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Abstract  

L1 syndrome is an X-linked recessive disease caused by mutations in the L1CAM 

gene. It is characterized by hydrocephalus, aqueduct stenosis, adducted thumbs, 

spastic paraplegia, intellectual disability, agenesis/dysgenesis of the corpus callosum 

and aphasia. Although the causality of L1CAM gene in L1 syndrome is well-

established, and more than 200 different pathogenic L1CAM mutations have been 

linked to this disorder, the number of unsolved cases remains high. Since 95% of all 

L1 syndrome patients (with and without an L1CAM mutation) are males and 

familial cases mostly show an X-linked recessive inheritance, we focused on the X 

chromosome to find new candidate gene(s).  

Accordingly, we performed X-exome sequencing in a cohort of 58 individuals 

who are suspected to have L1 syndrome but do not carry mutations in the L1CAM 

gene.  

We identified mutations in 7 patients implying five genes as possible 

candidates for L1 syndrome: DACH2, TENM1, AMER1, PQBP1 and CXorf38. 

Three previously identified independent mutations in DACH2 imply this gene as 

the most promising novel candidate gene for L1 syndrome. PQBP1 and AMER1 

have already been linked to known diseases whose clinical spectrum overlap L1 

syndrome. Although a single gene can be associated with more than one disease, 

differences in characteristic features in L1 syndrome suggest that a common genetic 

basis for these disorders may be less likely. An initial follow-up analysis of these five 

genes in an additional 24 patients did not reveal extra mutations indicating that, if 

causative, these genes would probably explain only a small proportion of L1 

syndrome patients. 

 Functional studies are necessary to firmly establish the causative association 

of either of the candidate genes.  
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Introduction  

L1 syndrome is an X-linked recessive neurological disorder with clinical pleiotropic 

abnormalities. It comprises four clinically distinct but overlapping neurological 

syndromes [1–3]. The first and most severe form is X-linked hydrocephalus, also 

referred to as hydrocephalus, due to stenosis of the aqueduct of Sylvius (HSAS; 

MIM 307000) [4]. In addition to congenital hydrocephalus, several other phenotypic 

features including adducted thumbs, intellectual disability and lower limb spasticity 

have been documented in this syndrome. Neonatal or infant death has been also 

documented for this subtype [3]. The second form is MASA syndrome (MIM 

303350), a milder form of the disease characterized by light to moderate intellectual 

disability, aphasia, shuffling gait and adducted thumbs [5]. Variable phenotypic 

presentation has been reported in this form of disease even for carriers of the same 

mutation in a single family [6]. The other two forms, which occur much less 

frequently, are X-linked complicated hereditary spastic paraplegia type 1 (SPG1; 

MIM 303350) and (X-linked complicated corpus callosum agenesis (X-linked ACC; 

MIM 304100). These complicated forms may also present with mild to moderate 

intellectual disability [4].  

To date, there is only a single gene known to cause L1 syndrome, L1CAM. 

The L1CAM gene is located on the X-chromosome at Xq28 and consists of 29 

exons which encode a protein of 1,257 amino acids, comprising a signal peptide of 

19 amino acids and a functional L1 protein of 1,238 amino acids [4]. This protein, 

the neuronal cell adhesion molecule L1, is a transmembrane glycoprotein, belongs to 

the immunoglobulin superfamily and is essential in the development of the nervous 

system [2].  

Although the causality of L1CAM in L1 syndrome is well-known and more 

than 200 different pathogenic L1CAM mutations have been linked to this disorder 

[4], many unsolved cases remain. Vos et al. (2010) reported a diagnostic yield of 

22.8% [7] from sequencing the coding regions of the L1CAM gene in a cohort of 

320 patients with L1 syndrome,  and causative mutations were identified in 73 

patients.  

We cannot exclude the possibility of more than one gene being involved in 

the development of L1 syndrome in humans. To test this hypothesis we have 

focused on the X chromosome, since 95% of all L1 syndrome patients (with and 

without an L1CAM mutation) are males and familial cases mostly show an X-linked 

recessive inheritance [8]. Additionally, in a cohort of 98 patients with MASA 

syndrome, 94% of patients were males [3]. In the same study, 70 patients (100%) 

with HSAS (a severe form of L1 syndrome) were males. Accordingly, we set out to 

perform an X-exome analysis to allow a detailed analysis of all X-chromosomal 



                                                                      Novel candidate genes for L1 syndrome  

75 

 

4 

genes in a cohort of L1 syndrome patients for whom the L1CAM mutation analysis 

was negative. 

 

Materials and Methods 

1. Study subjects 

We selected a cohort of L1 syndrome patients who were referred for L1CAM 

analysis. All patients presented with hydrocephalus and at least one additional 

common phenotypic feature: macrocephaly, adducted thumb and/or agenesis of the 

corpus callosum. The patients are mainly male, but also included a few females 

diagnosed with L1 syndrome. We included these because female L1 syndrome 

patients with mutations in the L1CAM gene have also been reported [9,10]. 

Previous mutation analysis of the coding regions of L1CAM was negative in all 

patients. Initially, 58 patients were subject to X-exome sequencing. Subsequently, an 

additional 24 patients were tested for targeted analysis of the most interesting 

candidates. 

All patients or their parents gave consent for diagnostic testing and 

subsequent use of DNA to improve diagnostic testing procedures. 

 

2. X-exome sequencing 

2.1. X-exome kit design and library preparation 

We designed an X-exome custom Agilent SureSelect Enrichment kit using 

SureDesign (https://earray.chem.agilent.com/suredesign/).  

Library preparation was performed according to manufacturer’s instructions 

(Agilent Technologies, Inc., Santa Clara, CA, USA) and carried out on a BRAVO 

workstation (Agilent Technologies, Inc.). In brief, 3 µg of genomic DNA were 

randomly fragmented with ultrasound using a Covaris® instrument (Covaris, Inc., 

Woburn, MA, USA). Fragments with an average insert size of 250 bp were selected 

using AMPure Xp beads (Beckman Coulter, Inc.). Adapters were ligated to both 

ends of the resulting fragments and amplified by PCR (98o C 2 min; 12 cycles of 

98oC 30s, 65oC 30s, 72oC 1 min; 72oC 10 min). The quality of the product after size 

selection and amplification was verified by capillary electrophoresis on the 

Tapestation 2200 (Agilent Technologies, Inc.). Of this product, 750 ng was 

subsequently hybridized to the SureSelect XT Custom capture library (S0692382, 

Agilent Technologies, Inc.). During subsequent enrichment with PCR (98oC 2 min; 

14 cycles of 98oC 30s, 57oC 30s, 72oC 1 min; 72oC 10 min), individual samples were 

bar-coded and the quality of the product was again verified on the Tapestation 2200 

instrument. Finally, 24 samples were pooled and subjected to 2x100 base pair reads 
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paired-end sequencing on an Illumina® HiSeq2500. Resulting image files were 

processed including demultiplexing using standard Illumina® base calling software.  

 

2.2. Data processing 

Sequencing data were aligned to the human reference genome build 37 [11], using 

Burrows-Wheeler Aligner [12]. Subsequently duplicate reads were marked. Using the 

Genome Analysis Toolkit (GATK) [13], re-alignment around insertions and 

deletions detected in the sequence data and in the 1000 Genomes Project pilot [11] 

was performed, followed by base quality score recalibration. During the entire 

process, the quality of the data was assessed by performing Picard (see Web Links), 

GATK Coverage and custom scripts. SNP and indel discovery was done using 

GATK Unified Genotyper and Pindel [14], respectively, followed by annotation 

using SnpEff [15]. This production pipeline was implemented using the 

MOLGENIS compute [16] platform for job generation, execution and monitoring. 

For each sample, a vcf file was generated that included all variants.  

 

2.3. Data filtering  

Figure 1 displays a flow diagram of our filtering strategy, and each step described in 

detail below. For data filtering and interpretation, we uploaded the vcf files into 

Cartagenia NGS bench 4.1.2 (Cartagenia, Leuven, Belgium) and a cohort analysis 

was performed. As an in-house control, we used sequencing data from four male 

samples with a completely different phenotype for whom a pathogenic variant in an 

autosomal gene was detected and two healthy males. 

 

2.3.1. Filtering based on in-house control and frequency in our patient cohort  

We filtered out the variants present in in-house controls or ≥5x in our patient 

cohort. With this filtering step sequencing artefacts, i.e. systematic errors caused by 

our procedures and pipelines, are effectively removed. 

 

2.3.2. Filtering based on allele frequencies 

In this step of our filtering strategy we removed common, possibly benign, variants 

annotated in the 1000 Genomes project (see Web Links), ESP6500 (see Web Links), 

ExAC (see Web Links) and db SNP (see Web Links). All variants with allele 

frequencies ≥1% for all ethnicity groups were excluded from further analysis. 

Afterward, the variants were further filtered according to allele frequency in 

European ethnicities. Indeed, the variants with allele frequency > 1% were excluded 

as possibly benign in the European population including the European American 
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ethnicity (ESP6500), the non-Finnish European ethnicity (ExAC) and the European 

ethnicity (1000 Genomes phase 1 and GoNL-V4 (see Web Links); [17]). 

 

2.3.3. Filtering based on variant position in genome 

In this step the variants located in exonic regions or ± 5 bps around exon-intron 

boundary were selected for further evaluation. 

 

2.3.4. Filtering based on impact on protein 

Next, the remaining variants were filtered according to predicted loss-of-function 

effects. Frameshift, start-loss, stop-gain, stop-loss and nonsynonymous missense 

mutations were selected for down-stream interpretation. Putative splice site 

mutations detected in the 5 bps exon-flanking intronic regions were also included. 

Nonsynonymous variants were filtered out based on CADD score (see Box 1). The 

CADD score is a relatively new selection tool in variant interpretation pipelines. It is 

becoming more and more evident that genes have different, specific thresholds [18] 

and thus a gene-specific calibration should be carried out to determine the optimal 

threshold per gene. Since such specific threshold values are not (yet) available, we 

decided to consider variant(s) with CADD score ≥ 15 as potentially damaging 

variants. This cut off value has already been applied in other studies [19,20]. It is 

worth noting that we considered all truncating variants regardless of their CADD 

scores. 

 

2.3.5. Variant interpretation and selection of candidate genes 

Using Alamut software (Alamut, Rouen, France), we checked the impact of chosen 

variants on protein and also their localization in protein domains. The effect of 

splice site variants on splicing process was also predicted by Alamut software. 

Predicted deleterious variants were explored for additional clues to provide evidence 

that these variants may be in genes that can be considered as likely candidate genes 

for L1 syndrome. Therefore we prepared a general summary of biological processes 

in which L1CAM is involved (see Box 2). Additionally, the auxiliary information for 

each candidate gene has been summarized in Table 2. 

 

3. Validation of mutations by Sanger sequencing 

Candidate pathogenic variants were validated by Sanger sequencing. Sequencing 

analysis was carried out using primers for all exons in which likely pathogenic 

mutations were identified upon X-exome sequencing (primer sequences are available 

upon request). Forward primers were designed with a PT1 tail (5’-

TGTAAAACGACGGCCAGT-3’) and reverse primers with a PT2 tail (5’-
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CAGGAAACAGCTATGACC-3’). PCR was performed in a total volume of 10 µl 

containing 5 µl AmpliTaq Gold ®Fast PCR Master Mix (Applied Biosystems, Foster 

City, CA, USA), 1.5µl of each primer with a concentration of 0.5 pmol/μl 

(Eurogentec, Serian, Belgium) and 2 µl genomic DNA in a concentration of 40 

ng/μl. Samples were PCR amplified and sequenced according to routine protocols. 

 

4. Follow-up Screening of candidate genes  

In this step five candidate genes were analysed in 24 additional patients affected 

with L1 syndrome. 

 

 
Figure 1: Flow diagram of variant selection strategy. 
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Box 1: Glossary 

CADD: Combined Annotation–Dependent Depletion (CADD) scores, a method 

for objectively integrating many diverse annotations into a single measure (C 

score) for each variant. CADD integrates several well-known tools such as 

PolyPhen, SIFT and GERP. 

 

GeneCards: The Human Gene Database is an integrative database that provides 

comprehensive user-friendly information on all annotated and predicted human 

genes. It automatically integrates gene-centric data from >100 web sources, 

including genomic, transcriptomic, proteomic, genetic, clinical and functional 

information. 

 

Mouse Genome Informatics (MGI): MGI is the international database 

resource for the laboratory mouse, providing integrated genetic, genomic and 

biological data to facilitate the study of human health and disease.  

Box 2: An overview of biological processes in which L1CAM is involved 

 

1 Axon outgrowth and pathfinding [46] 

2 Axon fasciculation (bundling) [47] 

3 Axonal survival [48] 

4 Neuronal migration [49] 

5 Adhesion between neurons and between neurons and Schwann cells [50,51] 

6 Regeneration of damaged nerve tissue [52] 

7 Involvement in integrin-mediated cell–cell and cell–matrix interactions [53] 

8 Synapse formation [54] 

9 Involvement in intracellular second messenger systems [2] 

10 Regulates topographic mapping of retinal axon [55] 
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Results  

We generated X-exome data including the L1CAM gene for 58 L1 syndrome 

patients. On average 9,825,718 reads per patient were produced. The mean coverage 

per target was 74 reads with > 93% covered more than 20 times. The fraction of 

bases on target was on average 27%. The cohort analysis by Cartagenia NGS bench 

4.1.2 (Cartagenia, Leuven, Belgium) along with 6 in-house controls resulted in 9364 

variants. For L1CAM the coverage was > 20X in 97% of the gene and we did not 

detect mutations that were missed in previous Sanger sequencing analyses [7]. Next, 

stepwise-filtering finally resulted in seven confirmed mutations, including one 

nonsense and six missense mutations in five different genes (CXorf38, TENM1, 

PQBP1, DACH2 and AMER1) (Table 1). One mutation could not be confirmed by 

Sanger sequencing and the variant’s raw data showed that the calling quality was just 

above threshold, and we therefore re-classified this variant as a false-positive. Four 

variants are novel, not previously observed or reported in any database to our 

knowledge, and three have been reported with very low allele frequencies in the 

ExAC database (Table 1). Auxiliary information for each candidate gene has been 

summarized in Table 2. Two genes (PQBP1 and AMER1) have already been 

documented to be associated with diseases that show clinical overlap with L1 

syndrome phenotypic features. Interestingly, we observed nonsynonymous 

mutations in DACH2 in three patients. No additional putative mutations could be 

detected in these five candidate genes when screening 24 additional patients with L1 

syndrome. 

 

Discussion   

This study set out to identify novel causal X-chromosomal genes in a panel of 58 L1 

syndrome patients for whom the L1CAM mutation analysis was negative. Since 

95% of all L1 syndrome patients (with and without an L1CAM mutation) are males, 

and familial cases mostly show an X-linked recessive inheritance, we hypothesized 

that in addition to L1CAM, other X-chromosomal genes are likely to be involved in 

this disorder. Upon X-exome sequencing we identified mutations in five novel 

candidate genes.  

 

  



                                                                      Novel candidate genes for L1 syndrome  

81 

 

4 

 



Chapter 4 

82 

 

 



                                                                      Novel candidate genes for L1 syndrome  

83 

 

4 

AMER1 (also known as WTX) 

We identified a missense mutation (c.2689G>A, p.Asp897Asn) in the AMER1 gene 

in one female patient. APC Membrane Recruitment Protein 1, AMER1, is a protein 

with 1135 amino acids. Germline inactivation of the AMER1 gene leads to 

Osteopathia striata with cranial sclerosis (MIM 300647), a rare X-linked dominant 

disorder which exhibits overlapping features with L1 syndrome such as 

macrocephaly, hydrocephalus, speech delay, hypotonia, mild intellectual disability 

and partial agenesis of corpus callosum. AMER1 ablation in early mesenchymal 

progenitors causes aberrant osteoblastogenesis leading to bone overgrowth in 

mouse [22]. It might be an explanation for observed craniofacial dysmorphism 

(frontal and occipital bossing and macrocephaly) in Osteopathia striata with cranial 

sclerosis (OSCS; MIM 300647). Hearing loss is the most common neurological 

manifestation (46%) and overall 20% of patients present defects of the central 

nervous system (ventricular dilatation, abnormal gyration, or agenesis of corpus 

callosum) and developmental delay. Variable phenotypic presentations have been 

reported even within a family [23,24]. Hirschsprung disease and 

Laryngotracheomalacia have been also observed in some patients [25]. Hemizygous 

males are usually more severely affected than heterozygous females. In males, the 

disorder is usually associated with fetal or neonatal lethality [26].  

To date only truncating mutation in WTX are known to cause OCSC [27]. 

Since it is known that different mutations and different inheritance types may result 

in disorders with distinct clinical entities, we cannot exclude that missense mutations 

in this gene cause a disorder with an L1 syndrome phenotype and X-linked recessive 

inheritance. 

 

PQBP1  

We identified a missense mutation in PQBP1 (c.91G>C, p.Glu31Gln) located in 

exon 2 and affecting an evolutionary strongly conserved amino acid. PQBP1 

encodes a polyglutamine-binding protein, PQBP1, whose function is not well 

understood but is thought to play a role in mRNA splicing regulation and mRNA 

translation. PQBP1 mediates neural development by regulating mRNA splicing. 

[28,29]. Defects in PQPB1 lead to Renpenning syndrome (MIM 309500), the 

common features of which include variable intellectual disability, microcephaly, 

craniofacial dysmorphism, velar dysfunction, lean body habitus, sparse hair, short 

stature, selective muscular atrophy and genital anomalies [30,31]. Strabismus, 

spasticity and intellectual disability are the clinical manifestations in Renpenning 

syndrome which show overlap with the phenotypic features of L1 syndrome. 

Microcephaly has been reported in 89% (58/65) of patients who had mutations in 
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PQBP1 genes, and 75% (64/85) of patients also presented with a lean body habitus 

[31]. The most common mutations in PQBP1 are deletions and duplications of AG 

dinucleotides within an (AG)6 tract in exon 4, which cause frameshift mutations 

[32]. Only one pathogenic missense mutation (NM_005710.2: c.194A>G, 

p.Tyr65Cys) has been reported [33]. This missense mutation maps within a 

functional region of the protein known as the WW domain (tryptophan-tryptophan 

domain) [34]. The WW domain is a domain composed of 38 amino acids, from 

amino acid 46 to 84. The identified missense mutation in our patient, p.Glu31Gln, 

does not belong to this domain. Probably this mutation causes a disorder with an L1 

syndrome phenotype. 

 

DACH2   

Interestingly, we identified three missense mutations in DACH2 (c.1105G>A, 

p.Glu369Lys; c.1580G>A, p.Arg527Gln; c.514C>T, p.Arg172Cys) in three patients 

(two males and one female). To our knowledge the first two mutations are novel 

and have not been documented in literature or databases. The third mutation, 

p.Arg172Cys, has been observed with a very low allele frequency (0.004%) in the 

ExAC database. 

Mutations in DACH2 have been already reported in two brothers [35]. They 

presented a few phenotypic features similar to those seen in L1 syndrome including 

language disorder, intellectual disability and distinct manifestations like difficulty in 

standing and walking, and urinary and fecal incontinence. They also appeared to 

carry mutations in ABCD1 explaining the observed increased plasma levels of very-

long-chain fatty acids. However, the similar phenotypic features for L1 syndrome in 

these patients might also be related to loss of function in DACH2. 

Additionally, it has been predicted that a putative Dach2-knockout 

mouse model may show abnormal axon guidance as was also observed in 

patients with L1 syndrome [36] (see Box 2 and Table 2). Altogether, the 

detection of three mutations in our cohort suggests DACH2 is an interesting 

novel candidate gene for L1 syndrome. The functional effect of the DACH2 

mutation in our one female patient could perhaps be explained by the 

occurrence of non-random X-inactivation, i.e. if the X- chromosome 

carrying the wild-type DACH2 allele is preferentially inactivated. 
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TENM1 (also known as ODZ1 or Teneurin-1) 

We identified a missense mutation (c.4211G>A, p.Arg1404Gln) in the TENM1 

gene. The mutation affects a highly evolutionarily conserved amino acid. This gene 

has not yet been associated with human disease. 

Teneurins are a family of transmembrane glycoproteins conserved from 

Caenorhabditis elegans and Drosophila melanogaster to vertebrates [37]. Teneurin domain 

architecture is highly conserved between invertebrates and vertebrates. In 

vertebrates, Teneurins are expressed most prominently in the brain [38]. In the 

developing chick brain, TENM1 is expressed in many parts of brain including the 

retina, optic tectum, olfactory bulb and cerebellum. It is functionally involved in 

neurite outgrowth, axon guidance and synaptic connectivity in animal models 

[38,39]. The TENM1 intracellular domain was found to contain a nuclear 

localization signal that is required for its translocation to the nucleus [37]. Evidence 

of TENM1 proteolytic cleavage and nuclear translocation of the intracellular 

domain has been reported in chick embryo fibroblasts [40]. Additionally, interaction 

of the teneurin-1 intracellular domain with MBD-1, a methyl-CpG-binding protein, 

suggests the signalling and/or transcriptional regulation role for teneurin-1 [38,40]. 

Altogether, the similar biological functions between TENM1 and L1CAM (see Box 

2) implicate it as a potential candidate gene to further studies. 

 

 CXorf38 

A nonsense mutation ( c.937C>T, p.Q313*) in CXorf38 has been observed in one 

patient. The mutation is located in last coding exon and predicts premature 

termination of protein translation 7 amino acids before normal stop codon. Both 

human CXorf38 and its mouse ortholog (1810030O07Rik) escape X-inactivation 

[41,42], therefore the inheritance pattern is expected to be similar to normal 

recessive inheritance in females. There is not much information available about this 

uncharacterized protein, hence, for now, supportive biological evidence is lacking 

which would connect CXorf38 to L1 syndrome. 

 

Conclusion 

Our X-exome analysis revealed possible disease causing mutations in 7 out of 58 L1 

syndrome patients. This finding implicates another five X-chromosomal genes as 

candidate genes for L1 syndrome. We consider DACH2 as most promising novel 

candidate gene for L1 syndrome based on the identification of nonsynonymous 

mutations in three patients from our cohort. Two candidate genes (AMER1 and 

PQBP1) have already been linked to known diseases whose clinical spectrum 
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overlaps with that of L1 syndrome. Such overlap could be explained by the notion 

that different mutations in single gene may result in disorders with distinct clinical 

entities [43–45]. A common basis for L1 syndrome and Osteopathia stiata seems 

less likely because the latter is characterized by an X-linked dominant inheritance 

and frequent hearing loss (42% of patients). The high incidence of microcephaly 

(89%) and lean body habitus (75%) in Renpenning syndrome while these features 

have not been reported or are rare in individuals with L1 syndrome may indicate 

that a common basis of Renpenning syndrome and L1 syndrome is less likely. Still, 

there is a clear rationale for a systematic clinical re-evaluation mutation carriers and 

an extensive mutation analysis of these putative candidates (AMER1 and PQBP1) in 

many more patients. Functional studies are essential to firmly confirm pathogenicity 

of these putative candidate genes (DACH2, TENM1 and CXorf38) for L1 

syndrome. However, even if functionally confirmed, our finding indicates that these 

genes will probably not explain a substantial proportion of L1 patients. 
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Web Links 
Picard: http://picard.sourceforge.net 
MOLGENIS: http://www.molgenis.org/wiki/ComputeStart 

1000 Genomes Project:  http://www.1000genomes.org/ 

Genome of the Netherlands project:  http://www.nlgenome.nl  

GeneCards: http://www.genecards.org/ 

GeneNetwork: http://genenetwork.nl:8080/GeneNetwork/ 

MIM: Mendelian inheritance in man number (http://omim.org) 

The Exome Aggregation Consortium (ExAC): http://exac.broadinstitute.org/ 

NHLBI Exome Sequencing Project (ESP) Exome Variant Server (ESP6500SI-V2-

SSA137): http://evs.gs.washington.edu/EVS/ 

Mouse Genome Informatics (MGI): http://www.informatics.jax.org/ 

The Human Gene Mutation Database (HGMD): 

http://www.hgmd.cf.ac.uk/ac/index.php 
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