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ABSTRACT 

 

The gene SNRNP200 is composed of 45-exons and encodes a protein essential for pre-

mRNA splicing, the 200 kDa helicase hBrr2. Despite the fact that complete lack of this 

protein is incompatible with cell survival, two independent heterozygous mutations in 

SNRNP200 have recently been found to be associated with the retinal degenerative disease 

retinitis pigmentosa (RP) in two families from China. In this work the entire 35-Kb 

SNRNP200 genomic region was analyzed in a cohort of 96 unrelated North American 

patients with autosomal dominant RP. To carry out this large-scale sequencing project, we 

performed ultra high-throughput sequencing of pooled, untagged PCR products and verified 

the presence of the detected DNA changes by Sanger sequencing of individual samples. 

One of the two previously known mutations (p.S1087L) was identified in 3 patients, and 4 

new missense changes (p.R681C, p.R681H, p.V683L, p.Y689C) affecting highly conserved 

codons were identified in 6 unrelated individuals. We also critically evaluate this pooling 

approach, in particular with respect to the generation of false positive and negative results. 

We conclude that, although this method can be adopted for rapid discovery of new disease-

associated variants, it still requires extensive validation to be used in routine DNA screening 

projects. 
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INTRODUCTION 

 

Retinitis pigmentosa (RP) is a group of hereditary retinal diseases characterized by the 

progressive degeneration of rod and cone photoreceptors. The disorder typically begins with 

night blindness in adolescence and proceeds with gradual reduction of peripheral visual 

field with eventual development of tunnel vision and, in some cases, virtual total blindness. 

Early detection of this condition has been achieved by measuring retinal function by 

electroretinographic (ERG) testing (Berson, 1993), which represents the most reliable 

diagnostic tool for RP at all ages. RP is both clinically and genetically heterogeneous. This 

disorder affects almost 1 in 4000 people worldwide and can be inherited as an autosomal-

dominant, autosomal-recessive or X-linked trait, and in rare cases also as a non-Mendelian 

trait (Hartong et al., 2006; Rivolta et al., 2002). 

By linkage mapping and candidate gene screening, more than 60 genes have been 

associated so far with non-syndromic RP (RetNet database, 

http://www.sph.uth.tmc.edu/retnet/); however, mutations in these genes account for only 

about half of all reported cases (Hartong et al., 2006; Sullivan et al., 2006). Discovery of 

new causative genes by a candidate-functional approach is hampered by the labor intensive 

and costly methods of sequencing candidate genes in large numbers of patients. New and 

efficient methods of screening are therefore necessary to aid in the discovery of the 

remaining fraction of RP genes. In this context, the development of strategies based on 

"next-generation", or ultra high throughput DNA sequencing technologies is starting to 

provide new tools to analyze panels of different genes in several patients in a parallel 

fashion (Calvo et al.; Daiger et al., 2010). 

Twenty causative genes for autosomal dominant forms of RP (adRP) have been 

identified so far, including several genes encoding pre-mRNA splicing factors: PAP-1 

(RP9) (Keen et al., 2002), PRPF31 (RP11) (Vithana et al., 2001), PRPF8 (RP13) (McKie et 

al., 2001), PRPF3 (RP18) (Chakarova et al., 2002) and SNRNP200 (RP33) (Li et al., 2010; 

Zhao et al., 2009).  

Splicing is a ubiquitous process by which introns are removed from pre-mRNA to form 

mature mRNA. The enzymatic reactions take place in the spliceosome, a supermolecular 

complex containing five small nuclear ribonucleoproteins (snRNP) and ~200 other proteins 

(Jurica and Moore, 2003). The SNRNP200 gene (or ASCC3L1, chromosome 2q11.2), 
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encoding for the 200-kDa helicase hBrr2, is essential for the unwinding of the U4/U6 

snRNP duplex, which is a key step in the catalytic activation of the spliceosome 

(Laggerbauer et al., 1998; Raghunathan and Guthrie, 1998). This protein is homologous to 

Brr2 from yeast and belongs to the DExD/H box protein family. It consists of two 

consecutive Hel308-like modules, each composed of a DExD/H box domain with ATPase 

activity and a Sec63 domain (Lauber et al., 1996; Pena et al., 2009; Zhang et al., 2009). 

Recently, two different mutations of hBrr2 have been found in two Chinese families with 

adRP that showed linkage to the RP33 locus (Li et al., 2010; Zhao et al., 2009; Zhao et al., 

2006). These mutations, p.R1090L and p.S1087L, were identified following screening of 

candidate genes within the RP33 linkage interval and are both located in the first Sec63 

domain. It has been shown that the corresponding mutations in yeast affect the helicase 

activity of Brr2 (Zhao et al., 2009). No other hBrr2 mutations have been identified but the 

prevalence of mutations in this gene among patients with adRP is yet unknown. No genetic 

analyses  have been performed so far on large cohorts of patients or in families that were not 

pre-selected for segregation of the diseases with the SNRNP200 (RP33) genomic region. 

We present here the results of the screening of the SNRNP200 gene (45 exons, 44 

introns) in 96 adRP families with unknown molecular genetic cause, mostly composed of 

Caucasian individuals. To reduce the time and costs required to screen such a large gene in 

several patients with classical techniques, we used ultra high throughput sequencing 

technology on pooled samples from multiple patients (Calvo et al.; Ingman and Gyllensten, 

2009; Out et al., 2009). The potential advantages and the limitations of this method are 

evaluated. 



 5 

MATERIALS AND METHODS 

 

Patients and controls 

This study was carried out in accordance with the tenets of the Declaration of Helsinki 

and was approved by the Institutional Review Boards of the University of Lausanne and of 

Harvard Medical School and the Massachusetts Eye and Ear Infirmary, where the blood was 

collected and patients were followed. Written informed consent was obtained from patients 

who participated in this study before they donated 10-30 ml of their blood for research. 

In addition to a regular ophthalmologic examination, our evaluation included ERG 

testing, performed as previously described (Berson et al., 1993). Patients were characterized 

as autosomal dominant if their families showed evidence of transmission of retinitis 

pigmentosa over two consecutive generations in at least one branch with or without 

evidence of reduced penetrance in other branches. 

DNA from peripheral leukocytes was extracted from 191 unrelated patients with adRP. 

Ninety-six of these samples were used for screening with ultra high-throughput sequencing 

(UHTS), while the other 95 patients were analyzed only for those exons in which a mutation 

was confirmed after Sanger sequencing. Controls included 175 individuals with no history 

of retinal degeneration, and included 80 subjects with normal ERG. In instances where 

genomic DNA was insufficient for direct genetic screening, it was amplified by using a 

whole-genome amplification kit, following manufacturer’s instructions (REPLI-g Mini Kit, 

Qiagen, Venlo, The Netherlands). 

 

UHTS and sequence analysis 

The general work flow followed in this work is schematically illustrated in Figure 1. 

Specifically, the SNRNP200 gene was amplified in the initial set of 96 patients by 4 

overlapping long-range (LR) PCRs of 9,009 bp, 10,474 bp, 12,145 bp and 5,594 bp in 

length, spanning in total an approximate 35-kb genomic region (chromosome 2, from 

position 96,300,768 to 96,335,728, of GenBank entry NC_000002.11). Primers were those 

used in the work by Hinds et al. (Hinds et al., 2005), adapted in some instances to the region 

of interest (Supp. Table 1). PCR reactions were performed in a 10 µl final volume, 

including LA PCR Buffer II (TaKaRa, Otsu, Shiga, Japan), 4 mM of MgCl2, 1µM of each 
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primer, 0.4 mM of dNTPs and 1 U of TaKaRa LA Taq (TaKaRa), with slight modification 

in the cycling conditions suggested by the supplier. For the quantification of PCR products, 

we loaded 1 µl of each reaction (96 x 4) on E-Gel 48 2% agarose gels (Invitrogen, Carlsbad, 

CA) and analyzed them by densitometry. We pooled equimolar PCR products, according to 

the measured intensity of the bands. To avoid over-representation of the overlapping regions 

after shotgun library preparation and sequencing, we chose to pool only fragments from 

non-overlapping LR-PCRs (fragment #1 pooled with fragment #3 and #2 with #4). 

Sequencing was performed with 2 runs of Roche 454 GS FLX Titanium, according to 

manufacturer’s protocols and by using a gasket that separated the 2 pools. All sequence 

analyses were carried out with the software package CLC Genomics Workbench (CLC bio, 

Aarhus, Denmark). Sequence reads were first trimmed and filtered according to their quality 

score and length (quality limit value set to 0.001, defined in the software manual; minimum 

length of a read set to 25 nt) and then assembled onto the reference sequence. We used 

default local-gapped alignment, allowing reads to align if they have at least 98% identity for 

more than 98% of their length. 

For variant detection we applied the following restrictions on quality: within an 11-nt 

window, the average quality of the bases was set to 20 (PHRED score, corresponding to a 

base accuracy of 99%) and the maximum number of mismatches or indels accepted was 3 

with respect to the reference sequence. We only considered calls having a minimal coverage 

of 1,000 reads, corresponding to at least 5 reads per allele per patient and to twice as much 

the threshold indicated previously for confident detection of variants (Ingman and 

Gyllensten, 2009). Finally, to be considered reliable DNA variants, all detected changes had 

to be present independently in the 2 technical replicates, represented by the 2 runs of 

sequencing, with at least a 0.5% frequency (corresponding roughly to 1 variant allele over 

192 alleles). 

 

Sanger sequencing and validation of mutations 

To validate the changes detected by UHTS sequencing we individually analyzed the 

PCR products from each patient’s DNA for 4 exons (16, 25, 37, and 38) containing putative 

mutations by the Sanger procedure (Sanger et al., 1977) on either long- or short-range PCR 

templates (Supp. Table 1 and Supp. Information). In addition, we sequenced exons 4 and 31 

to further ascertain the precision of the variants called by the UHTS procedure. Sequencing 
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reactions were performed by mixing 5 µl of previously-purified PCR products (ExoSAP-IT, 

USB, Cleveland, OH), 0.75 µM of primers and 1 µl of BigDye Terminator v1.1 Cycle 

Sequencing kit (Applied Biosystems, Foster City, CA), and run on a ABI-3130XLS 

sequencer (Applied Biosystems). 

To predict pathogenicity of amino acid substitutions we used both the PolyPhen 

(Ramensky et al., 2002) and MutPred (Li et al., 2009) software. Possible mutations 

affecting splicing were tested with the NNSPLICE 0.9 program (Reese et al., 1997). Protein 

sequences were aligned by using tools form the CLC Genomics Workbench. 
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RESULTS 

 

Sequencing 

We sequenced the SNRNP200 gene with two runs of Roche 454 GS FLX Titanium, as a 

pool of individually obtained LR-PCRs in 96 unrelated patients with adRP (4,275 exons, 

4,180 introns, or ~3.5 Mb in total). We obtained in total ~2.3 million raw sequences of 314 

nt in length on average. Following trimming and quality filtering procedures, 87% of them 

aligned to the reference sequence. The average base coverage obtained was about 7,500 

fold, corresponding to ~40 sequences per single allele per patient in the pool, assuming an 

even representation of each sample. Ninety-six percent of the reference sequence was 

covered by at least 1,000 reads. 

 

Ascertainment of DNA variants 

Following the filtering and selection criteria described above, we identified 79 DNA 

variants, including 33 annotated SNPs and 18 changes associated with homopolymeric 

stretches (i.e. AAAA…, CCCC…, etc.). Since these latter changes represent a well known 

source of errors for Roche 454 technology (Huse et al., 2007), they were immediately 

discarded from further analyses along with the identified known SNPs. Of the remainder 

variants, 21 were located within noncoding regions, 3 were predicted to produce isocoding 

changes, and 4 involved nonsynonymous changes. Putative isocoding changes were tested 

in silico for possible interference with the canonical splicing process, and none of them 

were predicted to be pathogenic. More specifically, the c3315A>G (p.A1105=) variant was 

in fact predicted to create a new donor site, but its associated likelihood score was not 

particularly high (0.43 out of 1.00). 

To confirm the presence of DNA variants and identify the actual carriers among the 

patients' DNA composing the pool, we sequenced all exons carrying nonsynonymous 

variants as well as p.A1105= by the Sanger method in individual DNA samples. Whenever 

a change could be confirmed, the screening of that particular exon (and of its intron 

vicinities) was extended to the genomes of additional unrelated 95 adRP patients (Table 1). 

In exon 16, the non-synonymous DNA change p.Y689C was confirmed by Sanger 

sequencing to be present heterozygously in one patient. Two missense variations affecting 
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both codon 681 (c.2041C>T and c.2042G>A, or p.R681C and p.R681H, respectively) were 

also identified by Sanger sequencing in 2 patients from the first cohort. These variants were 

initially not detected by UHTS because they were present in the pool with frequency values 

that were below the 0.5% threshold and therefore they can be considered as false negatives 

of the first method of screening. Sequencing of the second cohort allowed the identification 

of p.R681C in 2 additional unrelated patients, as well as the detection of 2 new DNA 

changes, p.V683L and c.2160+42C>T in 2 patients. None of these variants was present in 

350 control chromosomes. 

In exon 25, the change p.S1087L, detected by UHTS with a frequency of 1.4%, was 

present in 2 patients from the first cohort and 1 patient of the second cohort. The isocoding 

change p.A1105= was also confirmed to be present in two patients, one in each cohort. 

Again, these DNA variants were absent in controls. 

Sanger sequencing of the amplicons spanning exons 37 and 38 identified 2 false 

positives of the UHTS screening, p.F1717S and p.M1808V, both having a measured 

frequency corresponding exactly to the threshold value used in inclusion criteria. Alleles 

from SNPs rs772175 and rs78519182 were also confirmed to be present, with relatively 

high frequency. 

 

Cosegregation analyses 

The p.S1087L mutation, found in 3 unrelated patients from our cohorts, was previously 

reported to be present in a family with adRP by Zhao et al. (Zhao et al., 2009). 

The 4 new missense changes detected in exon 16, p.R681C, p.R681H, p.V683L and 

p.Y689C involved highly conserved residues (Figure 2) and were all predicted to be 

deleterious by in silico analyses. Family members were available only from 2 probands 

carrying p.Y689C and p.R681C. In these pedigrees, both changes were present 

heterozygously in patients and absent in unaffected members, following the classical pattern 

of inheritance of alleles causing a dominant disease with complete penetrance (Figure 3).  

The intronic change c.2160+42C>T, for which we also had other family members, did 

not co-segregate with the disease in the family and was therefore considered as non-

pathogenic. 
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Evaluation of variant detection specificity 

To test the performance of the pooling method adopted here, we re-analyzed the 

sequence obtained by UHTS for exons 4, 16, 25, 31, 37, and 38 in the initial set of 96 

samples. Specifically, we ascertained the number of variants detected by using different 

frequency thresholds (0.1, 0.2, … 1.0%) and compared them with the results obtained by 

individual Sanger sequencing of such samples. The number of false positives increased as 

the threshold of detection decreased, following an exponential-like trend (Figure 4).  
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DISCUSSION 

 

The SNRNP200 gene, encoding the splicing factor hBrr2, has been recently discovered 

by linkage analysis as a new autosomal dominant retinitis pigmentosa gene in two families 

from China, among whom mutations p.S1087L and p.R1090L segregated with the disease 

(Li et al., 2010; Zhao et al., 2009). Based on the evidence that hBrr2 is part of the same 

snRNP that includes PRPF31, PRPF3, and PRPF8, also involved in adRP, prior to the 

publication of these studies we screened this candidate sequence in a large cohort of 

unrelated patients from North America. Because of the elevated number of exons to be 

analyzed and the high potential of UHTS, we adopted previously published protocols 

consisting of the parallel sequencing of pooled and untagged DNA samples and evaluated 

them as potential methods for research on adRP, i.e. a rare disease with elevated genetic 

heterogeneity. 

Three out of 191 patients from our screening carried p.S1087L (c.3260C> T), located in 

the first Sec63 domain of the protein. These patients were of Mexican, French Canadian, 

and English/Irish descent, indicating either that this mutation represents a relative early 

event in human history or that nucleotide c.3260 is a mutational hotspot. Haplotype studies 

on other ethnical groups and extended cohorts of patients are needed to verify which one of 

these hypotheses is the correct one. 

Importantly, we found 4 new missense variants in exon 16: p.R681C, p.R681H, 

p.V683L, and p.Y689C, which were present heterozygously in 6 patients and absent from 

350 control chromosomes. Residues Arg681 and Tyr689 are phylogenetically very well 

conserved, and their replacement is predicted in silico to be damaging for the correct 

functioning of hBrr2. While both p.R681C and p.Y689C co-segregated with disease in the 

pedigrees analyzed, probands carrying p.R681H and p.V683L changes did not have other 

family members available for further genetic analyses. However, the p.R681H variation 

affects the very same conserved residue co-segregating with disease in the pedigree with 

p.R681C, strongly suggesting an association with RP. p.V683L was predicted to be possibly 

pathogenic by in silico analyses, it involved a conserved amino acid, and was absent in the 

controls. In the absence of additional data (e.g. cosegregation) it is difficult to speculate at 

the present time whether it represents a rare benign variant or a true RP mutation. 
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All the newly detected changes fall in the Brr2 protein region containing the first DExD-

helicase domain, which has been demonstrated to be essential for the U4/U6 unwinding 

function in vivo and in vitro and for cell survival in yeast (Kim and Rossi, 1999; 

Raghunathan and Guthrie, 1998). The first of the two consecutive Hel308-like modules, 

consisting of a DExD/H domain and a Sec63 domain, shows the highest level of 

conservation among species, reflecting its importance at the functional level (Zhang et al., 

2009). It is therefore remarkable that all adRP mutations in hBrr2 so far identified are 

located in this first Hel308-like module. We hypothesize that these new mutations, similar 

to the ones already described, would impair hBrr2 helicase/ATPase activity, leading to 

defects in spliceosome catalysis.  

Because of the high genetic heterogeneity displayed by RP, a very effective strategy for 

the identification of new disease genes consists in the screening of candidate genes in large 

cohorts of patients (Dryja, 1997). UHTS technologies (reviewed in (Metzker, 2010)) allow 

obtaining unprecedented amounts of DNA sequencing data, which make them suitable for 

the screening of large genes. However, UHTS analysis of multiple samples is not a 

straightforward procedure, and unavoidably requires sample pooling to be economically 

sustainable. Current multiplexing procedures mostly rely in the addition of nucleotide 

barcodes to individual samples since the use of physical separators does not grant sufficient 

parallelization. (Craig et al., 2008; Lennon et al., 2010; Meyer et al., 2008). Detection of 

sequence variants in multiple samples can also be achieved through sequencing a pool of 

non-tagged DNA templates (for example PCR products covering the same gene) from 

different individuals and by ensuring an appropriate coverage in downstream UHTS 

procedures (Calvo et al.; Ingman and Gyllensten, 2009; Out et al., 2009). This approach 

bypasses the expensive and laborious procedure of barcoding multiple libraries, and can 

theoretically lead to identification of rare variants the frequency of which is as low as 0.5% 

with respect to the pool. 

We followed this latter approach to analyze SNRNP200 for mutations. In our screening 

we detected an unexpectedly high number of both false positive and false negative calls, 

which could be ascertained only by Sanger sequencing. False positive calling of mismatches 

is a necessary drawback, since in our study we were considering very low frequency 

variations that could also be caused by sequencing or alignment errors. We could reduce 

them by considering only the subset of variations detected in two independent sequencing 

runs, as demonstrated also by our simulation experiments using variable thresholds and as 
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indicated by the reduction of the number of DNA changes associated to homopolymeric 

stretches (from more than 100 to 18, data not shown). However, false positive calls could 

not be completely eliminated. Using a higher threshold of detection could correct the 

problem but would also hide potentially true signals (false negatives), especially for variants 

that could be penalized by uneven pooling of different PCRs products and/or unbalanced 

allelic amplification during pre-sequencing procedures (Benaglio and Rivolta, 2010). In our 

specific case, we failed for example to identify 2 true changes, p.R681C and p.R681H, since 

they were present at a frequency that was below the theoretical limit of 1 variant allele in 96 

samples (0.4% and 0.1% respectively). While failure to detect the first change could be 

attributed to statistical fluctuation, the second false negative call is more likely to depend on 

the under representation of this allele in the pool, probably prior to sequencing. However, 

correcting the under detection of true positive calls through the mere operation of increasing 

the threshold would also result in an exponential increase of noise generated by false 

positive calls, making the fine tuning of this procedure a subtle and rather empirical process. 

A practicable possibility in this context could consist in pooling fewer samples and raise the 

threshold of detection proportionally. In our case, for example, pooling 48 samples instead 

of 96 would have allowed detecting a single allelic variation in 1% of the sequences (instead 

of 0.5%), allowing therefore to increase the detection rate while keeping the noise under 

control. 

The DNA screening strategy used in this work has proven to be extremely 

advantageous, especially if it is compared to the alternative option of individually 

sequencing all SNRNP200 exons in the several dozen patients and controls examined. 

Specifically, the triage operated by UHTS of pooled samples allowed reducing the number 

of exons to be analyzed by an order of magnitude (from 45 to 4). However, in contrast to 

classical exon-PCR analyses by Sanger sequencing or to UHTS of single samples, the 

results obtained have a stochastic component that depends heavily on the settings used.  

In conclusion, we identified new mutations in SNRNP200 and confirmed that adRP 

associated to hBrr2 impairment is not limited to the Chinese population. Furthermore, we 

also tested the use of next-generation sequencing technology on pooled and untagged 

samples, highlighting the advantages and the limitations of this methodology for DNA 

analyses involving multiple patients. Based on our work, we are persuaded that candidate 

gene screening for RP and other genetic diseases will greatly benefit from the high-

throughput revolution in a very near future, but this would probably follow the development 
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of automated and inexpensive procedures for genetic barcoding or other solutions for 

sample multiplexing. 
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Table 1. SNRNP200 DNA variants in selected exons, detected by UHT and Sanger 

sequencing. With the exception of c.5317C>T, all changes were detected in heterozygous 

state. 

 

DNA change* Allele 
frequencies 
in the pool 
(%) 

Coverage Count 
of 
minor 
allele  

Putative 
amino 
acid 
change 

Detected 
with 
UHTS 

Sanger 
in 1st 
cohort 

Sanger 
in 2nd 
cohort 

Controls Pathogenicity 

          

Exon 16          

c.2041C>T 99.6/0.4 10,627 44 p.R681C No (false 
negative) 

1 2 0 Likely 

c.2042G>A 99.9/0.1 10,656 10 p.R681H No (false 
negative) 

1 0 0 Likely 

c.2047G>T    p.V683L No 0 1 0 Undetermined 

c.2066A>G 99.3/0.7 9,677 69 p.Y689C Yes 1 0 0 Likely 

c.2160+42C>T    Intronic Yes 0 1 0 No  

          

Exon 25          

c.3260C>T 98.6/1.4 20,258 290 p.S1087L Yes 2 1 0 Confirmed 

c.3315A>G 99.1/0.9 17,203 153 p.A1105A Yes 1 1 0 Undetermined 

          

Exon 37          

c.5150T>C 99.5/0.5 12,064 65 p.F1717S Yes 
(false 
positive) 

0 ND ND No (not a real 
variant) 

c.5317C>T 
(rs772175) 

64.9/35.1 7,975 2802  p.L1773=  Yes 63 
(alleles) 

ND ND No 

c.5324-31G>C 
(rs78519182) 

98.0/2.0 7,553 149 Intronic Yes 3 ND ND No 

          

Exon 38          

c.5422A>G 99.5/0.5 9,409 51 p.M1808V Yes 
(false 
positive) 

0 ND ND No (not a real 
variant) 

 

* with respect to Ensembl reference cDNA sequence ENST00000323853.  
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Figure 1. Schematic representation of the work flow used. 

Four long-range PCRs (LR-PCR, in shades of green) targeting the SNRNP200 gene (vertical boxes: exons; horizontal lines: introns) were 

performed on individual DNA samples from 96 patients, purified and pooled in equimolar quantities before UHTS sequencing. Following 

alignment to the reference sequence of the 2 million reads obtained (pink bars), DNA variants were identified in the pool (green circles). To 

verify the presence of the variants detected, as well as to ascertain which patients carried them, relevant regions of SNRNP200 were re-

amplified by regular PCR in all 96 patients and sequenced individually by the Sanger procedure. 
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Figure 2. Structure and sequence of the hBrr2 protein 

A) Functional domains of hBrr2. Location of the mutations found in this screening are 

indicated in red. B) Alignment of Brr2 protein sequences from human, dog, mouse, fish, fly, 

worm, plant, sea anemone and yeast. Non-conserved residues are shaded; arrows indicate 

the residues affected by DNA changes detected in exon 16. 
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Figure 3. Pedigrees and allele segregation analysis of two families affected with 

adRP. 

Pedigrees segregating the p.Y689C (family ID: 5632) and p.R681C (family ID: 0270) 

mutations (M) are shown. Black and white symbols represent clinically affected and 

unaffected members, respectively. The question mark indicates an individual for whom 

clinical examination was not possible. Arrows indicate probands analyzed in the UHTS 

screening. 
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Figure 4. False positives identified as a function of different frequency thresholds. 

False positives were ascertained after Sanger sequencing of exonic DNA, covering in 

total ~3% of the entire SNRNP200 region sequenced by UHTS. Blue line: variants detected 

in any of the technical replicates. Pink line: variants detected in both technical replicates. 
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SUPPLEMENTARY INFORMATION 

 

Supplementary Table 1. 

Sequences of primers used for long-range (LR), regular (SR) and sequencing (Seq) PCRs.  

 
Name Sequence (5'-3') 
LR_1.F ACAGAGAAGACTTTGTAGCTGGGGAAGA 
LR_1.R CAGCCCTGAAATAAACTATATATGAAACAAGG 
LR_2.F TGGTTTGGTCATGAGACCAGTGACCTG 
LR_2.R ACACAAAACACAGTCATTAAAGGCAGACACTG 
LR_3.F GCTGCTCTTCATCTTTACCTCTAAGAA 
LR_3.R TAAACATGACAGTATCTGGTTTCTGCTATCAA 
LR_4.F CTGGTAGCTGGCTTGGTCAGGTGTCAACTCAC 
LR_4.R TGATGGGGAGGTGGCCTTCTGGAAGTATCAG 
SR_ex16.F GTTTTAGAAGGGCCTTTGGG 
SR_ex16.R TTTTAATTTCTGTCAATCTTCCCC 
SR_ex25.F* ACCGTGTGTAGAGTGGCTCA 
SR_ex25.R* TTCCCATCAGACCCTTGG 
SR_ex37-38.F GCGTATTGTCCACCAGTGATG 
SR_ex37-38.R TCCTCGATGCTGATGCACTT 
Seq_ex4.F TCCTTTAGTTGTGGCATCAGC 
Seq_ex25.F GCCGCAGCACTCTTCTAATTGT 
Seq_ex31.R TTTGGAATAGGGCAGCAGGTAG 
Seq_ex37.F TTAGGTCTCACACAGGGACCATG 
 
* From Li et al. (Li et al., 2010) 
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Long-Range PCRs 
 
Reaction mix 
 
1x Buffer LA PCRTM Buffer II  
4 mM MgCl2 
1uM each primer 
0.4 mM each dNTP 
1 unit of LA TaqTM (TaKaRa) 
10 ul final volume 
 
Cycling conditions 
 
LR 1 
95˚C 5’(95˚C 30”, 67˚C 1’,68˚C 14’)x14, (95˚C 30”, 62˚C 1’,68˚C 14’)x16, 72˚C 10’ 
 
LR 2, 3, and 4 
94˚C 1’(98˚C 5”,68˚C 15’)x30, 72˚C 10’ 
 
 
 
Regular PCRs 
 
Exon 16 
 
1x PCR Buffer  
2 mM MgCl2 
0.1 uM each primer 
0.2 mM each dNTP 
0.5 unit of HotStarTaq DNA Polymerase (Qiagen) 
20 ul final volume 
 
95˚C 15’(95˚C 30”, 56˚C 30”, 72˚C 1’)x35, 72˚C 10’ 
 
Exon 25  
 
1x PCR Buffer  
1.5 mM MgCl2 
0.1 uM each primer 
0.2 mM each dNTP 
1 unit of HotStarTaq DNA Polymerase 
25 ul final volume 
 
98˚C 8’(94˚C 30”, 56˚C 30”, 72˚C 1’) x5, (94˚C 30”, 54˚C 30”, 72˚C 1’)x5, (94˚C 30”, 52˚C 30”, 72˚C 
1’)x15, (94˚C 30”, 50˚C 30”, 72˚C 1’)x15 72˚C 5’ 
 
Exons 37-38 
 
1x PCR Buffer  
0.5 mM MgCl2 
0.1 uM each primer 
0.2 mM each dNTP 
0.5 unit of HotStarTaq DNA Polymerase 
20 ul final volume 
 
95˚C 15’(95˚C 30”, 60˚C 30”, 72˚C 1’) x35, 72˚C 10’ 
 
 


