene. Of these,
BLM is a well-known disease gene, with bi-allelic variants leading to Bloom
syndrome, a well-known DNA damage repair defect (OMIM #210900).
While the patient was solely a carrier of a pathogenic BLM variant, carriers
of BLM variants can also exhibit mild DNA damage repair defects.* Poten-
tially, this explains its clustering with other DNA damage related diseases.
However, TNKS also has a role in DNA damage repair, and could have con-
tributed to the phenotype as well.>** However, the similar cellular phenotypes
observed in individuals 106, 211, and the patient with pathogenic ERCC1
variants could reflect similar functional cellular changes in response to im-
peded DNA damage repair, providing a relevant basis for further functional
exploration. Additionally, these results indicate that the inclusion of relevant
positive controls increases the diagnostic yield of IFC assays.

To broaden the scope of the IFC-based assays, we included all 1800 prede-
fined IDEAS software-included features instead of just six. This untargeted
approach led to the identification of two novel clusters. The first cluster
consisted of two individuals harboring LIMK variants, showing increased
intensity of the nuclear (DNA) staining, suggesting that there was an incre-
ased number of cells in SM phase. Concurrently, LIMK1 dysfunction has
been associated with mitosis defects due to defective spindle positioning.
35 Therefore, the mitosis defects uncovered by IFC could indicate that the
LIMK] variants identified in both individuals cause similar underlying
pathophysiological defects. The second cluster identified when using the
1800 features was highly similar to the cluster found when using six featu-
res only, consisting of individuals 106, 211 and the patient with pathogenic
ERCCI variants. Again, the cluster was characterized by altered Golgi and
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mitochondrial features, although the inclusion of 1800 features led to more
precise quantification of these aberrancies, showing enhanced contrast of
the mitochondrial staining and disorganized Golgi integrity. Additionally,
expanding the scope to 1800 features led to the addition of individual 216 to
the ‘DNA damage cohort’, although the absence of candidate VUSes in this
individual limited the interpretation of its relevance. Nonetheless, based on
these results, we propose that studying all 1800 features leads to the iden-
tification of more specific cellular phenotypes, which could be exploited

to structure follow-up studies in a more targeted fashion. The inclusion of
additional positive controls and optimized feature extraction strategies might
aid pathophysiology elucidation in a larger number of individuals.

So far, a limited number of studies have explored the potential of microsco-
py to determine the significance of VUS. Chao et al., quantified the cellular
location of PTEN in Hela cells with different PTEN VUS to discern patho-
genic variants from benign ones. Similarly, Ebrahimi-Fakhari et al. (2021)
used microscopy to quantify ATG9A distribution, which helped to discern
pathogenic ATG94 variants. While both studies seemed promising, their
focus on a single gene limits general clinical applicability, since the genetic
heterogeneity seen in most patient populations will require an untargeted
approach. Fortunately, untargeted microscopic approaches have also been
explored for VUS elucidation, although not in pediatric patients. Caicedo

et al. (2022) found high accuracy when using microscopic screening to
detect the pathogenicity of lung cancer variants using Cell Painting (RNA,
ER, mitochondria, DNA and highly glycosylated proteins (AGPs) staining),
while Ohya et al. (2005) and Rohban et al. (2017b) found highly specific
microscopic phenotypes after introducing various genetic deletions, that cor-
related with underlying pathophysiology. While these results are promising,
the strong phenotype induced by deletion of entire genes or the formation
of lung cancer is relatively easy to capture with microscopy. The question
remains whether untargeted microscopy would be able to classify milder
phenotypes as well and can be used for diagnosis. While the higher resoluti-
on of microscopy in comparison to [IFC could add another layer of informa-
tion when studying individuals with VUS, the question remains whether the
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enhanced complexity and computational skills needed to interpret microsco-
pic data are proportionate to that.

For individuals with VUS in well-known disease genes, we found that [FC
assays were able to detect relevant overlap with patients with pathogenic
variants in the same gene, aiding the interpretation of pathogenicity. The dif-
ferentiating power of IFC for these individuals was enhanced by combining
the six assays, since certain diseases appeared similar when looking at single
axes only. For example, patients with pathogenic DLPI or TAZ variants
primarily showed mitochondrial dysfunction, however, the increased versus
decreased NF-kp translocation made them cluster separately. These diffe-
rentiating features are in line with previous work, showing decreased NF-
kP activation in tafazzin knockout iPSCs, putatively as a consequence of
altered mitochondrial ROS signaling.* In contrast, HEK293 cells expressing
mutant DLPI showed increased mitochondrial fusion and increased NF-«f3
activity.* Thus, the integration of six assays provided enhanced discrimina-
tory power, and revealed relevant underlying disease mechanisms for indivi-
duals with VUSes in well-known genes.

To formally assess diagnostic accuracy, the question remains whether solely
the significant changes outside the healthy control range should be used to
diagnose patients, or that diagnostic validation of complete disease profiles
using trained classification models is needed, which will require the inclu-
sion of substantial patient numbers. That being said, most genetic diseases
are rare, and including sufficient numbers to allow accurate pathogenicity
prediction will remain challenging. Potentially, the use of single cell results
rather than bulk medians will help to gather sufficient numbers to train clas-
sification models, although this will require optimization of batch effects,
normalization, and noise filtering steps. Regardless, we expect a combina-
tion of in-silico prediction tools, functional cellular models and the inter-
pretation by expert clinicians will remain essential for the final judgement
of pathogenicity prediction. Additionally, most endeavors to elucidate VUS
nowadays exist of multiple experiments, where IFC-based assays could ser-
ve as the first step to structure these experiments. It will remain challenging
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to accurately quantify the value of having a valid starting point, despite its
relevance in establishing diagnosis.

IFC has the potential to streamline multiple aspects of the diagnostic work-
flow. Firstly, in cases where individuals have variants of uncertain signi-
ficance (VUS) in well-known genes lacking diagnostic assays, [FC-based
assays could assist in interpreting pathogenicity. Establishing a public IFC
database could ultimately eliminate the need for including patients with
similar pathogenic variants as positive controls. Additionally, even in ca-
ses where diagnostic assays are available, IFC could offer an alternative
requiring fewer assays and resources, while simultaneously aiding in the
recognition of unknown disease entities by serving as a positive control.
Secondly, for individuals with VUS in GUS, IFC based assays can lead to
a more targeted diagnostic workflow by providing researchers with a sense
of direction. For example, the striking mitosis defects found in individuals
with LIMK] variants suggest that mitosis should be studied more in depth.
Beyond its diagnostic applications, the high-throughput potential of IFC
assays could be used to predict disease severity and therapeutic response.
Previously, we found that IFC assessed LAMP1 accumulation serves as

a proxy for Batten disease severity."* The potential of the other IFC-based
assays could be assessed in a similar manner. Moreover, once a specific
phenotypic profile for an individual with VUS is established and validated
for diagnostic- and prognostic purposes, it can be used to screen for relevant
therapies. Using the entire platform of IFC, including all six assays, would
ensure that all relevant phenotypes would improve, while also allowing for
the uncovering of unexpected side effects.

Here, we explored the potential of IFC-based cellular screening for indivi-
duals with a variety of VUSes in patient-derived fibroblasts. We provide evi-
dence that IFC is able to predict pathogenicity in individuals with VUS(es)
in well-known genes, based on similar cellular phenotypes compared to
‘true patients’, on assays of known relevance for underlying pathophysi-
ology. Even in the most challenging group of individuals with VUS that
underwent IFC-based screening, we found significant changes for all
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subjects and distinct disease signatures that offer novel insights into
underlying pathophysiological mechanisms for 5 out of 13 patients. We
anticipate that by broadening the spectrum of patients and diseases included
in our study and implementing improved noise filtering steps and feature
selection tools, the screening quality of IFC could be further enhanced. Given
the versati-lity, simplicity, and high-throughput potential of our IFC-based
screening platform, we believe its full capacity to elucidate pathophysiology
and facilitate clinical applications in individuals with VUS and patients with
genetic diseases is yet to be fully realized.
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Supplementary Files and Figures:

Table 1: Overview of assays included in the IFC platform for our

pilot study.

Category Criteria

Relevant, 1. Function can be assessed by visualization of morphology.

included in 2. Essential cellular pathway involved in a broad array of cellular functions.
manuscript 3. Altered morphology of the cellular compartment is associated with

pathophysiology of disease(s).
4. Reliable markers exist that aid visualization.

Relevant, but
notincluded in
manuscript

1. Assay meets al criteria of relevance, but hasnot yetbeen included for pilot project.

Assay does not
meet criteria of
relevance

1. Function cannot be assessed by visualizing morphology.
2. Highly specific cellular pathway or only involved in a small subset of cellular

functions.

3. Altered morphology of the cellular compartment is not associated with disease.

4. Reliable markers for the pathway do not exist

Cellular
component

Nucleus

Function

DNA

Marker

BrdU

Diseases associated with
dysfunction

Ataxia telangiectasia,

Relevance.

BrdU and EU incorporation

stress), etc.

diseases, diabetes and
cancer.

synthesis, incorporation Nijmegen breakage measurements do not require
repair, (DNA synthesis) | syndrome, Werner morphologic assessment. y-
replication v-H2AX (double | syndrome, Bloom H2AX staining requires
strand DNA Syndrome, Fanconi visualization (distinction of foci
breaks). anemia, xeroderma in the nucleus). Increased y-
pigmentosum, Cockayne || H2AX stainingis associated with
syndrome, disease. However, DNA damage
trichothiodystrophy. first needs to be induced with
RNA 5-Ethynyl Uridine | Mutations in RNA DNA damaging agents or
synthesis, incorporation polymerase genes, the irradiation and the sensitivity to
processingand | (RNA synthesis), | Mediator complex, the | these agents differs per disease
transport spliceosome, RNA (radiation, chemotherapeutics,
editing, RNA export, etc. | ete.)
Endoplasmic | Synthesis of | ER Stress: ATF6 | Congenital disorders of | ATF6 translocation reflects ER-
Reticulum lipids and antibody glycosylation, stress, is associated with disease
(ER) proteins translocation (ER- | neurodegenerative and visualization of morphology

is required to measure
functionality.
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ER morphology: ER morphology reflects ER-
Calreticulin function, is associated with
antibody disease and requires morphologic
(morphology) assessment.

Calnexin

antibody

(morphology)

Golgi Modification, | GM130 antibody | Congenital disorder of Golgi fragmentation or swelling
sorting, and (morphology) glycosylation (CDG), reflect golgi dysfunction, golgi
packagingof | AP1Gl1 antibody | Menkes disease, Wilsons | morphology is involved in the
proteins and (protein sorting in | disease, pathophysiology of many
lipids for the golgi) etc. neurodegenerative diseases.
secretion or diseases.
delivery to
organelles.

Mitochondria | ATP synthesis | NAO Primary mitochondrial Mitochondrial mass and
by oxidative | (mitochondrial diseases, diseases morphology are essential for
phosphorylatio | mass), TMRM associated with mitochondrial function and
n (membrane mitochondrial fission involved in the pathophysiology

potential), and/or fusion. of many diseases.
MitoSox (ROS
production), etc.

Lysosomes Intracellular | LAMPI antibody, | Lysosomal storage Enhanced lysosomal size

degradation Lysotracker disorders (Batten disease, | correlates with lysosomal storage
Gaucher disease, disorder disease pathophysiology
Niemann Pick and disease severity.
syndrome).

Autophagoso | Degradation LC3Bor p62 Vici syndrome, X-linked | LC3B visualization is essential to

mes and recycling | antibodies. myopathy with excessive | distinguish autophagosomes from
of cellular autophagy (VMA21), background, and to distinguish
components. Niemann Pick type C1. | micro- from macro autophagy.

Autophagy is involved in the
pathophysiology of many
diseases.

Endosomes Sorting of EEAlantibody Niemann Pick syndrome, | Enlarged size of endosomal
endocytosed | (early neurodegenerative compartment is associated with
material. endosomes), diseases, TRAPPC pathophysiology of several

RABS5a, RAB4A, | mutations. diseases.
RABI1,

LAMP1

antibodies (late

endosomes)

The Maintains Phalloidin Actinopathies, Wiskott- | Alterations in actin cytoskeletal

cytoskeleton | cellular shape Aldrich syndrome morphology have been associated
and (WAS), PFIT syndrome, | with disease. Visualization is
organization, required to study the actin
provides cytoskeleton.
mechanical
support that
:2]221?; f)iltl S [To-tubulin Tubulinopathies Microtubules can better be

: antibody, SiR- studied dynamically, not
essential . . .
functions like tubulin, Tubulin statically.
division and Tracker.
movement.
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Peroxisome Oxidative Catalase Peroxisome biogenesis | Catalase scattering can be used as
breakdown of | antibodies. disorders, Zellweger a marker for peroxisomal
toxic syndrome spectrum disorders. Visualization is
molecules (PBD-ZSS) required.

Cellular Control of mTOR, NF-kB, Many genetic diseases If the signaling pathway involves

signaling cellular JAK-STAT, are caused by defective | (nuclear) translocation,

pathways processes in NLPR3, MAPK, intracellular signaling assessment of morphology is
relation to HIF1 antibodies. essential. From all cellular
internal or signaling pathways, NF-kB was
external chosenas a proof of principle. In
triggers. theory, any kind of signaling

pathway can be measured.

Table 1: Overview of assays included in the IFC platform for our pilot study.

Supplementary Table 2: Validation of Imaging Flow Cytometry Features

| Feature

| Mask

Compound

Log2 P-value

Patient Control

Log2 P-value

foldchange

foldchange

Mitochondrial | NAO Intensity | NA -1.44 7.475x10- -0.63 0.02%*
MaSS 0634k
Membrane TMRM NA -1.01 <2.2x10°16%%* | 1,04 9.81 x100%***
Potential Intensity
Autophagy LC3 spot Spot Bright 1.48 <2.2x10710%%% | 1,02 < 2.2x1016%#*
Count Threshold: 10
Minimal size:1
pixel
Maximum size:
5 pixels
Lysosomal LAMPI Area | Brightfield NA NA 2.83 <2.2x]10710%%
Accumulation Adaptive
Erode 70%
ER Stress Similarity Morphology 3.15 <2.2x1010%*% | 117 3.33x100%%*
ATF6 - Score | Nucleus
nucleus
Golgi % Fragmented | Threshold Golgi | 0.67 0.004* 3.06 0.003*
Fragmentation 70%
NF-kB Similarity Morphology 2.00 <2.2x10°10%#* | NA NA
Translocation | Score p65 — Nucleus
nucleus.

Table 2: Overview of the features used to quantify aberrancies on as-

says and their validation. All assays and features were validated with a
compound known to cause aberrancies in the pathway of interest (‘Com-
pound’) and in patient cells (‘Patient Control’). For each feature, the me-
dian value per patient or healthy control was calculated. The medians were
compared between the patients serving as positive controls and all healthy
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controls (N=3 for all assays, except for the mitochondrial assay) using fold
change and converted to log2 values. If positive patient controls groups
consisted of two patients (CLN3, mitochondrial disease), the mean log2
foldchange was taken. The p-value was calculated using non-linear mixed
model analysis and ANOVA. A significant p-value and log2 foldchange >1
or <-1 indicates the assay of interest is sensitive enough to pick up biologi-
cal differences (log2foldchange >2).

Supplementary Figure 1: Effect of fibroblast confluency on IFC assays.
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Supplementary Figure 1: Effect of fibroblast confluency on IFC assays.

18



Imaging Flow Cytometry for individual with VUS

Cells were plated to reach the desired confluence rates on the day of the
assay. Actual confluence was quantified on the day of the assay using Ima-
gel, calculating the fibroblast-covering surface in relation to the entire area.
These percentages are shown on the X-axis. The median feature value for
each confluency percentage was divided by all other medians and converted
to a percentage, shown on the y-axis. (A) Showing the effect of fibroblast
confluency on the LAMPI assay. (B) Showing the effect of confluency on
the Golgi assay. (C) Showing the effect of confluency on the autophagy as-
say. The 80% condition is missing. (D) Showing the effect of confluency on
the ER-stress assay. (E) Showing the effect of confluency on the membrane
potential assay. To calculate the percentages for this graph, each confluency
percentage was directly compared to 50% and converted to a percentage
(10% to 50%, 20% to 50%, etc.). Therefore, the IQR values are not cente-
red around zero. (F) Showing the effect of confluency on the mitochondrial
mass assay. To calculate the percentages for this graph, each confluency
percentage was directly compared to 50% and converted to a percentage
(10% to 50%, 20% to 50%, etc.). Therefore, the IQR values are not centered
around zero.
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Supplementary Figure 2: Effect of fibroblast passage number on IFC
assays. For each individual analysis, the median feature value was divided
by the median values of other replicates analyzed in the same experiment
and converted to percentages. These percentages are shown on the Y-axis.
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The X-axis shows the fibroblast passage number. (A) Showing the effect of
passage number on the LAMP1 assay. (B) Showing the effect of passage
number on the golgi assay. (C) Showing the effect of passage number on

the autophagy assay. (D) Showing the effect of passage number on the ER-
stress assay. (E) Showing the effect of passage number on the membrane po-
tential assay. To calculate the percentages for this graph specifically, instead
of comparing each value to all other values, each passage number was only
compared to one other passage number and converted to a percentage (p5

to p10, p5 to p15, p5 to p20 etc). Therefore, the IQR values are not centered
around zero. (F) Showing the effect of passage number on the membrane
potential assay. To calculate the percentages for this graph, each passage
number was directly compared to another passage number and converted to
a percentage (p5 to p10, p5 to pl5, p5 to p20 etc). Therefore, the IQR values
are not centered around zero.
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Supplementary Figure 3: Gating strategy and masks used.
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Supplementary Figure 3: Gating strategy and masks used.

(A) Showing the gating strategy used for all experiments. In Inspire, only cells
having nuclear intensity >1x105 were captured. In IDEAS, cells in focus were
gated using the Gradient RMS feature of the brightfield channel (Channel 1).
Next, doublets were excluded by using the Area and Aspect Ratio of the bright-
field image.

(B) Shows the specific gating for the autophagy assay. To count the number of
autophagosomes, a Spot mask was created. On the left, the spot mask is shown
as overlay (blue) over the LC3 staining (Channel 2, Ch02, light red). The nucle-
ar staining (Channel 5, Ch05) is shown in blue. The graph on the right shows
the Spot Count feature, which was combined with the spot mask, to quantify the
number of autophagosomes.

(C) Shows the specific gating for the NF-kB translocation assay. To measure the
amount of p65 in the nucleus, a nuclear mask was created (Morphology MO5).
The mask is shown as overlay (blue) over the nuclear staining (Channel 5,
Ch05, red). In green, the p65 staining is shown (Channel 2, Ch02). The graph
on the right shows the gating strategy to gate for p65 nuclear translocated and
non-translocated cells. The pixel overlap between the p65 staining and the nu-
clear staining within the Morphology MO05 mask were used to quantify translo-
cation (Using the feature Similarity Morphology(MO0S5, Ch05), Ch02 Ch05).
(D) Showing the gating strategy for the ER-stress staining (ATF6 nuclear tran-
slocation). A similar strategy as for p65 translocation was used to quantify ER-
stress (the Morphology MO05 mask and Similarity Morphology(MO05, Ch05),
Ch02_ChOS5 feature).

(E) Shows the gating strategy for the LAMP1 staining. To measure the amount
of lysosomes, the Adaptive Erode mask based on the brightfield image was
used. In blue, the Adaptive Erode 60 Mask of channel 1 is shown. To measure
lysosomal accumulation within the entire cell, the Internalization of the LAMP1
staining within the Adaptive Erode 60 mask was quantified.

(F) To quantify golgi fragmentation, first, a 70% threshold mask of the golgi
staining (Channel 2, Ch02) was created. The 70% Threshold mask is shown in
blue. The Golgi/GM130 staining is shown in light red. In blue, the nuclear stai-
ning is shown (Channel 5, Ch05). The graph shows the gating strategy to gate
for cells with intact-, partially fragmented- or a fully fragmented golgi system.
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Supplementary Table 3: Assessment of pathogenicity of VUSes in well-
known disease genes

Donor | Gene

In-silico
predictions

(MutationTaster)

In-silico
predictions
((0%:N)))]

Functional Assays

score)

CLN33 | CLN3 NA NA Increased vacuoles in | PVS1, PS3,
Homozygous lymphocytes and Pathogenic
1kb deletion increased %
in exon 6 lymphocytes with

vacuolization
(Supplementary
Figure 4)

CLN34 | CLN3 NA NA Increased vacuoles in | PVSI, PS3,
Homozygous lymphocytes and Pathogenic
1kb deletion increased %
in exon 6 lymphocytes with

vacuolization
(Supplementary
Figure 4)

240 TAZ Disease Causing 29.1 Severely increase d PM6, PP2, PP3,
De Novo MLCL/CL ratio PP4, PP5, PS3
variant (Supplementary Pathogenic

Figure 4)

111 ACADY Polymorfism 20.5 Literature: 30% PP5, PP4, PS3
Homozygous reduction of ACAD9 | Likely pathogenic
missense activity in protein
variant extracts (Schiff et al.,

2014)

249 DLPI Disease Causing, 25.1 Mildly aberrant PS2, PP4, PS3,
De Novo splice site changes peroxisomal staining | PP5, PM2
variant (beads on a string). Pathogenic

Peroxisomal fission
defect.

Mildly aberrant
mitochondrial
staining.

253 DLPI Disease Causing, 22.6 No peroxisomal PM2, PP3, PS2,
De Novo splice site changes aberrancies. Mildly | PS3
variant aberrant Pathogenic

mitochondrial
staining.

250 EPGS5 Disease Causing, 255 No differences PS2, PP4, PM2,
Homozygous | splice site changes observed with Uncertain
missense p62/LC3 westernblot | Significance
variant
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Supplementary Figure 4: Diagnostic assays performed in individuals with

VUS
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Supplementary Figure 4: (A) Bar graphs showing the mean number of
vacuoles per lymphocyte as well as the number of lymphocytes with vacuo-
le £SD. Both measures are the current gold standard to establish diagnosis
of Batten disease. CLN3 refers to the two patients with pathogenic variants,
while CLN3 VUS refers to the two individuals with VUSes in CLN3. The
increased values in the individuals with CLN3 VUSes indicate pathogenicity
of variants.

(B) Bar graph showing the monolysocardiolipin:cardiolipin (MCLC:CL)
ratio for the individual with VUS in T4AZ.
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Supplementary Table 4: Assessment of pathogenicity of VUSes in GUS.

nor

Gene

In-silico predictions
(MutationTaster)

In-silico predictions

(CADD score)

CSDEI PM2, PS2, PP3 Disease Causing 28.6
De Novo missense VUS
variant
ZFYVEL6 PS2, PP3 Disease Causing 21.1
De Novo missense VUS

143 variant
LIMK] PS2, PM2, PP3 Disease Causing 26.9
De Novo missense VUS

140 variant
LIMK]I PS2, PP3 Polymorphism 13.3
De Novo missense VUS

093 variant

225 No VUSes identified
BRWD3 PS2, PM2, PP3 Disease Causing 235
Hemizygous De VUS
Novo variant
PDE3B PM4, PS2, PP3 Disease Causing, NA
Homozygous VUS frameshift

227 deletion
MMS19 PM2, PS2, PP3 Disease Causing 31
De Novo missense VUS

228 variant
DLGAP2 PP3, PS2, PM4 Disease Causing, NA
De Novo duplication | VUS frameshift
TNKS PP3, PM2 Disease Causing, splice 21
De Novo missense VUS site changes

211 variant
RADS54L2 PP3, PS2, PM2 Disease Causing 25.7
De Novo missense VUS

106 variant
PDE4DIP BP4, Polymorfism, 1441,1.9
Compound VUS Polymorfism
Heterozygous

226 missense variant
MEIOC PM2, PS2, PP3 Disease Causing, splice 234
De Novo missense VUS site changes
variant
SLC4A42 PS2, PP3 Disease Causing, splice 28.1
De Novo missense VUS site changes

202 variant
EIF4ENIF1 PS2, PP3, PM2 Disease Causing 31
De Novo missense VUS

217 variant
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Supplementary Figure 5: Assessment of batch effects with the imple-
mentation of 1800 IFC features.
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Supplementary Figure 5: To assess batch effects, average linkage cluste-
ring based on Manhattan distance was used. UMAP was used for visuali-
zation. Batch effects were considered if donors analyzed within one single
experiment clustered together. The experiment numbers /batch numbers are
shown as actual numbers right next to the colored dots. The color of the dot
indicates the outcome of the Manhattan clustering. Number of clusters were
determined using elbow plots. As can be seen, the batch numbers do not
correlate with cluster numbers in any of the assays, indicating the biological
variation rather than batch effect contribute to differences between donors.
Batch effects were assessed separately for (A) ER-stress, (B) Golgi, (C) NF-
kB translocation, (D) Autophagy, (E) LAMP1.
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Chapter

Imaging Flow Cytometry identifies divergent
responses to mitochondrial pathology in patients
with mitochondrial disease.
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Imaging Flow Cytometry for Mitochondrial Diseases

Abstract

Background: Mitochondrial disease heterogeneity greatly complicates diag-
nosis, prognosis, and treatment allocation. Traditional classification based on
oxidative phosphorylation (OXPHOS) complex deficiencies often falls short
in elucidating the complexity of genotype-phenotype correlations. A multi-
modal functional assessment of mitochondrial function could help identify
novel disease patterns, allowing insights into the complex genotype-phenoty-
pe correlation in mitochondrial disease.

Methods: We simultaneously assessed a broad range of mitochondrial func-
tions in fibroblasts of 31 mitochondrial disease patients using Imaging Flow
Cytometry (IFC) by quantifying five pivotal features: mitochondrial frag-
mentation, mitochondrial swelling, membrane potential, ROS production and
mitochondrial mass.

Results: We found 29/31 of patients (94%) showed significant changes on one
or more assays. Clustering analysis identified two disease-overarching groups
characterized by distinct responses to mitochondrial pathology, reflective of
either a hypo- or hypermetabolic state. The first cluster showed low-to-nor-
mal membrane potential and increased ROS production, while the other clus-
ter showed elevated membrane potential and mitochondrial swelling. Litera-
ture-supported analyses linked these clusters to assembly defects in complex
I stability (cluster 1) and proton pumping activity (cluster 2). Clinically, we
found that epilepsy was predominantly observed in patients in the first clus-
ter, while neuropathy was almost exclusively seen in cluster 2.

Conclusion: The IFC-based platform allows for high-throughput, simul-
taneous assessment of mitochondrial morphology and function, aiding the
identification of disease-overarching clusters corresponding with underlying
pathophysiology and clinical phenotypes. These assays open up a new avenue
for the identification of disease-specific patterns based on similar functional
responses to mitochondrial pathology, that can be used to optimize diagnos-
tic- and therapeutic approaches.
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Introduction

Mitochondrial diseases encompass a group of rare disorders characterized
by dysfunctional energy metabolism, resulting from pathogenic genetic va-
riants in nuclear- or mitochondrial genes. For most genetic diseases, patients
harboring the same disease subtype show similar phenotypes. Mitochondrial
diseases appear to be an exception to this phenomenon, as patients with the
same disease subtype or dysfunctional gene can present with completely
different clinical and cellular phenotypes."* Even more striking, patients
harboring the exact same pathogenic variant can present with highly hetero-
geneous clinical features, best illustrated by patients harboring the prevalent
m.3243A>G variant in MT-TL1 (mitochondrial leucine tRNA), that can
result in either isolated myopathy, diabetes, deafness or ataxia, but also in
the syndromic combination of mitochondrial encephalomyopathy, lactic
acidosis and stroke-like episodes (MELAS).” The substantial heterogeneity
and complex genotype-phenotype correlations greatly complicate diagnosis,
prognosis prediction and therapy development for mitochondrial diseases.

To understand genotype-phenotype correlations in mitochondrial disease,
patients have been characterized according to their deficient oxidative
phosphorylation (OXPHOS) complex. Nonetheless, heterogeneity persists
among patients with similar complex deficiencies, illustrated by patients
with isolated complex I deficiency that can have either increased- or de-
creased membrane potential, mitochondrial number and/or mitochondrial
fragmentation.® Similar discrepancies were observed in fibroblasts of pa-
tients harboring complex V deficiency.’ This may relate to the fact that most
OXPHOS complexes establish interactions with other complexes to allow
supercomplex formation ’, to facilitate optimal electron transfer and limi-
ted Reactive Oxygen Species (ROS) formation. 8 Supercomplex formation
is especially important for complex I, as 80% of all complex I is usually
present in supercomplexes, and its presence in supercomplexes significantly
promotes complex I stability.”!" Characterization based on complex defi-
ciency is further complicated by the fact that complex specific subunits or
assembly factors are generally not as specific as once thought.
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For example, NDUFAA4, previously known as a complex I assembly factor,
has also been identified as a complex IV associating factor."> TMEM?70,
which was thought to be primarily a complex V assembly factor, is also
involved in complex I assembly."® The interdependency of oxidative
phosphorylation complexes implies that complex-directed disease subtyping
may not be ideal to understand the complex genotype-phenotype
relationships in mitochond-rial disease.

Mitochondria have many functions that go beyond OXPHOS complex
mediated ATP production, which involve ROS production, mitochondrial
morphology, lipid oxidation, lipid synthesis, redox homeostasis, Fe/S clus-
ter synthesis, copper metabolism, cardiolipin metabolism, calcium uptake
and amino acid metabolism.'* Similar to the interdependency of oxidati-
ve phosphorylation complexes, all of these functional aspects are closely
intertwined. Thus, understanding mitochondrial pathophysiology asks for
a comprehensive approach, omitting the traditional characterization based
on one single functionality, and taking into account the various aspects of
mitochondrial function.

Here, we developed a multifaceted assessment of mitochondrial morphology
and function using Imaging Flow Cytometry (IFC). We selected five features
to assess aberrancies in mitochondrial morphology and function, validated
specificity of these features using molecular compounds, and applied these
features to 31 different patient-derived fibroblast lines. We identified two
disease subtype-overarching clusters, characterized by either a hyper- or hy-
pometabolic response to pathogenic variants. Additionally, the two clusters
correlated with specific clinical phenotypes. These results demonstrate that
mechanistic exploration of cellular responses to mitochondrial disruptions
are essential for understanding distinct genotype-phenotype relationships in
mitochondrial diseases. Additionally, these divergent defense mechanisms
may require their own unique diagnostic- and therapeutic strategies, paving
the way for a more targeted approach of mitochondrial diseases.
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Materials and methods

Patient inclusion

Patients harboring a broad range of mitochondrial diseases were recruited in
the Wilhelmina Children’s Hospital Utrecht and in the Radboud Medical
Center in Nijmegen. Informed consent was obtained to use residual material
collected for diagnostic purposes to include in the Wilhelmina Children’s
Hospital metabolic biobank (TCBio 19-489/B, https://tcbio.umcutrecht. nl)
and we filed an additional protocol that allowed us to use these samples
(TCBio 22-538). By using the same biobank, we included residual material
of six different pediatric healthy fibroblast lines. All procedures performed
in studies involving human participants were in accordance with the ethical
standards of the institutional and/or national research committee(s) and with
the Helsinki Declaration (as revised in 2013).

Fibroblast Cultures

Cells were cultured in fibroblast culture medium (HAM F12 with 10% fetal
bovine serum, penicillin (100 Ul/ml) and streptomycin (100 pg/ml)), in a
humidified incubator at 37°C and 5% CO2. Medium was changed every 3-4
days. Cells were split at 80% confluency.

Enzyme activity Assays

OXPHOS enzyme and citrate synthase activities in muscle tissue or fibro-
blasts were assessed spectrophotometrically using standard procedures.>*>°
Thirty-seven and 100 internal control samples were used in the experiments
with muscle and fibroblasts, respectively.

Seahorse-based Oxygen Consumption Rate Measurements

Oxygen consumption rates (OCRs) were measured using the Seahorse
XFe96 Extracellular flux analyzer (Agilent). Detailed methods have been
described elsewhere.”’

Imaging Flow Cytometry Assays

Cells were plated in 6-well plates to reach 70-80% confluency. At the day of
the assay, cells were incubated in the antibody mixture containing TMRM
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(30 nM, Sigma Aldrich), NAO (50 nM, Enzo Life Sciences) and DRAQS5
(Biolegend) at 37 degrees in HBSS for 40 minutes. FCCP (3 uM, Target-
Mol) was added during the final 5 minutes. After incubation, cells were
washed once and incubated with TrypLE (Gibco) for 2 minutes. Cells were
harvested using 1 mL 10% dialyzed FBS (Gibco) in PBS0, washed once,
and immediately visualized using Imaging Flow Cytometry. Since lipophilic
cations like TMRM are extruded by Multi Drug Resistance (MDR) transpor-
ters’, TMRM fluorescence is not stable for prolonged periods.*® Therefore,
we included a total of 4 samples per assay. All experiments were performed
within 30 minutes after the staining procedure, and each assay was per-
formed in the exact same order to keep the duration between staining and
imaging similar.

Imaging Flow Cytometry Features

To quantify mitochondrial morphology and function, six features were
selected. TMRM intensity reflects the absolute mitochondrial membrane
potential. The normalized membrane potential is calculated by subtracting
TMRM intensity (Intensity Ch03) in cells treated with FCCP (a potent mi-
tochondrial uncoupler) from total TMRM intensity. FCCP response was cal-
culated by dividing the intensity of TMRM of the non-treated sample by the
intensity of TMRM in the treated sample. NAO intensity was used to indi-
cate mitochondrial mass, correlating with the ability of cells to produce and
maintain mtDNA. We calculated NAO intensity in the FCCP treated sample,
to limit the effect of membrane potential on NAO intensity. For mitochond-
rial morphology, we used Form Factor, a measure reflective of mitochond-
rial fragmentation (decreased form factor) or compensatory branching
(increased form factor). For the form factor, the spot mask on the TMRM
staining was used (Bright, threshold 10, minimal area 0, maximal area 2).
The median values derived from the Area Spot M03(10-0-2) and Perimeter
Spot M03(10-0-2) features were used for the calculation of the form factor:
[(perimeter"2)/(4n-surface area)]. Mitochondrial swelling was calculated by
measuring total Area of the TMRM staining and reflects the mitochondrial
permeability transition pore functionality (mPTP). Mitochondrial ROS pro-
duction was assessed by quantifying the cytoplasmic MitoSox intensity, to
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exclude intensity related to nonspecific binding of MitoSox to nucleic acids.
For MitoSox intensity, a binary mask was created, that excluded the nuclear
surface (DRAQS5 — Ch05 Morphology Mask), but included the cytoplasm
(ChO1 Morphology).

Molecular compounds used for assay validation

To validate the specificity of the membrane potential assay, we incubated
cells with 10 ng/ml (25 uM) Rotenone (Cayman Chemicals) 4 hours prior
to the assay. To stimulate mitochondrial biogenesis, we incubated cells with
10 mM Valproic acid (Santa Cruz Biotechnology) for 4 days. To deplete
mitochondrial mass, we incubated cells with 25 ng/ml Ethidiumbromide
(Sigma Aldrich) for 7 days. To induce mitochondrial fusion, we treated
fibroblasts with 50 uM MDIVI (Sigma Aldrich) for 16 hours. To induce
mitochondrial fragmentation, we incubated cells with 1.2 uM Staurospori-
ne (Adipogen) for 2 hours prior to the assay. To induce mitochondrial ROS
production, we stimulated cells with 1 uM antimycin A (Sigma Aldrich) for
40 minutes.

Data analysis — Statistics and R

Data was collected with Amnis Imaging Flow Cytometry MKII Imaging
Flow Cytometer (Luminex, Austin, US) and data analysis was perfor-

med with IDEAS version 6.0 software. Gating strategy can be found in
Figure S2. Briefly, nucleated cells, cells in focus and single cells were
gated. To create figure 1, raw values were extracted from IDEAS as ex-

cel files and analyzed using using R (Version 4.2.3) and R-studio (Version
2022.12.0.353).

For Figure 2B, normalized percentage values were used, for which the
median value of each sample was extracted from IDEAS. Subsequently,
the median values of each patient were normalized against a healthy con-
trol sample analyzed within the same experiment. All graphs and UMAP
plots were created using R-studio, except for the line chart of Figure 2A,
which was created with GraphPad Prism version 6 for Windows (GraphPad
Software, USA). The following R packages were used for analysis: umap
(0.2.10.0), dplyr (1.1.3), ggplot2 (3.4.3), ggfortify (0.4.16), gridExtra (2.3),
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corrplot (0.92), factoextra (1.0.7), ggradar (0.2).

Results

Assay selection

To quantify mitochondrial function and morphology in a multifaceted way,
we first selected dyes and features that would reflect a broad spectrum o
functional, morphological and molecular domains of mitochondrial functio-
nality. Dyes and features were based on the five most important qualifiers o
mitochondrial function as described by Monzel et al.'* (Table 1).

Mitochondrial
Function

Feature Positive Control

Fluorescent Dye

Mitochondrial | Nonyl Acridine Orange | NAO Intensity Valproic acid (Mitochondrial Mass 1) '°
Mass (NAO) Ethidiumbromide (Mitochondrial Mass
D'

Mitochondrial | Tetramethylrhodamine, Mitochondrial Area Ethidiumbromide (Mitochondrial Swelling
Swelling Methyl Ester, e

Perchlorate (TMRM)
Membrane Tetramethylrhodamine, TMRM Intensity Rotenone (Membrane Potential |)!7
potential Methyl Ester, (Normalized to

Perchlorate (TMRM) FCCP)
Reactive MitoSox Non-nuclear MitoSox | Antimycin-A (ROS Production 1) '*
Oxygen Intensity
Species (ROS)
Mitochondrial | Tetramethylrhodamine, Form Factor: Staurosporine (Fragmentation 1) '
Fission/Fusion/ | Methyl Ester, Perimeter?/ MDIVI (Mitochondrial Fusion 1) 2°
Fragmentation | Perchlorate (TMRM) (4m* Area)

Table 1: Showing Imaging Flow Cytometry (IFC) dyes and features. The 7 sign indica-
tes that the molecular compound selected as positive control heightens the feature value.
The | sign indicates that the molecular compound selected as positive control decreases the

feature value.

Impact of Fibroblast Confluency and Passage Number on mitochondrial

function

First, we evaluated the effect of fibroblast confluency and passage numbe
on [FC features. When confluency dropped below 30% or exceeded 90%,

four out of five assays showed significant aberrancies (IQR <25th percentil
or >75th percentile) (Supplementary Figure 1A). Similarly, high passage
number (>15) affected membrane potential and ROS production significan -
ly (IQR <25th percentile or >75th percentile) (Supplementary Figure 1B).
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To minimize confluency- and passage-induced effects, we ensured that con-
fluency was kept between 30% and 90%, and passage number differences
between donors were kept at a minimum (preferably <5, but at least <15).

Assay Validation

For validation of IFC dyes and features, we used five different compounds
each known to affect one of the five selected features (Table 1). All com-
pounds affected the corresponding feature as expected, indicating that IFC
features reflected their corresponding mitochondrial function (Figure 1A-
G). For rotenone, hyperpolarization was observed for FCCP-normalized
membrane potential values, whereas a drop in membrane potential was evi-
dent in non-FCCP treated cells (Figure 1A). These highly variable effects of
rotenone ranging from hypo- to hyperpolarization concur with results from
literature.”! Next, we evaluated the effect of the compounds on other featu-
res. We found that all compounds affected multiple features (Figure 1H),
supporting the notion that all mitochondrial functions are mutually depen-
dent.

Characteristics of the Patient Cohort

We included fibroblasts of 31 patients encompassing a range of different
disease subtypes including isolated complex deficiencies (complex I, II, III,
IV and V), as well defects of translation, mtDNA maintenance, and cardi-
olipin remodeling (Figure 2A). Clinical characteristics of the cohort are
detailed in Supplementary Table 1. Additionally, we included six healthy
control fibroblast lines: four pediatric donors and two adult donors aged 20
and 23 years. The results for the healthy controls on each of the six features
were taken as reference. Specifically, the values found in the controls were
normalized against the individual means and converted to percentages, and
the lowest and highest percentage values were used as upper and lower
reference values (Supplementary Table 1). For mitochondrial disease pa-
tients, values were normalized against the mean of the healthy control taken
along within the same experiment. Values were considered abnormal when
they exceeded the lower- or upper reference range established in six healthy
controls.
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Figure 1: Assay validation using molecular compounds.
For all boxplots, the black line indicates the mean value, the lower and upper hinges correspond to

the 25th and 75th percentiles. The upper and lower whisker extend to 1.5*IQR. Linear mixed model
analysis was used to calculate significance (*P <0.05, **P < 0.01, ***P <0.001, ****P<(0.0001). Fi-
gures A-G show a representative example of a healthy control fibroblasts and the same healthy donor
treated with:

(A) Rotenone for 4 hours (10 ng/ml). The boxplot shows the non-normalized TMRM Intensity for
both conditions.

(B) Ethidiumbromide for 7 days (25 ng/ml). The boxplot shows the NAO Intensity in the FCCP
treated condition for both conditions.

(C) Valproic acid for 4 days (10 mM). The boxplots show the NAO Intensity in the FCCP treated
condition for both conditions.
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(D) Ethidiumbromide for 7 days (25 ng/ml). The boxplot shows the non-normalized TMRM
Area for both donors.

(E) Staurosporine for 2 hours (1.2 uM). The boxplot shows the Form Factor (Mean Perime-
ter2)/(4m * Mean Area) for both conditions.

(F) MDIVI for 16 hours (50 uM). The boxplot shows the Form Factor for both conditions.
(G) Antimycin A for 5 minutes (10 uM) causing mitochondrial reactive oxygen species
production. The boxplot shows the Intensity of the MitoSox staining for both conditions.
(H) Heat Map showing experimental results for healthy controls treated with molecular
compounds on all axes. Similar treatment conditions and features were used as stated in Fig
1A-G to create the graph. The mean value of the compound-treated fibroblast donor was
normalized to the healthy control analyzed within the same experiment and converted to
percentages. Percentages corresponding to the color coding are shown on the right. The
black squares indicate the primary feature for which the compound was selected. Membra-
ne potential was quantified by subtracting the background TMRM intensity in a sample tre-
ated with FCCP from that in a non-FCCP treated sample (AMMP). The absolute membrane
potential without subtraction of the FCCP sample is indicated as MMP.

Imaging Flow Cytometry in Mitochondrial Disease Patients

In patient-derived fibroblasts, we found that all five features could be either
increased or decreased compared to healthy control fibroblasts (Supple-
mentary Table 1. When using one feature in isolation, 20-60% of patients
showed significant differences compared to healthy controls, depending on
the feature used (Figure 2B. When considering all five features, 94% of
patients showed significant changes on at least one of the five assays (Figu-
re 2B.

We then assessed the correlation of IFC features with traditional diagnostic
testing for mitochondrial disease. In 19% of patients (6/31), seahorse expe-
riments were performed as part of their diagnostic follow up, although in
none of these patients, significant differences in basal- or maximal respira-
tion (OCR) were found (Supplementary Table 1. In contrast, all patients
showed significant changes on at least one of six IFC features (Supplemen-
tary Figure 2B. We found no significant correlations between IFC features
and specific isolated OXPHOS complex deficiencies in fibroblasts (Supple-
mentary Figure 2B. We did observe a strong correlation between certain
IFC features and complex I and IV deficiency in muscle, however, these
measurements were only performed in a small number of patients (Supple-
mentary Figure 2C.
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Figure 2: Results of Imaging Flow Cytometry (IFC) assays for patients with mitochondrial
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(A) Graphical representation of the IFC workflow. Fibroblasts derived from mitochondrial
disease patients were cultured, plated, collected and stained with NAO, TMRM, MitoSox
and DRAQS. Living cells were analyzed using IFC and the five different mitochondrial
features were extracted from the software.

(B) The percentage of patients showing significant changes on one or more assays was as-
sessed for single features and for feature combinations. The Y-axis shows the percentage of
patients with significant changes on either one, two, three, four or all five IFC assays. The
dots represent the mean percentage for all possible combinations, the error bar represents
the range.

(C) Radar plots showing the results for each patient on the five IFC assays. Patients harbo-
ring genetic variants in the same gene are grouped together. The light grey planes indicate
the range of aberrancies in healthy control (lowest-highest). The line in the middle of the
grey plane indicates the mean values in healthy controls. The red lines refer to the patients.
All radar plots are scaled from 0 to 200%.

(D) Boxplots showing IFC assay results for all five assays. The Y-axis refers to the per-
centage observed in that specific donor normalized against the healthy control taken along
in the same run. All six healthy controls (HC) were normalized against one healthy con-
trol. Each dot represents one donor. The grey planes indicate the reference values, based
upon the entire range of assay results of six healthy controls (lowest-highest). The black
line indicates the mean value, the lower and upper hinges correspond to the 25th and 75th
percentiles. The upper and lower whisker extend to 1.5*IQR. Statistics were only calculated
when disease subgroups consisted of three patients or more. Mann Whitney U test was used
to calculate significance. Each group was compared to the healthy control reference range.
Only the significant values are indicated.

(E) UMAP (Euclidean distance, neighbors = 8, minimal distance = 0.01) showing IFC
results for all patients with mitochondrial disease. The dots are colored according to the
disease subtypes. The text refers to the name of the mutated gene.

Correlation of IFC characteristics with disease subtypes

First, we assessed whether IFC aberrancies correlated with specific genetic
defects or disease subtypes. Figure 2C shows an overview of the signifi-
cant changes for each of the five features for all 31 patients, grouped per
gene. The majority of patients with pathogenic variants in the same gene
showed similar changes. In addition, we found that a small subset of disease
subtypes showed similar changes on single axes (Figure 2D). Patients with
complex IV deficiency showed increased membrane potential, while patients
with TAZ variants, affecting cardiolipin remodeling, showed decreased mi-
tochondrial mass and ROS production. However, most disease subtypes did
not show similar phenotypes, and did not cluster together on UMAP (Figure
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2E). Instead, there appeared to be two large disease-overarching clusters
encompassing multiple disease subtypes.

Next, we sought to identify disease subtype-overarching clusters showing
similar changes on IFC assays. Hierarchical clustering revealed that mi-
tochondrial disease patients could be divided into two clusters (Figure 3A).
Cluster 1 was characterized by decreased membrane potential, while cluster
2 was characterized by increased membrane potential, increased mitochond-
rial swelling and increased mitochondrial mass (Figure 3B). The first cluster
consisted of complex I, II or V deficiencies, transcriptional deficits, and va-
riants in mitochondrial tRNA, DRP1 or TAZ genes. The second cluster con-
sisted of all patients harboring isolated complex IV deficiency, three patients
with isolated complex I deficiency (TIMMDCI1, mt-ND3), and one patient
with complex V deficiency. Three patients in whom multiple complexes
were affected were also part of cluster 2.2>?* While background-subtracted
TMRM values differed significantly between clusters, the non-background
subtracted membrane potential appeared similar (Figure 3C). The heigh-
tened membrane potential may therefore be associated with an enhanced
response to FCCP rather than an absolute disparity in membrane potential
(Figure 3C). Notably, heightened sensitivity to FCCP has been previously
documented in patients harboring pathogenic complex IV variants.** Simi-
larly, we found that all patients with complex IV deficiency included in this
study showed heightened membrane potential, potentially through increased
FCCP sensitivity.

Patients with isolated complex I deficiencies were clustered separately, con-
curring with literature.*¢ The disparate phenotypes are thought to correlate
with the location of the affected subunits within holo-complex 1.>” Patho-
genic variants leading to a disconnected N module cause increased ROS
production, while pathogenic variants in the proton pumping module lead
to decreased proton pumping activity and NADH accumulation. To assess
whether these findings aligned with our clusters, we verified the location
of the pathogenic variants within holo-complex I (Figure 3E). Since clus-
ter 1 was associated with increased ROS production, we hypothesized that
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according to the clusters. Distance was calculated using Euclidean distance, and Ward’s method
was used to identify clusters.

(B) Boxplots showing the IFC characteristics for each of the two clusters. Statistics were
calculated using Welsch t-test. For all boxplots, the black line indicates the mean value, the
lower and upper hinges correspond to the 25th and 75th percentiles. The upper and lower
whisker extend to 1.5*IQR.

(C) Boxplot showing the FCCP response for each of the two clusters. The FCCP response was
calculated by dividing the mean TMRM intensity of the untreated sample by the mean TMRM
intensity of the FCCP treated sample. This ratio was then compared to the healthy control
taken along in the same run and converted to percentage values.

(D) Boxplot showing mitochondrial ROS production normalized against mitochondrial mass
for the two clusters. Since MitoSox and TMRM were analyzed in two separate experiments,
intensity values were first normalized against healthy controls, and these normalized values
were then converted to ratios by dividing the normalized MitoSox values by the normalized
NAO intensity values. This ratio is shown on the Y-axis.

(E) Graphical representation of complex I and the location of the pathogenic variants of
patients harboring isolated complex I deficiency (indicated with a red cross). In Cluster 1,
patients with mutations affecting the N or Q module are included, leading to defective complex
I assembly and stability (red circle). In Cluster 2, patients with mutations affecting the P
module are included, affecting proton pumping activity (blue circle).

this cluster would show complex I assembly defects and disconnection of the N
module. Indeed, for patients with pathogenic NDUFS4 and NDUF'S7 variants,
disconnection of the N module has been observed.?’2* Similarly, pathogenic
NDUFRBI1I variants are associated with impaired assembly of the peripheral
subunits, (including the N module) corresponding with the pre-sence of this patient
in cluster 1 (Figure 3E).**° Finally, pathogenic variants in 4CAD9 have been
associated with accumulation of late-stage complex I assembly intermediates
lacking the N module, explaining their presence in the first cluster (Figure 3E).'*

In contrast, pathogenic ND3 variants, part of cluster 2, generally affect proton
translocation without accumulation of late-stage complex I assembly
intermediates.* Patients harboring pathogenic variants in TIMMDCI (part of
cluster 2) are similarly thought to have dysfunctional proton pumping

activity due to TIMMDC1I’s involvement in the membrane arm of complex [ (ND1)
and lack of colocalization with late-stage intermediates.**

In conclusion, the separation of complex I deficient patients into two separa-

te clusters could be related to functional defects caused by either disconnec-ted N
module or defective proton pumping activity.
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Figure 4: Correlation of IFC features with phenotypic features.

(A) Correlation plot showing the correlation between IFC features and clinical phenotype. All
clinical features were converted to binary parameters (1=Present, 0=Not present) and correla-
tion was calculated using Point-Biserial Correlation Coefficient.

(B) The only significant correlation between neuropathy and mitochondrial swelling is plot-
ted as a boxplot. Statistics were calculated using Point-Biserial Correlation Coefficient. The
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patient with TWNK mutation is highlighted separately.

(C) Showing the UMAP Plots from Figure 2C and 3A. The nodes are colored according
to the presence of certain clinical phenotypic features (Yes, No, NA). NA means that the
specific feature was not assessed in patients.

Correlation of mitochondrial phenotype with clinical phenotype

Next, we assessed whether IFC features correlated with specific clinical
phenotypes (Figure 4A). We found only one significant correlation, between
neuropathy and mitochondrial swelling (Figure 4B). Intriguingly, all except
one patient (harboring a pathogenic TWNK variant) showing neuropathy
were part of cluster 2 (Figure 4C, Fisher’s Exact test, p=0.0027*%*). Simi-
larly, epilepsy was exclusively seen cluster 1, although this difference was
not statistically significant (Fisher’s Exact test, p=0.0549). For a subset of
patients that were part of cluster 2, neuropathy was not assessed (NA) due to
lethality at a very young age.

Discussion

It has long remained challenging to capture mitochondrial disease pathop-
hysiology by focusing on similar genetic mutations or OXPHOS complex
deficiencies. We hypothesized that multifaceted functional screening of mi-
tochondria in many different disease subtypes could provide novel insights
in the complex genotype-phenotype correlation of mitochondrial diseases.
To this aim, we developed five Imaging Flow Cytometry (IFC) assays, using
three mitochondrial dyes and five pivotal features, which we validated using
molecular compounds known to disrupt one of these five features. We found
that 94% of patients with mitochondrial disease showed significant changes
on one or more of these five assays. While we did not observe disease subty-
pe-specific phenotypes, we did identify two disease-overarching clusters,
based on increased ROS production (Cluster 1) or increased membrane
potential, mitochondrial mass and mitochondrial swelling (Cluster 2). Lite-
rature-supported analyses revealed that all genes in cluster 1 were associated
with decreased complex I stability, whereas cluster 2 consisted of patients
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associated with decreased proton pumping activity. At the clinical level,

we found that epilepsy was predominantly observed in cluster 1, whereas
neuropathy was predominantly observed in cluster 2.

In conclusion, we here found that multifaceted quantification of mitochond-
rial features using IFC allows detection of specific functional defects in
nearly all patients with mitochondrial disease. Additionally, the identifi-
cation of disease subtype-overarching clusters based on similar responses
to mitochondrial injury grants relevant insights into pathology, suggesting
that functional characterization of mitochondrial diseases might be superior
compared to genetic- or complex based characterization.

The past decade, several attempts to perform high-throughput quantification
of multiple aspects of mitochondrial morphology and function in patients
with mitochondrial disease using live-cell imaging, microscopic screening
or flow cytometry have been made.****> While microscopy can quantify
mitochondrial morphology with higher resolution, the data analysis of mi-
croscopic images is notoriously complex and often based on machine- and
deep learning approaches. IFC is straightforward, equipped to analyze a
large number of cells (>5000 cells) in a limited amount of time (5 minutes),
allowing statistical analysis of large populations 46. Until now, most studies
that use microscopy have only been applied to small patient groups, focu-
sing on one subtype of disease, for example isolated complex I deficiency
3233454748 ' MFN2 variants®, or isolated complex V deficiency.>*° Studies that
did focus on multiple disease subtypes have only used small patient groups,
which limits the reliable detection of disease-overarching clusters.’'*? Thus,
the potential of microscopy for detecting mitochondrial pathology in diffe-
rent disease subtypes remains uncertain. However, our study shows that the
straightforward assessment of mitochondrial morphology and function using
IFC is a suitable method to rapidly identify patient groups showing similar
mitochondrial dysfunctionality.

If membrane potential is compromised due to oxidative phosphorylation
(OXPHOS) deficiencies, complex V may exhibit partial compensatory acti-
vity by utilizing ATP to uphold membrane potential.**** The administration
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of FCCP, known for inducing a substantial H+ current and abolishing the re-
versed action of complex V, provides an opportunity to unveil patients who
rely on this compensatory mechanism. Notably, all patients within cluster 1
exhibited a FCCP response similar to that of healthy controls, suggesting the
absence of this compensatory mechanism. In support, the absence of rever-
sed complex V activity has been observed in NDUFS4 knockout mice.> In
contrast, all patients included in cluster 2 showed increased FCCP response,
correlating with data obtained using SURF1-deficient fibroblasts*® Together,
these results indicate that the presence or absence of compensatory action of
complex V could correlate with heightened membrane potential and incre-
ased FCCP response. contributing to the functional separation of the two
clusters.

In this study, we attributed shared functional defects based on the location of
affected genes within holo-complex I. However, phenotypic heterogeneity

is known to persist for pathogenic variants within the same gene, even for
pathogenic variants at the exact same location. This was recapitulated in our
study, where we found that patients with pathogenic mt-47P6 variants could
be part of either cluster 1 or 2, although the position of the mt-ATP6 genetic
variants differed between clusters. Regardless, Ganetzky et al found that
patients with the pathogenic MT-4TP6 variants at the exact same location
can show highly heterogeneous cellular phenotypes. The authors attributed
this heterogeneity to secondary deficits. It is thought that mitochondrial
heterogeneity originates through a combination of genetic background, he-
teroplasmy levels and epigenetic modifications, making certain individuals
more prone to specific secondary mitochondrial responses to primary injury.
Therefore, we hypothesize that mitochondrial diseases should be regarded
as entities that can potentially show any given phenotype, regardless of their
primarily affected gene or complex. Building on this premise, assessment
of mitochondrial diseases thus demands a functional and multifaceted ap-
proach, capturing all secondary responses to primary mitochondrial injury.

We used fibroblasts for our IFC assays. Although easily obtained and ex-
panded, their glycolytic dependency might fail to unveil relatively mild
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mitochondrial disorders. However, our study shows that 94% of patients
present with aberrancies on at least one of five assays, indicating that even
in fibroblasts, mitochondrial aberrancies are recapitulated to some degree.
Only two patients showed no significant changes on the IFC assays, alt-
hough one patient with pathogenic DRP variants showed borderline abnor-
mal mitochondrial mass reduction. For the patient with pathogenic NDUFS4
variants, all values were within normal range. Nonetheless, the degree of
patients showing aberrancies exceeds the percentages seen for most other
methods.***” Additionally, many patients with mitochondrial disease exhibit
aberrancies not confined to one or multiple complex deficiencies, which
will be missed when diagnostic techniques focus on complex specific defi-
ciencies alone. Formal testing of IFC assays using larger cohorts can help
determine the absolute diagnostic value of single- and combined IFC assays
compared to other diagnostic techniques currently used.

The two clusters identified in this study reflect two convergent functional
responses to mitochondrial pathology, which might best be characterized as
either a hypo- or hypermetabolic response. While a hypermetabolic respon-
se to mitochondrial injury may seem controversial, it has been frequently
observed in mitochondrial disease animal models®**, and patient-derived
cells.**! While the exact reason for this hypermetabolic state is not entirely
clear, it is considered potentially damaging for mitochondrial disease patient
cells, that struggle to maintain sufficient energy levels in the first place.’
Therefore, direct targeting of this potential harmful compensatory mecha-
nism by decreasing hypermetabolism could be beneficial. However, patients
exhibiting a primarily hypometabolic state should not be exposed to these
kinds of treatments. Instead, since cluster 1 was characterized by increased
ROS production, these patients might benefit primarily from anti-oxidant
treatment. Thus, our functional-based screening of mitochondrial disease
patient cells could aid the optimization of personalized treatment strategies,
aiming to normalize potentially harmful secondary deficits associated with
primary pathology.

In conclusion, we here provide a high-throughput approach to quantify
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mitochondrial function in patients with mitochondrial disease using Ima-
ging Flow Cytometry. This approach enabled identification of abnormal
mitochondrial features in nearly all patients with mitochondrial disease,

and clustered patients based on similar functional responses to primary
mitochondrial pathology. Our results indicate that functional classification
of mitochondrial diseases may outperform genetic-based classifications, and
can provide a novel basis to improve personalized diagnostic and therapeu-
tic approaches for mitochondrial disease patients, based on shared secondary
responses to mitochondrial injury.
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Supplementary Files

Overview
Table S1: Overview of IFC results, clinical data and biochemical data for all

healthy control and patient fibroblast lines.

Figure S1: Effect of passage number and cellular density on IFC features.
Figure S2: Correlation of IFC features with other diagnostic approaches
Figure S3: Gating strategy
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Category

Mitochondrial
Swelling

Membrane
Potential

Mitochondrial
Mass

Form Factor

ROS

Healthy Control 90 111 117 87 113
Healthy Control 115 88 116 103 104
Healthy Control 90 77 72 99 82
Healthy Control 115 92 103 92 101
Healthy Control 104 106 74 118 73
Healthy Control 99 99 73 104 123
NDUFS7 Complex | 97 72 111 93 91
NDUFS4 Complex | 93 86 87 92 106
NDUFBT1 Complex | 99 59 104 108 152
ACADY Complex | 96 103 86 83 109
ACADY Complex | 93 70 67 91 107
MT-ND3 Complex | 121 128
TIMMDC1 Complex | 116 106 143 81 80
TIMMDCT1 Complex | 121 119 119 89 59
SDHA Complex Il 96 59 118 85 72
SDHA Complex Il 91 85 63 90 106
coxz2o Complex IV 113 - 84 81 77
coxzo Complex IV 114 135 114 102 67
SURFT Complex IV 122 119 113 107 46
scoz Complex IV 122 140 124 126 161
MT-ATP6 Complex V 86 61 119 83 103
MT-ATP6 Complex V 95 72 77 101 84
MT-ATP6 Complex V 102 129
SERACT Mitochondrial Translation 99 126
MT-TI Mitochondrial Translation 108 87 91 106 15
MT-TLT Mitochondrial Translation 102 104 102 80 107
GFM-1 Mitochondrial Translation 92 65 67 95 88
MRPL44 Mitochondrial Translation 108 152 126 116 93
TWNK mtDNA maintenance 92 72 108 91 225
POLG mtDNA maintenance 85 92 66 87 117
POLG mtDNA maintenance 86 90 86 84 117
POLG mtDNA maintenance 111 89 122 98 139
DRPT Mitochondrial Fission 100 91 72 91 NA
DRPT Mitochondrial Fission 75 79 76 78 NA
DRPT Mitochondrial Fission 97 60 62 103 NA
TAZ Cardiolipin Remodeling 85 87 70 73 65
TAZ Cardiolipin Remodeling 95 82 67 103 68
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Seahors Age of onset

L. Hypertrophic
OXPHOS Activity Measurements Neuropathy

Epil
. (Months) Cardiomyopathy (R

Healthy Control

Healthy Control

Healthy Control

Healthy Control

Healthy Control

Healthy Control

NDUFS7 Isolated complex 1 deficiency in fibroblast 42 0 0 0
NDUFS4 Isolated complex 1 deficiency in muscle 2 0 0 0
NDUFBT11 NA 1 0 1 0
Isolated complex | deficiency in
ACAD9 .
fibroblasts 0 0 0
ACAD9 Normal | Unaffected complex activity in fibroblasts 60 0 0 0
MT-ND3 Isolated complex | deficiency in
fibroblasts 552 1 0 0
TIMMDCT NA 1 1 0 0
TIMMDC1 Isolated complex 1 deficiency in muscle 1 1 0 0
SDHA Isolated complex Il deficiency in
fibroblasts 1 0 0 1
SDHA NA 6 0 1 0
coxz0 Isolated complex IV deficiency in
fibroblasts 13 0 0 0
COX20 NA 24 0 0 0
SURF1 NA 72 0 0 0
sco2 NA 3 1 0 0
MT-ATP6 Normal Normal 14 0 0 0
MT-ATP6 Normal Nornal 108 0 0 0
MT-ATP6 Normal Normal 24 1 0 0
SERACT NA 1 0 0 0
MT-TI Isolated complex IV deficiency 0 0 0
MI-TLT Normal Complex | and IV deficiency in muscle,
unaffected complex activity in fibroblasts 72 0 1 1
Complex I/IV deficiency in fibroblasts,
GFM-T1 unaffected complex | and IV activity in
muscle 1 0 0 1
MRPL44 NA 14 0 1
Unaffected complex activity in fibroblasts
TWNK Normal
and muscle 6 1 0 0
POLG NA 14 0 0 1
POLG NA 144 0 0 1
POLG NA 36 0 0 1
DRP1 NA
Unaffected complex activity in fibroblasts
DRPI and muscle 1 0 0 0
DRP1 NA
TAZ NA
TAZ Normal | Unaffected complex activity in fibroblasts 108 0 1 0
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. Intestinal
Kidney Developme

- . . Respiratory
Motility  Vision Loss

Ataxia )
ntal Delay failure

Liver Failure

Hypotonia

Disease
Issues

Healthy Control

Healthy Control

Healthy Control

Healthy Control

Healthy Control

Healthy Control
NDUFS7
NDUFS4

NDUFB11
ACAD9
ACAD9

MT-ND3

TIMMDCT

TIMMDC1
SDHA
SDHA
coxzo
cox2o
SURF1
scoz

MT-ATP6

MT-ATP6

MT-ATP6
SERACT

MT-TI
MT-TLT
GFM-1
MRPL44
TWNK
POLG
POLG
POLG
DRP1
DRPT 1 0 1
DRP1
TAZ
TAZ 0 0 0 0 1 0 0 0

=i k=l = =] L= =1 =1 =1 =] k=1 k=1 =] =i =1 =1 =] E=1 (=] k=1 =1 k=1 k=1 k=1 =1 k=1 k=)
=1 =1(=1 (=] =1 =1 =l = =] k=1 =1 =] =i =1 =1 =] k=1 (=] k=1 =1 =1 k=1 k=1 =1 =1 k=)
=1l L =] k=1 =]l = =1 =] k=l =1 =] [ =i =1 =1 = =1 =] k=1 =1 =1 =1 k=1 =1 =1 k=)
(=X i=l =1 =] E=l1 =1 (=1 (=1 =] =l L= =] k=l =l =1 k=] L= (=] k=1 =1 = =l =1 =l =1 =
Rl |r]lolr|o|lo|rlr|r|r]r|r|r|o]lr]|r]ololo|o|r|o|lo]|o
=1 =1 =1 1= k=1 k= =1 =1 1= L= k= (=] L= k=] =0 L= K= =] k= =1 =R =1 =2 k=1 =1 =
=1 E=1=1=] L= = (=1 =1 =] k=1 k=1 =] L= =1 =1 k=] k=1 = = = k= =1 k=1 k=1 =0 =
= k=1 =1 1] k=] = k=1 =1 1= k=1 (=] =] = = =1 i = = K=0 k= =1 k=1 k=1 k=1 k=1 k=]
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Healthy Control

Cl activity in

muscle (%)

Cll activity  Clll activity CIV activity CV activity

in muscle
(%)

in muscle
(%)

in muscle
(%)

in muscle
(%)

ATP in
Muscle (%)

Cl activity in Cll activity
fibroblast in fibroblast

(%)

(%)

Healthy Control

Healthy Control

Healthy Control

Healthy Control

Healthy Control

NDUFS7

93.91%

249.07%

NDUFS4

12.77%

150.00%

108.48%

102.98%

10.39%

NDUFB11

ACAD9

ACAD9

215.77%

379.20%

MT-ND3

87.46%

204.53%

TIMMDCT

TIMMDCT

50.88%

188.00%

143.00%

123.00%

32.00%

SDHA

SDHA

coxzo

203.51%

134.33%

Cox20

SURF1

scoz

276.60%

100.00%

89.37%

26.60%

104.76%

20.00%

244.21%

138.81%

MT-ATP6

366.00%

334.00%

MT-ATP6

265.95%

211.73%

MT-ATP6

SERACT

MT-T1

MT-TLT

12.00%

140.00%

62.77%

47.65%

228.75%

18.84%

182.00%

234.00%

GFM-1

112.86%

144.78%

97.77%

136.17%

30.95%

34.00%

114.42%

MRPL44

TWNK

POLG

POLG

POLG

DRP7

DRP7

250%

280%

280%

121%

DRP7

TAZ

TAZ

196.77%

442.13%
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Table S1: Additional Details

Overview of IFC results, clinical data and biochemical data for all healthy
control and patient fibroblast lines. Blank columns indicate that values were
not assessed (NA).

The column ‘Seahorse’ describes the results of Mitochondrial Stress Test
experiments using Agilent Seahorse equipment. All measurements were
performed in a diagnostic setting at the Radboud MC, Nijmegen. Each
patient was compared to at least three healthy controls. ‘Normal’ indicates
that no significant reduction in basal- or maximal respiratory capacity was
observed for patients compared to healthy controls.

The *Oxphos Activity Measurement Column’ summarizes the results of the
OXPHOS activity measurements, also performed in a diagnostic setting at
the Radboud MC, Nijmegen.

The results of these measurements are shown in the columns Y t/m Al
Absolute values were normalized to the lower reference range of healthy
controls and depicted as percentage.

The column ‘Age of Onset’ refers to the age where first symptoms were
seen (shown in months).

The columns K-V indicate the presence (1) or absence (0) of specific clini-
cal features.
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Supplementary Figure 1: Effect of passage number and cellular density
on IFC features.
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Supplementary Figure 1:

(A) Bar chart showing the effect of fibroblast confluency right before har-
vesting on assay results. Each value was normalized to the feature value
observed at 50% confluency taken along in the same run and converted to
percentages. The green planes indicate the IQR25-IQR75 range. The red
colored bars indicate that the values fall outside (>5%) the IQR25-IQR75
range.

(B) Bar chart showing the effect of fibroblast passage number on assay
results. Each value was normalized to passage number 5, taken along in
the same run and converted to percentages. The green planes indicate the
IQR25-IQR75 range. The red colored bars indicate that the values fall outsi-
de (>5%) the IQR25-IQR75 range.
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Supplementary Figure 2: Comparison of IFC assays with other diagnos-
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Supplementary Figure 2:

(A) Correlation plot showing correlation between IFC assays. Correlation
was calculated using Spearman statistics. None of the rho correlation sta-
tistics was >0.7. However, correlation between mitochondrial swelling and
membrane potential was high, with rho 0.64 and p=0.0001.

(B) Heat map showing assay results in mitochondrial disease patients where
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seahorse respirometry was performed. All patients had normal basal, spare-
and maximal respiratory capacity (N=6). All values are shown as percentage
normalized against the healthy control taken along in the same run. The

top two rows indicate the lowest- and highest reference values found in six
healthy controls. The color coding refers to the severity of the aberrancies.
White boxes indicate that the value falls within the range (lowest-highest
value) of healthy controls. Colored boxes indicate that the value falls outside
the range observed in healthy controls.

(C) Correlation plot showing the correlation between IFC features and OXP-
HOS complex activities measured in fibroblast or muscle. All patients where
OXPHOS complex activity was measured were included for analysis (N=6
for muscle, N=13 for fibroblasts). Correlation was calculated using Spear-
man. None of the correlations was statistically significant.

[\S]
(O8]
(9]



Chapter 6

Supplementary Figure 3: Gating Strategy
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Supplementary Figure 3: Gating strategy for IFC assays.

(A) Primary gating applied on all samples. Cells out of focus and doublets
were removed.

(B) Showing TMRM mask used to calculate the form factor. The Spot mask
was used to remove the background of the TMRM staining. The threshold
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was set to 10, the minimum size to 0 pixels and maximum size to 2 pixels.
(C) Showing the mask used to quantify mitochondrial ROS production. A
mask excluding the nuclear pixels was created by combining the morpho-

logy mask of the brightfield image and excluding the morphology mask of
the nuclear staining.
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Tailored amino acid treatment for mitochondrial

Aminoacyl-tRNA synthetase deficiencies.
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Abstract

Background: Aminoacyl-tRNA synthetases (ARS) facilitate loading of
transfer RNAs with cognate amino acids in the cytosol (ARS1), mitochondria
(ARS2) or both (dual ARS). ARS deficiencies cause severe disease affecting
different organs, depending on the type and location of the dysfunctional
ARS. Supplementation with cognate amino acids is effective to treat ARSI
deficiencies, but this remains to be established for ARS2 deficiencies.
Methods: First, the effects of amino acid depletion and supplementation were
tested in fibroblasts from seven patients with ARS2 deficiencies to mimic
treatment response. Second, we treated nine patients with AARS2, SARS2,
EARS2, WARS?2 and VARS?2 deficiencies with amino acids for a period ran-
ging from 6 months to 3 years.

Results: Fibroblasts of dual ARS and ARS2 — but not ARS1 — deficient pa-
tients show decreased mitochondrial membrane potential, and reduced ba-
sal- and maximal respiratory capacity during amino acid depletion. Clinical
observations in nine patients revealed that amino acid supplementation was
well-tolerated in all patients. Five patients showed beneficial effects of tre-
atment in terms of more energy, accelerated development, decreased lactate
values and improved cardiac function. In one patient, treatment discontinuati-
on coincided with severe neurological regression.

Conclusion: We found that mitochondrial function depends on the availabili-
ty of cognate amino acids in fibroblasts of ARS2 and dual ARS deficiencies.
Our clinical observations show that amino acids are well-tolerated and can be
beneficial for patients with ARS2 deficiencies. This study is the first example
of a treatment for different mitochondrial ARS2 deficiencies beyond suppor-
tive care. Furthermore, the specific response of ARS2 deficiencies to amino
acid depletion represents a novel diagnostic read-out for a group of diseases
devoid of effective diagnostic assays.
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Introduction

Aminoacyl-tRNA synthetases (ARS) are essential for translating messenger
RNA to proteins by coupling amino acids to their cognate transfer RNAs
(tRNAs) in the cytosol (ARS1), mitochondria (ARS2) or both (Glycyl-RS,
GARSI or Lysyl-RS, KARS1). The clinical phenotype of patients with ARS
deficiencies differs per ARS and its location."™ In ARS1-deficient patients, it
is generally conceptualized that aminoacylation often suffices in homeosta-
tic conditions, but falls short during increased translational demands (rapid
growth, illness) or decreased amino acid availability (starvation, vomiting).’
In fibroblasts of ARS1 deficient patients, we found that low cognate ami-

no acid concentrations were detrimental for cellular growth.’ To prevent
amino acid deficiencies, we decided to supplement ARS1-deficient patients
with cognate amino acids’, resulting in significant clinical improvements in
growth, head circumference, development, gastrointestinal and pulmonary
symptoms.>”’

The beneficial effects of amino acid supplementation in ARS1 deficiencies
prompted us to explore the effects in dual ARS- and ARS2 deficiencies. Alt-
hough starvation and illness similarly are triggers for clinical deterioration
for mitochondrial ARS-deficiencies, it is not obvious that amino acid defi-
ciency would lead to similar pathophysiological defects, as the regulation of
mitochondrial translation differs from the regulation of cytosolic translati-
on.® Moreover, due to the versatile function of mitochondria, supplemented
amino acids may be used for other pathways than mitochondrial translation,
for example to fuel the TCA cycle. Recently, preliminary beneficial effects
on clinical symptoms have been observed during amino acid treatment in

a patient with pathogenic FARS?2 variants.” In four patients with RARS2
deficiency, brief administration of arginine led to improved EEG and higher
energy levels, although seizure frequency did not change.!”

Here, we tested the effects of amino acid supplementation and depletion

in fibroblasts derived from seven patients with various ARS2 deficiencies.
Primarily, we studied mitochondrial function and growth rates in fibroblasts
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derived from patients with ARS2, ARSI and dual ARS deficiencies. Buil-
ding on the beneficial effects found on mitochondrial function in patient-de-
rived fibroblasts, we supplemented nine ARS2 deficient patients with cogna-
te amino acids for a period ranging from 6 months to 3 years, and report on
the effects that were observed.

Methods

Patient inclusion

All patients from The Wilhelmina Children’s hospital (WKZ) with bi-allelic
genetic variants in mitochondrial ARS genes were recruited for this study.
Additionally all patients seeking second opinion at the WKZ were asked

to participate, P1¥ARS2and P2FARS? were recruited from Brazil, P1WVARS2 was
recruited from the UMC Groningen, P3YA®S2 and P4YARS2 were recruited from
China, and P154®2 from India. Genetic variants were identified using Whole
Exome Sequencing.! Patients signed informed consent for the use of their
medical data and storage and expansion of their cells in the Wilhelmina
Children’s Hospital metabolic biobank (TCBio 19-489/B, https://tcbio.um-
cutrecht.nl). All procedures performed in studies involving human partici-
pants are in accordance with national and local institutional review boards
(IRBs) of the participating centers.

Amino acid supplementation
Oral amino acid supplementation protocols, including dosing strategy, safe-
tyassessment and outcome parameters are added as File S2.

Fibroblast cultures

Fibroblasts were obtained from forearm skin biopsies and cultured in Ham’s
F-12 supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin—
streptomycin (PS). For amino acid sensitivity experiments, amino acid free
DMEM/F-12 with HEPES and NaHCO3 (US Biological) was supplemented
with 1% PS, 1% GlutaMAX (Gibco), 10% dialyzed FBS (ThermoFisher)
and amino acids. For amino acid sensitivity tests, patient- and healthy donor
derived fibroblasts were treated with the specific amino acid, with normal
plasma concentrations defined as 100% (L-Valine 223 pmol/L, L-Alanine
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350 umol/L, L-Glutamate 550 umol/L, L-Lysine 129 umol/L, L-Tryptopha-
ne 43 umol/L, L-leucine 114 umol/L, L-isoleucine 57 umol/L) and in depri-
vation conditions as 1% of these concentrations.

Seahorse Mitochondrial Stress Test

Dermal fibroblasts were plated at 10.000 cells/well in Seahorse XF24 V7
Cell Culture Microplates (Agilent) and treated with the desired amino acid
concentrations for 48 hours. Afterwards, cells were incubated with Seahor-
se XF DMEM Medium (Agilent) for 1 hour in a non-CO2 incubator. Mi-
tochondrial respiration was measured as oxygen consumption rate (OCR)
using the Seahorse XFe24 Extracellular Flux Assay Kit (Mito Stress Test,
Agilent) and XFe24 Seahorse Analyzer (Agilent) with 1 uM oligomycin, 1.5
uM FCCP, 1 uM Rotenone (All MedChemExpress) and 1 M antimycinA
(Sigma-Aldrich) following manufacturer’s protocol and with three or four
technical replicates per condition.'? After analysis, nuclei were stained with
Hoechst 33342 (1:1000, Thermo Fisher Scientifics), visualized with Leica
Thunder Live Imager (Leica Microsystem) with intensive computational
clearance method, and counted using ImageJ v1.530 (NIH) for normalizati-
on.

Membrane potential measurements

Fibroblasts were incubated with Tetramethylrhodamine, methyl ester
(TMRM, Sigma Aldrich) in Hank Balanced Salt Solution (HBSS, Gibco) for
35 minutes. To assess TMRM background, Carbonyl cyanide-p-trifluorom -
thoxyphenylhydrazone (FCCP, Sigma Aldrich) was added during the final 5
minutes in 50% of the wells. Cells were harvested using TrypLE and visua-
lized using the Amnis Imagestream Mk II (Luminex).

Cell proliferation
Cell proliferation was measured using a real-time-cell-analyzer (xCELLi-

gence MP) as described previously.

Statistical analyses
Imaging Flow Cytometry data analysis was performed using IDEAS soft-
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ware (version 6.2, Amnis). Seahorse data were analyzed using Agilent Wave
software (version 2.6, Agilent).

Results

15 patients were eligible for inclusion in this study (Figure 1). For two
patients (twins), pathogenicity of their genetic variants could not be esta-
blished, and therefore they were not included in this study (Supplemental
Note 1 and 3). Clinical data of three older siblings of treated ARS2 deficient
patients were included to compare clinical disease course of treated versus
non-treated patients that harbored similar genotypes. These three patients

are not included in the clinical treatment cohort nor in our in-vitro studies
(Figure 1). P1¥4®S was included post-mortem for in-vitro analysis (Figure

1.

Patients recruited after
second opinion in WKZ
(N=6)

Patients recruited in
WKZ (N=9)

2 Patients Excluded:
Variants classified
as VUS:
13 Patients |—»|Clinical and experimental
* details in Note S3

10 Patients |—» 3 Patients excluded:
death before treatment

initiation
3 patients excluded: 1 patient excluded:
No fibroblasts death before treatment
available initiation
In-Vitro Studies: Clinical
7 Patients Supplementation:
9 Patients

Figure 1: Flow Chart. Showing the inclusion process of ARS2 deficient patients for
in-vitro and clinical studies.
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Figure 2: ARS2- and dual ARS-deficient patients show mitochondrial dysfunction
during amino acid deprivation.
(A) Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the
injection of different compounds (Oligomycin, FCCP, Rotenone/AntimycinA, arrows)

in VARS2- (2 patients, 3 and 4 replicates each), AARS2- (2 patients, 3 and 4 replicates),
EARS2- (1 patient, 5 replicates), WARS2- (1 patient, 5 replicates) deficient fibroblast lines
during treatment with normal blood plasma amino acid concentrations (indicated at 100%)
and amino acid deprivation conditions (indicated as 1%). The dots represent the average of
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all donors and technical replicates combined. Error bars represent SEM.

(B) Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the
injection of different compounds (Oligomycin, FCCP, Rotenone/AntimycinA, arrows)

in 100% and 1% amino acid conditions for 2 days in a patient with KARS-deficiency (3
replicates). The dots represent the average of all donors and technical replicates combined.
Error bars represent SEM. The graph on the left has an y-axis ranging from 0 to 80 pmol/
min, similar as figure 2A. The graph on the right has an adjusted y-axis ranging from 0 to
20 pmol/min.

(C) OCR of one representative healthy control fibroblasts line treated with 100% alanine
and 1% alanine for 2 days. The dots represent the average of three technical replicates.
Error bars represent SEM.

(D) Bar graphs showing the average basal and maximal OCR of healthy controls, ARS2-
and dual ARS-deficiency patients. The OCR values of the 1% condition are normalized to
the 100% condition and depicted as a percentage. The bars represent the mean percentage
of all donors and technical replicates combined =SD, the dots represent the percentage per
technical replicates per donor. The bar represents the mean of all healthy donors and all
conditions combined. Statistics were calculated using two-way repeated measures ANOVA.
(E) Mitochondrial membrane potential during 1% and 100% conditions. In the patients,

the bars represent membrane potential normalized to healthy controls treated with the same
condition £SD. In the healthy control, the 1% condition is normalized to the 100% conditi-
on of the same healthy control. All bars represent one healthy control or patient, using one
technical replicate.

(F) Real-time-cell-analyzer results of ARS2- and dual-ARS deficiency patients. Relati-

ve impedance was taken as a measure for cellular proliferation after 96 hours of culture
with 1% and 100% of cognate amino acids. Bars represent mean of biological replicates +
standard deviation (SD). Dots represent mean values of all technical replicates of individual
donors.
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Mitochondrial dysfunction upon amino acid deprivation in mitochondrial
ARS deficiencies

For our in-vitro studies, fibroblasts of seven ARS2 deficient patients were
included: AARS2 (N=2), VARS2 (N=2), EARS2 (N=1), WARS2 (N=1) and
KARS (N=1). All ARS2 deficient patient fibroblast lines showed reduced
basal and maximal respiration during cognate amino acid deprivation, which
was not observed in healthy controls nor in four patients with IARS1 and
LARSI deficiencies (Figure 2A-D and Figure S1). For P4YA®S2 we obser-
ved only a small decrease in normalized maximum respiration, compared

to the large decrease in non-normalized maximum respiration (Figure S1),
which might be related to significant growth deficits in during amino acid
deprivation specific to this patient.

Fibroblasts of all mitochondrial ARS-deficient patients showed decreased
mitochondrial membrane potential during amino acid deprivation, except
for P2EARS? (Figure 2E). Decreased membrane potential during amino acid
deprivation was not observed in healthy controls nor ARS1 deficiencies.

Impaired growth upon amino acid deprivation in dual ARS deficiencies but
not in ARS?2 deficiencies

Cellular growth, which was the main cellular phenotypic read-out in pa-
tients with ARSI deficiencies, was not significantly altered in patients with
AARS2- or VARS2 deficiencies, but was significantly stunted in the patient
with dual KARS-deficiency during amino acid deprivation. These results
suggest that growth impairment is specific for cytosolic- and dual ARS-defi-
ciencies (Figure 2F).

Clinical observations of amino acid supplementation

The mitochondrial dysfunction observed in fibroblasts of patients with
ARS?2 deficiencies during amino acid depletion, suggested that amino acid
availability correlated with mitochondrial function. Therefore, we initiated
cognate amino acid supplementation in nine patients (Figure 1). Figure 3A
describes individual treatment regimens and duration for each patient. We
aimed to treat patients with double daily dosages of WHO amino acid intake
standards at first, which were increased to three times if well-tolerated.
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Table 1: Clinical characteristics of ARS deficient patients

Patient | P1VARS2and | P3VARS2gnd P1SARS2 P1, P2, P3, P1EARSZ angd P1WARS2
ID szARSZ p4VAR52 p4AAR52 szARSZ
Genetic | NM_0011677 | NM_0011677 | NM_017827 NM_020745 NM_001083614 NM_015836
variant 34 34 c.1347G>A; | ¢.749+235_11 ¢.322C>T; C.938A>T;
c.1258G>A; | ¢.1940C>T;c. | ¢.1347G>A | 50-88delins59; €.920T>C; c.797delC;
c.1973G>A; 763A>G €.2255+8A>C p.Arg108Trp p.Lys313Met;
p.Ala420Thr; | p.Thr647Met; p.?2;p.? p.Leu307Ser p.Pro266Argfs*
p.Arg658His; Lys255GIu
Current P1VARS2 P3VARS2 5 years 21,19, 14,11 | pqearszfgg days 4 years
age 17 weeks T4 months years P2EARSZ 11
P2vAR32 P4VAR32 months
3 years 9 months
Age of P1VARSZ; P3VARSZ; 1 month 4 months P1EARS2; 3 weeks 3 months
onset 1 day During P2EARS2: 6 hours
P2VARS2: pregnancy
7 days P4VARSZ:
During
pregnancy
Phenoty P1VARSZ; P3VARSZ; Spasticity | Developmental | P15ARSZ feeding | Developmental
pe Hypertrophic | Chorioamniot and delay, retinitis difficulties, lactic | delay, dystonia,
cardiomyopat itis, weakness of pigmentosa, acidosis, tremor, sleeping
hy pulmonary lower limbs, dystonia, enterocolitis, difficulties and
P2VARS2: hypertension, | development tremor. sepsis. feeding
Hypertonia, hypertropic al delay, P1AARSZ, P2EARS2: Seizures, difficulties
hypertrophic | cardiomyopat clonus, Psychotic feeding necessitating
cardiomyopat hy ataxia. episodes, difficulties, PEG-J feeding.
hy, bilateral P4VARS2; anxiety, axial hypotonia,
vocal cord Lactic depression limb hypertonia,
paralysis acidosis, hyperreflexia.
hypertrophic
cardiomyopat
hy,
pulmonary
hypertension
Treatme ~3 years 6 months 22 months 6 months 3 months, 10 months
nt currently 8
duration months without
treatment
Dosage 100 100 100 P1AARS2: 25 80 mg/kg/day 60 mg/kg/day
mg/kg/day mg/kg/day mg/kg/day P2AARS2: 30 glutamate tryptophane
valine valine serine P3AARS2: 50
P4AARS2:40
mg/kg/day
alanine
Addition | Magnesium- | 3.5 g/kg/day 3.5 g/kg P1AARSZ: P2EARS: Biotin
al Malate, protein protein Olanzapine. Phenobarbital 20mg/day,
medicati 50mg/day. | supplementat | supplementat 5mg/kg/day, Thiamine 15
on Levocarnitine | ion, Milrinone ion, Levetiracetam mg/day
, 150mg/day. 0.5 Thiamine 36mg/kg/day, Omeprazol BD,
ug/kg/min, 100mg/day Baclofen  2.5mg | Macrogol 4-8mg
Sildenafil PRN, BD, Melatonine
10mg Q6H, Domperidone 1mg/day.
Bosentan 2,1mg Q8h, Chloralhydrate
7mg BD, Esomeprazol PRN. Iron
Selexipag 75 15mg BD supplementation
ug BD,
frusemide 6
mg Q4H, and

Table 1: Clinical characteristics of ARS deficient patients. NA = Not Assessed
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Figure 2: Summary of clinical symptoms and treatment effects.

(A) Graphical representation of clinical disease course over time before and during treatment
for each patient. Blue colored bars indicate the time during which amino acid treatment was
given. (B) Showing the Denver development scale for patients where developmental
milestones were recorded before and during treatment (P3VARS2 P]SARS2 PDEARSZ)  AARS?2
deficient patients (aged >8 years) had already acquired all developmental milestones before
treat-ment initiation and are not included in this graph.
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P4VARS2 wag on ventilator support and did not develop any developmental milestones before
or during treatment. P1%¥*®S2 her develop-mental progression was recapitulated in the KIDN-
IIT assessment and not shown in these graphs. The green lines and planes indicate the p50-
p90 ranges for developmental progres-sion. The black dotted lines indicate the age where
treatment was initiated. Representative domains are shown for each of the three patient, a
comprehensive overview of the Denver development scales on all domains can be found in
TableS1.

(C-H) For each patient, the top left corner shows the treatment duration. Siblings are
grouped together. For each patient, the bottom row indicates who was treated (‘Treatment’
or not (‘No Treatment’. Colors indicate the generalized treatment effect on the specific
symptom (green: improved; white: stable or stabilized; red: progressed. Standard deviation
scores (Z were used for height, weight, and head circumference. Z-scores were calculated
using Dutch (NL refe-rence charts (P1/P2VARS2 P1/P2/P3/P4AARS2 P1WARS2 or World Health
Organization (WHO reference charts (P3/P4VARS2 P1/P2EARS2 PSARS2

Since similar dosage increments resulted in clinical improvements in ARS1-
deficient patients, and our in-vitro work showed that healthy reference range
blood plasma amino acid levels were sufficient to improve mitochondrial
function in patient-derived fibroblasts, we hypothesized these dosage incre-
ments would be sufficient to elicit a clinical response. Clinical
characteristics of the patient cohort are summarized in Table 1.

Amino acid supplementation was well tolerated in all patients, since adver-
se effects were not reported and all laboratory values stayed within normal
range during treatment (File S2). In a subset of patients, laboratory values
improved during treatment, specifically lactate values (P2YAR5? and p4YARS?),
troponin and NT-proBNP values (P4Y485%), In P154%2] Janguage development
was delayed at first but significantly accelerated after treatment (Figure 3B).
Similarly, P1%ARS2 showed improved language and social development
during tryptophane treatment, as measured using Bayley-II1. While P2VARS
showed mild developmental delay during infancy (p90), her development
significant-ly accelerated during valine treatment, as she now reached her
milestones within the 50th percentile (Figure 3B). In contrast, the majority
of reported VARS2 deficient patients show developmental delay (86%).
Clinical impro-vements of patients during treatment are summarized in
Figure 3C.
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VARS?2 deficient patients

P1Y2RS2 presented with respiratory insufficiency and hypertrophic cardiomy-
opathy immediately after birth. He died at the age of 7 weeks. Post-mortem
autopsy revealed pathogenic VARS?2 variants. Three years later, P2VARS? was
born. Two days after birth, P2VA*$2was diagnosed with laryngomalacia, for
which she was admitted to the hospital. She developed cardiomyopathy,
lactic acidosis and respiratory insufficiency, requiring mechanical ventila-
tion and tracheotomy. Brain MRI showed a thalamic infarction in the right
hemisphere. At the age of one month, valine supplementation (25 mg/kg/
day) was briefly administered but feeding difficulties limited her intake.

As her condition worsened, a palliative trajectory was initiated, and valine
supplementation was stopped. At the age of three months, her symptoms
stabilized spontaneously and her intake improved. At the age of four mont-
hs, valine supplementation (60 mg/kg/day) was reinitiated. One month later,
protein fortification was added (22.5g protein/day). Compared to 6 weeks of
age, her condition has significantly improved; her pulmonary hypertension
completely resolved; her hypertrophic cardiomyopathy completely resolved
(heart size: 300% to 130% of normal within 1 year). Her lower limb hyper-
tonia resolved. She never developed microcephaly or epilepsy, and reached
all developmental milestones at a normal age (Figure 3B).

P3VARS2 presented with hypertrophic cardiomyopathy and pulmonary hy-
pertension shortly after birth. He died at the age of four months. Genetic
testing was not performed. P4¥*R2 was born prematurely at 35 weeks due
to restricted fetal movement and growth deficits. Shortly after birth, pulmo-
nary hypertension, cardiac hypertrophy and lactic acidosis were noted, for
which he required mechanical ventilation. At three months of corrected age,
a severe pulmonary hypertensive crisis, requiring cardiopulmonary resus-
citation, led to ICU admission and ECMO together with Continuous Renal
Replacement Therapy (CRRT). At the same time, exome sequencing reve-
aled VARS?2 variants, and valine supplementation was initiated. Two days
after treatment initiation, ECMO treatment could be discontinued, and was
replaced by Nitric Oxide, ventilator support and inotropy, which was slow-
ly weaned down. His lactate values normalized during treatment (File S2).
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Additionally, troponin T and NT-proBNP levels dropped significantly (File
S2). All of his growth parameters improved during treatment (File S3). His
biventricular cardiac hypertrophy persisted with no obvious improvements.
While LVEF was normal before treatment and has remained normal, TAP-
SE values have been improving from ~5-6 mm to 16.2mm. At the age of 7
months, he became septic, impeding the intake of enteral valine, as he was
now completely dependent on parenteral nutritional- and ventilator support.
During this time, his cardiac hypertrophy worsened significantly, and pallia-
tive care was initiated.

SARS? deficient patient

P154R2presented in the first year of life with clonus and lower limb spasti-
city, accompanied by developmental stagnation after one year of age. At the
age of 2 years and 8 months, SARS2 genetic variants were identified, and
serine treatment was started shortly afterwards. Before treatment, he had
delayed speech development consisting of one-word sentences and non-ver-
bal communication (Figure 3B). During treatment, he showed catch-up
language development and was able to formulate 3-to-6-word sentences (de-
velopment within p50-p90), allowing him to attend regular preschool, only
six months after treatment initiation (Figure 3B). At preschool, he started to
read 3-letter words and learned the English alphabet. Currently, he is atten-
ding kindergarten where he has learned to write 3-letter words. His lower
limb weakness and spasticity have not changed since treatment.

AARS2-deficient patients

P1/P2/P3/P4A4RS2 are siblings that presented with feeding difficulties during
infancy. All patients developed retinal dystrophy, optic nerve atrophy and
progressive mental retardation. The oldest sibling (P144R52) additionally
shows (nightly) agitation and psychotic episodes. All affected siblings star-
ted with low-dose B-alanine supplementation for six months (30-55 mg/kg/
day), without clinical improvements. However, as 3-alanine is only margi-
nally converted to L-alanine, they were switched to low dosage L-alanine
supplementation (25-40 mg/kg/day). These lower dosages were the result
of swallowing difficulties related to the large capsules, that limited their

254



Amino Acid Treatment for ARS2 deficiencies

daily alanine intake. They have now used alanine supplementation for seven
months, without obvious changes in visual performance or development.
However, the oldest sibling experienced less anxiety and depression during
alanine supplementation.

EARS? deficient patient

P1EARS2was born to non-consanguineous parents. She was admitted at the
ICU at three weeks of age, with COVID-19 infection, severe lethargy and
lactic acidosis (lactate: 24 mmol/L). A ketogenic diet was initiated, but one
week later, she died due to enterocolitis and sepsis. Genomic sequencing
revealed EARS? variants. Her younger brother, P2FAR2 was diagnosed with
the same EARS? variants antenatally. Six hours after birth, he had his first
seizure, after which anti-epileptic medication, 40mg/kg/day glutamate and
a high protein diet (3g/kg/day) were initiated. At one month of age, gluta-
mate dosage was increased to 80mg/kg/day. The following two months, his
seizures persisted and he developed proximal hypotonia and brief clonus
upon neurological examination. He showed some developmental progressi-
on, moving both arms and legs, smiling at parents and being able to visually
track objects. Severe nausea and feeding difficulties limited his intake, and
glutamate treatment was discontinued at three months of age by parents, to
see whether nausea would decrease, but it did not. At the age of 6 months,
protein fortification was changed to Neocate LCP (a hypoallergenic protein
formula lacking L-glutamate). After switching to Neocate LCP and discon-
tinuing glutamate, the patient developed sinus tachycardia, cyclic vomiting,
and progressive lactic acidosis within three months (Figure S2). His spas-
ticity worsened and he showed sustained clonus upon examination. He lost
previously acquired developmental skills, as he could not smile at parents,
move arms or legs, or track faces anymore. He developed uncontrolled epi-
lepsy and somnolence, requiring admission and initiation of palliative care.

WARS2-deficient patient

P1WARS2 presented with spasticity and agitation at the age of 3 months. MRI
showed a thin corpus callosum and frontal lobe atrophy, with normal myeli-
nation pattern. Her development was significantly delayed. Additionally, she

255



Chapter 7

had developed a complex movement disorder consisting of tremor and dy-
stonia. She had severe sleeping difficulties. She is completely dependent on
tube feeding and vomits frequently. After initiation of tryptophane (60mg/
kg/day), the vomiting stopped. Parents noted her to have more energy and
she was less agitated. Before treatment, she could not join family dinners
due to her agitation, but she is now able to. She sleeps better through the
night; where she used wake up several times without being able to sleep
thereafter, she now sleeps continuously. She only needs her chloralhydrate
right before bedtime instead of several times per night. Where she used to
have a fever several times a month, this now occurs now less frequently. Her
development has improved: right before treatment, her developmental age
was estimated at 7-11 months (Bayley-IlI, actual age: 42 moths), whereas 10
months into treatment, her developmental age improved significantly to 14
months (actual age: 52 months). In contrast; the 2 years before tryptophan
treatment initiation her development did not improve (developmental age
7-8 months at age 20 months). She now engages in pretend play and can
point at objects in a book and leaf through it. While her dystonia has not
changed, she was able to wean off levodopa, which was used to control tre-
mors before tryptophane initiation. After weaning off levodopa, her tremor
did not return.

Discussion

We here present evidence for significant mitochondrial dysfunction during
cognate amino acid deprivation in fibroblasts of mitochondrial ARS defi-
ciencies, and show that this can be rescued by amino acid supplementation
in patient-derived cells. Subsequently, we treated VARS2, AARS2, SARS2,
WARS?2 and EARS2 deficient patients with cognate amino acids to prevent
mitochondrial dysfunction and subsequent clinical deterioration. Amino acid
supplementation was well-tolerated in all patients. Our clinical observations
show that during amino acid supplementation, a subset of symptoms im-
proved, including cardiomyopathy, development, sleeping problems, agita-
tion and feeding difficulties, while certain neurological symptoms (epilepsy,
spasticity, dystonia), remained stable. Our preliminary results concur with
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recently published case reports showing beneficial effects of amino acids in
patients with pathogenic FARS2 and RARS?2 variants.>!?

In all patients, we suspected that their clinical deterioration was aggravated
by a combination of high amino acid expenditure and/or feeding difficulties,
leading to a decrease in (local) amino acid availability. Our fibroblast studies
confirm the correlation between amino acid availability and mitochondrial
function, suggesting that amino acid supplementation might prevent amino
acid shortages, thereby aiding mitochondrial translation during catabolism.
Furthermore, the distinct mitochondrial abnormalities identified could po-
tentially serve as a diagnostic marker for ARS2 deficiencies, addressing the
current absence of targeted diagnostic assays for this condition. However,
assessing the severity and amenability to treatment based on mitochondrial
dysfunction observed in patient-derived cells during amino acid deprivati-
on may pose challenges, as the extent of dysfunction might be influenced
by the ability to synthesize non-essential amino acids endogenously or by
patients’ genetic background.

The small number of patients, differences in clinical presentation, and
fluctuating disease course made it difficult to discriminate treatment effects
from disease course fluctuations and ongoing development. Specifically,
P2VARS2 already showed clinical improvement before valine supplementation
was reintroduced. However, her clinical improvement concurred with better
oral (valine) intake. A comparison to her untreated sibling does suggest effi-
cacy of treatment, as she survived well beyond the age where the untreated
sibling passed away, similarly as the other patients that were compared to
their older sibling (N=2). Although N-of-1 trials with standardized outcome
measures would allow direct comparison of clinical improvement within
the same patient, certain considerations should be taken into account. First
of all, ethical considerations play a role, as discontinuation of amino acid
supplementation in P25A®S2 was followed by neurological deterioration and
a palliative trajectory. Second, the adoption of standardized measures appli-
cable across the diverse clinical phenotypes observed should be taken into
account, to enhance the interpretability and generalizability of trial results.
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In conclusion, our study shows that amino acid depletion leads to mi-
tochondrial dysfunction in fibroblasts derived from patients with ARS2
deficiencies, suggesting that prevention of amino acid shortages by sup-
plementation could represent an effective strategy to prevent deterioration

in patients. Although anecdotal, our clinical observations show beneficial
effects for the majority of patients and no unwanted side-effects of treatment
with cognate amino acids. N-of-1 studies would help to objectify these tre-
atment effects, however, the clinical heterogeneity of ARS2 deficiencies and
their fluctuating disease course should be taken into account when designing
these studies.
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Supplementary Files and Figures

Figure S1: Seahorse and membrane potential assessment in healthy
controls and ARS1/ARS2-deficient patients.
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Figure S1: (A) Seahorse analyses in healthy controls treated with normal (100%)
valine, lysine, leucine, isoleucine, glutamate and tryptophane, or depletion medium
(1%) for two days. The graphs represent one representative experiment with one he-
althy donor. The error bars represent the SEM of three or four technical replicates.
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(B) Seahorse analyses performed in fibroblasts of patients with LARS1
(N=2) and TARS1 (N=2) deficiency, treated with normal (100%) leucine or
isoleucine (respectively) or depletion medium (1%) for two days. The grap-
hs represent one representative experiment with one donor. The error bars
represent the SEM of three or four technical replicates.

(C) Seahorse analyses showing the non-normalized OCR in P4YARS? treated
with normal (100%) valine or depletion medium (1%) for two days. The
error bars represent the SEM of three or four technical replicates.

(D) Bar graphs showing the average basal and maximal OCR of healthy
controls, ARS2 and dual ARS deficient patients. The OCR values of the 1%
condition are normalized to the 100% condition and depicted as a percen-
tage. The bars represent the mean percentage of all donors and technical
replicates combined £SD, the dots represent the percentage per technical
replicates per donor. The bar represents the mean of all healthy donors and
all conditions combined. Statistics were calculated using two-way repeated
measures ANOVA.

(E) Membrane potential measurements in patients with LARS1 (N=2) or
IARS1 (N=2) deficiency. In the patients, the bars represent membrane po-
tential normalized to healthy controls treated with the same condition +=SD.
In the healthy control, the 1% condition is normalized to the 100% condition
of the healthy control.
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Figure S2: Laboratory Values before and after amino acid treatment.
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Figure S2: Laboratory values of patients before and after amino acid treat-

ment. Grey areas indicate the period where amino acid treatment was given.
The dotted horizontal lines indicate reference values in the healthy pediatric
population. The vertical dotted lines indicate the age of treatment initiation.
BUN = Blood Urea Nitrogen, ALP = Alkalic Phosphatase, GGT = Gamma

Glutamyl Transpeptidase , ALT = Alanine Aminotransferase , AST = Aspar-
tate Aminotransferase, Hb = Hemoglobin, WBC = White Blood Cell Count.
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Figure S3: Growth values before and after treatment
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given. The vertical dotted lines indicate the age of treatment initiation.

The SDS for Dutch patients was calculated by using Dutch reference values
(TNO, https://tnochildhealthstatistics.shinyapps.io/JGZRichtlijnLengte-
groei).

For patients included outside the Netherlands WHO reference values were
used https://www.who.int/tools/child-growth-standards/standards/weight-
for-age

Supplementary Note 1: Pathogenicity assessment of VARS2, AARS?2,
SARS2, EARS2, WARS?2 and KARS genetic variants.

Some of the patients reported in this study had Variants of Uncertain Signifi-
cance in ARS genes. Before amino acid treatment initiation, we assessed the
pathogenicity of these variants. For ARS1 and dual ARS genetic variants,
we used the gold standard to diagnose patients: ARS aminoacylation activi-
ty measurements. Unfortunately, aminoacylation measurements are not yet
validated for ARS2 proteins. Thus, for VARS2, AARS2, SARS2, WARS?2 and
EARS?2 genetic variants, we used different methods. First of all, we predic-
ted the impact of the genetic variants on protein 3D structure and function.
Next, we employed in-silico prediction tools (MutationTaster, PolyPhen2,
CADD scores) (Adzhubei et al., 2013; Rentzsch et al., 2019; Schwarz et

al., 2010). Finally, we assessed protein and RNA availability. In the end,
pathogenicity was assessed using the ACMG criteria.(Richards et al., 2015)
Patients harboring variants that were considered likely pathogenic or patho-
genic are included in the main body of this manuscript.

P1YARS2 and P2YARS2: NM_001167734 ¢.(1258G>A); ¢.(1973G>A), p.(Arg-
658His); p.(Ala420Thr)

Whole Exome Sequencing

With trio-whole Exome Sequencing (WES), no other genetic variants were
identified in P2VARSZ P1VARS2 gand P2VARS2 both harbored the same compound
heterozygous VARS?2 variants.

Predictions
The Arg658 residue resides in the transfer domain and is rather close to
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the substrate binding site and the editing domain, which are essential for
VARS?2 function. Arginine658 is part of the protein core, and thus a change
of arginine to cysteine could destabilize the protein. Several in-silico predic-
tion tools show that this variant is predicted to be damaging (PolyPhen2) or
disease causing (MutationTaster). The residue is highly conserved among
phylogenetically distant organisms.

The other variant, Ala420Thr, has been reported as pathogenic. It was ob-
served in three different patients with a highly similar phenotype as P2YARS2,
characterized by hypertrophic cardiomyopathy, respiratory failure, feeding
difficulties and hypotonia (Bruni et al, 2010). It is located in a region i -
portant for the interaction of VARS2 with its cognate tRNA. The residue is
highly conserved among phylogenetically distant organisms.

Functional Studies

Western blot of fibroblasts showed low-to-normal VARS2 expression in
fibroblasts compared to three healthy controls (Figure S4). Additionally,
complex activities of complex I and complex II were slightly reduced com-
pared to healthy controls.

Figure S4: VARS2 western blot.
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Figure S4: VARS2 western blot

Western blot of P2VARS2 jsolated mitochondria from fibroblasts. The patient was compared to
three different healthy control fibroblast lines. Membranes were probed with VARS2 antibody
(ProteinTech).

Western blot of P25 jsolated mitochondria from fibroblasts. The patient
was compared to three different healthy control fibroblast lines. Membranes
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mU/U CS | complex | complex Il complex | complex IV complex V
]
p2VARS2 161 492 743 205 637
Reference | 163 — 599 335 - 888 570 — 288 — 954 193 - 819
Values jdgh
mU/U CS mU/U CS mU/U CS mU/U CS
values. mU/U CS

were probed with VARS?2 antibody (ProteinTech).

ACMG Criteria

Together, these results indicate that both variants are pathogenic, based on
ACMG criteria. While pathogenicity of Ala420Thr variant has been asses-
sed previously. The Arg658His variant qualifies as pathogenic based on PS3,
PM3, PP4, PP1, PP3.

P3YARS2 and P4YARS2; NM_ 001167734 ¢.(1940C>T);c.(763A>G) p.(Thr-
647Met);(Lys255Glu)

Whole exome sequencing

Trio-whole exome sequencing revealed compound heterozygous VARS2
variants in P4Y*R2_ His older brother passed away at young age with a highly
similar clinical phenotype. However, genetic testing was not performed in
P3VARSZ.

Literature studies

The Thr647Met variant has been reported previously in a patient with a
similar phenotype as P3YARS2 and P4VARS? together with a p.Arg773Gln vari-
ant. Thr647 is highly conserved across species. Substitution with methionine
could destabilize binding with the ATP intermediate. Introduction of the indi-
vidual variants in yeast led to growth deficits when grown on oxidative carbon
sources. Additionally, respiration rate was reduced for both variants. (Chin et
al., 2019)

Predictions

The Lys255Glu variant is located in a highly conserved acceptor splice site
(PhyloP=3.9, PhastCons=1). MutationTaster predicts this variant to be disease
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causing (0.99) and PolyPhen predicts this variant to be probably damaging
(0.99). The residue is conserved among phylogenetically distant organisms.
ACMG Criteria

Together, these results indicate that both variants are pathogenic, based on
ACMG criteria. While pathogenicity of p.Thr647Met variant has been asses-
sed previously. The Lys255Glu variant qualifies as likely pathogenic based
on PS3, PM3, PP4, PP3.

P5YARSZand P6YARS?: NM_001167734 ¢.(1972C>T);(c.-190C>G) p.(Arg-
658Cys);p.(?)

The genetic variants of monozygotic twins P5YA®2and P6YARS? were clas-
sified as Variants of Uncertain Significance based on ACMG guidelines.
Despite extensive diagnostic workup including RNA analysis, we could not
establish pathogenicity of variants. Therefore, we decided not to report these
individuals in the main body of this work.

Whole Exome Sequencing

The bi-allelic variants in VARS2 were not identified in an older brother of
the twins who was not affected. With whole Exome Sequencing (WES),

no other genetic variants that could explain the symptoms of P5YARS2 and
P6YARS2 were identified.

Predictions

The Arg658 residue resides in the transfer domain and is rather close to the
substrate binding site and the editing domain, both essential for VARS2
function. The arginine at position 658 is part of the protein core, and a sub-
stitution of arginine to cysteine could destabilize the entire protein. Several
in-silico prediction tools predict that this variant is damaging (PolyPhen2) or
disease causing (MutationTaster). The residue is conserved among phyloge-
netically distant organisms.

The other variant, the ¢.-190C>G, might reside in the 5-UTR site. Structural
information about this site is not available.

Functional Studies

Patients showed equal VARS2 expression in fibroblasts compared to four
healthy controls (Figure S5A). In muscle lysates of patient 2, VARS2
expression appeared to be slightly decreased compared to healthy controls
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(Figure S5B).
RNA sequencing data showed normal expression of the VARS2 isoform

with the ¢.-190C>G variant compared to the allele with the p.Arg658Cys
variant (data not shown).

Biochemical Studies

Biochemical studies showed normal activity of mitochondrial complexes in

fibroblasts.
mU/U CS | complex | complex Il complex | complex IV complex V
]

P5VARS2 278 476 768 466 677
PgVARS2 345 611 1036 475 918
Reference | 163 — 599 335 — 888 570 — 288 — 954 193 - 819
Values 1383

mU/U CS mU/U CS mU/U CS mU/U CS

mU/U CS
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Figure S5: (A) Western blot of P5YARS2 and P6YARS2 jsolated mitochondria
from fibroblasts. Patients were compared to four di ferent healthy control
fibroblast lines

(B) Western blot of P5YARS2 whole muscle lysate. For whole muscle lysate,
600 mg of tissue was loaded. P52 was compared to whole muscle lysate
of four pediatric controls.

P154SRS2 NM_017827¢.1347G>A; ¢.1347G>A

P154RS2 has a homozygous synonymous variant in SARS2. Trio exome
sequencing revealed both parents were heterozygous for the SARS2 vari-
ant. The variant has been reported previously. It is located in the splice site
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of exon 14, and the variant has been shown to cause altered splicing and
retainment of intron 14, leading to a frameshift after exon 14 an premature
stopcodon, affecting the c-terminal part of the protein. It leads to severely
decreased expression of SARS2 protein levels and tRNAS levels.(Linnan-
kivi et al., 2016) This variant is thus classified as pathogenic based on PVSI
and PS1.

P1EASRS2 gqpd P2EASRSZ NM 001083614 ¢.322C>T; p.(Argl08Trp) ;
¢.920T>C; p.(Leu307Ser)

P1EARS2 has compound heterozygous missense variants in EARS?2, that were
also present in his deceased sister. Both variants have been reported pre-
viously.

The Arg108Trp is frequently observed in patients with E4ARS?2 variants, usu-
ally together with another heterozygous missense variant. It has been obser-
ved in at least six patients (Steenweg et al., 2012) with a similar phenotype.
Additionally, the Arg108Trp in combination with other variants is associated
with significantly reduced maximal respiratory rate.(Steenweg et al., 2012).
It is considered pathogenic based on PS4, PS1. The Leu307Ser variant has
also been reported in combination with the ¢.184A>T variant in a patient
with similar phenotype.(Barbosa-Gouveia et al., 2021) It is considered likely
pathogenic based on PM3, PP3, PP1, PP4, PP5.

P1, P2, P3, P444RS2 NM_020745.3: c.(749+235_1150-88de-
lins59);(2255+8A>C). p.(?);(?)

Whole Exome Sequencing

The AARS?2 genetic variants were identified in a large family with eleven
siblings. In total, four out of eleven siblings harbored compound heterozy-
gous AARS?2 genetic variants, all with a similar phenotype. The unaffected
siblings did not harbor the A4RS2 genetic variants.

Predictions

The AARS?2 genetic variants - a large deletion on one allele and an insertion
resulting in a frameshift on the other - are both expected to cause severely
decreased AARS2 protein availability.
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Western Blot

Western blot analysis showed severely decreased AARS?2 availability in
P14ARS2 and P2AARS2 fibroblasts compared to healthy control fibroblast (Fi-
gure S6).

ACMG Criteria

Together, these results indicate the homozygous deletion is pathogenic,
based on ACMG criteria (PVS1, PS3, PP1 (based on segregration data in 11
siblings), PP3, PP4).
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Figure S6: Western blot of fibroblasts of P #48S> and P244%S2 and two healt-
hy controls. Membranes were probed with AARS2 antibody (HPA035636,
Atlas) and B-tubulin (CST 21288, Cell Signaling).

P1¥ARSNM_001130089 c¢.(1732_1744delGGCATTGATC-
GAG);(c.683C>T) p.(Gly578SerfsX20);p.(Pro228Leu)

The pathogenicity of the p.(Pro228Leu) has been assessed previously with
functional assays.(Scheidecker et al., 2019). The Gly578SerfsX20 variant
has not been reported in literature. It is expected to result in a frameshift and
a premature stop codon. The frameshift might induce nonsense mediated
decay or a truncated protein, affecting KARS protein function.
Aminoacylation Activity measurements

The amino acylation activity of KARS was significantly reduced, to 52%
compared to healthy controls. Therefore, the KARS genetic variants in these
patients are considered pathogenic based on PVS1, PS3, PM4 (frameshift
variant) and likely pathogenic based on PS1, PS3, PM3, PP4, PP3, PP5.
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P1VARS2 NM_ 015836 ¢.938A>T p.(Lys313Met) and ¢.797delC
p-(Pro266Argfs*10)

The pathogenicity of the p.(Lys313Met) and p.(Pro266Argfs*10) variants
have been assessed previously (Wortmann et al., 2017). A patient harboring
the same mutations as P1VA®S2showed decreased WARS2 expression and
decreased loading of mt-tRNA™ with tryptophane (Wortmann et al., 2017).
The frameshift variant is classified as pathogenic based on PVS1, PS1, PS3
while the missense variant is classified as likely pathogenic based on PS1,
PS3, PM3, PP3, PP5, PP4.



Amino Acid Treatment for ARS2 deficiencies

Amino Acid treatment Interval
Treatment  Amino acid Initiate treatment by giving two times the | Evaluate
recommended dose of amino acid as stated in WHO | tolerability every
guidelines.(FAO Join, 2007) Increase to three times | 6 weeks
if well tolerated. Divide the total dose over three
time points (every 8 hours)
Protein Follow protein intake according to WHO
Supplementation guidelines. (FAO Join, 2007)
Safety Laboratory Determine creatinine, BUN, albumin, AST, ALT, | Every 6 months
parameters vGT, ALP, complete blood count, plasma amino acids
levels.
Clinical General General ~ assessment/wellbeing  (history), Every 3 months
outcome including reaction to infections (history)
parameters
Growth Weight, head circumference and height Every 3 months
Intake Oral intake and tolerance, assess gastro- | Initially every 6
intestinal complaints weeks, later
every 3 months
Development Developmental index (using the appropriate tool | Every 2 years

for age)

Behavior (subjective, objective) and
communicative skills (subjective, objective)

Every 3 months

Cardiac function In case cardiac dysfunction was present at Yearly
baseline, monitor cardiac function.

Neurological Assessment of neurological function Seizure Every 3 months
frequency
Repeat EEG (if seizures were reported) Every 2 years

During Focus on intake of cognate amino acid. Aim for

fever/infections intake of at least 2 g/kg/day of protein. Ensure

anabolic  state. Initiate treatment

(paracetamol 90mg/kg/day)

antipyretic
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File S3: Treatment of P5Y*®S>and P6YARS?

We treated two individuals with VARS2 genetic variants with valine. However,
since the VARS2 genetic variants of these patients were classified as Variants
of Uncertain Significance, it is uncertain whether the benefits seen after valine
treatment are due to increased efficacy of VARS2 mediated amino acylation or
the result of natural disease course fluctuation or ongoing development. In this
note, we describe treatment effects. Their fibroblasts were included for seahor-
se and membrane potential analysis (Figure S9).

At the age of one month, twin brothers P52 and P6Y**S2 were admitted to
the hospital due to severe agitation, feeding difficulties and seizures. At the
age of five months, their seizures and encephalopathy worsened, resulting in a
palliative trajectory. In the weeks following, their symptoms stabilized spon-
taneously as their seizure frequency decreased. Valine treatment was initiated
four months after symptom-stabilization. After valine supplementation, feno-
barbital could be stopped, and the patients were less agitated, more comforta-
ble, and made better contact with parents. However, patients did not reach any
new developmental milestones, continued to show seizures - albeit decreased
in frequency - and still showed severe axial hypotonia and spastic tetrapare-
sis. Weight for height and laboratory values did not change significantly after
valine initiation (Figure S7, Figure S8). Currently, patients have been using 53
mg/kg/day valine for over 3 years.
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Weight for height VARS?2 - Height

Valine Valine
v

sDs

Head Circumference
Valine

Age T

Figure S7: Growth values of P5YARS2 and P6YARS2, Grey areas indicates the
period where amino acid treatment was given. The vertical dotted lines indi-
cate the age of treatment initiation. For P52 and P6YRS? weight-for-height
ratio was deviant (> 2 SDS) right before valine treatment onset, and therefo-
re caloric restriction was started concordantly with enhanced protein intake
and valine supplementation to normalize weight, explaining the weight drop
at 6 months of age
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Figure S9: (A) Oxygen Consumption Rate (OCR; Y-axis) for each measu-
rement (X-axis) with the injection of different compounds (Oligomycin,
FCCP, Rotenone/AntimycinA, arrows) in 100% and 1% amino acid condi-
tions for 2 days in P5VARS2 (left) and P6YAR5? (right). Dots represent the mean
of 3 technical replicates. Error bars represent SEM.

(B) Bar graphs showing the average basal and maximal OCR of healthy
controls and P5YA®$2 and P6VA®S2. The OCR values of the 1% condition are
normalized to the 100% condition and depicted as a percentage. The bars re-
present the mean percentage of all donors combined +SD, the dots represent
the mean percentage of all technical replicates per donor.

(C) Mitochondrial membrane potential during 1% and 100% conditions. In
the patients, the bars represent membrane potential normalized to healthy
controls treated with the same condition +SD. In the healthy control, the 1%
condition is normalized to the 100% condition of the healthy control.
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(D) Real-time-cell-analyzer results of P5VARS2 and P6YARS2, Relative impe-
dance was taken as a measure for cellular proliferation after 96 hours of
culture with 5% and 100% of cognate amino acids. Bars represent mean of
biological replicates + standard deviation (SD). Dots represent mean values
of all technical replicates of individual donors.
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Mitochondrial dysfunction in QARS]1 deficiency

Abstract

Background: Aminoacyl-tRNA synthetases (ARS) facilitate loading

of transfer RNAs with cognate amino acids in the cytosol (ARS1), mi-
tochondria (ARS2), or both (dual ARS). QARSI is the only cytosolic ARS
enzyme lacking a mitochondrial counterpart. Theoretically, mitochondrial
thiolation of glutamine tRNA’s renders them susceptible to translation er-
rors, necessitating import of cytosolically charged tRNAS™, It is still uncle-
ar whether QARSI thus contributes indirectly to mitochondrial translation,
and if glutamine supplementation elicits similar effects compared to other
ARS deficiencies.

Methods: We evaluated mitochondrial function and cellular growth in
QARSI -deficient patient-derived fibroblasts during various glutamine
concentrations, and validated the clinical efficacy of glutamine supplemen-
tation in patients.

Results: We found that glutamine depletion led to significant growth deft
cits in QARS1-deficients patients. Additionally, fibroblasts of QARS1-de-
ficient patients, but not of other ARS1-deficient patients and healthy con-
trols, showed decreased mitochondrial membrane potential and decreased
basal- and maximal respiratory capacity during glutamine depletion. As

a potential mechanism underlying mitochondrial dysfunction, we found
cytosolic tRNAS™" was imported into mitochondria in healthy controls, but
this seemed to be lacking for QARS1-deficient patients. Clinically, glu-
tamine supplementation in three QARS1-deficient patients was safe and
well-tolerated. After glutamine treatment, seizures decreased or transiently
stopped in most patients

Discussion: Our study shows that cytosolic QARSI deficiency is associa-
ted with mitochondrial dysfunction during glutamine depletion, potentially
through decreased mitochondrial import of cytosolically loaded tRNAS™",
In patients, we found clinical improvements after glutamine supplementa-
tion.
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Introduction

Aminoacyl-tRNA synthetases (ARS) are essential for translating messenger
RNA to protein by coupling amino acids to their cognate transfer RNAs (tR-
NAs). ARSI enzymes perform this function in the cytosol, ARS2 enzymes
in the mitochondria, and Glycyl-RS (GARS1) and Lysyl-RS (KARS1) in
both. The absence of a mitochondrial Glutaminyl-RS (QARS2) counterpart
led to the initial categorization of QARSI as a dual ARS. However, studies
have shown QARSI does not have a mitochondrial import sequence, nor is
it present in mitochondria, and should thus be regarded a cytosolic ARS.!
Instead, glutaminyl mt-tRNA (mt-tRNA®") in mitochondria is aminoacyla-
ted by the glutamyl-tRNA®" amidotransferase (GATC) protein complex, that
transamidates Glu-mt-tRNAY" into Gln-mt-tRNAS".23 This mechanism of
mitochondrial tRNA charging through transamidation is unique in its kind.

Mitochondria contain only a limited number of tRNA species compared to
the cytoplasm. Despite the limited amount of tRNA species present, mi-
tochondria do not lose the ability to decode any of their codons. This is the
result of the unmodified U in the first position of the tRNA anticodon, that
allows tRNA species to decode four codons, which are degenerate in the
third position.* However, upon thiolation of the first anticodon nucleotide of
mitochondrial tRNA ", the ability of the tRNA to interact efficiently with
the glutamine codon GAG may be compromised.’ Thiolation of
GIn-tRNA®" in mitochondria is facilitated by TMRU® %, whose dysfunction
leads to a severe type of mitochondrial disease (OMIM 613070).° Hypothe-
tically, mitochondrial import of a cytoplasmic glutamine isoacceptor (tRNA-
cue™ could support protein translation when mitochondrial thiolation wold
occur. Recently, it was found that tRNA  "is indeed imported into human
and rat mitochondria, which requires both ATP and an ATPase.'” However,
the functional consequences of mitochondrial tRNAS" import have remain-
ed elusive.

Additionally, the sequence of events regarding the charging and import of
cytosolic tRNA" remains unresolved. If uncharged tRNA " would be
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imported into mitochondria, it could not be charged, due to the absence of a
mitochondrial QARS counterpart and the fact that tRNA ™ exhibits poor
substrate suitability for GATC." Alternatively, QARSI could facilitate loa-
ding of tRNA %" species in the cytoplasm prior to mitochondrial import,
suggesting a direct functional role for QARSI in supporting mitochondrial
translation. While we have found beneficial effects of amino acid supple-
mentation for cytosolic- and mitochondrial ARS deficiencies.'* However,
this has not yet been studied for QARS]1 deficiencies. Concerns have been
raised regarding glutamine supplementation, as it dual function as an excita-
tory neurotransmitter might worsen intractable epilepsy.'

In this work, we studied mitochondrial function in QARS1-deficient pa-
tient-derived fibroblasts exposed to normal glutamine levels and glutamine
depletion. Surprisingly, we found glutamine depletion led to significant mi-
tochondrial dysfunction in QARS1-deficient patients, but not in healthy con-
trols nor in patients with other ARS1 mutations. We verified whether the mi-
tochondrial involvement of QARS1 was based on mitochondrial import of
tRNA ", and found high levels of tRNA " import in healthy controls,
which seemed to be decreased in QARS1-deficient patients. Following up
on previous work in ARS1 and ARS2 patients, we treated three QARS1-de-
ficient patients with glutamine showing beneficial effects of treatment.

Materials and methods

Patient inclusion

P19ARSI was recruited at the Wilhelmina Children’s hospital in The Nether-
lands, and P294RS! and P3°ARS! at the Children’s Hospital at Westmead in
Australia. Genetic variants were identified using Whole Exome Sequencing,
performed as described previously.'*

Amino acid supplementation
Glutamine oral supplementation protocols, including dosing strategy, safety

assessment and outcome parameters were described previously.'?

Fibroblast cultures
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Fibroblasts were obtained from forearm skin biopsies and cultured in Ham’s
F-12 supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin—
streptomycin (PS). For amino acid sensitivity experiments, amino acid free
DMEM/F-12 with HEPES and NaHCO3 (US Biological) was supplemented
with 1% Penstrep, 1% GlutaMAX (Gibco), 10% dialyzed FBS (ThermoFis-
her) and different concentrations of the specific amino acids relative to phys-
iological plasma concentrations (100%: L-glutamine 550 pmol/L, L-leucine
114 umol/L, L-isoleucine 57 umol/L).

Aminoacylation measurements

Aminoacylation measurements were performed in fibroblast extracts as pre-
viously described.” [*C, GIn] was used as substrate, and [D,] Glu and ["C,
Arg] were used as internal standard.

Seahorse Mitochondrial StressTest

Cultured fibroblasts were plated at 10.000 cells/well in Seahorse XF24 V7
Cell Culture Microplates (Agilent) and treated with the desired amino acid
concentrations for 48 hours. Afterwards, cells were incubated with Seahor-
se XF DMEM Medium (Agilent) for 1 hour in a non-CO2 incubator. Mi-
tochondrial respiration was measured as oxygen consumption rate (OCR)
using the Seahorse XFe24 Extracellular Flux Assay Kit (Mito Stress Test,
Agilent) and XFe24 Seahorse Analyzer (Agilent) with 1 pM oligomycin,
1.5 uM FCCP, 1 uM Rotenone (All MedChemExpress) and 1 uM antimy-
cinA (Sigma-Aldrich) following manufacturer’s protocol with three or four
technical replicates per condition.'® After analysis, nuclei were stained with
Hoechst 33342 (1:1000, Thermo Fisher Scientifics), visualized with Leica
Thunder Live Imager (Leica Microsystem) with intensive computational
clearance method, and counted using ImageJ v1.530 (NIH) for data norma-
lization.

Membrane potential and mitochondrial mass/swelling

Fibroblasts were incubated with Tetramethylrhodamine, methyl ester
(TMRM, Sigma Aldrich) in Hank Balanced Salt Solution (HBSS, Gibco) for
35 minutes. To assess TMRM background, Carbonyl cyanide-p-trifluorome-
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thoxyphenylhydrazone (FCCP, Sigma Aldrich) was added during the final 5
minutes in 50% of the wells. Cells were harvested using TrypLE and visua-
lized using the Amnis Imagestream Mk II (Luminex).

Cell proliferation
Cell proliferation was measured using a real-time-cell-analyzer (xCELLi-
gence MP) as described previously."

Northern Blot

Mitochondrial RNA isolation has been described in detail elsewhere.'”'8
RNA was loaded on a Bis-Tris-Glycine gel, blotted on PVDF membrane
and probed with biotin labeled probes at 68 degrees for 12 hours (Table S1).
Membranes were incubated with streptavidin-HRP (GenScript) for 1 hour
and visualized with Femto (BioRad).

Statistical analyses

Imaging Flow Cytometry data analysis was performed using IDEAS soft-
ware (version 6.2, Amnis). Seahorse data was analyzed using Agilent Wave
software (version 2.6, Agilent).

Statistical analyses were performed using Prism (Version 9.3.0, GraphPad
Software). P values *P<0.05; **P<0.01, ***P<0.001 were considered sig-
nificant; when not indicated, comparisons were non-significant.

Results

Glutamine deprivation causes mitochondrial dysfunction in QARSI-deficient
patient-derived fibroblasts

First, we assessed pathogenicity of Q4RSI variants using diagnostic testing.
In patient-derived fibroblasts, we found significant reduction of QARS1
aminoacylation activity for all three patients compared to healthy controls
(Figure 1A). Similar to observations in other patients with ARS1 defi-
ciencies'?, we noted significant growth reduction in two QARS1-deficient
patients compared to healthy controls under glutamine deprivation (Figure
1B).
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Figure 1: Glutamine deprivation causes decreased growth and mitochondrial dysfuncti-
on in fibroblasts derived from QARS1-deficient patients.
(A) Aminoacylation measurements performed in P1QARS! P2QARST apd P3QARS! fiproblasts,
presented as percentage compared to age matched controls, who are indicated as 100%.

(B) Real-time-cell-analyzer results of QARS1-deficient patients and healthy controls. Relati-
ve impedance was taken as a measure for cellular proliferation after 96 hours of culture with
1% and 100% of cognate amino acids. Bars represent mean of biological replicates + standard
deviation (SD). Dots represent mean values for the technical replicates of individual donors.
Mann Whitney U test (p<0.05*, p>0.05, ns,).
(C) Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the
injection of different compounds (Oligomycin, FCCP, Rotenone/Antimycin A, arrows) in
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QARSI -deficient patients (4 replicates each) during treatment with normal blood plasma
amino acid concentrations (indicated at 100%) and amino acid deprivation conditions (indi-
cated as 1%). QARS-deficient patients show a significant reduction of oxygen consumpti-
on rates during deprivation (1%) conditions. Error bars represent SEM.

(D) Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the
injection of different compounds (Oligomycin, FCCP, Rotenone/Antimycin A, arrows) for
one representative healthy control fibroblasts line treated with 100% glutamine and 1%
glutamine for 2 days. The dots represent the average of three technical replicates. Error bars
represent SEM.

(E) Bar graphs showing the average basal- and maximal OCR for healthy controls and
QARSI-deficient patients. The OCR values of the 1% condition are normalized to the
100% condition and depicted as a percentage. The bars represent the mean percentage of
all donors combined +SD, the dots represent the mean percentage of all technical replicates
per donor. The bar represents the mean of all healthy donors and all conditions combined.
Statistics were calculated using two-way repeated measures ANOVA.

(G) Oxygen Consumption Rate (OCR; Y-axis) for each measurement (X-axis) with the
injection of different compounds (Oligomycin, FCCP, Rotenone/AntimycinA, arrows) in
100% and 1% amino acid conditions for 2 days in a patient with IARS1 and LARSI defi-
ciency. The dots represent the average of all three technical replicates. Error bars represent
SEM.

(H) Mitochondrial membrane potential during 1% and 100% conditions. In the patients,
the bars represent membrane potential normalized to healthy controls treated with the same
condition £SD. In the healthy control, the 1% condition is normalized to the 100% conditi-
on of the healthy control.

Subsequently, we assessed mitochondrial function in QARS1-deficient pa-
tients. We found that fibroblasts of QARS1-deficient patients showed redu-
ced basal and maximal respiration during glutamine acid deprivation (Figu-
re 1C,E), which was not observed in healthy controls (Figure 1D, E) nor
in patients with LARS1 and IARSI1 deficiencies (Figure 1F). Additionally,
fibroblasts of QARS1-deficient patients showed significantly decreased
mitochondrial membrane potential during amino acid deprivation, which
was not observed in healthy controls nor patients with IJARS1- and LARSI1
deficiency (Figure 1G).

QARSI might support mitochondrial translation through import of cytosolic
glutamine-loaded tRNA"
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We hypothesized that the mitochondrial dysfunction observed in

QARSI -deficient patients might be due to decreased mitochondrial import
of cytosolic tRNA %" Therefore, we measured levels of cytosolic versus
mitochondrial tRNAS™" in isolated mitochondria using northern blot. We
identified cytosolic tRNA_ " species in isolated mitochondria of healthy
control fibroblasts (Figure 2A-D), which seemed to be less pronounced
for P19ARS and P29ARS (Figure 2A,B, supplementary Figure 1). However,
the poor quality of the northern blots made it difficult to discern significant
differences between the two groups.

Treatment of QARS1-deficient patients with glutamine

Both ARS1- and ARS2 deficient patients were shown to benefit from amino
acid treatment.'>!"” However, this has not yet been tested for QARS1 defi-
ciencies. We supplemented three QARS1-deficient patients with glutamine
(Table 1). Glutamine was well-tolerated in moderate doses, while higher
doses (>100mg/kg/day) caused itching and bruising in one patient and ti-
redness in another patient. All laboratory values stayed within normal range
during treatment (Figure S1). Patients showed slightly increased glutamine
levels in blood plasma during treatment (while remaining within the normal
reference range). Growth remained stable for P1?*®S! improved in P2RARS!
and was not assessed for P3R! (Figure S2).
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Figure 2: Northern blot showing the mitochondrial import of cytosolic tRNA .
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healthy controls and patients.
(A) Showing northern blot results of mitochondrial RNA in healthy controls and patient-derived
fibroblasts. Fibroblasts were treated with media containing either normal or 1% glutamine
concen-trations for 2 days before cells were harvested and mitochondria were isolated.

(B) Quantification of the northern blot results. For normalization, the band intensity of the mi-
tochondrially imported cytosolic tRNAS" was normalized against the band intensity of the
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mitochondrial tRNA " species.

(C) Showing the second attempt of the northern blot using the same protocol as Fig 2A/B.

However, here, shorter tRNACUGGln probes were used that bound to all isodecoders of tRNA-
Gln

cuG

(D) Quantification of the northern blot results. For normalization, the band intensity of the
mitochondrially imported cytosolic tRNAS" was normalized against the band intensity of
the mitochondrial tRNA " species.

P19ARSI presented with severe developmental delay, seizures, and daily
vomiting, potentially of epileptic origin. Glutamine treatment was initiated
at seven years of age, and titrated to a dose of 100 mg/kg/day. Initial titra-
tion to 100mg/kg/day led to temporary fatigue, however, these complaints
resolved spontaneously. During glutamine treatment, vomiting frequency
decreased to once a week, and the patient experienced his first, five-week
seizure-free interval. Subsequently, seizures recurred but at a reduced fre-
quency (from 40 to +5 episodes per day). Despite ongoing seizures, P12ARS!
showed improved alertness, better interaction with parents, and seemed hap-
pier. Prior to glutamine treatment, infections frequently resulted in apathy,
pneumonia and hospital admissions. With glutamine treatment, the severity
of infections markedly diminished, since the patient did not experience
pneumonia’s or hospital admissions. Additionally, his constipation resolved,
and he stopped using laxatives. Growth parameters remained unaffected by
treatment (Figure S2).

P29ARSI presented at the age of seven months with focal febrile status epi-
lepticus triggered by viral infections, delayed development, short stature,
microcephaly and failure to thrive.?° With carbamazepine she became
seizure-free for four years. At four years and seven months of age, glutami-
ne supplementation was initiated, which was increased every six weeks to
110mg/kg/day without side effects. Since initiation of glutamine, unaided
walking improved from 5 to 1000 meters, her axial hypotonia improved, and
she started to engage more with her environment, all within 6 months. At six
years of age, she is not able to form words or sentences, but she has learned
to express her emotions non-verbally and through vocalization. Six months
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after glutamine supplementation, short focal seizures re-appeared, with a
frequency of once a month, gradually increasing to once every couple of
days. EEG showed occasional sharp waves but no subclinical seizures. Initi-
ation of a ketogenic diet reduced seizure frequency again to once every two
months. Since glutamine supplementation initiation, head circumference
significantly improved, but height and weight remained similar (Figure S2).

Patient P1QARS1 P2QARS1 P30ARS1
Genetic €.2084+2_2084+3del; c.1132C>T,; c.143T>C;
variant c.793C>T c.1574G>A c.1825G>A
p.?; p.Arg378Cys; p.lle48Thr;
p.Arg265Cys p.Arg525Gin p.Ala609Thr
Current age 10 years 6.5 years 6 years
Age of onset 2.5 months 7 months 3 years
Symptoms Progressive microcephaly, | Microcephaly, seizures, | Seizures,
refractory epilepsy | developmental delay, | developmental
developmental delay, occipital | feeding difficulties, failure to | delay
visual  impairment, feeding | thrive.
difficulties, constipation
Treatment 7 years 4 years 7 months 3.5 years,
onset (Age) stopped at 5
years 5
months of age
Dosage 100mg/kg/day 110 mg/kg/day 60mg/kg/day
Additional Fenobarbital 2x50mg, | Trileptal 56mg/kg/day Lamotrigine
medication Topiramaat 2x 50mg. 0.3mg/kg/day,

Clonazepam, 2x 5mg,

Ethosuximide,
Topiramate,
Sodium
valproate,
Clobazam

Table 1: Overview of QARS1-deficient patients included in this study.

P3ARSI developed normally until 3 years of age, when he started to show
seizures and his development plateaued. He showed generalised tonic,
tonic-clonic, atypical absence and myoclonic seizures with limited response
to treatment. At three years and six months of age, glutamine treatment was
initiated. With 100mg/kg/day he developed bruising and itchiness, however,
60 mg/kg/day was well tolerated without any side effects. After initiation of
glutamine, he became seizure free for six weeks, however, seizures reoc-
curred while taking glutamine, although with reduced frequency as before

295




Chapter 8

treatment. Since three months, he has stopped using glutamine, without any
changes in seizure frequency or overall functioning. Recently, glutamine
was re-introduced again.

Discussion

While QARS1 has been considered a purely cytosolic glutamine-coupling
enzyme, we here show that QARSI deficiency results in significant mi-
tochondrial dysfunction during glutamine deprivation. Northern blot studies
revealed that this might be due to decreased mitochondrial import of cyto-
solic tRNAGIn in QARS1-deficient patients, although these experiments
should be repeated before definitive conclusions can be drawn. To prevent
mitochondrial dysfunction and subsequent clinical deterioration, we trea-
ted QARS1-deficient patients with glutamine. Amino acid supplementation
was well-tolerated and safe. Overall, glutamine supplementation resulted in
some clinical improvements, especially concerning frequency of seizures
and patients feeling more comfortable.

We hypothesized that QARSI deficiency contributes to mitochondrial
dysfunction due to diminished mitochondrial import of tRNA™. In order
for this hypothesis to be true, QARSI should play an essential role in mi-
tochondrial import of cytosolic tRNA". Presumably, mitochondria can only
import charged tRNAs, and malfunctioning QARS1 leads to reduced tRNA
charging and import. This concurs with results seen in yeast studies, where
mitochondrial import of cytosolic tRNA ** can only take place after it

is charged by cytosolic KARS.?! Whether human mitochondria can import
charged or uncharged tRNA species has not been investigated thus far.
Nevertheless, the absence of a mitochondrial protein capable of effectively
charging tRNA " within mitochondria suggests the potential involvement
of QARSI1. Unfortunately, our experimental protocol did not allow discrimi-
nation between charged and uncharged tRNA species, and investigating the
levels of charged tRNA " in mitochondria presents an intriguing avenue
for future research. Alternatively, rather than charging cytosolic tRNAS™",
QARSI could release cytosolic tRNAS" from the ribosomal machinery,
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allowing them to be imported in mitochondria. Free tRNA species are kept
at low levels in mammalian cells*?, and only when tRNA’s are actively re-
leased from the ribosomal machinery, import into mitochondria can occur.”
In yeast, pre-KARS2 has been shown to fulfill this role, allowing mi-
tochondrial import of tRNALys.?* In humans, QARS1 may fulfill this role,
although this remains to be studied.

After the evaluation of amino acid supplementation in ARS1-deficient
patients, concerns were raised regarding the safety of glutamine treatment
for QARSI deficiencies.” Glutamine is an excitatory neurotransmitter that
potentially exacerbates intractable seizures. Overall, we found that seizure
frequency decreased rather than increased for QARS1-deficient patients
upon glutamine supplementation. There were no concerns regarding safety
over the course of this study. However, given the side-effects observed, our
recommendation emphasizes the gradual increment of glutamine dosages,
coupled with frequent weight assessments to ensure proper adjustment of
glutamine dosage. While QARS1-deficient patients showed some improve-
ments during glutamine treatment, aggregated N-of-1 studies or randomized
controlled trials are still needed to assess the efficacy of glutamine supple-
mentation in these patients.

While the northern blot results were suggestive of decreased tRNA®" import
in patients with QARSI deficiency, the quality of the blots was suboptimal,
thereby impeding reliable interpretation of the results. The decrease in both
mitochondrial and cytosolic tRNAs in fibroblasts derived from QARSI1-de-
ficient patients observed in the first northern blot shown in Figure 2A could
have affected normalization.>* The second northern blot yielded lower qua-
lity results, but nevertheless confirmed the decreased presence of cytosolic
tRNA species in QARS1-deficient patients. To unambiguously demonstrate
decreased cytosolic tRNA import into mitochondria in QARS1-deficient
patients, and assess whether this import depends on glutamine, additio-

nal experiments are required. At the moment, our laboratory is optimizing
qPCR of mitochondrial tRNA’s using stem-loop primers, providing a more
straightforward approach to measure levels of tRNA species. During these
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experiments, treatment with micrococcal nuclease can be used to disintegra-
te any cytosolic tRNA species after mitochondrial isolation. Additionally,

a cytosolic U6 probe should be used to formally exclude the possibility of
cytosolic tRNA contamination during mitochondrial isolation.

While decreased import of cytosolically charged tRNA®" seemed like the
most straightforward explanation for the mitochondrial dysfunction seen

in patients, we considered alternative causes underlying the mitochondrial
dysfunction of QARS1-deficient patients. First of all, defective cytosolic
translation of nuclear-encoded mitochondrial subunits due to QARS1 defi-
ciency could have impaired mitochondrial function. However, the absence
of mitochondrial dysfunction in IARS1- and LARS1-deficient patients
argued against this. All mitochondrial oxidative phosphorylation complexes
are built using approximately equal levels of different amino acids, and
therefore it would not make sense that QARSI deficiency specifically could
result in defective nuclear translation opposed to other ARS1 deficiencies.
Another explanation could be related to the essential role of glutamine in
cellular metabolism. Glutamine can be converted into a-ketoglutarate, which
directly fuels the TCA cycle, and additionally, it is used to maintain a he-
althy cellular redox balance. Glutamine is one of the major nitrogen donors
that facilitates the production of amino acids and nucleotides.> However,
there is limited evidence available as to why QARS1-deficient patients
would react more strongly to these specific glutamine-dependent injuries
opposed to healthy controls or other ARS1 deficiencies. There may be a role
for QARSI in interacting with AKT1 to suppress apoptosis during low glu-
tamine concentrations.? Pathogenic Q4RS! variants may affect the interac-
tion with AKT1 and lead to increased apoptosis during glutamine depletion.
However, we found similar levels of apoptotic cells in healthy controls and
P1/P294RS! making this hypothesis less likely. However, since novel non-ca-
nonical function of ARSes are still being discovered, we do not exclude the
possibility of other non-canonical functions of QARSI playing a role within
mitochondrial pathology. Nonetheless, the charging mechanism of tRNAS"
with glutamine in mitochondria is unique, and together with the specific mi-
tochondrial dysfunction observed in QARS1-deficient patients, this suggest
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a potential functional correlation between these two phenomena.

In conclusion, our studies show glutamine dependent QARSI deficien-
cy-induced mitochondrial dysfunction and illuminate some of the intricate
mechanisms underlying mitochondrial dysfunction. Experimental follow-up
studies could provide a more detailed understanding of how QARSI partici-
pates in mitochondrial translation and unravel the intriguing interaction be-
tween cytosolic and mitochondrial translation, leading to a more optimized
treatment strategy for QARS1-deficient patients. Based on our preliminary
treatment experience, we would advise to explore the therapeutic potential
of glutamine in larger patient cohorts, since it provides a safe, well tolerated
and easily available therapy.
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Supplementary Files and Figures

Supplementary Table 1:

Probe DNA Sequence

Cytosolic-tRNA-GIn-CTG Biotin-CCAGAGTGCTAACCATTACACCATGGG

All Isodecoders

Cytosolic-tRNA-GIn-CTG Biotin-TTCCCTGACCGGGAATCGAACCCGGGCCGCGGCGG
TGAGAGCGCCGAATCCTaACCACTAGACCACCAGGGA

Mitochondrial-tRNA-GIn-TTG Biotin-GGATTCAGAGTCCAGAGTGCT

All Isodecoders

Mitochondrial-tRNA-GIn-TTG Biotin-AGGTCCCACCGAGATTCGAACTCGGATTGCTGGA
TTCAAAGTCCAGAGTGCTaACCATTACACCATGGGACC

Table 1: Probes used to perform northern blot in Figure 2.
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Supplementary Figure S1: Laboratory Values before and after amino

acid treatment.
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Figure S1: Laboratory values of P124RS! and P29ARS! pefore and after glu-
tamine supplementation. Grey areas indicate the period where amino acid
treatment was given. The dotted horizontal lines indicate normal values in
the reference population. The vertical dotted lines indicate the age of treat-

ment initiation.

304



Mitochondrial dysfunction in QARS]1 deficiency

Supplementary Figure S2: Growth Values before and after amino acid

treatment.
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Chapter 9

General Discussion

Context in a field with many unknowns

‘How do you plan to solve a puzzle where so many of the pieces are mis-
sing?’ asked one of the metabolic fellows, when I explained the work I
aimed to do during my PhD. My strategy of solving VUS cases by looking
at cellular mechanisms in patient-derived cells, turned out to be a much
more complex endeavor than I ever imagined. By using context, [ aimed to
collect relevant information in a scientific field with many unknowns. This
discussion is structured in three parts, that follow the subdivision of this
thesis. The first paragraphs are focused on solving individual VUS cases,
the second part focuses on the usefulness of functional screening for indi-
viduals with VUS, and the final part focuses on this functional screening to
elucidate disease mechanisms in patients with genetic diseases.

How should VUS cases be solved?

Many novel diseases have been discovered over the recent years: while the
number of studies describing novel disease genes was only 175 per year in
2003, it expanded to almost 1200 studies in 2013.! Characteristic of VUS
cases is their high reporting variability. While some reports focus solely
on clinical presentation within patient cohorts, others undertake extensive
functional characterizations of patient-derived cells or model organisms.
The broad spectrum of approaches reflects the diverse methodologies em-
ployed to unravel the mysteries of VUS.

The appreciation of rare and shared phenotypic features

The prevailing approach of solving VUS cases typically involves exami-
ning large patient cohorts with similar phenotypes. While larger numbers
indeed diminish the chance of attributing significance to accidental genetic
findings, there are some inherent limitations to this view. Notably, looking
for similar phenotypes disregards the fact that genetic variants may exert
various (pleiotropic) effects on protein function. Different protein domains
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can exert different functions, which is actually quite common, as one in five
genes is considered pleiotropic.? Therefore, pathogenic variants affecting
different domains can result in different phenotypes, even though these
variants are located within the same gene. If we had applied the traditional
view of “One gene, one Phenotype” to individuals with LIMK] variants, we
might have disregarded the possibility that both variants were pathogenic.
Only through a nuanced understanding of LIMK1’s pathway dynamics and
domain interactions could we recognize the full spectrum of potential phe-
notypic manifestations associated with LIMK variants. Thus, when appre-
ciating the clinical and functional phenotypes of specific genetic variants,
the researcher should always take the location within its respective protein
domain into account to establish significance.

As stated earlier, most researchers seek for shared phenotypes when sol-
ving VUS cases. During this process, phenotypic prevalence is usually not
taken into account. The prevalence of phenotypic features in genetic disea-
ses differs largely, illustrated by developmental delay which is associated
with 2407 different genetic diseases, while pancreatic dysfunction is eight
times as rare.’ Statistically, it would make sense that rare features shared by
all members in the cohort are attributed more value than common features.
Additionally, the likelihood of a shared pathophysiological basis increases
proportionally with each phenotypic feature that overlaps within a given
cohort. Therefore, researchers should always strive to describe the phenoty-
pe of novel diseases as exhaustively as possible, to allow extraction of these
rare features. Additionally, researchers can prioritize the phenotypes that
need to be studied by leveraging both the rareness and prevalence within the
patient cohort using occurrence ratios.* Rare and shared features not only
enhance the statistical significance of novel diseases, they also better reflect
the pathophysiology at stake.* While common phenotypic features can be
due to many pathophysiological mechanisms, extremely rare or pathogno-
nomic features usually characterize very specific and unique parts of pa-
thophysiology. In this thesis, the power of rare features was exemplified by
the patients with NAE variants. Initially overlooking delayed endochondral
bone development and periodic lymphopenia as key phenotypes, phenotypic
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prioritization revealed its rarity and its universal presence within the cohort.
These rare features proved instrumental in framing the interpretation of our
RNA sequencing results, highlighting the relevance of incorporating such
nuances in phenotypic characterization. Additionally, leveraging these rare,
but prevalent features, helped us to delineate the main pathophysiological
mechanisms of NAE1-deficient patients.

The value of mechanistic insights when solving VUS cases

In the exploration of novel diseases, the emphasis on clinical case descripti-
ons often takes precedence. Research groups addressing VUS cases, typi-
cally rooted in clinical settings, frequently lack the infrastructure to perform
extensive mechanistic investigations. Consequently, many novel monoge-
netic diseases remain mechanistically under-explored, representing a mis-
sed opportunity for the field, as ‘Human Allelic Knockouts’ are considered
unique models to attribute significance to genes whose function has remain-
ed largely elusive. Since most genes involved in monogenetic disorders also
contribute to the pathophysiology of polygenetic diseases, these insights can
be crucial to discover disease mechanisms for other, more common, disor-
ders. One example involves the identification of pathogenic PARK? variants,
attributed to early-onset Parkinson’s disease.’ Patients and patient-derived
cells with PARK?2 variants have been intensively studied to comprehend the
general mechanisms behind Parkinson’s disease, a lethal and yet incurable
disease. These insights could be used to develop cellular- or animal mo-
dels, that contribute to the development of novel treatment targets. Thus,

we advocate that studies describing novel disease genes can be optimized
by simultaneously assessing underlying pathophysiological mechanisms in
patient-derived cells or cellular models. In this thesis, we tried to provide

a pathophysiological context for all VUS cases presented. Our approach
shows that even without extensive mechanistic studies, certain insights into
underlying pathophysiological mechanisms can still be generated. Compa-
ring phenotypes to well-known diseases, prioritizing phenotypes based on
rareness, and studying pathway dynamics to explain divergent phenotypes,
were crucial in this regard.
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Characterization of primary and secondary disease mechanisms facilitates
diagnosis and treatment for individuals with VUS

Patient-derived cells of patients with monogenetic diseases usually show
functional consequences beyond their primary disease pathophysiology.
Some of these responses involve compensatory mechanisms, that allow
patients to cope with their primary injury. For example, cellular models with
pathogenic variants in CFTR have revealed a compensatory upregulation

of alternative ion channels to maintain ion balance and fluid secretion.® The
[FC-based screening performed in chapter 4 revealed that almost all well-
known genetic diseases and individuals with VUS exhibit multiple functio-
nal changes in their cells, some of which reflect compensatory mechanisms
in response to primary injury. For example, mitochondrial disease patients
exhibited increased autophagy, facilitating increased mitophagy, allowing
for the degradation of defective mitochondria. Additionally, autophagy
facilitates recycling of amino acids, which can be utilized to produce new
respiratory chain proteins that are subject to rapid turnover caused by patho-
genic variants.’

For many genetic diseases, compensatory mechanisms are thought to be
pivotal for disease progression and pathophysiology. In fact, for some di-
seases, compensatory mechanisms are thought to be even more detrimental
than the primary genetic injury itself. Thus, it is essential to characterize
both primary and secondary mechanisms in genetic disease to allow effec-
tive characterization of disease pathophysiology and to identify relevant
treatment targets. Not only can these compensatory mechanisms serve as
means to diagnose or recognize diseases in patient-derived cells, they also
help to better recognize and cluster genetic diseases, based on our results in
chapter 4 and 5. We advocate that extensive mechanistic characterization,
including the characterization of compensatory mechanisms, is essential for
solving VUS cases and understanding genetic diseases. The use of broad
cellular screening tools, such as IFC-based screening, microscopy, or untar-
geted OMICS approaches, can be useful in this regard.

W
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Functional interpretation at the basis of solving VUS cases

In the current era, where genome sequencing combined with large-scale
OMICS approaches allows fast recognition of straightforward VUS cases,
most unsolved VUS cases are characterized by inherent complexity. These
examples include VUSes situated within genes not associated with disease or
in genes with unknown functions, or instances where patients harbor
multiple VUSes. While functional studies are crucial to solve these cases, it
seems almost impossible to design a cellular read-out without any prior
knowledge about the function of a gene. Having a valid starting point —
knowing where to look — might thus be the most challenging step in disease
elucidation. While untargeted OMICS techniques have been brought for-
ward as hypothesis-generating approaches, that can provide such a starting
point, they also come with their own well-known limitations. The inter-
pretation of these large datasets without prior knowledge about underlying
pathophysiology is notoriously complex. Moreover, OMICS are expensive
and time-consuming. Finally, the results generated with OMICS still require
functional validation, and again, without sufficient knowledge, designing
these functional studies, validating OMICS results, is incredibly difficult.
Alternative to - or complementary to - OMICS, we felt that a rapid, straight-
forward functional assessment of overall cellular health could help. Chapter
4 is the result of this line of thought, where we used Imaging Flow Cytome-
try (IFC) to rapidly assess cellular function in a large number of cells, in a
straightforward manner.

IFC-based screening — lessons learned

In the end, the IFC-project established in Chapter 4 allowed us to screen
many patients with known- and unknown genetic diseases. While we found
IFC-based functional screening was indeed useful to provide so-called
“Starting points” (that will be discussed in the next paragraphs), the project
taught us two additional — somewhat surprising - lessons.

Unexpectedly, the combination of functional aberrancies rather than single
assays was essential to delineate clear-cut, disease-specific profiles. Several
pathways contributed to this clear separation, for example, increased versus
decreased NF-kB translocation helped to discriminate patients with pathoge-
nic DRP] variants from patients with pathogenic 74AZ variants. Since both of
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these variants are primarily associated with mitochondrial dysfunction, thus
showing similar mitochondrial aberrancies, NF-kB was significantly diffe-
rent between the groups and helped to recognize these diseases as separate
entities.

The second lesson learned was that some well-known genetic diseases

were recognized through aberrancies that were not considered known parts
of pathophysiology at first instance. For example, we did not expect that
mitochondrial disorders associated with pathogenic ACADY variants showed
very mild mitochondrial aberrancies, but were recognized through a unique
combination of increased ER stress and severe Golgi fragmentation. Thus,
these insights underscore the importance of a broad functional assessment,
focused on both primary and secondary aberrancies, to allow faster recog-
nition of specific phenotypes that suggest disease pathologies in individuals
with VUS.

The potential of IFC-based screening for individuals with VUS in well-
known disease genes

For individuals with VUS that were compared to patients with pathogenic
variants, the overlap in cellular phenotypes identified with IFC-based scree-
ning helped to accurately predict pathogenicity. Subsequent application of
well-established functional assays validated the high accuracy of IFC-based
screening for all individuals. Only one out of seven individuals harboring
EPGS5 VUSes was clustered with healthy controls, due to its mild cellular
phenotype. This correlated with functional assay results, showing very mild
induction of autophagy on western blot. Similarly, a mild and somewhat
aspecific clinical phenotype was observed in this individual. Together, these
results raise the suspicion that either the EPGS5 VUS leads to a very mild
disruption of EPGS5 function, or is of benign nature. This mildness was re-
flected in IFC-based assays.

One could argue why IFC-based screening is needed for individuals with
VUSes in well-known disease genes when functional assays were availa-
ble. We propose two key rationales for broad screening for individuals with

13
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VUS in well-known genes, even when functional assays are available. First
of all, IFC-based assays circumvent the need for expert-craft, expensive

and time-consuming functional assays. To perform functional assays for all
of the seven individuals with VUS in well-known disease genes included

in Chapter 4, we had to reach out to three different academic centers and
consult several different experts. In contrast, IFC-based screening comprises
of one single assay, and does not require any expert knowledge about the
pathway of interest.

Second, IFC-based screening is augmented by the incorporation of novel
phenotypic profiles derived from well-established genetic diseases. In con-
trast, performing only highly-targeted and specific functional assays, does
not help recognition of novel genetic diseases that lack these functional as-
says. In other words, the inclusion of a broader array of well-known genetic
diseases allows for the comparative analysis of unknown diseases, enabling
their recognition through shared pathophysiological characteristics. Precise
and specific assays for isolated disease entities may eventually come at the
expense of recognizing and understanding novel, unknown diseases through
broad functional assays.

The potential of IFC-based screening for individuals with VUS in GUS
To highlight the potential of IFC-based screening for individuals with VUS
in Genes Of Uncertain Significance and the importance of adding positive

control patients, we here highlight two of the clusters identified in Chapter
4.

The first cluster included the two individuals with LIMK VUS described

in Chapter 3. Surprisingly, the opposite effect that these VUSes imposed on
LIMKI activity was not recapitulated in IFC assays. Instead, we identified
similar levels of lysosomal accumulation and ER stress for both individuals.
The most striking shared phenotype for these individuals was revealed when
looking at all 1800 features, where we found a significantly increased num-
ber of cells in S/M phase compared to all other patients (N=20) and healthy
controls (N=8). Earlier work has shown that both decreased LIMK1 activity
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as well as increased LIMKI activity can cause a delay in anaphase onset and
misorientation of the mitotic spindle.® Therefore, the results identified with
IFC-based screening correlate with either increased or decreased LIMK1
activity. Mechanistic exploration of mitotic defects in individuals with
LIMK] VUS could have been an alternative strategy to elucidate disease
pathophysiology, that eventually might have led to the same discovery of
altered cytoskeletal dynamics associated with LIMK 1 dysfunction as shown
in Chapter 3.

The second cluster identified involved two individuals with VUS in GUS,
alongside a patient harboring pathogenic variants in ERCCI. Within this
cluster, one individual exhibited heterozygosity for a pathogenic BLM va-
riant, accompanied by VUSes in TNKS and DLGAP2. The other individual
harbored a VUS in RAD54L2. ERCCI1 participates in Nucleotide Excision
Repair (NER) and the rectification of harmful double-strand DNA breaks.*!°
RADS54L2 has not been associated with any genetic disease, but is acknow-
ledged for promoting genome stability and contributing to effective DNA
damage repair.'' BLM variants lead to defective repair of double-strand DNA
breaks in an homozygous state, but heterozygous carriers already exhibit
mildly deficient DNA damage repair.'? Alternatively, the TNKS or DLGAP2
VUSes identified in this individual could have driven the clustering of this
individual with other DNA-damage-like patients. The DNA-damage-like
cluster was functionally characterized by mild mitochondrial dysfunction
and altered Golgi morphology. Both of these manifestations have been pre-
viously associated with ERCC1 dysfunction.'*!*

Using additional functional studies, we found individual 211 included in

the DNA-damage-like cluster was found to have slower recovery of RNA
synthesis after DNA damaging agents, and slightly decreased overall tran-
scription levels, indicative of dysfunction of the Nucleotide Excision Repair
pathway (NER), the pathway primary affected in patients with pathogenic
ERCC] variants. Additionally, we found decreased survival in fibroblasts
with RAD54L2 VUS after chemotherapeutic treatment and slightly decre-
ased transcription levels overall. Collectively, these findings suggest that the
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clustering of the patient with a pathogenic ERCC/ variant and individuals
with VUS is most likely linked to defective DNA damage repair, resulting in
transcriptional stress and subsequent metabolic rewiring, giving rise to the
mild metabolic dysfunction. Thus, IFC-based screening holds the potential
to identify the phenotypic fingerprint associated with DNA damage repair
defects, allowing for faster discovery of underlying pathophysiology in indi-
viduals with VUS in GUS.

Overall, IFC-based cellular screening helped to identify aberrancies in one
or more pathways for all individuals with VUS in GUS. While we hypothe-
sized that these aberrancies could be used as a stepping stone to structure
follow-up experiments, we were not able to verify this hypothesis for 8
individuals with VUS in GUS in our study. The fact that these individuals
had VUSes in genes with unknown functionality, together with the lack of
relevant overlap with positive control patients, impaired effective structu-
ring of relevant follow-up assays within the limited timeframe we still had.
For these individuals, in-depth exploration of the specific aberrancies with
additional methods, for example performing seahorse assays and SDS-PA-
GE in patients where mitochondrial function was observed, their pathophy-
siological mechanisms might have been elucidated. Although we feel that
starting such an experimental trajectory would be more efficient when using
the IFC-screening results opposed to starting from scratch, it would still be
a time-consuming process. We foresee that the addition of novel positive
controls is crucial to allow more rapid interpretation of pathophysiology in
the future. The IFC-based screening should therefore be seen as an iterative
process, that will generate more relevant data with each novel patient inclu-
ded. For now, it will remain uncertain whether the IFC aberrancies identified
for these eight individuals with VUS in GUS were truly reflective of rele-
vant disease pathophysiology.

Despite its limitations, we can conclude that IFC-based screening for indivi-
duals with VUS is a valuable addition to currently available methods. Espe-
cially when individuals with VUS were directly compared to patients with

well-known pathogenic variants, IFC-based assays demonstrated the capaci-
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ty to discern pertinent phenotypic commonalities indicative of pathogenicity.
Unfortunately, the diagnostic accuracy of our approach for individuals with
VUS in GUS could only be determined for a subset of individuals where
functional follow-up studies were performed. However, most VUS cases
have also been included in the ZOEMBA trial, that assesses the use of me-
tabolomics, transcriptomics, proteomics and whole genome sequencing to
establish diagnosis in individuals with VUS. This dual inclusion represents a
unique opportunity to directly compare I[FC assay results with OMICS data,
allowing the exploration of complementarity for these two approaches in the
future. Additionally, it could aid the interpretation of the diagnostic accuracy
of the IFC-based screening for individuals with VUS in GUS.

Functional cellular screening at the basis of understanding known genetic
diseases

In the previous section, we emphasized the importance of a multifaceted
functional screening approach to solve VUS cases. However, the results ob-
tained in Chapter 4 led us to believe that IFC-based functional assays could
be useful for all types of genetic diseases, including well-known diseases. In
Chapter 5, we explored the potential of IFC-based assays for patients with
mitochondrial diseases, given the gaps in knowledge surrounding the rela-
tionship between clinical phenotype, cellular phenotype, and genetic back-
ground in these patients.

To this aim, we screened 31 patients with nine different subtypes of mi-
tochondrial disease using IFC. Rather than employing the same six assays
as chapter 4, we focused on the mitochondrial assay alone and expanded
this double assay to five assays that collectively characterized the most
important aspects of mitochondrial functionalities. While genetic diseases
are typically functionally categorized based on disease subtype or affected
genes, IFC-based screening failed to reveal distinct patterns correlating with
mitochondrial disease subtypes or genes. This aligns with prior research
demonstrating divergent cellular phenotypes, even among patients sharing
the same mitochondrial disease subtype or genetic variant.'>'¢ Instead, IFC
identified two clusters that transcended disease subtypes, showing similar
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responses to primary mitochondrial injury. Roughly, these two clusters sug-
gested that patient-derived cells could either show a hypo- or hypermetabo-
lic response to mitochondrial pathology. The first cluster was characterized
by low-to-normal membrane potential and enhanced ROS production, while
the second cluster showed increased membrane potential, mitochondrial
mass and mitochondrial swelling. Literature review suggested that IFC-ba-
sed clustering could be attributed to shared underlying deficits, associated
with either an independently operating N module or defective proton pum-
ping activity.

To unequivocally evaluate the efficacy of our mitochondrial IFC-approach,
it is imperative to conduct additional experiments. Primarily, assessing the
accumulation of complex I assembly intermediates, especially the individu-
ally operating N module, could help distinguish whether the clustering of
mitochondrial disease patients was indeed based on this functional charac-
teristic. Additionally, measuring mitochondrial oxygen consumption using
seahorse respirometry in patients could indicate whether the increased mem-
brane potential, mitochondrial mass and swelling indeed reflect an overall
hypermetabolic state. Completion of these experiments will provide another
line of evidence supporting the notion that mitochondrial diseases may be
more accurately categorized according to functional deficits rather than rely-
ing solely on subtype- or gene-specific characterization.

Mitochondrial diseases have long been challenged by the absence of ef-
fective therapies and diagnostic tools. In our opinion, diagnostic tools and
therapeutics might only be applicable to a specific functional subgroup

of mitochondrial disease. For example, therapeutics increasing oxidative
phosphorylation or membrane potential are probably not feasible for pa-
tients that already experience a hypermetabolic state. Therefore, we believe
that the proposed novel approach of functional-based categorization for
mitochondrial diseases carries substantial implications for diagnosis, therapy
allocation, and disease stratification for patients with mitochondrial disease,
if developed further.
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The penultimate chapter of this booklet was focused on therapy develop-
ment rather than diagnosis of genetic diseases. Nevertheless, functional
characterization of patient-derived cells played an important role. While

this chapter was initially focused on translating a therapy developed for
cytosolic ARS1 deficiencies to mitochondrial ARS2 deficiencies, the limited
insights into disease mechanisms of ARS2 deficiencies made it challenging
to predict what we could expect from treatment. Additionally, we were not
sure whether supplemented amino acids would go to the mitochondria to aid
mitochondrial translation. However, our functional studies in patient-derived
cells made it clear that amino acid depletion resulted in striking mitochond-
rial dysfunction in ARS2 deficiencies. Since mitochondrial dysfunction in
neurons is thought to be at the basis of severe neurological pathologies,
such as Alzheimer’s disease!”"°, and Parkinson’s disease®’, we hypothesized
that mitochondrial damage caused by local depletion of amino acids could
similarly be at the basis of irreversible neurological damage. Based on these
findings, we expected that the irreversible neurological damage should be
prevented and might not be completely reverted by treatment. Indeed, we
found certain neurological signs, such as spasticity, could only be stabilized
and not reversed. In support, discontinuation of treatment in one patient
with pathogenic EARS?2 variants resulted in severe neurological regression.
Armed with this knowledge, we optimized our treatment strategy, aiming to
treat patients at an early stage.

Similar to many mitochondrial diseases, ARS2 deficiencies encompass

a highly heterogeneous group of disorders, impacting organs such as the
heart, brain, muscle, or retina. The heterogeneous clinical phenotype made it
challenging to unambiguously discern amino acid treatment effects. Overall,
treatment effects were most pronounced for cardiac function and develop-
ment, while the effects of treatment on retinal function and spasticity/dysto-
nia were limited. This could be related to the reversibility of damage — as
proposed in the previous paragraph. However, the age where treatment was
initiated or organ-specific differences in the availability of amino acids for
mitochondrial translation could have played a role. Recent work has shown
that differences in clinical phenotype in AARS2-, RARS2- and EARS2- de-
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ficient patients may be attributed to di ferent compensatory mechanisms that
are activated through the integrated stress response.?' To elucidate how and
why distinct clinical phenotypes respond differentially to treatment, a com-
prehensive assessment of the effects of amino acid depletion and supple-
mentation in various cell types, including neurons, cardiac cells, and retinal
cells, might be warranted.

Amino acid treatment in ARS2 deficiencies represents a readily available,
cheap and effective strategy to treat a severe form of mitochondrial disease.
Additionally, the mitochondrial dysfunction upon cognate amino acid deple-
tion was highly specific, and has the potential to be converted into a dia -
nostic assay for a group of diseases currently lacking any kind of diagnostic
assays.

However, to formally assess treatment effects in ARS2-deficient patients,
N-of-1 studies and preset outcome measures are still needed. The poten-

tial effectiveness of N-of-1 studies was recapitulated in the EARS2- and
VARS2-deficient patients in our cohort, that showed significant neurolo -
cal-, developmental- or cardiac regression after discontinuation of amino
acid supplementation. However, when setting up these N-of-1 studies, we
should consider whether abrogating treatment in severely ill patients is ethi-
cal. Alternatively, comparing treated patients to carefully described historic
case reports or older siblings that did not receive treatment might provide an
alternative.

When screening patient-derived fibroblasts of ARS1-, ARS2- and dual
ARS-deficiencies for Chapter 6, we found that QARS1-deficient patien
fibroblasts — in contrast to other cytosolic ARS1 deficiencies — showed m -
tochondrial dysfunction upon glutamine depletion. In Chapter 7, we studied
this surprising finding, and aimed to explore why QARSI deficiency is th
only cytosolic ARS1-deficiency presenting with mitochondrial dysfunction

We hypothesized that the unique properties of mitochondrial charging of tR-

NAS" could have explained the mitochondrial dysfunction seen in QARS1
deficiencies. As thiolation of mitochondrial tRNA%" would compromise its
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interaction with glutamine, import of cytosolic tRNA®" species would be
the only way of rescuing mitochondrial translation. The absence of a mi-
tochondrial counterpart of QARS1 and the fact that cytosolic tRNA"is a
poor substrate for GATC would necessitate cytosolic charging of tRNAY" by
QARSI prior to its import. Thus, QARS1 could hypothetically be involved
in mitochondrial function through charging cytosolic tRNA’s with glutami-
ne, which are then imported into mitochondria.

The northern blots conducted in Chapter 7, while preliminary and war-
ranting repetition for definitive conclusions, revealed a clearly discernible
import of cytosolic tRNA species into mitochondria in healthy controls
across two independent experiments, aligning with previous findings from
literature.”? QARS1-deficient patients exhibited a potential decrease in
mitochondrial import of cytosolic tRNA species, although the sensitivity
of the northern blots limited the detection of significant differences. Never-
theless, these results substantiate the capability of cytosolic tRNA species
to be imported into mitochondria, marking it the first report demonstrating
the physiological relevance of tRNA import and its potential implication for
QARSI deficiency.

The preliminary findings from Chapter 7 emphasize the need for additional
research on this matter. Part of this research is currently performed in the
UMCU, where we aim to verify the presence of cytosolic tRNAS" species
in mitochondria using stem-loop primers and qPCR experiments. However,
numerous sequencing studies have identified the existence of other tRNA
species, such as tRNA " within mitochondria®; but their significance in
mitochondrial translation and overall mitochondrial health remains uncer-
tain. Shedding light on whether additional tRNA species are similarly im-
ported into mitochondria provides an interesting avenue for further research.
If a broad array of cytosolic tRNA species can be imported into mitochond-
ria, this could have significant therapeutic implications for different ARS2
and other tRNA-related mitochondrial diseases, as they could be rescued by
their cytosolic counterpart.
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Concluding and future remarks

As we are moving into a scientific era of not knowing enough to an era
where we are flooded with knowledge, our challenges lie not in gathering
data but in its correct interpretation. This thesis underscores the transforma-
tive power of context in unraveling the intricacies of genetic diseases. The
metaphorical puzzle of VUS cases, laden with missing pieces, necessitates
novel approaches for comprehensive solutions. Several contextual frame-
works were used in this thesis, making use of theoretical insights derived
from enzyme kinetics, information theory and phenotype-first approaches.

Our functional cellular screening of patients with VUS proved relevant for
discerning pathogenicity and pathophysiology for VUSes in well-known
disease genes and VUS in GUS. Additionally, we found that the potenti-

al of IFC-based screening extends to known genetic diseases, particularly
mitochondrial disorders, where the traditional characterization based on
complex-specific subtypes or affected genes was challenged. IFC-based
assays revealed disease subtype-overarching patterns, offering a functional
framework that correlates with responses to mitochondrial injury. This thesis
concludes with a focus on therapy development for QARS1- and ARS2 de-
ficiencies, based on functional insights in patient derived cells, highlighting
the importance of understanding disease mechanisms in informing treatment
strategies.

As we enter an era marked by advancements in genetic therapies for the
correction of genetic diseases, the significance of functional studies may
undergo a shift, assuming a diminished role. At first glance, the development
of genetic therapies requires minimal insights into disease mechanisms.
However, it is plausible that genetic therapies will be accessible primarily
for severe cases and only upon definitive diagnoses. To stratify and diagnose
patients, insights into underlying disease mechanisms are still needed.
Furthermore, given the existing challenges in the delivery of genetic thera-
pies, there may be limitations when it comes to targeting all organs effecti-
vely. Thus, traditional therapy based on functional aberrancies might remain
the most effective therapeutic option for a subset of organs.
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Moreover, the efficacy of genetic therapies is primarily evaluated in pa-
tient-derived cells, requiring useful disease-specific read-outs that can only
be developed through knowledge of underlying systems. In all likelihood,
we anticipate a continued interdependence between functional insights into
genetic diseases and the ongoing development of therapeutic strategies, both
in the present and the foreseeable future.
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Nederlandse Samenvatting

Sinds de ontdekking van de complete sequentie van het genoom in 2003

is onze kennis over genetische ziekten enorm toegenomen. Tegelijkertijd
weten we nu ook hoe complex het menselijke genoom is, en dat veel ge-
netische ziekten van veel meer factoren athankelijk zijn dan de DNA-code
verankerd in ons genoom. Daarnaast zijn er de laatste jaren veel technie-
ken op de markt gekomen, die het mogelijke maken op grote schaal data

te verzamelen over het genoom, en over de consequenties van genetische
afwijkingen op celniveau. Hoewel deze grote hoeveelheid data onze kennis
enorm verbreed heeft, gaat de grootte van de datasets soms het menselijke
begrip te boven.

Een van de grootste uitdagingen van het huidige genetische tijdperk zijn
zogenaamde “Varianten van Onbekende Betekenis”, ook wel VUS genoemd
in het Engels. Dit zijn genetische varianten waarvan de klinische betekenis
onduidelijk is, die worden ontdekt als het genoom gecontroleerd wordt op
erfelijke ziekten. Als een VUS wordt gevonden, is het onduidelijk of deze
variant ziekteverwekkend is of juist alleen maar geassocieerd is met goe-
daardige variaties. Een VUS brengt grote onzekerheid met zich mee, omdat
een patiént met een VUS geen diagnose heeft, en niet weet hoe zijn of haar
symptomen zich over de tijd zullen ontwikkelen. Daarnaast kunnen artsen
moeilijk een behandeling instellen bij een patiént die geen eenduidige diag-
nose heeft.

Er zijn beperkte richtlijnen en hulpmiddelen beschikbaar om VUS-casussen
te helpen oplossen. In veel gevallen is het belangrijk om functionele studies
te verrichten in cellen van de patiént. Omdat er heel veel verschillende gene-
tische ziekten zijn, zijn er over de jaren veel van dit soort functionele studies
ontwikkeld. Het is soms lastig om deze functionele studies uit te voeren,
omdat ze soms niet geprotocolleerd zijn en in veel verschillende ziekenhui-
zen worden uitgevoerd. Voor sommige VUSen is er geen functionele studie
beschikbaar, omdat de VUS in een gen zit waar de functie niet van bekend
is. In dit geval moet er een nieuwe functionele studie worden opgezet, maar
dit is erg complex als de functie is van het gen onbekend is.
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Om de groeiende hoeveelheid data en complexiteit van genetische ziekten te
begrijpen is de juiste context nodig. Hetzelfde geldt voor het oplossen van
een VUS-casus, en voor het structureren van functionele experimenten. De
juiste context kan zorgen voor een effectief raamwerk dat een onderzoeker
of arts helpt bij het extraheren van relevante informatie om erachter te ko-
men wat er speelt op genetisch niveau.

In dit proefschrift tonen wij verschillende methoden hoe context of een
raamwerk kan helpen bij het oplossen van genetische ziekten en VUS-casus-
sen. In de eerste drie hoofdstukken gebruiken wij verschillende raamwer-
ken, bijvoorbeeld het gebruik van klinische kenmerken van bestaande ge-
netische ziekten, enzymkinetiek en fenotypische prioritering om specifieke
genetische varianten te duiden. In het vijfde hoofdstuk beschrijven wij een
functionele cellulaire screening om VUSen te duiden. In het zesde, zevende
en achtste hoofdstuk beschrijven we hoe een functioneel raamwerk kan
helpen bij het duiden van bestaande genetische ziekten.

In Hoofdstuk 2 beschrijven wij twee broers met zeldzame genetische varian-
ten in het NA480 gen. Deze broers waren doof, hadden een ontwikkelings-
achterstand en verslechterden klinisch tijdens infecties. Genetische ziekten
geassocieerd met het NAAS80 gen zijn nog nooit beschreven, echter is de
functie van NAAS8O wel bekend. NAASO kan het actine cytoskelet acetyle-
ren, waardoor de dynamiek verandert. In fibroblasten en T cellen van pati-
enten hebben we allereerst de functie van NAAS8O bestudeerd, welke sterk
verminderd bleek te zijn. Daarnaast toonde het actine cytoskelet zichtbare
afwijkingen, hadden fibroblasten meer filopodia en was er toegenomen ac-
tine polymerisatie. Ondanks het feit dat we de VUS-casus hadden opgelost
waren nog niet alle vragen voor ons beantwoord. Ondanks een uitgebreide
zoektocht wereldwijd, waarbij we zelfs een presentatie hebben gegeven aan
een Portugees ziekenhuis, vonden we maar twee patiénten in de hele wereld
met pathogene NAAS80 varianten, terwijl het gen redelijk gevoelig was voor
mutaties. Om inzicht te krijgen hoe dit mogelijk was, hebben we de patiénten



met pathogene NAAS0 varianten vergeleken met andere patiénten met
actine-gerelateerde ziekten. Door deze vergelijking kwamen we erachter dat
er weinig ziekten bekend zijn waar er meer dan 50% van de cytoplasmaire
actines zijn aangedaan. Onze kinetische data liet zien dat ondanks een ern-
stig verlies van NAAS8O eiwitactiviteit van 95%, er maar net iets minder dan
50% van de actine moleculen waren aangedaan in onze patiénten. De kans
dat NAARSO activiteit ernstig genoeg is aangedaan — maar niet té ernstig — is
extreem klein. Het vergelijken van het klinisch fenotype van verschillende
genetische ziekten en het gebruiken van enzymkinetiek gaf ons het juiste
raamwerk om erachter te komen waarom pathogene NAA480 varianten zo
extreem zeldzaam zijn.

In Hoofdstuk 3 beschrijven wij vier patiénten met VUSen in het NAE! gen.
Er waren tot nu toe nog geen genetische ziekten geassocieerd met dit gen.
De patiénten hadden een ernstig fenotype, omdat ze verlies van her-
senweefsel en ontwikkelingsvaardigheden lieten zien na ernstige infecties
en ziekenhuisopnames. Ook hadden zij ernstige vorm van epilepsie welke
verergerde tijdens ziekte. We vonden een sterk verlaagde NAE1 aanwezig-
heid in patiént fibroblasten. De directe activiteit van NAEI leek niet veran-
derd (de hoeveelheid geneddyleerde cullins was vergelijkbaar, echter leek
de hoeveelheid ongeneddyleerde cullins wel verhoogd. Om meer inzicht te
krijgen in de correlatie tussen deze bevindingen en het klinisch fenotype van
patiénten, wilden we aanvullende experimenten doen. Er was veel bekend
over NAE1 en zijn vermeende functies, echter was er echter zoveel infor-
matie over het gen dat het bijna onmogelijk was om te kiezen welke func-
ties we moesten testen. We wilden relevante cellulaire studies opzetten, die
ons zouden leren hoe het klinisch fenotype veroorzaakt werd. Om de juiste
experimenten te kiezen, hebben wij ons eerst gefocust op het klinisch feno-
type. We hebben alle fenotypische kenmerken gesorteerd op basis van hun
zeldzaamheid. Onze theorie, gebaseerd op eerdere studies, voorspelde dat de
meest zeldzame fenotypes het meest inzicht gevend zouden zijn in onder-
liggende pathofysiologie. Op basis van deze ‘Fenotypische Prioritering’
hebben wij de juiste functionele studies weten uit te voeren die ons inzicht
gaven in het fenotype. Hierdoor kwamen we erachter dat NAEI betrokken is
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bij de overleving van cellen tijdens cellulaire stress, en belangrijk is om het
immuunsysteem te beschermen tijdens infecties.

In hoofdstuk 4 beschrijven we onze laatste VUS-casus, geassocieerd met
genetische varianten in het LIMK] gen. Dit was een unieke casus, omdat

de twee patiénten een totaal ander fenotype hadden. De ene patiént toonde
ernstige ontwikkelingsachterstand en epilepsie, terwijl de andere patiént een
immuunstoornis, glucose deregulatie en hartritmestoornissen toonde. We
vroegen ons af hoe dit mogelijk was, en of de patiénten wel dezelfde ziekte
zouden hebben.

We bestudeerden de functie en structuur van het LIMK/ gen aandachtig en
kwamen erachter dat de genetische varianten op twee verschillende plek-
ken in het eiwit zaten met elk een andere functie. De variant van de eerste
patiént zat op één van de meest essentiéle plekken van het eiwit, en we
voorspelden dat de patiént hierdoor een sterk verminderde eiwitfunctie zou
hebben. De variant van de tweede patiént echter zat gelokaliseerd aan het
begin van het eiwit, in een domein wat zorgt voor remming (auto-inhibitie)
van het eiwit. Hierdoor voorspelden we dat het eiwit actiever zou zijn, Onze
functionele studies in patiént fibroblasten bevestigden dat het eiwit minder
actief was in de eerste patiént, terwijl het eiwit actiever was in de tweede
patiént. Om erachter te komen hoe deze afwijkende LIMK1 activiteit kon
leiden tot het fenotype van de patiénten, bestudeerden we insuline secretie
in alvleesklier-achtige cellen die de twee varianten tot expressie brachten.
We vonden een tegenovergesteld effect van beide varianten op de insuline
secretie, welke overeenkwamen met de glucose regulatie die we klinisch in
de patiénten waarnamen. Dit bevestigde ons vermoeden dat de genetische
varianten in de patiénten tegenovergestelde effecten hadden, én leidde het
tot nieuwe inzichten in de secretie van insuline en de rol van LIMK1 daarin.

De eerste drie hoofdstukken in dit proefschrift hebben laten zien hoe com-
plex het is om een VUS-casus op te lossen, en dat terwijl er van alles bekend
was over de genen waar de VUSen in gelokaliseerd waren. Helaas zijn er
nog steeds veel genen waarbij dit niet bekend is. Voor dit soort genen is het
immens complex om functionele studies te ontwerpen. Theoretisch zou elk
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cellulair systeem aangetast kunnen zijn. Het zou helpen om een startpunt te
hebben, vanuit waar gericht gezocht kan worden naar een goed functioneel
vervolg.

In Hoofdstuk 5 beschrijven we onze functionele cellulaire screening, die be-
doeld is om complexe VUS casussen op te lossen. Voor deze studie hebben
we zes cellulaire assays ontworpen en gevalideerd, die een overzicht geven
van het algemeen cellulair functioneren op verschillende domeinen. Na
validatie hebben we deze assays toegepast op patiénten met VUSen. Zowel
voor patiénten met VUS in bekende ziektegenen als voor patiénten met VUS
in onbekende genen bleek de screening helpend. Voor de bekende ziekte-
genen konden VUSsen snel worden vergeleken worden ‘echte’ patiénten,
waardoor er duidelijkheid kwam over de diagnose zonder dat er uitgebreide
functionele studies hoefden te worden gedaan. Voor patiénten met VUSen in
onbekende ziektegenen werden er afwijkingen gevonden die richting ga-
ven voor vervolgstudies. Zo zijn er bij drie patiénten afwijkingen gevonden
die aanwijzingen gaven dat er mogelijke DNA-schade reparatie problemen
waren, die vervolgens heel gericht onderzocht konden worden. Onze functi-
onele cellulaire screening kan dus duidelijk richting geven bij patiénten met
VUSen.

Nadat we onze functionele cellulaire screening hadden ontwikkeld en getest
op patiénten met VUSen, waren we benieuwd of deze screening ook van
nut kon zijn voor patiénten met bekende genetische ziekten. Ons gevoel was
dat het gemak, de snelheid en de veelzijdigheid van de screening van toege-
voegde waarde kon zijn voor vraagstukken bij bekende genetische ziekten.

In hoofdstuk 6 gebruiken we een specifiek onderdeel (mitochondriéle func-
tietesten) van onze functionele cellulaire screening ontwikkeld in hoofdstuk
5 om patiénten met mitochondri€le ziekten te onderzoeken. Mitochondriéle
ziekten worden gekenmerkt door heterogene klinische en cellulaire fenoty-
pes, waardoor het diagnosticeren en behandelen van mitochondriéle ziekten
extreem moeilijk zijn. Mitochondrién hebben veel functies, die allemaal
van elkaar athankelijk zijn. Echter worden mitochondriéle ziekten nu vaak
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alleen bekeken vanuit hun specifieke functionele groep, bijvoorbeeld vanuit
hun specifieke complex afwijking. In hoofdstuk 6 hebben wij een breed sca-
la aan patiénten met verscheidene onderliggende mitochondriéle ziektes
gescreend met onze functionele experimenten. We includeerden bewust
twee of drie patiénten van ieder subtype, omdat we verwachtten dat elk
subtype een uniek profiel of afwijkingen zou laten zien. Die afwijkingen
konden we dan vertalen naar de onderliggende functie van het eiwit of het
onderdeel waar het probleem gelokaliseerd zat. Echter kwamen we er
tijdens het scree-nen al achter dat patiénten met hetzelfde type
mitochondri€le ziekte totaal tegenovergestelde afwijkingen konden
vertonen. Uiteindelijk zagen we dat er grofweg twee soorten afwijkingen
waren bij patiénten: een verlaging van de membraanpotentiaal en verhoogde
productie van schadelijke zuur-stofradicalen, or een verhoging van de
membraanpotentiaal, toegenomen mitochondri€le massa en mitochondriéle
zwelling. Door middel van litera-tuuronderzoek kwamen we erachter dat de
eerste soort afwijkingen waar-schijnlijk te maken hebben met een
loskoppeling van een onderdeel van mi-tochondrieel complex 1, terwijl het
tweede type reactie te maken heeft met afwijkend transport van protonen
over het mitochondriéle membraan. Ook in andere onderzoeken komen deze
twee typen reacties vaak naar voren. Op basis van deze data, vermoedden
we dat mitochondriéle ziekten pati€nten beter ingedeeld kunnen op basis
van hun functionele respons dan op hun pri-maire ziekte. Mogelijk kan deze
nieuwe informatie helpen de diagnostiek en behandeling van mitochondriéle
ziekten verbeteren, door deze te richten op een specifieke functionele
respons in plaats van op de primaire afwijking.

Hoofdstuk 7 is het eerste en het enige hoofdstuk in dit proefschrift wat zich
voornamelijk richt op behandeling van genetische ziekten in plaats van diag-
nostiek. Desalniettemin gebruiken wij ook hier een functionele benadering
en experimenten om onze behandeling te testen in patiént cellen voordat wij
hem toepassen. Amino-acyl tRNA synthetase deficiénties zijn een groep
ernstige genetische ziekten die vaak ontstaan op de zuigelingen- of kinder-
leeftijd. Er zijn verschillende types (ARS1-, ARS2- en gecombineerde ARS
defecten). Recent heeft onze onderzoeksgroep de effectiviteit van specifieke
aminozuren getest voor de behandeling van één van deze types (ARS1) met
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goede resultaten in klinische studies. Wij waren echter benieuwd of deze
aminozuren ook voor de andere twee types (ARS2, gecombineerde ARS
defecten) nuttig konden zijn. Echter zijn ARS2- en gecombineerde ARS
defecten van wezenlijk andere aard, omdat ze in de mitochondrién tot uiting
komen. We wisten niet zeker of de aminozuren wel in de mitochondrién
terecht zouden komen als we deze aan patiénten zouden geven. Om zeker te
zijn van onze behandeling, hebben we daarom eerst mitochondriéle functie
getest in cellen van patiénten, tijdens extreem lage en hoog-normale amino-
zuurconcentraties. We kwamen erachter dat mitochondriéle functie in deze
patiénten sterk athankelijk was van de hoeveelheid specifieke aminozuren,
en dat lage aminozuurconcentraties schadelijk waren. Met dit inzicht zijn we
overgegaan tot aminozuurbehandeling in negen patiénten, met goede resul-
taten. Afhankelijk van de patiént, verbeterde de hartfunctie, de ontwikke-
ling, de epilepsie en/of de misselijkheid. Als vervolg willen we graag gro-
tere studies opzetten om deze effecten nog robuuster te testen, maar het feit
dat aminozuurbehandeling mitochondriéle functie kon beinvloeden, veilig
was én de patiénten kon helpen, maakt dit een veelbelovend onderzoek.

Tijdens onze zoektocht naar een behandeling voor ARS2-defecten, stuitten
we op een onverwachte bevinding. Normaal gezien laten ARS1-defecten

- welke niet in de mitochondrién tot uiting komen- geen mitochondriéle
dysfunctie zien. Echter was er één uitzondering op deze regel: QARS1-de-
fecten. QARSI zorgt ervoor dat glutamine gebruikt kan worden om eiwitten
te bouwen. Na een uitgebreid literatuuronderzoek kwamen we erachter dat
het mechanisme rondom glutamine inbouw in mitochondrién heel uniek
was, en tegelijkertijd heel fragiel, waardoor dit systeem kan haperen met
desastreuze gevolgen. Om de machinerie weer op gang te brengen, moet

er hulp komen vanuit het cytoplasma — en dus van QARS1. Om dit feno-
meen te onderzoeken, isoleerden we mitochondrién uit gezonde- en pati-
ent-huidcellen, en analyseerden we de hoeveelheid tRNA met glutamine
welke gebruikt kan worden voor het glutamine inbouwen in eiwitten. We
keken specifiek waar die tRN ’s vandaan komen — uit het cytoplasma of uit
mitochondrién. Als de tRNA’s uit het cytoplasma zouden komen was onze
theorie deels bewezen, want dan zou QARSI inderdaad een mogelijke rol
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spelen bij het inbouwen van glutamine in mitochondriéle eiwitten. Tijdens
onze experimenten zagen we dat er inderdaad tRNA’s uit het cytoplasma de
mitochondrién in werden getransporteerd, en dat dit sterk afgenomen was
bij patiénten bij QARS1-defecten. Dit toonde een mogelijk nieuw verband
tussen QARSI functie en mitochondriéle functie. Echter was de kwaliteit
van de experimenten niet optimaal, en moeten deze herhaald worden om
definitieve conclusies te trekken. Als we dit mechanisme kunnen bevestigen,
zou dit een van de eerste studies zijn die aantoont dat er cytosolaire tRNA’s
de mitochondrién in kunnen worden getransporteerd én dat deze tRNA’s een
fysiologische functie hebben.

Conclusie

Naarmate we een wetenschappelijk tijdperk ingaan waar er een overvloed
aan data is, liggen onze uitdagingen niet zozeer in het verzamelen van ge-
gevens, maar in de juiste interpretatie ervan. Dit proefschrift benadrukt de
transformerende kracht van context bij het ontrafelen van genetische ziek-
ten. De puzzel die gelegd moeten worden om VUS-gevallen op te lossen,
met veel ontbrekende stukjes, vereist innovatieve contextuele benaderingen.
Verschillende contextuele kaders werden gebruikt in dit proefschrift, waarbij
theoretische inzichten werden toegepast uit enzymbkinetica, informatietheo-
rie en fenotypische prioritering.

Onze functionele cellulaire screening van patiénten met VUS bleek relevant
voor het onderscheiden van de onderliggende pathofysiologie. Bovendien
ontdekten we dat het potentieel van onze screening zich uitstrekte tot be-
kende genetische ziekten, met name mitochondriéle aandoeningen, waarbij
de traditionele karakterisering op basis van specifieke subtypes werd uitge-
daagd. Onze mitochondriéle screening onthulde ziekte-subtype-overkoepe-
lende patronen, waarbij een functioneel kader werd ontdekt dat correleert
met twee verschillende type reacties op mitochondriale schade. Dit proef-
schrift eindigt met een focus op therapieontwikkeling voor QARS1- en
ARS2-deficiénties, gebaseerd op functionele inzichten in cellen afkomstig
van patiénten, waarbij het belang van het begrijpen van ziektemechanismen
voor het ontwikkelen behandelingsstrategieén wordt benadrukt.
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Er komen steeds meer genetische therapieén beschikbaar voor de behande-
ling van genetische ziekten, waardoor functionele studies minder belang-
rijk worden. Op het eerste gezicht vereist de ontwikkeling van genetische
therapieén namelijk maar minimale inzichten in ziektemechanismen. Het

is echter mogelijk dat genetische therapieén alleen toegankelijk zullen zijn
voor ernstige gevallen en pas na definitieve diagnoses. Om patiénten te
stratificeren en te diagnosticeren, zijn inzichten in onderliggende ziekteme-
chanismen nog steeds nodig. Bovendien, gezien de bestaande uitdagingen
bij de toediening van genetische therapieén aan sommige organen, kunnen
er beperkingen blijven voor sommige ziektes. Traditionele therapie, waar-
voor er kennis nodig is van functionele afwijkingen, blijft dus mogelijk nog
een lange tijd belangrijk. Bovendien wordt de doeltreffendheid van geneti-
sche therapieén voornamelijk geévalueerd in cellen afkomstig van patiénten,
waarbij de effectiviteit wordt getest door het meten van functionele verbe-
tering. Die functionele verbetering kan alleen gemeten worden met kennis
van onderliggende systemen. Waarschijnlijk kunnen we blijven rekenen op
een voortdurende onderlinge athankelijkheid tussen functionele inzichten en
de ontwikkeling van therapeutische strategieén, zowel in het heden als in de
nabije toekomst.
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Dankwoord

Dit proefschrift had ik niet kunnen maken zonder de inzet en hulp van jullie,
mijn lieve familie, vrienden en collega’s. Ik zou graag de gelegenheid nemen
om jullie hiervoor te bedanken. Jullie waren en zijn mijn grootste steun
waardoor dit alles mogelijk was.

Peter, je plukte me uit de les tijdens mijn studie geneeskunde omdat je dacht
dat ik metabole ziekten leuk zou vinden. En wat had je gelijk! Ik ben
ontzettend geinspireerd geraakt door je vermogen om uit elk
onderzoeksproject het beste te willen halen, en de creatieve ‘bril’ waarmee jij
naar nieuwe bevindingen kijkt. Ik kon elke vraag die ik had aan je stellen - je
dacht altijd mee - en nog vaker bedacht je gewoon een hele slimme
oplossing. Tot nu toe is elk hoofdstuk in mijn boekje een bijzonder verhaal
geworden, en dat heb ik grotendeels aan jou te danken. Daarnaast ben je
ontzettend slim, geestig, en heb je me door weer en wind bijgestaan. Ik had
dit absoluut niet zonder je gekund, en ik heb genoten van onze wekelijkse
meetings. Hopelijk blijven we elkaar in de toekomst vinden voor mooie
inspirerende projecten!

Sabine, ik weet niet hoe je het doet, maar je weet precies de juiste mensen te
vinden waardoor het Fuchs lab altijd een hele fijne en inspirerende plek is
geweest en nog steeds is. Je hebt een natuurlijke gave om iedereen te
motiveren. Daarnaast vind ik het heel bijzonder om te zien hoe je altijd weet
te zorgen voor een fijne sfeer, en ik voel me altijd thuis als ik bij je over de
vloer kom, mogelijk daarom ook dat mijn idee voor de Fuchs meeting/
borrelmeeting bij jou in goede aarde viel! Ik vind het fijn dat je me steunde
op een persoonlijke manier, en ik heb veel aan je advies gehad. Ik ben blij dat
ik heb mogen meemaken dat we zulke goede stappen zetten om therapie voor
metabole ziekten een stap dichterbij te brengen. Ik hoop dat onze groep mag
blijven groeien en dat ik deel mag blijven uitmaken van je mooie plannen!
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Edward, toen ik een PhD wilde doen hebben we vaak met elkaar gesproken
of deze plek de juiste was. Dankzij jou kon ik met meerdere labs praten, en
kan ik nu zeggen dat ik blij ben met deze ontzettende juiste keuze. Het
duurde even eer alle puzzelstukjes op hun plaats vielen, maar achteraf terug
kijkend heb ik ontzettend veel geleerd onder jullie vleugels. Na mijn PhD
hielp je mij om in de VS aan de slag te kunnen, en nu hier de puzzelstukjes
ook op zijn plaats beginnen te vallen, besef ik me dat je toch verdacht vaak
aan het begin staat van hele juiste keuzes. Hopelijk mag ik je blijven
lastigvallen met mijn levensvragen, carriéreplannen en overpeinzingen!

Klaas en Eva, dankjewel dat jullie me onderdeel lieten uitmaken van de
‘metabole familie’. Jullie liefde voor het metabole veld is bijzonder om te
zien en ik genoot van de inspirerende en fijne sfeer op de afdeling. Ik hoop
dat we elkaar nog vaak tegen komen in de toekomst!

Lief Lab, dear Lab members, nu ik weg ben besef ik me pas hoe uniek de
fijne sfeer was in ons lab. Indi en Imre, dank voor jullie advies over de
jaren, jullie namen altijd de tijd om met me mee te denken en ik heb veel
van jullie geleerd. Ibrahim, ik ken niemand die grappigere presentaties gaf
dan jij. José en Eveline, het was altijd gezellig met jullie! Sawsan, onze (en
mijn) rots in de branding. Wat ben jij een topper! Emi, wat fijn dat je bent
gebleven en bij Sabine in de groep bent gekomen! Martijn, ik bewonder je
doorzettingsvermogen en ik heb altijd fijn met je samengewerkt. Ik hoop
nog veel mitochondriéle projecten van jouw hand te zien langskomen!
Remi, jij was een korte maar waardevolle toevoeging aan ons lab. Gelukkig
zie ik je nog steeds af en toe! Ewart, bedankt voor de persoonlijke en fijne
manier waarop je me hebt bijgestaan mijn laatste maanden. Ik kon altijd bij
je terecht! Marit, wij liepen vaak gelijk op qua timing van onze promotie. Ik
vond het altijd heel gezellig en fijn om met je te werken, en ik heb genoten
van onze trip naar EMG Innsbruck en SSIEM Freiburg! Daarnaast; voor
iedereen die ik niet heb genoemd (inclusief studenten). Ik heb altijd heel erg
van jullie genoten. Dankjulliewel dat jullie mijn dagen altijd een beetje
dragelijker en me hielpen het lab en onderzoek iets minder serieus te nemen!
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Femke, veel dank voor je mentorschap. Ik bewonder de manier waarop jij een
fijne groep en werksfeer hebt weten te creéren, die daarnaast ook heel mooi
en kwalitatief werk oplevert. Van wijk lab members, veel dank voor jullie
bereidheid me op te nemen in jullie groep en jullie hulp de afgelopen jaren!

Holger, I truly valued your comments and advice, most of them turned out to
be crucial for my work. Niels en Hanneke, ik heb veel te danken aan jullie
hulp met mijn eerste stappen in de mitochondriéle biologie. Ik heb altijd heel
fijn met jullie samen gewerkt en ik heb genoten van de goede sfeer die er in
jullie groep hing. Rowena en Michel, jullie maakten mijn eindeloze
Imagestream dagen een heel stuk dragelijker. Dank jullie wel voor de fijne
gesprekken en de lekkere koffie! Paul en Jorg, dankjewel voor jullie steun.
Ik meen het als ik zeg dat ik dit niet zonder jullie had gekund. Ziqin, Wilbert
en Kimberley, thank you for all your help with the seahorse experiments and
all other thoughts we exchanged over the years. Cedric and Theo, thank you
for your valuable help with the LIMK1 paper. Dr. Waterham, bedankt voor
je vertrouwen in ons Imagestream project. Eva en Tamas, dankjewel dat
jullie me onder jullie vleugels hebben genomen voor mijn volgende avontuur!
Sylvia, Rameen and Graeme, thank you for introducing me to your lab for
helping me with the big move. Hopefully there is much more fun science to
come!

Lieve Borrelclub. Altijd een luisterend oor. Altijd gezellig. Jullie hebben me
er doorheen gesleept. Dankjewel voor alle leuke avonden die we hebben
gehad, zoals de Parade, Trek, talloze avondjes bij Tilt, weekendjes op de
camping, Hubrecht borrels en promotieborrels. Ik hoop nog lang met jullie
bevriend te blijven! Suze, dankjewel voor al je goede advies over de jaren en
jouw bezoek aan NY toen ik het meest een vriend nodig had. Maaike, ik kon
altijd bij je terecht en je was altijd bereid tot een (oordeelloos) ongedwongen
praatje. Marliek, wij hebben niet veel samengewerkt maar gelukkig des te
meer samen geborreld. Bedankt voor al je lieve steun! Gautam, jij was elke
woensdag mijn luisterend oor, borrelpartner in crime en stamgast bij Willem
Slok. Dankjewel voor de talloze leuke avonden, festivals, fietstochten, en dat
je me meer dan eens liet inzien dat je dingen beter luchtig kan bekijken.

341



Ik bewonder hoe relaxt jij in het leven staat en ik hoop dat we nog veel
leuke dingen samen blijven doen.

Lieve Robin. Op een of andere manier volgen wij al bijna vijfentwintig jaar
hetzelfde levenspad, waarbij steeds de één of de ander net voorloopt. Ik kan
altijd heel fijn met je sparren en je Itali€ avonturen zijn fantastisch om te
volgen!

Lieve Bonie’s, lieve Suus, Pomme en Soppie. Wij leerden elkaar op de
eerste dag van geneeskunde kennen en vonden elkaar in Nandoe’s, kittige
katjes en vooral heel veel gezelligheid. Ik ben dankbaar om na 12 jaar nog
steeds jullie vriendin te zijn. Bonie's zijn we allang niet meer, gelukkig zijn
jullie ter compensatie wel in opleiding (hopelijk kan spuit 11 nog volgen).
Ik bewonder jullie om jullie passie voor het doktersvak en je durf om je
eigen weg te vinden, en natuurlijk een vriendschap die zo vertrouwd voelt
dat jullie als familie zijn. Lieve Sop, ik ben heel dankbaar dat ik altijd bij
jou terecht kan voor goed advies, of het nou over New York, kakkerlakken
of de diepere zaken des levens gaat. Biertjes en bitterballen bij Broers zijn
allang geen vijf euro meer, maar ik hoop nog heel vaak met jou te kunnen
proosten!

Lieve Bonnie. Jouw nuchtere kijk op de wereld doet soms wonderen. Dank
voor de talloze avondjes op het terras waarbij je me steunde en hielp om
iets van de andere kant te bekijken. Ik hoop nog heel vaak met jou en
Maureen te kunnen proosten!

Lieve Lot, Jos en Juul. Ik vind het heel bijzonder dat wij altijd vriendinnen
zijn gebleven. Ik kan altijd bij jullie terecht en veel dank voor alle lieve
steun en waardevolle vriendschap.

Bien, Cat en Jos. Wat hebben wij veel meegemaakt. Van 1.5 uur op de
fiets naar Awakenings naar hutjes op de hei en wandeltochten. Wij zijn echt
samen opgegroeid en ik kom altijd terug van een avondje met jullie samen
met een frisse blik op de wereld.
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Lieve Gustanen, ik leerde jullie kennen toen ik liever andere dingen deed
dan studeren en aan de wetenschap denken. Ik had geen enkel moment van
onze elf jaar lange vriendschap willen missen. Ik heb met niemand meer
(hele goede) inside jokes dan met jullie. Jullie sleepten me er altijd weer
doorheen en ik ben dankbaar voor alle avondjes dat ik bij jullie terecht kon.
Dit dankwoord is te kort om jullie één voor één te bedanken, maar weet dat
ik dit niet zonder jullie had gekund!

Lieve paranimfen Nathalie en Rose. Wat begon als een afvalrace waarbij
alleen wij overbleven (iets met paarden), bleek een hele waardevolle
vriendschap te zijn. Ik voelde me altijd echt gehoord door jullie als ik het had
over de dingen die ik moeilijk vond tijdens mijn PhD. Daarnaast heb ik echt
genoten van onze Corona borrelfestijnen en logeerpartijen (Maasstraat laat je
horen!), Rome avonturen en ons Frankrijk avontuur in ons koekblik (waar
we nu gelukkig om kunnen lachen). Dankjewel voor jullie waardevolle
steun!

Lieve familie Teunissen en Muffels, dankjewel voor jullie steun en wat leuk
dat jullie in grote getalen naar de verdediging willen komen. Lieve
schoonfamilie Tjalma, dankjewel voor jullie gezelligheid en het fijne
samenkomen de afgelopen jaren. Ik geniet van de ongedwongen sfeer die er
bij jullie hangt en wat fijn dat we altijd weer mogen komen aanzetten met
een nieuwe oppas-hond!

Lieve Powermufgirls, lieve Alissa en Nadine. Jullie kennen me als geen
ander. Onze avondjes samen zijn altijd bijzonder, of het nou voor de
draaitafel van Alissa is, of op stap in Den Haag.

Lieve Papa. Goed voorbeeld doet goed volgen. Het zien van jouw
bevlogenheid voor de wetenschap als kind heeft me geleerd dat dit ook voor
mij ook mogelijk was. De prachtige dag die we mochten meemaken toen je
afscheid nam als professor heeft dat alleen maar onderstreept. Zo hard
werken als jij kon, kon ik niet, maar ik heb zeker wat trekjes van je over
genomen.
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Het zal niet de eerste keer zijn dat Age me in mijn jas achter mijn laptop
ziet werken omdat ik eigenlijk tien minuten geleden boodschappen
wilde doen. Ik bewonder jouw carricre, passie en doorzettingsvermogen,
voor zowel de wetenschap als voor je zolder. Ik hoop nog vele avonden
met een glas goede wijn bij jou aan tafel over de wetenschap te mogen
praten.

Lieve Mam. Over voorbeelden gesproken. Ik ken niemand die sterker is
als jij, en dat heeft het afgelopen jaar alleen maar onderstreept. Ik geniet
nog steeds na van onze vroege ochtend-koffietjes in mijn keuken in New
York. Ik hoop dat ik wat van jouw kracht heb overgenomen en mag
blijven overnemen. Ik had het absoluut niet zonder jou gekund.

Lieve Age, ik weet niet eens waar ik moet beginnen. Ik ken niemand
(inclusief mezelf) die zo enthousiast wordt van mijn werk als jij. Dank
voor de talloze keren dat je op een creatieve en intelligente wijze met
mij meedacht. Nog grotere dank voor de keren dat je me hielp om even
niet aan werk te denken. Zonder jouw onvoorwaardelijke steun had ik
het niet gekund. Ik kan niet wachten op jouw promotie, als ik trots aan
de andere kant mag staan. Ik heb nog meer zin in ons leven samen in
New York, als ons Team weer compleet is, en in ons hele leven samen
daarna.
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