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Abstract

The pioneering discovery research of X-linked intellectual disability 

(XLID) genes has benefitted thousands of individuals worldwide however, 

approximately 30% of XLID families still remain unresolved. We postulated that 

non-coding variants that affect gene regulation or splicing may account for the 

lack of a genetic diagnosis in some cases. Detecting pathogenic, gene-regulatory 

variants with the same sensitivity and specificity as structural and coding 

variants is a major challenge for Mendelian disorders. Here, we describe three 

pedigrees with suggestive XLID where distinctive phenotypes associated with 

known genes guided the identification of three different non-coding variants.  

We used comprehensive structural, single nucleotide and repeat expansion 

analyses of genome sequencing. RNA-Seq from patient-derived cell lines, RT-

PCRs, western blots and reporter gene assays were used to confirm the 

functional effect of three fundamentally different classes of pathogenic non-

coding variants: a retrotransposon insertion, a novel intronic splice donor and a 

canonical splice variant of an untranslated exon.  In one family, we excluded a 

rare coding variant in ARX, a known XLID gene, in favour of a regulatory non-

coding variant in OFD1 that correlated with the clinical phenotype. Our results 

underscore the value of genomic research on unresolved XLID families to aid 

novel, pathogenic non-coding variant discovery.



Introduction

Massively parallel sequencing has led to an explosion in our knowledge of 

the genetics of monogenic disorders (Bamshad et al., 2019).  Multiple, large 

clinical genomics studies report diagnostic rates between 40-60% (Liu et al., 

2019; Wright et al., 2018).  However, these genetic diagnoses are heavily biased 

towards the detection of de novo protein-coding or disrupting variants.

Genetic studies of families living with X-linked intellectual disability 

(XLID) have implicated over 140 genes with a diverse range of molecular 

functions (Neri et al., 2018). One of the earliest and most significant discoveries 

was the triplet repeat expansion in FMR1 that causes fragile X syndrome 

(FRAXA; MIM# 309550). The expanded CGG repeat in the 5’ untranslated region 

(UTR) of FMR1 becomes hypermethylated, leading to silencing of transcription; a 

gene-regulatory disease mechanism (Chiurazzi et al., 1998; Oberlé et al., 1991).  

The high rate of XLID gene discovery has continued with 69 new genes reported 

between 2007 and 2017 (Neri et al., 2018).  Many of these discoveries were 

achieved through systematic X-chromosome gene resequencing studies in large 

cohorts (Hu et al., 2016; P.S. Tarpey et al., 2009).  Despite access to high-quality 

sequencing with near complete coverage of protein-coding regions, up to 30% of 

the large XLID pedigrees (traditionally coded with “MRX” or “MRXS” numbers) 

are yet to be explained  (Neri et al., 2018). 

Combining RNA-Seq with exome or genome sequencing (GS) data is a 

highly effective method for detecting gene regulatory variants (Cummings et al., 

2017; Frésard et al., 2019; Kremer et al., 2017).  Using this strategy on a broadly 

selected cohort of individuals, predominantly with rare neurodevelopmental 

disorders, a diagnostic rate of 7.5% - 10% was achieved (Frésard et al., 2019; 



Kremer et al., 2017).  A diagnostic rate as high as 35% was achieved using 

disease target tissue in a selected cohort of individuals with specific muscle 

disorders (Cummings et al., 2017).

 In the case of XLID, we previously discovered causative non-coding 

variants in two large pedigrees that remained unresolved after X-chromosome 

exome sequencing (Huang et al., 2012; Kumar et al., 2016). In the first family, a 

variant in one of the YY1 transcriptional repressor binding motifs of the HCFC1 

promoter blocked YY1 binding and upregulated HCFC1 expression (Huang et al., 

2012).  In the second family, a single base duplication in the 5’ UTR of DLG3 

caused attenuation of mRNA translation (Kumar et al., 2016).  

The lack of a genetic diagnosis in some XLID families, particularly those 

with a clinically recognisable phenotype, led us to explore the possibility of non-

coding variation as the cause. Here, we report three different causative 

regulatory variants in three families. We show that GS and analysis of the effects 

of phenotype-driven candidate non-coding variants on transcription, even within 

non-neuronal tissue, has the power to deliver genetic diagnosis.

Methods

Ethics statement

Genetic studies were approved by the Women’s and Children’s Health 

Network human research ethics committee, Adelaide. Written informed consent was 

obtained for molecular genetic analysis, and written permission was obtained before 

the publication of clinical data from all participants or their legal guardians.

Family recruitment



Five families that were unresolved following research exome and in two cases 

genome sequencing were initially selected for non-coding (GS and RNA-Seq) analysis 

based on a high probability of being X-linked based on a multi-generational pedigree 

with inheritance through less severely affected or normal females. These included two 

large mapped but unresolved MRX pedigrees, two smaller pedigrees with a strong 

clinical suspicion of a specific X-linked phenotype without resolution on targeted and 

exome testing (Families 1 & 2) as well as a family of multiple affected males from a 

mother with different partners.  A further six families with single generation male only, 

familial intellectual disability that were genetically unresolved by exome sequencing 

were re-analysed by whole genome sequencing as part of a cost utility study (Ewans et 

al., 2018). One of these, (Family 3) was included in this study.

Genomic analysis pipeline

All the families underwent GS of two or more distantly related affected males 

on the Illumina HiSeq X Ten platform at the Kinghorn Centre for Clinical Genomics, 

Sydney.  Short read alignment to hg19 build of the human genome with the Burrows-

Wheeler aligner (BWA MEM) (H. Li & Durbin, 2009), single nucleotide variant 

(SNV) and INDEL identification with the genome analysis toolkit haplotype caller 

(v3.7) (Van der Auwera et al., 2013) and annotation with ANNOVAR (Wang et al., 

2010) was performed as previously described (Corbett et al., 2016). 

Structural variant analysis (copy number variants [CNV], translocations, 

insertions and inversions) was performed using DELLY v0.7.8, Manta v-1.1.1 and 

Lumpy v-0.2.13 for detection of deletions, duplications, translocations, insertions 

and inversions (Chen et al., 2016; Layer et al., 2014; Rausch et al., 2012) with 

results being genotyped in combination with 150 in-house control genomes and 

the 1000 genomes CNV reference dataset.  Novel sequence insertions were 



detected with the RetroSeq v1.5 pipeline using default parameters (Keane et al., 

2013).

To identify short tandem repeat expansions we used ExpansionHunter 

(Dolzhenko et al., 2017) and exSTRa (Tankard et al., 2018). We created a custom 

target location JSON file or exSTRa database respectively, that included all 

recorded short tandem repeats with sequence unit lengths between 2 and 7 bp 

on the X chromosome extracted from the tandem repeat database (Gelfand et al., 

2007). We used TRhist (Doi et al., 2014) to look for novel repeated sequences 

filling individual reads uniformly trimmed to 90 bp.  Repeat reads and their pairs 

were extracted from the fastq file in samples with 20 or more reads that were 

enriched (Z-score > 2) with a specific repeat sequence compared to a population 

of 50 in-house control genomes of similar genetic background.  These reads were 

assembled into contigs using the DNASTAR Lasergene v16 SeqMan Pro module 

with subsequent contigs matched to the NCBI non-redundant sequence database 

with BLAST (Altschul et al., 1990).

RNA-Seq

Total RNA was extracted from patient-derived lymphoblastoid cell lines 

(LCL) as described previously (Froyen et al., 2008).  TruSeq stranded cDNA 

libraries were generated according to the manufacturer’s protocols (Illumina).  

RNA sequencing was performed on the NovaSeq 6000 (Illumina) to yield a 

minimum of 7.7 x 107 100 bp paired reads per sample.  Reads were mapped to 

GRCh38 build of the human genome using HISAT2 and read counts generated for 

known and novel transcripts using StringTie (Pertea et al., 2016).  Outlier gene 

expression was tested from normalised read count data using the OUTRIDER 



package (Brechtmann et al., 2018).  Significantly differentially spliced isoforms 

(FDR < 0.05) generated from known and novel splice junctions were detected 

and quantified with Leafcutter using default settings (Y. I. Li et al., 2018).

Detection of candidate disease-causing variants

Family 1 and Family 2:  All variants were first filtered for those shared 

between the related individuals under an X-linked inheritance model. We 

removed SNV and INDELS that were frequent in population databases greater 

than the levels indicated in the following: gnomAD (v2.1.1) (Karczewski et al., 

2020) or ExAC (v3) (Lek et al., 2016) to >0.0001, UK10K control data  (Walter et 

al., 2015) or 1000 genomes project phase 3 (1000 Genomes Project Consortium, 

2010) to >0.005.  Structural variants on the X chromosome shared between 

affected family members were retained except those with greater than 80% 

overlap with CNV with minor allele frequencies > 0.01 in the DECIPHER (v9.25) 

common database.

Family 3: Variants were filtered using the web platform SEAVE 

(https://www.seave.bio/) that utilises GEMINI (Paila et al., 2013). SNVs and 

INDELs with a predicted impact severity of “high” or “medium” shared between 

both affected males were retained whose zygosity was consistent with X-linked, 

autosomal recessive (AR) or autosomal dominant (AD) inheritance.  Population 

databases from the 1000 genomes project phase 3, ExAC or the exome variant 

server were utilised to remove variants with a minor allele frequency (MAF) of 

greater than 2% (X-linked/AR) or 0.1% (AD).  Remaining gene variants 

underwent further prioritisation and manual interpretation.



Cloning of mutant full-length ARX constructs

Full-length human ARX cDNA construct in pCMV-Myc vector (pCMV-Myc-

ARX WT) (C. Shoubridge et al., 2007) was used to generate pCMV-Myc-ARX 

c.1204G>A (p.Gly402Arg) using site-directed mutagenesis (QuikChange Multi 

Site-Directed Mutagenesis Kit, Agilent Technologies). The primer sequence is 

available upon request. The entire open reading frame was verified by Sanger 

sequencing to ensure no other mutation was introduced.

Luciferase reporter assays

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with 10% (v/v) fetal bovine serum, 100 U ml-1 sodium penicillin 

and 100 g ml-1 of streptomycin sulfate in 5% CO2 at 37 oC. Cells were plated at 

4x105 per well in 12 well plates without antibiotics and 24 hours later were 

transfected with 200 ng luciferase reporter plasmid DNA, 10 ng 

pGL4.74[hRluc/TK] plasmid DNA (Promega) and 500 ng of pCMV-Myc, pCMV-

Myc-ARX-WT, pCMV-Myc-ARX-p.Gly402Arg, pCMV-Myc-ARX-p.Thr333Asn or 

pCMV-Myc-ARX-p.Pro353Leu  plasmid DNAs using Lipofectamine 2000 

(Invitrogen). Cells were lysed 24 hours post-transfection, and both Firefly and 

Renilla luciferase activity was quantified using Dual-Glo Luciferase Assay system 

(Promega) on the LUMIstar Optima (BMG Labtech), as previously described 

(Mattiske et al., 2018). In at least three independent transfections, each sample 

was measured in replicate, with triplicates of each replicate measured in the 

reporter assay. The Firefly luciferase activity was normalised to the 

corresponding Renilla luciferase activity, and each sample was reported relative 

to the pCMV-Myc empty vector. 



cDNA, RT-PCR and qPCR protocols

Total RNA (1 g) extracted from cell lines as previously described 

(Froyen et al., 2008), was reverse transcribed to cDNA using the iScript reverse 

transcription kit (Bio-Rad, Gladesville, NSW, Australia; cat# 1708891), according 

to the manufacturer’s protocol.  RT-PCR using primers and conditions were 

performed as indicated in Supp. Table S1.  

Quantitative RT-PCR (qPCR) was performed using the relative standard 

curve method.  PCR products were amplified with iTaq Universal Supermix (Bio-

Rad; cat# 1725121) and primers as indicated in Supp. Table S1 in a StepOnePlus 

real-time PCR system (Applied Biosystems).  Experiments were performed in 

duplicate with three technical replicates of each sample for each primer pair in 

each case.  Product specificity was determined by melt-curve analysis at the end 

of each run.

Genomic PCR and Sanger Sequencing

Specific variants were validated and segregated through each family using 

dye terminator chemistry v3.1.  Primer sequences and cycling conditions for all 

PCRs are recorded in Supp. Table S1.

Western blotting

Proteins from patient-derived or control cell lines were extracted 

with lysis buffer 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 0.1% Triton X-100, 1 mM 

EDTA, 50 mM NaF and 0.1 mM Na3VO4 and 1x Protease inhibitor, no EDTA for 

OFD1 or 50 mM Tris-HCl pH 7.5, 50 mM KCl, 0.1% NP40, 5 mM EDTA, 50 mM 



NaF, 0.1 mM Na3VO4 and 1x Protease inhibitor, no EDTA for AP1S2.  Extracts 

were resolved by 7% denaturing polyacrylamide gel (SDS-PAGE) and transferred 

to nitrocellulose membrane by electroblotting.  Primary antibodies for detection 

were rabbit polyclonal anti-AP1S2 antibody (Abcam cat# ab97590), rabbit anti-

OFD1 (Sigma cat# SAB2702042) and rabbit  (Abcam cat# ab6046) 

antibodies. Secondary antibody was anti-rabbit IgG conjugated to horseradish 

peroxidase (HRP), (Dako cat# P0448). Enhanced chemiluminescent signal (Bio-

Rad cat# 1705061) was visualised with the chemidoc detection system (Bio-

Rad).

Clinical descriptions

Family 1 

Family 1 had a putative X-linked ciliopathy in the three affected males examined 

(Fig. 1a). All had a mild cognitive delay in adulthood.  Two males (IV-1 and IV-2) 

had progressive suppurative lung disease and retinal coloboma. IV-1 had severe 

early language delay, intermittent generalized tonic-clonic seizures from the age 

of 10 that were initially controlled with sodium valproate, but became drug 

resistant in mid adolescence and conductive hearing loss.  There was evidence of 

cerebellar dysfunction on clinical examination with minor cerebellar vermis 

hypoplasia in IV-1 in infancy on MRI.  All males had macrocephaly with head 

circumference in IV-1 and IV-2 in the 97th centile and II-6 in the 75th centile.  The 

combination of suppurative lung disease, retinal and cerebellar changes made us 

consider a ciliopathy and a pathogenic variant in OFD1 had been considered 

likely, but was not identified on an extensive ciliopathy panel including OFD1 



(Vilboux et al., 2017).  Assumed obligate female carriers had normal intellect and 

III-2 showed highly skewed X-inactivation (90:10).

Family 2 

Family 2 had a clinical and biochemical diagnosis of Alan-Herndon-Dudley 

syndrome (AHDS; MIM# 300523). The family consisted of two affected males 

(the proband and his maternal second cousin) (Fig. 2a). The phenotype was 

severe early hypotonia with feeding difficulties, which evolved to a progressive 

spasticity resulting in contractures, scoliosis and a severe reduction in mobility.  

The affected individuals also had cognitive impairment, seizures and were non-

verbal. Thyroid function studies were consistent with a diagnosis of AHDS. For 

III-4 at 53 years of age and IV-6 at 23 years of age, TSH and free T4 were in the 

normal range (NR) while free T3 was elevated, III-4 was 7.5 pmolL-1 (NR 3.3 – 

6.2 pmolL-1) and IV-6 was 8.4 pmolL-1 (NR 3.1 – 7.6 pmolL-1) . However, Sanger 

sequencing of the exons of SLC16A2 (a.k.a. MCT8) did not identify a pathogenic 

variant.  Obligate female carriers were of normal intellect and there was no 

evidence of abnormal skewing of X-chromosome inactivation in III-2 (74:26).

Family 3

Family 3 consisted of two brothers with mild-severe ID, autistic spectrum 

disorder, microcephaly, hypotonia, abnormal gait and hyperextensible joints 

(Fig. 3a). Neither male has had seizures. One was non-verbal as an adolescent 

and the other had functional speech and basic literacy skills. Dysmorphic facial 

features included a depressed nasal bridge, peg teeth and prominent jaw. A brain 

MRI performed on II-3 at age 10, showed abnormal signal in the globus pallidus 

and caudate, compatible with intracerebral calcification (Supp. Fig. S1). Both 

parents were unaffected. Due to the relatively non-specific phenotypic features, 



no specific diagnosis was suspected clinically. Female carriers in the family have 

been of normal intellect.  X-chromosome inactivation testing was uninformative 

in I-2.

Results 

We performed GS of two affected males from each of the families in this 

study.  Mapping to the hg19 build of the human genome achieved a median read 

depth of 38x in all samples with no significant mapping bias between coding and 

non-coding regions of the genome (Supp. Fig. S2). Initial filtering of variants in 

these three families failed to identify plausible disease-causing coding missense, 

truncating variants or copy number variants previously identified as pathogenic 

in ClinVar or DECIPHER databases.

Family 1: Ciliopathy caused by a deep intronic variant in OFD1

Given the apparent X-linked pattern of inheritance and the distinct 

ciliopathy, we made a targeted investigation of all coding and non-coding 

variants in OFD1, a known X-linked ciliopathy gene we had experience with 

(Field et al., 2012). We analysed GS data within the boundaries of the first and 

last exons of the OFD1 gene and a region 2kb upstream of the transcriptional 

start site.  A novel variant of uncertain significance on chrX, 

NC_000023.10:g.13775457G>A (hg19), (ClinVar: VCV000929433.1) was 

identified within intron 13 of OFD1 (NM_003611.2:c.1412-322G>A) that 

segregated with the affected males and obligate carriers in the family (Fig. 1a 

and Supp. Fig. S3).  Comparing outlier transcripts from RNA-Seq from patient 

derived LCLs revealed a novel splicing event involving a cryptic splice donor site 



3 bp upstream of the NC_000023.10:g.13775457G>A variant and two cryptic 

splice acceptors at positions chrX:g.13775250 and chrX:g.13775347 to create 

two novel OFD1 transcripts (Fig. 1b). The SpliceAI program predicted the novel 

splice donor site and the most proximal splice acceptor site (chrX:g.13775347, 

110 bp upstream of the variant site), with delta scores of 0.64 and 0.61 

respectively. SpliceAI delta scores range between 0 and 1 and are an 

approximate measure of the probability that the variant will alter splicing 

(Jaganathan et al., 2019). Both novel transcripts were predicted to create 

truncated protein products NP_003602.1:p.(Leu472ProfsTer26) and 

NP_003602.1:p.(Leu472PhefsTer37) due to frameshifts (Fig. 1b and Supp. Data). 

Western blotting showed reduced OFD1 protein abundance in an available LCL 

from IV-2 compared to LCLs from unaffected males (Fig. 1c).  The epitope for the 

antibody targets a region in the protein prior to p.Arg471, however bands 

corresponding to the predicted novel truncated protein products were not 

detected. Reduced OFD1 protein expression combined with the ciliopathy 

segregating in an X-linked pattern in this family strongly suggested this novel 

deep intronic splice variant was pathogenic.

Functional assessment of a predicted damaging coding ARX variant

We also identified a unique coding variant in ARX 

NM_139058.3:c.1204G>A:p.Gly402Arg (ClinVar: VCV000929432.1) that 

segregated with the affected individuals in Family 1 (Fig. 1a and Supp. Fig. S3)  

and was absent in all public variant databases used for filtering.  The variant had 

a phred scaled CADD score of 27, and was not covered in previous exome 

sequencing (Supp. Fig. S4).  The variant was located C-terminally and outside of 



the homeodomain, in a region with paucity of known ARX pathogenic variants 

(Cheryl Shoubridge et al., 2010).  The phenotype in the patients with 

infratentorial changes without corpus callosum or cortical abnormalities was not 

typical for an ARX point mutation as was the absence of severe epilepsy, dystonia 

or genital abnormalities. The relative proximity to the homeodomain (ending at 

p.387) and high CADD score prompted us to investigate this variant using an 

ARX-responsive luciferase reporter assay (Mattiske et al., 2018). The 

p.Gly402Arg variant displayed levels of repression (45%) similar to ARX-WT 

when compared to the pCMV-Myc vector control, indicating the variant did not 

change the transcriptional activity of the ARX protein, in the context of this in 

vitro assay (Fig. 1d). Known pathogenic variants of ARX were also tested either 

within the nuclear localisation sequence (NLS) or homeodomain itself, and all 

abolished repression of luciferase expression. Furthermore, we did not observe 

any disruptions to subcellular localisation of the p.Gly402Arg variant compared 

to over-expression of the wild-type protein HEK293T cells (data not shown).  

These results suggested the ARX p.Gly402Arg variant was benign.   

Family 2: Novel intronic mobile element insertion in SLC16A2

GS on two affected males from family 2 (III-4 and IV-6; Fig. 2a) revealed 

no shared, rare coding variants on the X chromosome.  Given the clinical 

diagnosis of AHDS in this family, we targeted variants called in coding and non-

coding regions of SLC16A2 for further analysis.  A SINE-VNTR-Alu (SVA_E) 

retrotransposon insertion, called by RetroSeq, was found in the fifth intron of 

SLC16A2 (ClinVar: VCV000929441.1) in both affected males (Fig. 2b and Supp. 

Fig. S5) but was not observed in our in-house control GS data of 207 individuals.  



We measured the expression of SLC16A2 by qPCR using primers specific for 

cDNA of exons 5 and 6 and showed almost complete loss of gene expression 

relative to GAPDH in a fibroblast cell line from individual IV-6 compared to 

control fibroblasts (Fig. 2c).  Further investigation by RT-PCR revealed all exon 

boundaries of SLC16A2 that we tested except those involving exon 6 were 

correctly spliced (Fig. 2d and Supp. Fig. S6). Qualitative examination of RNA-Seq 

data from IV-6 showed the creation of at least one novel splice donor site in 

intron 5, just prior to the site of the SVA_E insertion and subsequent retention of 

the remainder of intron 5 (Supp. Fig. S7 and Supp. Data). The loss of the final 

exon in SLC16A2 was predicted to be sufficient to account for the metabolic 

findings in this family and suggested that this retrotransposon insertion was 

pathogenic.

Family 3: Canonical splice site variant in a non-coding exon of AP1S2

The first pass analysis of coding and splicing variants in GS data from 

individuals II-1 and II-3 of Family 3 (Fig 3a) identified a shared variant 

NC_000023.10:g.15872810C>T (NM_003916.3:c.-1+1G>A) in AP1S2  (ClinVar: 

VCV000929434.1), (Fig. 3b) that was predicted to affect splicing with a SpliceAI 

donor loss delta score = 0.98.  RNA-Seq analysis showed retention of intron 1 

and a significant down regulation of AP1S2 expression (Fig. 3c).  A 

comprehensive analysis of the exon boundaries of AP1S2 by RT-PCR using cDNA 

from LCL of II-1, II-3 and an unrelated control showed splicing between the 

untranslated exon one and translated exon two was completely abolished, while 

transcripts containing exons three, four and five were spliced normally (Fig. 3d & 

e and Supp. Fig. S8a-d). We also detected aberrant AP1S2 transcripts using 



primers specific for intron one and exon five and confirmed that intron one was 

retained in these transcripts by Sanger sequencing (Fig. 3f).  Western blotting of 

whole-cell protein extracts of LCL from II-1 and II-3 showed absence of AP1S2 

protein compared to control LCLs (Fig. 3g).

Discussion

We have shown that utilisation of GS and gene expression analysis in 

families unresolved by exome analyses can detect functionally significant non-

coding variations that explain a specific phenotype. The range of non-coding 

variants we have detected in large X linked families to date, includes a 

transcription factor binding site (Huang et al., 2012), a 5’UTR insertion that 

impedes translation (Kumar et al., 2016), and now, genesis of a deep intronic 

splice donor site, a retrotransposon insertion with mRNA processing effect and 

destruction of the canonical splice donor site of a non-coding exon. Each of these 

variants required a combination of approaches for detection and subsequent 

variant-focused molecular assays to confirm their pathogenicity. 

The intronic variant in OFD1 created a novel splice donor site and 

activated novel usage of two cryptic splice acceptor sites within the same intron.  

Traditional splicing prediction tools failed to predict this outcome, however, the 

recently developed SpliceAI program (Jaganathan et al., 2019) was able to 

predict this event for one of the two upstream cryptic splice acceptor sites which 

were validated by our RNA-Seq data. Machine learning approaches like that 

taken by SpliceAI show promising results for discovery of pathogenic non-coding 

variants.



Classically, pathological variants in OFD1 were associated with a female 

limited phenotype with polydactyly and midline clefting with male lethality.  

Hypomorphic or loss of function variants in the terminal exon of OFD1 have been 

associated with a variable range of phenotypes from a Simpson-Golabi-Behmel 

like disorder, with chronic suppurative lung disease (SGBS2; MIM# 300209) 

(Budny et al., 2006), to X-linked Joubert syndrome (JBTS10; MIM# 

300804)(Coene et al., 2009).  Joubert syndrome is defined by a specific 

radiological sign (molar tooth sign) that was not seen in Family 1.  X-linked 

retinal dystrophy has been described due to a deep intronic variant in OFD1, 

NM_003611.2:c.935+706A>G (ClinVar: VCV000101499.5). This variant caused 

abnormal splicing, thus introducing a novel exon with a predicted frameshift and 

reduced OFD1 expression (Webb et al., 2012).  The respiratory, retinal, 

cerebellar and cognitive features seen in the three affected males in our family fit 

well with the broader phenotype associated with OFD1 variants in males (Supp. 

Table S2) (Sakakibara et al., 2019).  This distinctive phenotype and the data from 

the luciferase assays was critical in confirming the ARX p.Gly402Arg variant was 

likely benign. 

Reports of retrotransposon insertions causing Mendelian disease are 

extremely rare (Hancks & Kazazian, 2016).  A de novo L1 insertion into intron 3 

of RPS6KA3 which caused skipping of exon 4 in a male diagnosed with Coffin-

Lowry syndrome and the SVA insertion into the 3’UTR of FKTN that causes 

Fukuyama congenital muscular dystrophy are to our knowledge, the only 

previous reports of such an event linked to ID (Kobayashi et al., 1998; Martínez-

Garay et al., 2003; Taniguchi-Ikeda et al., 2011).   Sine-VNTR-Alu (SVA) retro-

transposed elements are one of the youngest and most mobile elements in the 



genome. Transposon insertion is not random, but relies on the presence of 

specific target sequences, and therefore sites prone to rearrangement can be 

predicted to some degree.  In singular cases of Fukuyama muscular dystrophy 

and Bruton agammaglobulinaemia, the disease-causing mechanism involved 

novel exonisation of the inserted SVA sequences within the respective target 

genes (Conley et al., 2005; Taniguchi-Ikeda et al., 2011).  A polymorphic SVA 

insertion that is implicated in X-linked dystonia Parkinsonism drove retention of 

intron 32 of TAF1 transcripts, which was more pronounced in patient-derived 

neuronal stem cells than fibroblasts from the same individual (Aneichyk et al., 

2018).  In Family 2 of this study, the SVA_E was inserted in the same sense as 

SLC16A2 and based on our RT-PCR and RNA-Seq data, potentially leads to novel 

exonisation of the 3’ end of the SLC16A2 transcript and a predicted protein that 

lacks the most C-terminal of the 12 transmembrane domains.

AHDS is caused by pathogenic variants in the thyroid hormone (TH) 

transporter SLC16A2 and is characterised by severe ID and altered TH serum 

levels. Other features include early hypotonia, which evolves to spastic 

paraplegia within the first few years of life, low muscle mass with generalised 

weakness, speech difficulties that range from dysarthria to completely absent 

speech, variable ataxia and occasional dystonia and/or athetoid movements as 

well as seizures (Remerand et al., 2019). Penetrance is complete, although the 

severity is variable.  Both affected males from Family 2 had the typical clinical 

features of AHDS, and their biochemical profile of high serum T3, low-normal T4, 

low rT3 and normal-elevated TSH levels was consistent with the disorder.

Approximately 6.5% of pathogenic variants recorded in the Human Gene 

Mutation Database (HMGD) are splice variants (Stenson et al., 2017). Clinically 



relevant variants at both canonical and especially at non-canonical positions are 

under ascertained in clinical exome sequencing studies to date (Lord et al., 

2019). Characterisation of the effects of splicing variants are most efficiently 

performed with RNA-Seq, however in low throughput situations, targeted 

analysis of the effects of specific variants by RT-PCR is a viable alternative. The 

first exon of AP1S2 is not translated thus making interpretation of the functional 

consequence of the variant we detected that affects the splice donor site difficult 

by computational predictions alone.  Examination of the GENCODEv35 build of 

gene annotations identified 4,646 transcripts within 1,318 genes that have a 

start codon within 5bp of a splice acceptor site.  There were 190 Pathogenic or 

Likely Pathogenic variants in the ClinVar database within the introns upstream 

of these start codons with a Kozak sequence interrupted by an intron. The 

clinical features displayed by the brothers in Family 3 were in hindsight 

consistent with those described in other affected individuals with causative 

AP1S2 variants (Huo et al., 2019; Patrick S. Tarpey et al., 2006). Individuals with 

AP1S2 variants display highly variable degrees of ID, even between affected 

males in the same family. The history is often characterised by early hypotonia 

and significant speech delay.  Aggressive symptoms are reported.  In some 

individuals, there is borderline microcephaly, which was also seen in both 

affected males. Brain MRI results II-3 from Family 3 were consistent with studies 

in individuals with AP1S2 variants which showed basal ganglia calcification.  The 

clinical presentation of the affected males in Family 3, in combination with our 

functional characterization of the splicing defects in AP1S2 were essential in 

reaching a diagnosis. 



 The variants we found in OFD1 and SLC16A2 were both hypomorphic and 

some normal splicing occurred.  The residual level of normal transcript 

expression and mild reduction in protein abundance may explain why the 

individuals in Family 1 fit the milder end of the OFD1 disease spectrum. Most 

cases of ID are in the mild rather than moderate to severe spectrum, and this is 

an area where it has been less tractable so far to reach a genetic diagnosis. A 

proportion of these cases may be due to as yet unrecognised non-coding variants 

reducing the expression of known ID genes.  An excellent example of this is the 

association of X-linked dystonia with an anti-sense inserted SVA_E transposon 

(Bragg et al., 2017) as opposed to a severe neurocognitive disability caused by 

coding variants in TAF1 (O’Rawe et al., 2015, p. 1). Similarly, the mild 

neurocognitive features associated with the YY1 binding site variant regulating 

HCFC1 we previously described (Huang et al., 2012), compared to the cobalamin 

deficiency and severe phenotype associated with loss of function variants within 

HCFC1 (Yu et al., 2013).  Each individual class of regulatory variant may only 

contribute modestly to the diagnostic rate in a cohort. For example, de novo 

variants in ultra-conserved, brain-active regulatory elements were estimated to 

be causative in 1-3% of cases (Short et al., 2018).  Taken together, however, non-

coding variants may account for as much as 50% of unresolved cases depending 

on the cohort selection (Burdick et al., 2020; Cummings et al., 2017).

We have shown three examples where combined analysis of clinical, 

genetic and molecular data was used to reach a genetic diagnosis involving a 

non-coding variant. RNA-Seq or hypothesis-driven RT-PCR analyses were 

necessary to reveal the effects of the candidate variants on transcription. 

Western blotting where a suitable antibody was available to show the effect on 



protein abundance in patient cell lines was highly informative in determining 

variant pathogenicity.  There are important lessons to be learned from our study 

that will help to improve diagnostic yield in the currently 50-60% of individuals 

with a strongly suspected monogenic disorder who remain unresolved on 

current diagnostic testing (Hartley et al., 2020). Firstly, we have demonstrated 

that it is possible to make use of non-neuronal, patient-derived cell lines to 

genetically resolve non-coding variants of uncertain significance in patients with 

a primary neurodevelopmental disorder.  Secondly, relatively simple molecular 

techniques that are tractable for molecular genetics laboratories can be powerful 

tools for functionally validating the effects of such variants and consequently, 

confirm their pathogenicity.  Finally, we show that using multiple strategies for 

analysis of genome sequencing data including coding, non-coding, structural 

variation and repeat expansion detection is advisable in light of the 

heterogeneity of non-coding variants we have observed in this study and our 

previous investigations (Huang et al., 2012; Kumar et al., 2016).  A 

comprehensive analysis of GS data, phenotype-driven, candidate-gene 

identification combined with gene expression analysis can successfully locate the 

most elusive causative non-coding variants and enable a confident genetic 

diagnosis.
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Figure Legends

Figure 1. Functional genomic assessment of co-segregating OFD1 and ARX 

variants in a family affected by X-linked ciliopathy. a. Family pedigree showing 

probable X-linked inheritance of ciliopathy (black symbols).  DNA from 

individuals marked by (*) was analysed by GS.  Genotypes for wild type (wt) and 

variant (mt) alleles of OFD1 (O) and ARX (A) are shown for family members 

analysed by Sanger sequencing. b. Sashimi plot of RNA-Seq data from LCL of 

individual IV-2 (red) and a representative control LCL (blue) for OFD1 exons 13, 

14 and 15. The percentage of reads supporting each intron from the total 

number or reads supporting all splice junctions using the exon 13 splice donor 

site are shown for both samples.  The predicted outcomes for protein translation 

caused by the novel exon are shown below the plot (the predicted translated 

sequences are in Supp. Data). c. Western blot of protein extracts from a LCL from 

IV-2 (first two lanes are extracts from cell pellets from independent cultures) 

compared to extracts from three unrelated male control LCLs and adult mouse 

cortex.  Blots were probed with anti-OFD1 (Sigma cat# SAB2702042) and rabbit 

 (Abcam cat# ab6046) antibodies. d. Luciferase reporter activity 

normalised to Renilla reporter activity and expressed as a percentage relative to 

empty Myc-vector transfected cells (dark grey). Full-length Myc-tagged 

constructs; ARX WT (white), a nuclear localisation sequence (NLS) variant 

T333N (black), a variant in the homeodomain but outside the NLS regions P353L 

(diagonal lines) and the novel missense variant G402R (light grey). Error bars 

show standard deviations of three independent transfections carried out in 

triplicate.



Figure 2. Retrotransposon insertion of an SVA_E attenuates SLC16A2 expression. 

a. Pedigree shows two affected males with phenotypes characteristic of AHDS 

potentially linked through unaffected obligate carrier females.  DNA from 

individuals indicated by (*) was analysed by GS.  Genotypes of individuals with 

either the reference (wt) or SVA_E inserted allele (i) are shown where tested 

(see also Supp. Fig. S5c). b. IGV screen shot showing a cluster of discordantly 

mapped reads in III-4 and IV-6 but not in an unrelated control genome 

alignment. The different colours correspond to the identity of the chromosome 

to which the other end of the read-pair is mapped as indicated by the key on the 

right of the image. Below the alignment is a schematic of the SLC16A2 gene 

structure and the orientation of the SVA_E transposon inserted into intron 5. c. 

Quantified expression of SLC16A2 expression relative to GAPDH in three 

unrelated control fibroblast cell lines compared with a fibroblast line derived 

from IV-6.  The PCR product crosses the boundary between exon 5 and 6. Error 

bars show standard deviations between biological replicate samples averaged 

from two experiments done in triplicate. d. PCR products of SLC16A2 from a 

fibroblast line derived from IV-6 and three control fibroblast cell lines, size 

separated on 1% agarose gel and stained with ethidium bromide.  PCRs were run 

for 30 cycles for all amplicons. Note that all products that cross the exon 

boundaries over intron 5 are substantially reduced in IV-6. The uncropped gels 

are shown in Supp. Fig. S6. 

Figure 3. A canonical splice site variant in AP1S2 leads to aberrant splicing and 

reduced protein expression. a. Pedigree showing two affected brothers whose 

genomic DNA was analysed by GS (*).  b. IGV alignment of GS data from II-1 and 



II-3 showing the chrX:g.15872810C>T transition in AP1S2. Colours indicate 

mapping orientation of the reads. c. Stylised representation of the AP1S2 gene 

(not to scale). Exons are indicated by boxes and within these, the open reading 

frame (grey shading) and untranslated regions (white shading) are shown.  

Positions of primers used to evaluate AP1S2 expression and splicing are shown 

on the image as numbered half-arrows. Below the gene model is a sashimi plot of 

RNA-Seq data from LCL of individual II-1 (red, maximum read depth 39) and a 

representative control LCL (blue, maximum read depth 515) for AP1S2 exons 1 

and 2.  Note that intron 1 is retained in the affected male. The peak that appears 

relatively prominently upstream of AP1S2 Exon 1 in II-1 is an antisense 

transcript that is present in all samples. d-f. RT-PCR analyses of cDNA reactions 

carried out in the presence (+) or absence (-) of reverse transcriptase (RT) using 

RNA extracted from affected individuals II-1 and II-3 of Family 3 compared to an 

unrelated male control LCL and human fetal brain. Genomic DNA (gDNA) from II-

1 and II-3 are included as controls to show when the primer pairs also amplified 

the closely related AP1S2P1 pseudogene sequence. d. Primer pair P356 and P344 

amplify a 405 bp band in control LCL and fetal brain but not II-1 and II-3, 

suggesting splicing of AP1S2 is impaired between exon 1 and exon 2. e. Primer 

pair P354 and P351 show potentially reduced amplification of the 178 bp band 

corresponding to AP1S2 transcript in II-1 and II-3. Note that an identical 178 bp 

band corresponding to the AP1S2P1 pseudogene amplifies in the genomic DNA 

samples in addition to the 564bp band spanning intron 3 of AP1S2. f. Primer pair 

P343 and P359 generate a 1182 bp product in II-1 and II-3 that suggests 

retention of intron1 in a transcript that is otherwise correctly spliced for exons 2 

– 5, (ns; non-specific). g. Short and long exposures of the same western blot 



detecting AP1S2 (with a primary antibody from Abcam cat# ab97590) in protein 

extracts from II-1, II-3 and four unrelated male control LCLs compared to -III 

tubulin (as a loading control).  Blot shows absence of AP1S2 in both II-1 and II-3.  

The uncropped gel is shown in Supp. Fig. S8e.
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sequence (NLS) variant T333N (black), a variant in the homeodomain but outside the NLS regions P353L 
(diagonal lines) and the novel missense variant G402R (light grey). Error bars show standard deviations of 

three independent transfections carried out in triplicate. 

180x118mm (600 x 600 DPI) 



 

Figure 2. Retrotransposon insertion of an SVA_E attenuates SLC16A2 expression. a. Pedigree shows two 
affected males with phenotypes characteristic of AHDS potentially linked through unaffected obligate carrier 
females.  DNA from individuals indicated by (*) was analysed by GS.  Genotypes of individuals with either 

the reference (wt) or SVA_E inserted allele (i) are shown where tested (see also Supplementary Fig. 4c). b. 
IGV screen shot showing a cluster of discordantly mapped reads in III-4 and IV-6 but not in an unrelated 

control genome alignment. The different colours correspond to the identity of the chromosome to which the 
other end of the read-pair is mapped as indicated by the key on the right of the image. Below the alignment 

is a schematic of the SLC16A2 gene structure and the orientation of the SVA_E transposon inserted into 
intron 5. c. Quantified expression of SLC16A2 expression relative to GAPDH in three unrelated control 
fibroblast cell lines compared with a fibroblast line derived from IV-6.  The PCR product crosses the 

boundary between exon 5 and 6. Error bars show standard deviations between biological replicate samples 
averaged from two experiments done in triplicate. d. PCR products of SLC16A2 from a fibroblast line derived 
from IV-6 and three control fibroblast cell lines, size separated on 1% agarose gel and stained with ethidium 

bromide.  PCRs were run for 30 cycles for all amplicons. Note that all products that cross the exon 
boundaries over intron 5 are substantially reduced in IV-6. The uncropped gels are shown in supplementary 

Fig. 5. 
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Figure 3. A canonical splice site variant in AP1S2 leads to aberrant splicing and reduced protein expression. 
a. Pedigree showing two affected brothers whose genomic DNA was analysed by GS (*).  b. IGV alignment 

of GS data from II-1 and II-3 showing the chrX:g.15872810C>T transition in AP1S2. Colours indicate 
mapping orientation of the reads. c. Stylised representation of the AP1S2 gene (not to scale). Exons are 
indicated by boxes, the open reading frame (grey shading) and untranslated regions (white shading) are 
shown.  Positions of primers used to evaluate AP1S2 expression and splicing are shown on the image as 

numbered half-arrows. Below the gene model is a sashimi plot of RNA-Seq data from LCL of individual II-1 
(red, maximum read depth 39) and a representative control LCL (blue, maximum read depth 515) for AP1S2 

exons 1 and 2.  Note that intron 1 is retained in the affected male. The peak that appears relatively 
prominently upstream of AP1S2 Exon 1 in II-1 is an antisense transcript that is present in all samples. d-f. 
RT-PCR analyses of cDNA reactions carried out in the presence (+) or absence (-) of reverse transcriptase 

(RT) using RNA extracted from affected individuals II-1 and II-3 of Family 3 compared to an unrelated male 
control LCL and human fetal brain. Genomic DNA (gDNA) from II-1 and II-3 are included as controls to show 
when the primer pairs also amplified the closely related AP1S2P1 pseudogene sequence. d. Primer pair P356 



and P344 amplify a 405 bp band in control LCL and fetal brain but not II-1 and II-3, suggesting splicing of 
AP1S2 is impaired between exon 1 and exon 2. e. Primer pair P354 and P351 show potentially reduced 

amplification of the 178 bp band corresponding to AP1S2 transcript in II-1 and II-3. Note that an identical 
178 bp band corresponding to the AP1S2P1 pseudogene amplifies in the genomic DNA samples in addition to 
the 564bp band spanning intron 3 of AP1S2. f. Primer pair P343 and P359 generate a 1182 bp product in II-
1 and II-3 that suggests retention of intron1 in a transcript that is otherwise correctly spliced for exons 2 – 

5, (ns; non-specific). g. Short and long exposures of the same western blot detecting AP1S2 (with a primary 
antibody from Abcam cat# ab97590) in protein extracts from II-1, II-3 and four unrelated male control LCLs 
compared to  tubulin (as a loading control).  Blot shows absence of AP1S2 in both II-1 and II-3.  The 

uncropped gel is shown in Supp. Fig. S8e. 
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Predicted translation of novel OFD1 transcripts

>NP_003602.1 oral-facial-digital syndrome 1 protein isoform 1 
[Homo sapiens] 
MMAQSNMFTVADVLSQDELRKKLYQTFKDRGILDTLKTQLRNQLIHELMH 
PVLSGELQPRSISVEGSSLLIGASNSLVADHLQRCGYEYSLSVFFPESGL 
AKEKVFTMQDLLQLIKINPTSSLYKSLVSGSDKENQKGFLMHFLKELAEY 
HQAKESCNMETQTSSTFNRDSLAEKLQLIDDQFADAYPQRIKFESLEIKL 
NEYKREIEEQLRAEMCQKLKFFKDTEIAKIKMEAKKKYEKELTMFQNDFE 
KACQAKSEALVLREKSTLERIHKHQEIETKEIYAQRQLLLKDMDLLRGRE 
AELKQRVEAFELNQKLQEEKHKSITEALRRQEQNIKSFEETYDRKLKNEL 
LKYQLELKDDYIIRTNRLIEDERKNKEKAVHLQEELIAINSKKEELNQSV 
NRVKELELELESVKAQSLAITKQNHMLNEKVKEMSDYSLLKEEKLELLAQ 
NKLLKQQLEESRNENLRLLNRLAQPAPELAVFQKELRKAEKAIVVEHEEF 
ESCRQALHKQLQDEIEHSAQLKAQILGYKASVKSLTTQVADLKLQLKQTQ 
TALENEVYCNPKQSVIDRSVNGLINGNVVPCNGEISGDFLNNPFKQENVL 
ARMVASRITNYPTAWVEGSSPDSDLEFVANTKARVKELQQEAERLEKAFR 
SYHRRVIKNSAKSPLAAKSPPSLHLLEAFKNITSSSPERHIFGEDRVVSE 
QPQVGTLEERNDVVEALTGSAASRLRGGTSSRRLSSTPLPKAKRSLESEM 
YLEGLGRSHIASPSPCPDRMPLPSPTESRHSLSIPPVSSPPEQKVGLYRR 
QTELQDKSEFSDVDKLAFKDNEEFESSFESAGNMPRQLEMGGLSPAGDMS 
HVDAAAAAVPLSYQHPSVDQKQIEEQKEEEKIREQQVKERRQREERRQSN 
LQEVLERERRELEKLYQERKMIEESLKIKIKKELEMENELEMSNQEIKDK 
SAHSENPLEKYMKIIQQEQDQESADKSSKKMVQEGSLVDTLQSSDKVESL 
TGFSHEELDDSW 
> NP_003602.1:p.Leu472ProfsTer26 
MMAQSNMFTVADVLSQDELRKKLYQTFKDRGILDTLKTQLRNQLIHELMH 
PVLSGELQPRSISVEGSSLLIGASNSLVADHLQRCGYEYSLSVFFPESGL 
AKEKVFTMQDLLQLIKINPTSSLYKSLVSGSDKENQKGFLMHFLKELAEY 
HQAKESCNMETQTSSTFNRDSLAEKLQLIDDQFADAYPQRIKFESLEIKL 
NEYKREIEEQLRAEMCQKLKFFKDTEIAKIKMEAKKKYEKELTMFQNDFE 
KACQAKSEALVLREKSTLERIHKHQEIETKEIYAQRQLLLKDMDLLRGRE 
AELKQRVEAFELNQKLQEEKHKSITEALRRQEQNIKSFEETYDRKLKNEL 
LKYQLELKDDYIIRTNRLIEDERKNKEKAVHLQEELIAINSKKEELNQSV 
NRVKELELELESVKAQSLAITKQNHMLNEKVKEMSDYSLLKEEKLELLAQ 
NKLLKQQLEESRNENLRLLNRPRSANSMALLLAHPGNSTILCAYPE 
> NP_003602.1:p.Leu472PhefsTer37 
MMAQSNMFTVADVLSQDELRKKLYQTFKDRGILDTLKTQLRNQLIHELMH 
PVLSGELQPRSISVEGSSLLIGASNSLVADHLQRCGYEYSLSVFFPESGL 
AKEKVFTMQDLLQLIKINPTSSLYKSLVSGSDKENQKGFLMHFLKELAEY 
HQAKESCNMETQTSSTFNRDSLAEKLQLIDDQFADAYPQRIKFESLEIKL 
NEYKREIEEQLRAEMCQKLKFFKDTEIAKIKMEAKKKYEKELTMFQNDFE 
KACQAKSEALVLREKSTLERIHKHQEIETKEIYAQRQLLLKDMDLLRGRE 
AELKQRVEAFELNQKLQEEKHKSITEALRRQEQNIKSFEETYDRKLKNEL 
LKYQLELKDDYIIRTNRLIEDERKNKEKAVHLQEELIAINSKKEELNQSV 
NRVKELELELESVKAQSLAITKQNHMLNEKVKEMSDYSLLKEEKLELLAQ 
NKLLKQQLEESRNENLRLLNRFLDDLDRESHLPSAWIPTAAVRCPDHIGS 
QGCHQQA 
  



Predicted translation of a novel SLC16A2 transcript caused by aberrant splicing into intron 5 
predicted from RNA-Seq data of IV-6 from Family 2.  The first 11 transmembrane domains 
are highlighted in cyan while the twelfth domain, which is deleted in the predicted 
p.(Leu468LysfsTer1) mutant protein is highlighted in magenta.

>NP_006508.2 monocarboxylate transporter 8 [Homo sapiens] 
MALQSQASEEAKGPWQEADQEQQEPVGSPEPESEPEPEPEPEPVPVPPPE 
PQPEPQPLPDPAPLPELEFESERVHEPEPTPTVETRGTARGFQPPEGGFG 
WVVVFAATWCNGSIFGIHNSVGILYSMLLEEEKEKNRQVEFQAAWVGALA 
MGMIFFCSPIVSIFTDRLGCRITATAGAAVAFIGLHTSSFTSSLSLRYFT 
YGILFGCGCSFAFQPSLVILGHYFQRRLGLANGVVSAGSSIFSMSFPFLI 
RMLGDKIKLAQTFQVLSTFMFVLMLLSLTYRPLLPSSQDTPSKRGVRTLH 
QRFLAQLRKYFNMRVFRQRTYRIWAFGIAAAALGYFVPYVHLMKYVEEEF 
SEIKETWVLLVCIGATSGLGRLVSGHISDSIPGLKKIYLQVLSFLLLGLM 
SMMIPLCRDFGGLIVVCLFLGLCDGFFITIMAPIAFELVGPMQASQAIGY 
LLGMMALPMIAGPPIAGLLRNCFGDYHVAFYFAGVPPIIGAVILFFVPLM 
HQRMFKKEQRDSSKDKMLAPDPDPNGELLPGSPNPEEPI 
 

>NP_006508.2:p.(Leu468LysfsTer1) 
MALQSQASEEAKGPWQEADQEQQEPVGSPEPESEPEPEPEPEPVPVPPPE 
PQPEPQPLPDPAPLPELEFESERVHEPEPTPTVETRGTARGFQPPEGGFG 
WVVVFAATWCNGSIFGIHNSVGILYSMLLEEEKEKNRQVEFQAAWVGALA 
MGMIFFCSPIVSIFTDRLGCRITATAGAAVAFIGLHTSSFTSSLSLRYFT 
YGILFGCGCSFAFQPSLVILGHYFQRRLGLANGVVSAGSSIFSMSFPFLI 
RMLGDKIKLAQTFQVLSTFMFVLMLLSLTYRPLLPSSQDTPSKRGVRTLH 
QRFLAQLRKYFNMRVFRQRTYRIWAFGIAAAALGYFVPYVHLMKYVEEEF 
SEIKETWVLLVCIGATSGLGRLVSGHISDSIPGLKKIYLQVLSFLLLGLM 
SMMIPLCRDFGGLIVVCLFLGLCDGFFITIMAPIAFELVGPMQASQAIGY 
LLGMMALPMIAGPPIAGK
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