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Background & objectives: Lysosomal storage disorders (LSDs) are genetic metabolic disorders which 
result from deficiency of lysosomal enzymes or defects in other lysosomal components. Molecular genetic 
testing of LSDs is required for diagnostic confirmation when lysosomal enzyme assays are not available 
or not feasible to perform, and for the identification of the disease causing genetic variants. The aim of 
this study was to develop a cost-effective, readily customizable and scalable molecular genetic testing 
strategy for LSDs.
Methods: A testing method was designed based on the in-house creation of selective amplicons through 
long range PCR amplification for targeted capture and enrichment of different LSD genes of interest, 
followed by next generation sequencing of pooled samples.
Results: In the first phase of the study, standardization and validation of the study protocol were done 
using 28 samples of affected probands and/or carrier parents (group A) with previously identified 
variants in seven genes, and in the second phase of the study, 30 samples of enzymatically confirmed 
or biopsy-proven patients with LSDs and/or their carrier parents who had not undergone any prior 
mutation analysis (group B) were tested and the sequence variants identified in them through the study 
method were validated by targeted Sanger sequencing.
Interpretation & conclusions: This testing approach was found to be reliable, easily customizable and 
cost-effective for the molecular genetic evaluation of LSDs. The same strategy may be applicable, 
especially in resource poor settings, for developing cost-effective multigene panel tests for other conditions 
with genetic heterogeneity.
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Lysosomal storage disorders (LSDs) are a group 
of over 50 inborn errors of metabolism characterized 
by intra-lysosomal accumulation of complex 
macromolecules, which result from the deficiency of 

lysosomal enzymes or from defects in key lysosomal 
membrane proteins, proteins involved in lysosomal 
enzyme trafficking or lysosomal enzyme activator 
proteins1,2. With a cumulative prevalence of around 
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one in 5000 live births, they pose a sizeable health 
burden worldwide and are associated with significant 
morbidity and mortality related to neurological, 
visceral, cardiovascular and skeletal involvement1,3.

Accurate diagnosis is essential for the proband as 
well as for the family, for appropriate management, 
prognostication, surveillance, genetic counselling 
and prenatal/pre-implantation genetic testing. 
Conventionally, LSDs have been diagnosed through 
lysosomal enzyme assays and these assays continue 
to be the gold standard diagnostic test for affected 
probands. However, in addition to issues inherent to 
biochemical diagnosis such as erroneous results due to 
sample degradation resulting from improper handling 
and lack of temperature control during transportation, 
enzyme assays have other limitations with respect to 
the diagnosis of LSDs4. Enzyme assays are not reliable 
for carrier testing as the enzyme levels in carrier 
individuals overlap with the normal range. Prenatal 
genetic testing based on enzyme assay may sometimes 
give equivocal results, especially in carrier fetuses 
or when there is maternal cell contamination5. Due 
to phenotypic variability and overlap in the clinical 
manifestations of different LSDs, multiple enzyme 
assays may be required in some cases, to establish the 
diagnosis, which can be time-consuming, laborious 
and expensive and would also require a larger volume 
of blood for testing2. For LSDs which are not caused 
by deficiency of enzymes but by transporter defects 
[e.g. Niemann-Pick disease (NPD) type C] or activator 
protein deficiencies (e.g. sphingolipid activator protein 
deficiency), confirmation of the diagnosis requires 
molecular testing of the gene encoding the specific 
protein2. A common panel providing mutation analysis 
for multiple LSDs in one single reaction would thus 
serve as a cost-effective and time saving diagnostic tool 
for such clinically indistinguishable LSDs, LSDs with 
overlapping phenotypes and LSDs not diagnosable 
through enzyme assays6,7.

The Sanger sequencing technique is time 
consuming and expensive for multigene panel testing. 
Next generation sequencing (NGS) technologies 
have high throughput and make it possible to 
sequence multiple genes and large genomic regions 
by performing several millions of accurate sequence 
reactions in parallel. For sequencing targeted regions 
of the genome through NGS, target enrichment has 
to be done through capture kits that enable ‘capture’ 
of the desired genomic regions8,9. The commercially 
available target enrichment kits which work chiefly on 

the principle of solution-based capture or array-based 
capture are expensive and increase the cost of the test 
and they are not easily customizable and scalable for 
small groups of genes, for example, a group of genes 
associated with a specific phenotype such as dysostosis 
multiplex-associated LSDs.

The objective of this study was to design and 
validate a strategy of long range PCR (LR-PCR) based 
targeted enrichment, followed by NGS, for molecular 
genetic testing of LSDs and to evaluate the cost-
effectiveness, scalability and customizability of this 
technique.

Material & Methods

The study was conducted over three years from 
November 2014 to November 2017 at the Diagnostics 
Division of the Centre for DNA Fingerprinting and 
Diagnostics (CDFD), Hyderabad after approval of   the 
Institutional Ethics Committee. Individuals across all 
age groups who were diagnosed to have an LSD based 
on the clinical features and imaging findings and in 
whom the specific diagnosis was confirmed by either 
enzyme assay and/or molecular genetic testing and/or 
their unaffected carrier parents, were included in the 
study, after obtaining a written informed consent. 

Peripheral blood samples were collected for all 
individuals recruited into the study and DNA was 
extracted from the blood samples as described below.  
The study samples were classified into group A and 
group B. Group A consisted of affected individuals 
and/or parents who had already undergone molecular 
genetic testing (with or without enzymatic confirmation) 
through Sanger sequencing, and in whom, the disease 
causing gene variants were already identified. The 
DNA samples of this group were used for the first 
phase of the study, which involved standardization and 
validation of the study technique. Group B consisted 
of patients who had an enzymatically confirmed or 
biopsy-proven diagnosis of a specific LSD and/or their 
unaffected carrier parents, in whom molecular genetic 
testing had not been done already. The DNA samples of 
this group were used in the second phase of the study. 
The samples of probands, as well as carrier parents, 
were collected, to validate the utility of the method 
for detection of homozygous as well as heterozygous 
variants.

Sample collection and DNA extraction: Three 
millilitres of peripheral blood was collected in an 
EDTA vacutainer tube, from each study participant. 
Genomic DNA was extracted from each blood sample 
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using the QIAamp DNA Blood Mini Kit (Qiagen, 
Hilden, Germany) and the DNA was quantified using 
the NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific, Massachusetts, USA).

Long range PCR (LR-PCR): The primers for LR-PCR 
were designed using the Primer3 software version 
4.0.0 (http://bioinfo.ut.ee/primer3) for the lysosomal 
storage disorder-associated genes, as listed in Table I.  
A total of 22 genes were included (NEU1, ARSA, 
SMPD1, IDUA, NPC1, NPC2, GNPTAB, GNPTG, 
GAA, GALNS, GLB1, MCOLN1, GBA, NAGLU, 
SGSH, IDS, HEXA, HEXB, GLA, GALC, ASAH1 and 
GUSB). Each set of LR-PCR primers was designed to 
amplify around 5-10 kb fragments. For genes smaller 
than 10 to 15 kb in size (including the complete exonic 
and intronic regions), the entire gene could be covered 
within a single LR-PCR fragment, whereas for genes 
larger than 15 kb in size, from two to up to nine sets of 
LR-PCR primers had to be designed to cover the entire 
gene, depending on the size of the gene, as mentioned 
in the Supplementary Table. The LR-PCR primer sets 
were designed to completely cover the exonic regions, 
along with the flanking intronic sequences (up to at 
least 500 bases on both sides of each exon), and at 
least 500 bases upstream to the 5´ end and 500 bases 
downstream to the 3´ end of each of the 22 genes. In 
addition, all the introns that got included as intervening 
sequences, within the proximal and distal exonic extent 
of each LR-PCR fragment, were also completely 
covered, as detailed in Supplementary Table. LR-PCR 
primers were not designed for exons 1 and 2 of 
GNPTAB, exon 1 of HEXA, exon 1 of HEXB, exon 1 of 
NPC2 and exon 1 of ASAH1, as these exons were small 
and could be covered through short PCR and Sanger 
sequencing, and their flanking intronic sequences were 
too large to enable them to be clubbed together with 
the next exon within one LR-PCR fragment. LR-PCR 
was standardized and performed using PrimeSTAR 
GXL DNA polymerase (Takara Bio Inc., Shiga, Japan). 
Agarose gel electrophoresis with ethidium bromide 
staining of the LR-PCR products was performed 
to demonstrate specific fragments ranging in size 
from 5-10 kb for the different LSD-associated genes 
included in the study.

Preparation of libraries and sequencing: PCR products 
of   study participants were quantified on Qubit 3.0 
fluorometer (Thermo Fisher Scientific, Massachusetts, 
USA) and pooled together at equimolar amounts. 
The samples were pooled to make a total volume of 

100 µl with a final concentration of 1000 ng/100 µl 
(i.e. 10 ng/µl).

The study was performed in two phases. In the first 
phase, for standardization and validation of the study 
technique, DNA samples of the affected individuals  
and/or their parents with already identified gene variants 
(group A) were included, as listed in Table I. Four 
libraries were constructed in all to accommodate the 28 
group A samples; each library consisted of 29 LR-PCR 
fragments of seven LSD genes, each fragment ranging 
from 5-10 kb in size. The analysis was performed in a 
blinded manner and the person analyzing the NGS data 
was not aware of the variants previously identified by 
Sanger sequencing, to eliminate any element of bias in 
the analysis.

In the second phase, samples of patients with 
enzymatically confirmed or biopsy proven diagnosis of 
specific LSDs and/or their parents, who had not already 
undergone mutation analysis (group B), were included, 
as shown in Table II. Five libraries were constructed 
to accommodate the 30 patient samples; each library 
consisted of LR-PCR fragments of 5 - 7 LSD genes, 
each ranging from 5 - 10 kb in size (24 fragments in 
libraries Lib_1 and Lib_3, 25 fragments in libraries 
Lib_2 and Lib_4 and 28 fragments in library Lib_5).

One sample for each gene was included in one 
library, as listed in Tables I and II. Equimolar long 
PCR amplicons corresponding to different genes 
of different patients (e.g. IDUA amplicons of one 
patient, ARSA amplicons of another patient and 
HEXA amplicons of a third patient) were combined 
and the pooled samples were subjected to sequence 
analysis using the Illumina MiSeq platform (Illumina 
Inc., San Diego, California, USA). Reads with 100X 
coverage for every amplicon were generated to ensure 
the accuracy of the results.

Data analysis: The Illumina sequencing reads in FASTQ 
format were checked for quality using the FastQC 
application (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc). Libraries for which data quality 
was found to be satisfactory were processed further 
for analysis. Paired-end reads were aligned, using the 
Burrows-Wheeler Aligner (BWA) version 0.5.9rc1, to 
the human genome assembly hg1910.  Genome Analysis 
Toolkit (GATK) software package version 1.6 (Broad 
Institute, Cambridge, MA, USA)11 was used for variant 
calling12 and  ANNOVAR software version 2012 was 
used for annotation of the variants13.
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All the identified variants were filtered using the 
following criteria for each patient: (i) genetic filter - 
filtration of variants based on presence in known, 
mutation or polymorphism databases; (ii) evolutionary 
filter - filtration of variants based on evolutionary 
conservation in vertebrates; and (iii) functional filter: 
filtration of variants based on amino acid change, 
expression in the target tissue, computational prediction 
of deleterious effect, etc. The population databases 1000 
Genome (https://www.internationalgenome.org/1000-
genomes-browsers/) and gnomAD (https://gnomad.
broadinstitute.org/) were used to filter out polymorphic 
variants with a high minor allele frequency. Previously 
reported known pathogenic variants were   identified  
using the ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) and HGMD (Human Gene Mutation Database; 
http://www.hgmd.cf.ac.uk/ac/index.php) databases 
and by searching published literature on PubMed.  
Classification of the identified variants was done as 
per the guidelines outlined by the American College of 
Medical Genetics and Genomics and the Association 
for Molecular Pathology (ACMG/AMP variant 
classification guidelines 2015)14. In silico prediction 
of the effect of the variants was done using mutation 
prediction tools  such as PolyPhen-2 (http://genetics.
bwh.harvard.edu/pph2/), SIFT (https://sift.bii.a-star.
edu.sg/), MutationTaster2 (http://www.mutationtaster.
org/) and CADD (https://cadd.gs.washington.edu/). 
The impact of the variants on splicing  was checked 
with the help of the MutationTaster2 and Human 
Splicing Finder (http://www.umd.be/HSF/) software.

Sanger sequencing: The sequence variants identified 
through this study in the group B samples were 
validated by Sanger sequencing which was done on 
ABI 3130 Genetic Analyzer (Thermo Fisher Scientific, 
Massachusetts, USA) following the manufacturer’s 
protocol.

An overview of the workflow is shown in Figure 1.

Initial standardization and validation of the study 
protocol were done using 28 samples of affected 
probands and/or carrier parents (group A) with 
known variants in seven genes, in the first phase of 
this study. Later, in the second phase, 30 samples of 
enzymatically confirmed or biopsy-proven patients 
with LSDs and/or their carrier parents who had not 
undergone any prior mutation analysis (group B) 
were included and the sequence variants identified in 
them through NGS were validated by targeted Sanger 
sequencing.

Results

Initially, for evaluating and validating the NGS 
workflow, 28 samples with previously identified 
variants (group A samples) were included in four 
libraries, as shown in Table I, and we found 100 per 
cent concordance in the sequence variants previously 
identified by Sanger sequencing and then by NGS 
in this study, ensuring that the analysis was done in 
a blinded manner to eliminate bias. Heterozygous 
variants in carrier parents, as well as biallelic variants 
(compound heterozygous or homozygous variants) 
in the probands, were identified with the NGS based 
study technique, as shown in Table I. Of the total 34 
variants identified in the group A samples, 18 were 
missense variants, three were nonsense variants, eight 
were small indels and four were splice site variants; 
one variant identified in the ARSA gene (c.417C>T) is 
a synonymous variant and classified as ‘likely benign’ 
but was predicted to cause splice site changes and 
therefore to be disease-causing by MutationTaster2 
(http://www.mutationtaster.org/).

In the second phase of the study, 30 samples of 
probands and/or their carrier parents were included. 
These DNA samples were collected from clinically 
diagnosed cases of different LSDs, where the 
diagnosis was confirmed by enzymatic analysis for all 
except those with NPC1 gene associated NPD type C 
(group B samples). There is no lysosomal enzyme 
assay available for NPD type C, as the NPC1 gene 
product is not an enzyme but a protein involved in 
intracellular cholesterol trafficking; therefore, these 
cases were chosen based on the clinical features 
of neonatal cholestasis with liver biopsy findings 
suggestive of NPD in the proband. Heterozygous as 
well as homozygous disease-causing variants were 
identified through the NGS workflow, as listed in 
Table II, and all these identified variants were validated 
by targeted Sanger sequencing. Figure 2 shows four 
representative examples of the variants identified 
through NGS and thereafter validated through Sanger 
sequencing. Of the total 30 variants identified in the 
group B samples, 17 were missense variants, four 
were nonsense variants, four were small indels and 
five were splice site variants. No significant variants 
were identified in the IDS gene (in any of the three  
LR-PCR fragments covering the IDS gene) in the sample 
of one patient clinically diagnosed and enzymatically 
confirmed to have mucopolysaccharidosis (MPS) 
type II (Hunter syndrome); Sanger sequencing 
of the exons and flanking intron-exon junctions 
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Fig. 1. Overview of the study workflow.

Fig. 2. Representative examples of the variants identified through the study protocol in four different samples and thereafter validated through 
targeted Sanger sequencing.
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of the IDS gene also did not reveal any significant 
variants. Further multiplex ligation-dependent probe 
amplification of the gene is planned for this patient 
to look for large exonic deletions/duplications and 
complex rearrangements, which are known to occur 
in around 20 per cent of patients with MPS II, due 
to recombination of the IDS gene with IDSP1 
pseudogene.  It is possible to detect large exonic 
deletions and duplications by analysis of  NGS data 
using  software which compare the read-depth of 
the test data with the matched aggregate reference 
dataset, but complex rearrangements may get  missed 
by sequencing-based testing techniques.

Discussion

The diagnostic journey for many patients with 
lysosomal storage disorders is often time-consuming, 
tedious and expensive, involving multiple enzyme assays 
and sometimes even invasive tests such as bone marrow 
and/or liver biopsy15. The availability of a multigene panel 
test for LSDs can make the diagnosis faster and cheaper 
and this has become possible with the availability of high 
throughput NGS technologies in recent years6,7,16.

Most of the commercially available kits for targeted 
‘capture’ of genes for multigene panel tests are based on 
one of the following approaches: (i) hybridization-based 
strategies, (ii) transposon-mediated fragmentation 
(tagmentation), (iii) molecular inversion probes, and 
(iv) PCR based target enrichment9. However, these 
commercial capture kits are expensive, available in 
fixed quantities and are therefore not easily scalable, or 
readily customizable. 

In this study, we have applied and validated 
a strategy based on the in-house development of 

selective amplicons through LR-PCR amplification 
for targeted capture of different LSD genes of interest, 
followed by NGS of pooled samples. The two most 
important advantages of using this method of amplicon 
libraries were the significant reduction in the costs and 
the ability to easily customize the genes of interest 
when compared to commercially available targeted 
enrichment kits. As has been shown in the study, this 
technique can be used for molecular genetic testing 
of already enzymatically confirmed cases, where 
molecular genetic testing can be done directly for the 
concerned gene only and it can also be used for targeted 
sequencing of already identified variants in family 
members. In addition, small panels can be custom 
designed based on the clinical phenotype of the patient 
for genes associated with overlapping phenotypes, 
e.g. MPS associated genes; the molecular diagnosis 
can be then validated by performing the concerned 
enzyme assay. The groups of genes included in each 
library can be flexible. Any combination of genes can 
be included in one library, as long as one ensures that 
there is no sequence homology between the different 
genes. Similarly, different patients’ samples can be 
included in one library, provided these are for different 
genes. Apart from these advantages, there are some 
additional benefits of this method. This technique 
has the ability to include complete intronic regions of 
genes provided the introns are not too large in size, as 
opposed to the commercially available kits that chiefly 
include the coding regions (exons) and the flanking 
intron-exon junctions only; thus, it helps to detect deep 
intronic variants also. Through appropriate designing 
of LR-PCR primers, one can also ensure that the gene 
is selectively amplified and pseudogene sequences, 
if any, are excluded. Table III lists the criteria that 

Table III. Criteria to be considered for selection of lysosomal storage disorder patients and for designing of libraries for LR‑PCR 
amplification, followed by next‑generation sequencing
•  Twenty five to 30 LR‑PCR fragments, each of 5‑10 kb size, can be included per library
•  There should not be any sequence homology between the fragments
•  LR‑PCR fragments corresponding to different genes for one or more patients can be pooled together in one library
• � Testing one or a few genes (up to 5) for a patient, makes the strategy most cost‑effective; therefore, it is better to narrow down the 

diagnostic possibilities through prior clinical evaluation and laboratory testing
• � Ideal for conditions where a specific gene has to be tested based on clinical and biochemical phenotype (e.g. ARSA for 

metachromatic leukodystrophy) or where a few genes (>1 but <5) have to be tested based on the clinical phenotype (e.g. MPS III 
or MPS IV)

• � Ideal for genes such as GUSB (for MPS VII) and GBA (for Gaucher disease), which have pseudogenes, as LR‑PCR primers can be 
suitably designed to selectively amplify the gene and exclude the pseudogene

MPS, mucopolysaccharidosis; LR-PCR, long range-PCR
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may be considered when selecting patients, clinically 
diagnosed to have various LSDs, for testing through 
this proposed method, and for preparing libraries of 
pooled samples. 

A similar approach was used by other researchers 
for designing multigene panels for groups of disorders 
such as Mendelian retinal disorders and hereditary 
breast cancer17-20. Their results also demonstrated 
that LR-PCR amplification, followed by NGS was an 
effective method for mutation analysis of monogenic 
heterogeneous diseases.

Analysis of the cost-effectiveness of this in-house 
LR-PCR amplification based targeted enrichment, 
followed by NGS based assay versus Sanger sequencing 
for individual genes as well as NGS based multigene 
panel sequencing following capture with commercially 
available kits revealed that this method was much 
more economical, especially for single genes which 
are within 10-50 kb in size and groups of small genes 
(especially less than 5). In this study, the approximate 
cost of sequencing for each LR-PCR fragment worked 
out to around 1000 Indian rupees [approximately 15 US 
dollars ($)]. Therefore, for a gene that can be covered 
with 1-5 LR-PCR fragments, the cost of sequencing 
by the study method would be only around 1000-5000 
INR (₹) (around 15-75 US $). Thus, this testing strategy 
will be far more cost-effective than larger commercial 
panels such as clinical-exome sequencing (CES) and 
whole-exome sequencing (WES), if one has to look for 
variants in a single specific gene or a small number of 
genes based on the clinical suspicion. For example, if 
the clinical diagnosis is mucopolysaccharidosis type 
III (MPS III), one can do sequencing only for SGSH 
(for MPS IIIA) and NAGLU (for MPS IIIB), as MPS 
IIIA and IIIB together account for around 90 per cent 
of MPS III. The cost for SGSH and NAGLU mutation 
analysis, with the proposed LR-PCR amplification, 
followed by the NGS method, would come to only 
around ₹ 3000 (approximately 40 US $), which is 
significantly less than the cost of CES and WES.

Despite its cost-effectiveness, robustness and easy 
customizability, an assay based on this model has some 
limitations. One is the requirement to pool samples and 
do the testing in batches, to maintain cost-effectiveness, 
which makes the method unsuitable when a sample has 
to be tested within a short and limited time frame, for 
instance, for a prenatal sample, where the report has 
to be issued as early as possible. The other important 
drawback of this strategy is that it is not suitable for 

panel testing of larger numbers of genes, as doing LR-
PCR for multiple gene fragments would be tedious 
and time consuming. Furthermore, when designing 
libraries, one has to ensure that more than one patient’s 
sample for the same gene is not included and there is 
no sequence homology between the different genes 
included in one library.

This study has demonstrated the utility of the 
technique of LR-PCR amplification, followed by 
NGS in the molecular diagnosis of individuals with 
lysosomal storage disorders. In particular, the cost-
effectiveness of this method has been demonstrated 
in the Indian context. The relatively low sample size 
and the inclusion of only 22 LSD associated genes are 
some of the limitations of this study.

Overall, LR PCR-based targeted gene enrichment 
combined with NGS appears to be a reliable, clinically 
practical, easily customizable, scalable and cost-
effective approach for mutation analysis of lysosomal 
storage disorders and can be used even in resource-poor 
settings. We plan to apply the same strategy to develop 
molecular genetic assays for other groups of disorders 
with overlapping phenotypes such as organic acidurias, 
other inborn errors of metabolism, coagulopathies, 
pathway disorders, etc. especially where functional 
assays are available to identify the gene to be sequenced 
or to validate the molecular study results. 
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