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Abstract 74 

Background 75 

Deciphering the monogenetic causes of neurodevelopmental disorders (NDD) is an important 76 

milestone to offer personalized care. But the plausibility of reported candidate genes in exome 77 

studies often remains unclear, which slows down progress in the field.  78 

 79 

Methods 80 

We performed exome sequencing (ES) in 198 cases of NDD. Cases that remained unresolved (n=135) 81 

were re-investigated in a research setting. We established a candidate scoring system (CaSc) based 82 

on 12 different parameters reflecting variant and gene attributes as well as current literature to rank 83 

and prioritize candidate genes.  84 

 85 

Results 86 

In this cohort, we identified 158 candidate variants in 148 genes with CaSc ranging from 2 to 11.7. 87 

Only considering the top 15% of candidates, 14 genes were already published or funneled into 88 

promising validation studies.  89 

 90 

Conclusions 91 

We promote that in an approach of case by case re-evaluation of primarily negative ES, systematic 92 

and standardized scoring of candidate genes can and should be applied. This simple framework 93 

enables better comparison, prioritization, and communication of candidate genes within the 94 

scientific community. This would represent an enormous benefit if applied to the tens of thousands 95 

of negative ES performed in routine diagnostics worldwide and speed up deciphering the 96 

monogenetic causes of NDD.  97 
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Background 100 

 101 

The entirety of rare diseases represents a substantial burden and affects millions of individuals 102 

worldwide1. A large part of these diseases have a genetic cause2, but many cases remain 103 

undiagnosed. A missing diagnosis may have a negative impact on the caring families, medical 104 

treatment, socio-economic expenses, and on prognosis3. 105 

 106 

This is most obvious in the genetic etiologies of neurodevelopmental disorders (NDD). Exome 107 

sequencing (ES) has proven to be highly successful in identifying causes of NDD4, 5. Thus, large efforts 108 

have been undertaken in order to decipher the genetics of NDD6–12. The DDD study is the most 109 

prominent example12. It included 7580 trio ES cases with NDD and 14 genes were reported as 110 

statistically valid novel NDD genes. Major studies like this are of high importance and give 111 

unprecedented insights into the genetics of NDD. Considering the available supplemental tables with 112 

a high number of de novo candidate variants, we understand that many NDD genes did not reach the 113 

significance threshold after correcting for multiple testing. Thus, we see that a complementary 114 

approach that includes the specific characteristics of the variants and the genes as well as the clinical 115 

information of the patients may overcome the burden of statistical significance thresholds. This 116 

requires a detailed case by case evaluation as presented by other research approaches that have 117 

focused on smaller, often homogeneous cohorts
13,14,15

. However, in these studies the plausibility of 118 

many of the reported candidate genes remained unclear. The challenge of differentiating relevant 119 

genes from false positives is an issue in single cases or small cohorts. As such small cohorts are 120 

available at many institutions worldwide, genes cannot be statistically validated. On the other hand, 121 

such institutions collectively perform tens of thousands of exome sequencing in NDD cases, including 122 

the implementation of case-specific information. More than half of them remain negative in a 123 

diagnostic setting5, representing a large potential in the re-evaluation of such cases in a research 124 

setting. 125 
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The above mentioned aspects and our own experience motivated us to this study5, 14. We 126 

demonstrate that re-evaluation of negative ES in a research setting, including the specific 127 

characteristics of the candidate variants and genes as well as the clinical information, followed by 128 

standardized scoring of identified variants and genes is a powerful tool to speed up deciphering the 129 

genetics of NDD.  130 
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Materials and Methods 131 

 132 

Patients 133 

We considered all NDD cases that were introduced to us between January 2016 and December 2017. 134 

We performed ES, when a genetic diagnosis could not be set based on routine methods such as 135 

chromosome, array, or panel analysis. In total, 198 cases were sequenced. In 92 % (n=182) of the 136 

cases, a trio setting were performed, while the remaining were solo (n=7), duo (n=4), or quattro 137 

exome sequencing (n=5). In 61% (n=120), the index was male, and in 12% (n=24) of consanguineous 138 

families. The range of age of the analyzed individuals was from the day of birth to 44 years; 9% 139 

(n=17) were under one year old, 47% (n=94) were 1 to 5 years old, 41% (n=82) were 6 to 20 years old 140 

and 3% (n=5) were older than 20 years. Epilepsy was reported in 53% (n=104) of the cases, 24% 141 

(n=48) had dysmorphic features, 20% (n=40) had microcephaly, 20% (n=39) had muscular hypotonia, 142 

12% (n=23) had short stature, 10% (n=19) had features of autism spectrum disorder, and 5% (n=9) 143 

had macrocephaly (detailed clinical information in Case Overview in table S1). Human Phenotype 144 

Ontology (HPO) terms were used to standardize the descriptions of the phenotypic information
16

. 145 

 146 

Exome sequencing and bioinformatic analyses 147 

ES was performed after an enrichment with Nextera All Human 37Mb or Agilent SureSelect All 148 

Human Version 6 (60Mb) and sequenced on an Illumina platform (HiSeq2500 or NovaSeq6000) at 149 

Centogene`s laboratory in Rostock, Germany, or at CeGaT`s laboratory in Tübingen, Germany. 150 

Analysis of the raw data including variant calling and annotation was performed using the software 151 

VARVIS (Limbus, Rostock). 152 

 153 

Variant evaluation  154 

First, ES data was evaluated in a setting of routine diagnostics, meaning that results of genes that 155 

have been clearly associated with a specific phenotype were reported to the referring physicians. 156 
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This evaluation based on common standards of impact of the variant, prevalence in the general 157 

population, segregation in the family, and overlapping of patients symptoms with the described 158 

phenotype, and the variants were classified based on the ACMG recommendations17.  159 

If in the first step no convincing variant was identified, we evaluated the exome sequencing in a 160 

second step in a research setting. We identified candidate variants based on their minor allele 161 

frequency in the general population (genome aggregation database)18, on their impact on the protein 162 

using Sequencing Ontology terms19 and based on the segregation in the family (comparable to the 163 

suggested procedure by MacArthur and colleagues20). 164 

 165 

Candidate score (CaSc) 166 

Due to the large number of candidate variants and in order to reduce arbitrariness in deciding which 167 

genes to follow on, to efficiently communicate with colleagues, and to focus resources on the most 168 

convincing candidates, we sought to prioritize in a top-down relevance list to compare plausible and 169 

highly convincing genes with less relevant genes
20

. For this purpose, we developed a candidate 170 

scoring (CaSc) system. At the same time, such scoring should not exclude genes that due to missing 171 

information show weak evidence of relevance, but that may get relevant in the future through 172 

accumulation of scientific knowledge. 173 

CaSc comprises four major groups, containing 12 different parameters overall (Table 1, Figure 1, and 174 

Table S4 for detailed information). The maximal achievable CaSc is 15 points. 175 

The parameters 1, 2, 3, 5, 6, 7, and 8 of the CaSc are objective. Five parameters (4, 9, 10, 11, and 12) 176 

have a subjective component (see also Table 1 and detailed information in Table S4). This partial 177 

subjectivity is due to differences between the scientific evaluators, including individual experience in 178 

identification and assessment of relevant literature or animal models or in understanding 179 

neurological networks. On the other hand, having several parameters makes error in evaluating one 180 

of these less relevant for the sum of the CaSc, thus attenuating the subjectivity of the score (see 181 

statistic evaluation of CaSc). 182 
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Reproducibility of CaSc 183 

To evaluate the reproducibility of the CaSc, three different scientists scored the same 29 randomly 184 

selected candidate variants. The three scientists evaluated the subjective parameters 4, 9, 10, 11, 185 

and 12 of the CaSc (expression, neuronal function, gene family and interactions, animal model, and 186 

reported somewhere else as candidate for NDD, respectively). We performed a one-way ANOVA 187 

between the three evaluators to prove the interrater correlation. In order to exclude that an 188 

evaluator would, e.g., tend to score high genes that another scores low and vice versa, i.e. to support 189 

the specificity of the scoring, we also asked for specific scoring of each gene.  190 
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Results 191 

 192 

Diagnostic yield 193 

In 32% (n=63) of the cases we have identified variants that we found reliable enough to be reported 194 

to the referring physicians (Tables S1 and S2). Based on the ACMG-Guidelines17 we classified 28% of 195 

them as pathogenic, 50% as likely pathogenic, and 22% as variant of unknown significance (VUS). 196 

These cases were excluded from re-evaluation in a research setting. Details are in Figure 2 and the 197 

Supplemental Tables S1 and S2.  198 

 199 

Candidate genes 200 

Re-evaluation of the unsolved 135 cases in a research setting revealed, in 79 cases, 158 potentially 201 

causative candidate variants in 148 candidate genes (two compound heterozygous variants count as 202 

one). CaSc varied over the 158 variants between 2.0 and 11.7 points (Figure 3). To demonstrate the 203 

utility of this score, we list below the candidates with CaSc ≥ 9 (top 15%); TANC2, GLS, ASIC1A, 204 

KMT2E, ACTL6B, GRIN3B, SPEN, DNAH14, CUX1, PUM1, UNC13A, RASGRP1, GRIA4, SLC32A1, PUM2, 205 

TOB1, MAPK8IP3, NPTX1, ETV5, CACNB4, WDFY3 (for a detailed list of all candidates, see Table S2). 206 

Fourteen of these were published or funneled into subsequent validation studies
21–29

 (TANC2, 207 

KMT2E, and WDFY3 are under review, but still unpublished data). Of the 158 candidate variants, 208 

most were de novo (n=74, 47%, of these 71 are autosomal, 3 are X linked), followed by autosomal 209 

recessive (n=68, 43%, of these 41 are compound heterozygous, and 27 are homozygous, mostly 210 

(n=22) observed in consanguineous families), and inherited variants (n=15, 9%, are X linked and one 211 

is an autosomal, paternally inherited heterozygous variant) (Figure 2 and Tables S1 and S2). 212 

 213 

Reproducibility of the score 214 

To test the reproducibility of CaSc, three different users independently scored the subjective 215 

components of the same randomly selected 29 candidate variants. The CaSc of the 29 triple analyzed 216 
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variants fluctuates with a mean value of 0.4 points with a standard deviation of 0.19. The one-way 217 

ANOVA showed that there is no significant difference between the evaluators (p of 0.5163). Also a 218 

pair-wise comparison of the evaluators showed no significant difference (see Table S3). To support 219 

the specificity of the scoring we also asked whether there is a difference between the scores for each 220 

gene. This demonstrates that the scoring is specific for each gene (p < 0.0001, F(28,56) = 49.71).  221 
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Discussion 222 

 223 

Institutions around the globe perform presumably tens of thousands of ES in cases of NDD on a 224 

yearly basis. These cases are evaluated in detail in a clinical diagnostic setting but over half of them 225 

remain negative5. The scientific content of these negative cases is often not fully exploited, as 226 

candidate variants and genes cannot be proven as valid on a statistical basis as demonstrated by 227 

major studies,6–12 due to the data residing in different “silos”. Considering the above mentioned 228 

aspects, we see the need for a systematic and complimentary approach to major NDD studies. We 229 

recommend a detailed evaluation of all negative cases, considering functional aspects of the 230 

candidate genes, in silico evaluation of the variants, the literature and clinical presentation, followed 231 

by a systematic and standardized scoring of candidates to prioritize genes for validation studies. 232 

 233 

In our relatively small cohort of 198 cases with neurodevelopmental disorders, we diagnosed 63 234 

cases due to variants in previously described NDD genes (detailed information in Figure 2). We 235 

evaluated the remaining 135 negative ES cases in a research setting. In 79 cases we identified 158 236 

candidate variants in 148 candidate genes. It was promptly clear that many of these genes would be 237 

false positive (e.g. among cases with more than one candidate (Figure 3)). For valid disease genes, 238 

ACMG standards and guidelines are used to standardize the evaluation of variants
17

 and reduce 239 

errors. Applying feasible evaluation standards for candidate genes of NDD would ease the analysis of 240 

these variants and increase its usability for other scientists. Thus, to standardize prioritization of 241 

possible disease-causing variants, we established a candidate score (CaSc) system. This is a system of 242 

12 parameters that can be applied to any variant within a few minutes by exome evaluators. CaSc 243 

varied in our candidates between 2 and 11.7 points (maximum range 15 points). The candidates at 244 

the lower end of CaSc have naturally a higher probability of being false positive, but including these 245 

increases the sensitivity and represents a negative control as suggested before20. We compensated 246 

the consequently reduced specificity by a top-down approach.  247 
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Considering all 23 candidate variants (in 21 genes) with scores of 9.0 or more (equivalent to top 15%) 248 

revealed that at least 14 of them (TANC2, GLS, KMT2E, ACTL6B, GRIN3B, SPEN, CUX1, PUM1, 249 

UNC13A, GRIA4, SLC32A1, PUM2, MAPK8IP3, WDFY3) are already published or funneled into projects 250 

with several other patients and often with functional analyses21–29 (as of 15th of February 2019, see 251 

also Figure 3) (TANC2, KMT2E, and WDFY3 are under review, but still unpublished data). For the 252 

remaining seven genes ASIC1, DNAH14, RASGRP1, TOB1, NPTX1, ETV5, and CACNB4 there is partly 253 

good supporting evidence in the literature or via GeneMatcher30, but further analyses are necessary. 254 

Such genes should be followed on in the next step. The yield of genes beyond the 15% threshold is 255 

currently smaller, partially since we decided to concentrate our limited resources on genes at the top 256 

of our ranking. However, there are still some interesting genes such as MADD (CaSc of 7.8, top-down 257 

position: 35, manuscript in preparation) as well as EGR3 and GTPBP2 (CaSc of 8.7 and 8.4, 258 

respectively, and several matches in GeneMatcher). This shows that although we expect more false 259 

positive in the remaining 85% of candidates, many of these are going to be validated. Thus, we have 260 

included detailed supplemental tables of all available genetic and clinical information on each of the 261 

candidates. This offers the scientific community the possibility to find further hits for their 262 

candidates, associated with information on the relevance to enhance plausibility. 263 

 264 

The CaSc can be roughly divided into a gene-dependent component and a variant-dependent 265 

component. The latter is fully objective and can be automatized since it includes information that is 266 

often included in a standard annotation pipelines (impact on protein, in silico prediction and 267 

conservation, minor allele frequency, and zygosity). The gene-dependent component is partially 268 

subjective since it includes manual evaluation of the literature regarding protein function and 269 

interactions, animal models, tissue expression, as well as identifying further hits in the gene in other 270 

studies. We are aware that the subjectivity of this information can be reduced by detailed 271 

prescription of sources and information that are allowed to be used. However, we found that this 272 

either leads to loss of information or it makes scoring a tedious task thus reducing compliance and/or 273 
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efficacy of exome evaluators. In addition to the gene- and variant-components, pLI- and z-scores 274 

combine both components. Furthermore, there are considerations on the meta-level, which, 275 

although subjective, strengthen the CaSc, e.g. considering a mouse model improper if it obviously 276 

demonstrates a full loss of function (knock-out) while the identified variant is a missense and highly 277 

suggestive for a gain of function. 278 

 279 

Due to our awareness of the partial subjectivity of the CaSc, we aimed at proving its reproducibility. 280 

Evaluating the same variant by different scientists did not lead to deviating scoring, thus proving 281 

reproducibility of the CaSc. Certainly, it is important that people are well instructed and trained. It is 282 

also still not proven that the reproducibility holds up when the CaSC is used at different centers. We 283 

are aware that CaSc does not have a clear cut-off and that a high score is not a guarantee for a gene 284 

valid gene. We are also aware that CaSc is only a snapshot of supporting evidence at the time of 285 

analysis. However, our experience with published genes and ongoing studies as well as the 286 

reproducibility of CaSc show that it is an enormously useful tool in order to prioritize genes and to 287 

compare and communicate the relevance of candidate genes within the scientific community.  288 

 289 

In opposite to the large studies, our approach does not allow making general statements on the 290 

genetics of NDD. However, our approach evaluates all cases, case by case, including the full spectrum 291 

of available clinical and genetic information. Case by case analysis seems at the first glance as a 292 

tedious work that cannot be done for a large number of affected individuals. However, after clinical 293 

examinations, often including imaging, followed by plenty of documentation tasks, wet lab 294 

sequencing, and bioinformatic preparation, the evaluation in a research setting of a trio exome and 295 

describing and documenting candidate genes represents only a small additional task but enriches the 296 

outcome enormously. Our experience shows that a trained scientist can easily handle several 297 

hundred cases per year, and that CaSc is easy to learn and can practically be implemented in daily 298 

clinical and research routine. Thus, we consider this scientific effort as feasible and necessary. 299 
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Indeed, we consider it unjustifiable not to perform this last and rather small step after enormous 300 

efforts have been invested in each case. 301 

 302 

As an outlook, large parts of CaSc can be automatized. However, at the time we see a big benefit in 303 

the manual evaluation of the literature. Future studies may compare the usability of the score in its 304 

current manual form and in an automatized form to see if there is a significant difference in 305 

performance. Also, such scoring systems can be expanded to other phenotypes, after proper 306 

modifications.   307 
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Conclusions 308 

In conclusion, our experience shows that case-specific evaluation of exome sequencing data followed 309 

by standardized scoring of candidate genes is a powerful first step to identify novel NDD genes. 310 

Probably tens of thousands of trio exome sequencing of NDD would benefit from such a tool since it 311 

would ease comparisons and communications, help scientists to make the most use of their results 312 

and speed deciphering of NDD.   313 
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Figure legends 458 

 459 

Figure 1: Components and structure of CaSc 460 

CaSc comprises four major groups (in blue, red, orange and yellow color shades) containing 12 461 

different parameters; the maximum score of each parameter varies between 1 and 3 points. The 462 

total of the points results in the CaSc (see Table 1 and Table S4 for details on the parameters and 463 

how these are evaluated) 464 

 465 

Figure 2: Design and yield of the NDD cohort 466 

We performed exome sequencing of 198 NDD cases in solo, duo, trio and quattro designs (left, 467 

different orange color shades). The diagnostic yield (middle panel) varied between cases that were 468 

preceded by a panel diagnostic and that were analyzed initially in an exome setting. The right panel 469 

shows the zygosity of the diagnosed cases in the red circle and in the blue circle the zygosity of the 470 

candidate genes. 471 

 472 

Figure 3: Overview and top 15% of CaSc  473 

The maximal achievable CaSc is 15. In the upper panel we show a distribution over the 158 variants 474 

between 2.0 and 11.7 points. Different green color shades show how many candidate genes were 475 

identified in one case. The top 15% of the CaSc scored candidate genes (CaSc≥9), equivalent to 23 476 

gene variants (and 21 genes since GLS and SPEN were hit twice). We divided these candidate genes in 477 

3 groups; published or accepted for publication, in preparation for publication, and not yet 478 

investigated, i.e. searching for cooperation partners. 479 

  480 
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Table 1: Candidate Score (CaSc) 

Inheritance points 

1 zygosity/family 

history/segregation 

de novo  2 

homo or comphet with ≥ 2 affected children  3 

homo  2 

comphet 1 

X linked and a boy  1 

X linked and at least a second affected maternal male relative  2 

other  0 

Gene attributes
18

  

2 pLI-score
a
  

 

<0.9 0 

≥0.9 1 

3 missense z-score
b
  

 

<0 0 

0-3.08 0.5 

≥3.09 1 

4 expression
c 

not in CNS 0 

low in CNS, and more in (some) other tissues 0.4 

expressed in CNS and is comparable to (some) other tissues 0.7 

most or exclusively in CNS 1 

Variant attributes  

5 Assumed impact on 

protein
d 

moderate 0 

high and heterozygous 2 

high and bi-allelic 3 

comphet = one moderate and one high 1 

other 0 

6 in silico parameters  missense
e 

average 

LoF  1 

splicing affected in one program
f 

0.5 

splicing affected in two or more programs
f 

1 

no available in silico values 0.5 

7 conservation LoF 1 

percentile/ranking of the values of all possible variants
g
 0-1 

8 frequency
h 

de novo or inherited in an AD pattern MAF of 0 or a maximum of 

one allele in all available databases in a disorder with no or 

extremely low reproduction chance 

1 

de novo or inherited in an AD pattern in a disorder with a chance 

for reproduction; 

maximal allele number of 5 (MAF ≈ 0.00002) in GnomAD   

0.5 

 

autosomal recessive inheritance; maximal MAF of 0.0005 in 

GnomAD
i
 

0.5 

autosomal recessive inheritance; MAF of maximal 0.00005
i 

1 

X linked and discrepancy of MAF in GnomAD between males and 

females in a disorder with no chance for reproduction
j
 

2 

other  0 

Literature research  

9 neuronal function no hints to be involved in neuronal function 0 

hints to be involved in neuronal function  0.5 

hints to be involved in neuronal function regarding 

signaling/development 

1 

10 gene family/neurological 

interactions
k
 

yes 1 

no  0 

11 animal models with 

neuronal-phenotype 

no neurological or behavioral phenotype 0 

neurological or behavioral phenotype 0.5 

comparable neurological phenotypes  1 

12 reported somewhere else 

as candidate for NDD?
l 

per hit, maximal score: 2 0.33 
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  481 

Legend of Table 1 

To estimate the relevance of candidate genes and prioritize for further analyses, we established a candidate 

scoring system using four groups divided into 12 parameters. The CaSc can reach a maximum value of 15 points.  

 

Abbreviations 

CaSc: candidate score; pLI: the probability of being loss-of-function intolerant; homo: homozygous ; comphet: 

compound heterozygous; CNS: central nervous system; LoF: loss of function; AD: autosomal dominant; MAF:  

minor allele frequency; NDD: neurodevelopmental disorder 

 

Footnotes 

a
If the variant is heterozygous and possibly truncating. pLI = the probability of being loss-of-function intolerant 

b
If the variant is heterozygous and missense, 

c
We have used for the analyses described in this manuscript the Genotype-Tissue Expression (GTEx) Project. GTEx 

Portal: https://gtexportal.org 
 

d
Based on Sequence Ontology (SO) terms: http://www.sequenceontology.org/ (High: SO-ID: 1000182, 0001624, 

0001572, 0001909, 0001910, 0001589, 0001908, 0001906, 0002007, 1000005, 0001587, 0001578, 0002012, 

0001574, 0001575, 0001619; Moderate: SO-ID: 0001583, 0001821, 0001824, 0001822, 0001826, 0002013, 

0001819, 0001630, Low: SO-ID: 0001567, 0001582, 0001819, 0001969, 0001792, 0001970, 0001983, 0002092, 

0002089, 0002091, 0002090); details can be obtained on the website of Sequenceontology. Basically, however, 

variants leading to truncation would be high while variants that may lead to changes in protein sequence as well 

as splice variants that are not at the consensus splice site are moderate. 

e
0 to 1 percentile (ranking) of the values of available in silico programs, we used rankings of Sift, MutationTaster, 

and Mutation Assessor 

f
We have used SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and Human Splicing Finder 

g
As for the in silico programs, we have used the percentiles (ranking numbers). We used GERP++RS for the 

estimation of conservation and estimated this based on other parameters if this value was not available 

h
We have used the GnomAD (https://gnomad.broadinstitute.org/) as we all our internal database of about 3000 

probes 

I
For compound heterozygous variants take average of MAF of both variants 

j
Maximum of one male allele in GnomAD and minimal of 3 or more female alleles; X linked variants can also be 

scored as autosomal variants, e.g. if de novo or inherited. 

k
Are there related genes or interaction partners with neurological phenotype? 

l
Candidate reported in other studies, internal candidate genes tables, HGMD, ClinVar, literature, occasionally 

GeneMatcher, etc. It is clear that this aspect cannot be conclusive. 
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Supplemental Data 482 

Supplemental Data includes four tables 483 

1. Supplemental Table 1 gives a good overview of the examined cases: we list all examined persons 484 

sequentially from 1 to 198. We include general and clinical information on each individual, if the case 485 

is clinically solved (including gene), if we have identified a candidate gene or several candidate genes, 486 

or if the case remained fully negative. We contribute also information on the testing that has been 487 

performed (panel, exome, trio, single, etc.). We offer the table as pdf and as Excel files. The latter is 488 

easier to navigate in. 489 

2. Supplemental Table 2 gives a detailed description of identified genes and variants: we list all 490 

genes in which we have identified variants. This includes candidate genes and also well-established 491 

NDD genes. We also list, to be complete, all fully negative cases. We add all available information on 492 

the clinical aspects, age, sex, family history, as well as all available information on the variant, the 493 

gene, the scoring and the rationale for our decision. We recommend using the Excel file in order to 494 

navigate in this table. 495 

3. Supplemntal Table 3 shows how different users score the same variant and gene: If you are 496 

interested to know how people differ in scoring, check this table. Otherwise, it does not include 497 

much information. 498 

4. Supplemental Table 4 describes in details the scoring system: If you want to implement scoring at 499 

your lab, you need this table in order to see our elaboration on how and when to score variants and 500 

genes. 501 
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CaSc 

Gene TANC2 GLS ASIC1A KMT2E ACTL6B GRIN3B SPEN DNAH14 CUX1 PUM1 UNC13A RASGRP1 GRIA4 SLC32A1 PUM2 TOB1 MAPK8IP3 NPTX1 ETV5 CACNB4 WDFY3 

CaSc 11.7 11.4 10.9 10.7 10.0 9.9 9.8 9.7 9.7 9.6 9.5 9.3 9.3 9.3 9.7 9.2 9.1 9.1 9.0 9.0 9.0 

158 
candidate 
variants 

published or accepted preparation for publication no ongoing analysis 

Top 15 % candidate genes  

Variant in an index with one candidate variant 

Variant in an index with three or more candidate variants 

Variant in an index with two candidate variants 
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