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Abstract

Next-generation phenotyping (NGP) is the application of advanced methods of computer vision on medical imaging data such

as portrait photos of individuals with rare disorders. NGP on portraits results in gestalt scores that can be used for the selection

of appropriate genetic tests, and for the interpretation of the molecular data. Here, we report on an exceptional case of a young

girl that was presented at the age of eight and fifteen and enrolled in NGP diagnostics at the latter occasion. The girl had clinical

features associated with Koolen-de Vries syndrome and a suggestive facial gestalt. However, chromosomal micro array (CMA),

Sanger sequencing, multiplex ligation-dependent probe analysis (MLPA), and trio exome sequencing remained inconclusive.

Based on the highly indicative gestalt score for Koolen-de Vries, the decision was made to perform genome sequencing to also

evaluate non-coding variants. This analysis revealed a 4.7 kb deletion at the end of intron 6 of the KANSL1 gene, which is

the smallest reported structural variant to date for this phenotype. The case illustrates how NGP can be integrated into the

iterative diagnostic process of test selection and interpretation of sequencing results.

Introduction

Many genetic syndromes are associated with a distinctive facial gestalt which can be used to expedite the
diagnostic process. Although high-throughput sequencing has helped to address the considerable hetero-
geneity of many syndromes in a single test, the rare expertise of dysmorphologists, which is still required for
the data interpretation, is often the bottleneck. In recent years, advances in machine learning have enabled
the development of NGP tools, that can be used to analyze facial dysmorphology in patient portrait photos
(Ferry et al., 2014; Kuru et al., 2014; Gripp et al., 2016; Wang and Luo, 2016; Dudding-Byth et al., 2017;
Hadj-Rabia et al., 2017; Valentine et al., 2017; Liehr et al., 2018; Gurovich et al., 2019; van der Donk
et al., 2019; Hsieh et al., 2022). Amongst them is GestaltMatcher, which is a deep convolutional neural
network that was trained on thousands of molecularly confirmed cases and achieves high accuracies in the
identification of hundreds of syndromes (Hsieh et al., 2022). In this paper, we describe how the results of
this artificial intelligence helped to solve a case with a typical phenotype of Koolen-de Vries syndrome but
an unusual disease-causing mutation.

Results

We report a female patient who first presented to a syndromic consultation at the age of eight because auf
multiple phenotypic abnormalities. The girl had muscular hypotonia since early childhood. During infancy a
developmental delay became noticeable and later she scored in the moderate range of intellectual deficiency.
Brain MRI showed two heterotopic foci as well as symmetrically clumped hippocampi. Facial dysmorphism,
which became more prominent as a teenager, includes a long face, slightly up slanting palpebral fissures,
ptosis of the left eye, a prominent, bulbous nasal tip and low-hanging columella (Figure 1). Furthermore,
she had pale skin with many moles, thick curly hair, and a missing left upper canine tooth. Her family
described her as extremely friendly, but anxious in contact with other children. A chromosome analysis, a
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. chromosomal microarray (CMA) and diagnostics for Fragile X Syndrome, which have been performed after
the first consultation at the age of eight years, were unremarkable.

At re-consultation seven years later, the fifteen-year-old female was enrolled into a study protocol that also
involved NGP. The computer-assisted assessment of portrait images yielded high gestalt scores for Koolen-de
Vries Syndrome (Figure 1). The feature score, which is based on the clinical abnormalities annotated in HPO
terminology, was in the lower range reflecting the rather unspecific phenotypic manifestations in the young
female (Robinson et al., 2008; Peng et al., 2021). Although some characteristic aspects of the facial gestalt,
such as the elongation of the face and the pear-shaped nose, become more prominent with age, the gestalt
score for the portrait at the age of eight years was already comparably high (Figure 1).

With facial dysmorphism typical for Koolen-de Vries Syndrome and some matching phenotypic features such
as the friendly personality, this diagnosis was suspected despite the inconclusive CMA results. While ˜95%
of the cases with Koolen-de Vries syndrome are due to 500 to 650 kb deletion in 17q21.31, only ˜5% are
due to sequence variants in KANSL1 (Koolen et al., 2006, 2012, 2016; Sharp et al., 2006; Shaw-Smith et
al., 2006; Zollino et al., 2012, 2015). Around the microdeletion in 17q21.31 large clusters of low complexity
repeats at the breakpoints were described, suggesting an underlying mechanism of non-allelic homologous
recombination (NAHR) (Stankiewicz and Lupski, 2002; Dubourg et al., 2011). Up to now, these deletions
were found by CMA. So far, only few atypical deletions had been reported for individuals affected by Koolen-
de Vries Syndrome, the smallest of these still 68 kb in size (Cooper et al., 2011; Dubourg et al., 2011; Koolen
et al., 2012; Zollino et al., 2015). All of these deletions were also detected by CMA.

As the recurrent microdeletion in 17q21.31 was not supported by CMA we initiated Sanger sequencing
and multiplex ligation-dependent probe amplification (MLPA) of KANSL1 . Both analyses did not show
any abnormal findings. Next, a trio exome analysis in the patient and her parents was performed. Data
for the patient and her parents was generated using the NovaSeq platform (Illumina) and the SureSelect
v6 exome capture kit (Agilent). Initial bioinformatics analysis was focused on relevant single nucleotide
variants (SNVs) and indels using a local implementation of GATK best practices pipelines optimized for
data from the NovaSeq sequencer. Copy number variants (CNVs) were initially generated using cn.MOPS
(Klambauer et al., 2012). No variants inKANSL1 nor any other gene were detected that could explain
the phenotype. Following the inconclusive results of the trio exome analysis, a genome sequencing was
conducted. The bioinformatics analysis was performed using the NVIDIA Parabricks toolkit. This toolkit
enables accelerated genome analysis by utilizing NVIDIA GPU resources. Several algorithms from this
toolkit have been used to call SNVs and indels on the genomic data of the patient. In particular, accelerated
versions of BWA-mem and the HaplotypeCaller were crucial for fast processing and yielded variant calls of
high quality. To determine candidates for structural variants (SVs) and CNVs, we used manta (Chen et
al., 2016), delly (Rausch et al., 2012) and lumpy (Layer et al., 2014). Variant calls of all three tools were
merged using a vote-based scheme to find candidates supported by all callers. A 4,708 bp deletion affecting
the end of intron 6 and only the first 46 bp of exon 7 (NM 015443.4:c.1849-4611 1895del) was detected by
all three tools. Furthermore, the deletion was also clearly visible by a drop of coverage and by split reads
in the sequence alignment (Figure 2). In a careful re-analysis of the exome data, that was guided by the
results from genome sequencing data, the deletion could also be detected using Pindel (Ye et al., 2009)
(Figure 2). Changing some alignments preferences in Integrative Genome Viewer enabled the visualization
of the deletion inKANSL1 exome sequencing data (Figure 2). The deletion was also subsequently verified
by qPCR.

Discussion

Many SV and CNV tools for exome data rely on depth of coverage signals to identify likely candidates
for structural changes in the genome in short read Illumina data. For both, exome and genome data, the
effectiveness of this approach is limited by the availability of good normalized control data from other genomic
regions in the same individual or other individuals of the same sequencing run. In case of the trio-exome
sequencing experiment from our patient, this baseline was formed by other unrelated samples sequenced in
parallel. Depth and variability of the coverage in certain genomic regions also has an influence on the ability
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. of those callers to detect structural change to the genome. Other CNV detection methods rely on a mix of
other factors to find likely candidates for variation. Pindel incorporates signals from split reads. These are
read pairs in which one of the two reads cannot be aligned to the reference genome and is assumed to carry
the precise breakpoint information of insertion or deletion events. Similar metrics are used also by other
callers that were used for subsequent genome sequencing data analysis (e.g. manta, delly, lumpy).

The initial negative result using other CNV calling methods is due to the suboptimal coverage distribution
at some of the KANSL1 exons and intronic regions and the fact that the deletion reaches only 46 bp into the
exon. The variant in question is mainly in the end of intron 7 making coverage-based detection of structural
changes based on exome data substantially more difficult than in genome sequencing data. As a result,
from sequence analysis, 130 pathogenic or likely pathogenic variants have been reported for KANSL1 in the
database ClinVar (Landrum et al., 2020). In contrast, the 4.7 kb deletion that we identified, is the first entry
in ClinVar for a variant length in between 51 bp and 50 kb.

In conclusion, we reported a 4.7 kb deletion in KANSL1 that is mainly non-coding and was therefore first
detected by genome sequencing. However, retrospectively it could also be confirmed in exome sequencing
data with fine-tuning of the filter settings. Since high accuracy in CMA analysis is limited to a resolution
of 50 kb or higher, and in exome analysis to a resolution of 50 bp or lower, deletions in the order of few
kilobases are not detected in the diagnostic tests most often used today. In genome sequencing data, on the
other hand SV and CNVs in this size range can be identified more easily, but are usually more difficult to
interpret, if they are non-coding.

Therefore, our case exemplifies, how computer-assisted analysis of the portrait can make a significant contri-
bution to the diagnostic process. First, NGP has the potential to speed up data analysis. If our Koolen-de
Vries patient would have carried the recurrent microdeletion, a SNV or indel, the high gestalt score would
have made the molecular confirmation of the suspected clinical diagnosis straightforward using protocols
such as the PEDIA workflow (Hsieh et al., 2019). Second, highly suggestive results of NGP can be used
to request genome sequencing if exome or CMA analysis were inconclusive. Third, NGP can help with the
classification of the pathogenicity of novel variants found in the genome.

According to the guidelines from 2015, a matching phenotype is only considered as supporting evidence for
pathogenicity of a sequence variant (PP4) (Richards et al., 2015). However, experienced dysmorphologists
may attribute a higher level of evidence to the pathogenicity of a variant in a gene if the associated phenotype
is highly specific (Zhang et al., 2020). Most clinicians that are confronted for the first time with such a specific
diagnosis will be hesitant to apply these higher weights. Here, computer-assisted analysis could help, since
syndromic distinctiveness can be measured and the similarity of a portrait to other molecularly confirmed
cases can be quantified (Hsieh et al., 2022). By this means, NGP makes the visual inspection of a patient
applicable to a Bayesian classification framework (Tavtigian et al., 2018). Interestingly, the specificity of the
facial gestalt of Koolen-de Vries Syndrome ranges only in the upper half of dysmorphic phenotypes and is
exceeded for example by the distinctiveness of Baraitser-Winter syndrome or Seckel syndrome. For disorders
in this category high gestalt scores should therefore be handled with even greater attention and could justify
more comprehensive tests such as genome sequencing if molecular confirmation is still pending.
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Figure 1. Graphical heatmaps of the patient´s photos. Photos were taken at A) the age of fifteen
and B) at the age of eight. Image comparison shows a high similarity between the descriptor of the patient´s
photo and the composite image of Koolen-de Vries syndrome. The heatmaps illustrate the facial elements
that informed the DeepGestalt algorithm in this patient. For calculation of the Feature score the following
HPO-terms were used: generalized muscle weakness; nevus; intellectual disability, moderate; poor fine motor
coordination; tonsillitis; agenesis of canine; abnormal morphology of the hippocampus; decreased serum iron.
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Figure 2. KANSL1 whole exome and whole genome sequencing data. KANSL1 sequencing data
visualized in IGV. A) A screenshot of the deletion in whole exome sequencing data. Reads are sorted by
start location and grouped by read pairs. Soft clipped bases are included, making the exact breakpoint in
DNA visible, even against the complete lack of other reads in the region. B) A Screenshot of whole genome
sequencing data is shown. The deletion causes a noticeable drop of coverage. Additional support for the
detected deletion is provided by split reads, marked in red.

Black arrow = 3‘- end of deletion (Exon 7)

Blue arrow = 5‘-end of deletion (intron 6)
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