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Abstract

Timely and accurate diagnosis of rare genetic disorders is critical, as it enables improved patient management and prognosis.
In a resource-constrained environment such as the South African State healthcare system, the challenge is to design appropri-
ate and cost-effective assays that will enable accurate genetic diagnostic services in patients of African ancestry across a broad
disease spectrum. Next-generation sequencing (NGS) has transformed testing approaches for many Mendelian disorders, but
this technology is still relatively new in our setting and requires cost-effective ways to implement. As a proof of concept, we
describe a feasible diagnostic strategy for genetic disorders frequently seen in our genetics clinics (RASopathies, Cornelia
de Lange syndrome, Treacher Collins syndrome, and CHARGE syndrome). The custom-designed targeted NGS gene panel
enabled concurrent variant screening for these disorders. Samples were batched during sequencing and analyzed selectively
based on the clinical phenotype. The strategy employed in the current study was cost-effective, with sequencing and analysis
done at USD849.68 per sample and achieving an overall detection rate of 54.5%. The strategy employed is cost-effective
as it allows batching of samples from patients with different diseases in a single run, an approach that can be utilized with
rare and less frequently ordered molecular diagnostic tests. The subsequent selective analysis pipeline allowed for timeous
reporting back of patients results. This is feasible with a reasonable yield and can be employed for the molecular diagnosis
of a wide range of rare monogenic disorders in a resource-constrained environment.
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Introduction

There is limited genomic knowledge for most rare mono-
genic disorders in African patients as these populations
are largely understudied (Baynam et al. 2020; Popejoy and
Fullerton 2016). The paucity of genetic data stems from
limited resources with regard to clinical genetic services
but also limited genomic research, computational exper-
tise, new/relevant technologies, and biomedical research
infrastructure (Musanabaganwa et al. 2020). It is important
for African rare disease research and clinical care infra-
structure to be developed, as this will aid in the develop-
ment of appropriate health systems to improve the diag-
nosis of genetic or rare disorders timeously and accurately
on the continent. This benefits patients by enabling a better
understanding of their prognosis, tailored management and
surveillance, and more personalized treatment (Kamp et al.
2021). A precise genetic diagnosis also enables accurate
genetic counselling for affected individuals and their rela-
tives and offers options for testing at risk family members
(Patch and Middleton 2018).

For rare monogenic disorders, it is challenging to
develop diagnostic tests, as each one requires separate
research, development, and validation which can be very
costly (Di Resta et al. 2018). In addition, rare disorders
have low sample volumes leading to few samples in a
batch and/or long times between batches thereby increas-
ing turnaround time. Thus, when developing a diagnostic
test for rare disorders, it may be preferable to group them
together in one sequencing run to save costs and time
(Santani et al. 2017) especially in resource constrained
laboratories.

Next-generation sequencing (NGS) technology rep-
resents a major breakthrough for molecular diagnostics
and is rapidly replacing traditional variant screening
approaches for monogenic disorders (Adams and Eng
2018). It is now possible to screen a large number of genes
simultaneously through massively parallel sequencing,
thereby significantly reducing both costs and time associ-
ated with variant screening (Xue et al. 2015; Yohe et al.
2015). However, financial and computational resources,
as well as human expertise, are usually extremely limited
for NGS-based genetic services in laboratories particu-
larly within low-to-middle-income countries (LMIC) with
constrained state healthcare systems (Baynam et al. 2020;
Maxmen 2020; Musanabaganwa et al. 2020).

In South Africa, 80% of the population is served by the
state healthcare system, but this system lacks sufficient
resources to render this very important service, especially
for diagnosis of genetic disorders. Limited genetic ser-
vices (including medical genetics, genetic counselling,
and basic diagnostic testing) are available but clustered
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mainly in four academic hospital complexes nationally,
in Johannesburg, Cape Town (2), and Bloemfontein, in
only three of nine provinces. For patients who do receive a
diagnosis, this is at most a clinical diagnosis by a medical
geneticist. There is unfortunately limited or no molecular
diagnostic testing to confirm common clinical diagnoses,
as such testing is frequently not available in the country
(Kromberg et al. 2013). For most patients in other cities
and, particularly, in more distant rural areas, even limited
clinical and diagnostic genetic services are not available.

It is therefore vital to implement a testing strategy that
is appropriate and effective in the South African (LMIC)
setting. Data analysis for NGS is complex and requires high
throughput computational software as well as bioinfor-
matics expertise, and despite the decreasing costs of NGS
technologies, these technologies remain expensive (Clark
et al. 2018; Fujiki et al. 2018). Targeted NGS—based gene
panel approaches remain cheaper to implement compared to
whole genome or whole exome sequencing (WGS or WES)
in diagnostic settings, and have consequently become a
standard first tier test for most monogenic disorders (Beale
et al. 2015; Clark et al. 2018; Fujiki et al. 2018; Marino
et al. 2018).

For the successful implementation of NGS services for
clinical diagnosis, a panel must be optimized for maximum
use and a multidisciplinary team of scientists, researchers,
and clinicians must work together to ensure and promote
the success of phenotyping to genotyping to diagnosis of a
genetic disorder (Lionel et al. 2018; Liu et al. 2019).

In the current study, a multi-disease NGS targeted gene
panel was designed to balance cost, efficiency, turnaround
time, data quality, and clinical utility. As a proof of concept,
we describe a feasibility evaluation of a diagnostic strat-
egy for a small group of rare genetic disorders. The current
study focused on disorders representing more frequent diag-
noses in genetic clinics, RASopathies, Cornelia de Lange
syndrome, Treacher Collins syndrome, and CHARGE syn-
drome. These disorders represent some of the most com-
mon test requests at our facility as assessed by local medical
geneticists.

Methods
Patient selection and ethics

Unrelated patients (n=88) with four clinically distinct
groups of disorders: RASopathies, Cornelia de Lange syn-
drome, Treacher Collins syndrome, and CHARGE syn-
drome, were selected to be included in the current study.
The 88 samples in the current study did not include positive
control, one patient who had prior testing in a private labo-
ratory and a pathogenic variant identified (LZTR1 variant)
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served as a sequencing control for targeted gene panel per-
formance and data analysis pipeline.

Patients were selected based on the presence of sugges-
tive clinical features associated with each of the phenotypes.
Data was captured using a clinical tick-sheet, designed for
the current study by the clinical team. The patients were
identified and recruited through the genetic clinics of the
Division of Human Genetics, National Health Laboratory
Service and the University of the Witwatersrand, Johan-
nesburg, and the Faculty of Health Sciences, University of
Pretoria, Pretoria, Gauteng, South Africa, and consented
for the research. This study was approved by the Human
Research Ethics Committee (Medical) at the University of
the Witwatersrand (M 160830) and the University of Pretoria
Research Ethics Committee (80/2018). Patient DNA was
extracted from whole blood using the salting-out method
(Miller et al. 1988), and DNA concentration and quality
were assessed using the NanoDrop®ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA)
and Qubit fluorometer (Invitrogen by Thermo-Fisher Scien-
tific, South Africa).

Panel design
Gene selection

Selection of the genes to be included in the custom-designed
targeted panel was informed by an extensive literature review
and followed the ClinGen gene-disease clinical validity clas-
sification framework (Strande et al. 2017). Most genes were
classified as being definitively associated with the pheno-
type, but some genes with preliminary evidence indicat-
ing possible association with the clinical phenotypes to be

studied were also added. These additional genes were spe-
cifically added as the molecular epidemiology for the target
disorders had not yet been characterized in African patients.
The final list of genes included in the panel (Table 1)
consisted of known genes associated with RASopathies
(including Noonan syndrome 1 (OMIM#163950), Noonan
syndrome with multiple lentigines (OMIM#151100), capil-
lary malformation-arteriovenous malformation syndrome
(OMIM#608354), Costello syndrome (OMIM#218040),
Cardio-facio-cutaneous syndrome (OMIM#115150),
Legius syndrome (OMIM#611431), and neurofibromato-
sis type 1 (OMIM#162200)), Cohesinopathies (Cornelia
de Lange syndrome (OMIM#122470) and related pheno-
types), and facial dysostoses (Treacher Collins syndrome
(OMIM#154500), Nager syndrome (OMIM#154400), and
Miller syndrome (OMIM#263750) and CHARGE syndrome
(OMIM#214800)).

Panel design tool

The Agilent SureDesign software (version 7.0.2.12) (Agi-
lent technologies, CA, USA) was used to design the targeted
panel, with a total probe region size of less than 499 kb.
Only coding regions of these genes were included, with
an additional 10 bases of flanking region added to cover
exon—intron boundaries. The probe tiling parameters were
edited to ensure full coverage of the genes with low com-
plexity and repetitive regions.

Library preparation and sequencing

Library preparation was done according to the Agilent
SureSelect®*T workflow, and approximately 25 ng of input

Table 1 Genes included in the custom-designed NGS targeted panel, their associated clinical phenotypes, and ClinGen classification at the time

the panel was developed in August 2018

Clinical phenotype 51 genes (OMIM #)

ClinGen classification

RASopathies

CBL (165360), LZTRI (600574), KRAS (190070), NRAS (164790), PTPN11

Definitive association

(176876), RAF1 (164760), SOSI (182530), RITI (609591), SOS2 (601247), RASA1
(139150), BRAF (164757), MAP2K1 (176948), MAP2K?2 (601263), SPREDI
(609291), NFI (613113), NF2 (607379), HRAS (190020), SHOC2 (602775)

Treacher Collins syndrome
CHARGE syndrome
Cornelia de Lange syndrome

CHD?7 (60889)

(606062)

Additional preliminary and dif- Facial dysostoses: SF3B4 (605593), DHODH (126064), EFTUD?2 (603892), SMAD4
(600993), SMADS5 (603110), SMADG6 (602931), SMAD7 (602932), EYAI (601653),
PDS5A (613200), PDS5B (605333), SCC4 (614560), STAG1 (604358), ESCO2

ferential diagnosis genes

(609353)

TCOF] (606847), POLRIC (610060), POLRID (613715)

NIPBL (608667), HDACS (300269), RAD21 (606462), SMC1A (300040), SMC3

Definitive association
Definitive association
Definitive association
Limited/Disputed

association with the
clinical phenotypes

Cornelia de Lange: AFF4 (604417), ANKRD11 (611192), KMT2A (159555), TAF1
(313650), TAF6 (602955), SETDS (615743), SMARCBI1 (601607), ARIDIB

(614556),

RASopathies: RRAS (165090), RASA2 (601589), A2MLI (610627)

@ Springer
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DNA was required. DNA was fragmented and the fragments
tagged with adaptors. Tagged fragments were then puri-
fied, and the desired size was selected using AMPure beads
(Beckman Coulter, CA, USA). DNA quality and quantity
of the amplicons were assessed using the Qubit fluorometer
(Invitrogen by Thermo-Fisher Scientific, South Africa) and
the Bioanalyser 2100 (Agilent technologies, CA, USA). The
purified amplicons were hybridized to the custom designed
capture library. Hybridized amplicons were captured on
streptavidin-coated beads (Thermo Fisher Scientific Inc.
MA, USA) then amplified using indexing primers. Indexed
libraries were then purified and pooled together in equimo-
lar amounts before sequencing. Pooled libraries (6—10 pM)
were sequenced in low (8 samples) and higher throughout
(24 samples) batches by utilizing the appropriate MiSeq rea-
gent v2 kits (nano, micro, or standard kits) on the Illumina
MiSeq Instrument following manufacturer protocols (Illu-
mina, CA, USA).

Variant calling and interpretation

Read alignment and variant calling were done using the
Agilent SureCall data analysis software (version 4.0) using
default parameters. The variant call file (VCF) of each sam-
ple was annotated using WANNOVAR (Chang and Wang
2012). Common variants were filtered out using > 1%, minor
allele frequency (MAF) from available population databases
(such as gnomAD global MAF, gnomAD MAF for African/
African American, 1000 genomes global MAF, and 1000
genomes continental/African MAF), clinical significance,
in-silico protein effect prediction tools, and mode of inherit-
ance for each phenotype. Data analysis targeted only genes
associated with the individual patient’s clinical phenotype.

Clinically significant variants were then classified using
the American College of Medical Genetics and Genomics
and Association for Molecular Pathology (ACMG-AMP)
guidelines (Richards et al. 2015) to identify putative disease-
causing variants. The data analysis pipeline employed in this
study was limited to variants smaller than 50 bp. Integrative
genomic viewer (IGV) was utilized to visualize the coverage
depth of the target regions sequenced (Robinson et al. 2017).
Sanger sequencing was used to verify the presence of puta-
tive disease-causing variants in patient samples.

Costing analysis

This was done by assessing both the cost of testing done
prior to this study in the patients where clinically significant
variants were identified. This is to illustrate that resources
were used on inappropriate but available testing. An esti-
mation of how much testing would cost for these group of
disorders if we were to sequence the relevant genes using
Sanger sequencing was also done. This was informed by the
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costing model as well as the test price list of the National
Health Laboratory Service (NHLS), South Africa. This
costing is based on a service provision non-profit model.
The NHLS provides diagnostic services to state patients in
South Africa. In the current study, the price per sample was
estimated using the reagents costs, equipment maintenance
costs, and data analysis time.

Results
Panel design

One panel was developed for these disease groups to maxi-
mize resources and reduce costs because it allows for batch-
ing of different patient groups for testing on one panel. It
is cheaper to use one panel rather than three panels for the
same number of patients as there are fixed minimum costs on
the custom panel depending on the probe regions covered.
For example, using Agilent probe design tools, the probe
region 1-499 kb falls under tier 1 pricing and this principle
was used in the current study. If genes for three diseases are
combined, the panel is used to maximum sequencing capac-
ity. The gene panel targeted a total of 51 genes (Table 1).

Panel performance

The probe region size of the custom NGS panel was
249.95 kb, containing 3375 probes in total, making the panel
appropriately sized to work on smaller benchtop NGS sys-
tems. Our custom panel was used successfully to sequence
on the [llumina MiSeq system using the nano, micro, and the
standard MiSeq reagent v2 kits. The coverage obtained per
target region ranged from 50 to 374 X. The panel was used
to sequence patients with a clinical diagnosis or suspicion
of RASopathies (n=60), Treacher Collins syndrome (n=9),
CHARGE syndrome (n=35), and Cornelia de Lange syn-
drome (n=14). A total of 48 putative disease-causing vari-
ants (Class 4 or 5) were identified in 88 patients (Table 2),
resulting in an overall diagnostic yield of 54.5%.

Of the disease causing variants identified in this current
study, 70.8% (34) were previously reported and 29.2% (14)
were novel and not reported in variant interpretation data-
bases such as ClinVar, human genome mutation database
HGMD®, or the scientific literature (Table 2).

The putative disease-causing variants identified using the
custom panel in our current study were all confirmed using
Sanger sequencing. Clinically significant variant (ClinVar
ID: 2578395) was also identified in the STAGI gene, which
was added as part of the differential diagnoses and indicat-
ing the importance of including the preliminary evidence
genes in our panel.
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Table2 Types of disease-
causing variants identified

Genes with disease-causing variants disease-causing-variants identified and type

Association to disease

per gene, association of gene
variants with the disorder, and
the detection rate per disorder

RASopathy (33/60=55%)
PTPN11=10
NFI1=1
BRAF=1
LZTRI=3
SOS1=2
RAFI=2
MAP2K2=1
NRAS=1

Treacher Collins (3/9=33%)
TCOFI1=2
POLRID=1

Charge syndrome (4/5=280%)
CHD7=4

Cornelia de Lange (8/14=57%)
NIPBL="1
STAGI =1

Missense Definitive
5=nonsense and 2 =frameshift Definitive
Missense Definitive
Missense Definitive
Missense Definitive
Missense Definitive
Missense Definitive
Missense Definitive
Frameshift Definitive
Frameshift Definitive
3 =nonsense and 1 =frameshift Definitive

4 =frameshift, 1 =splice-site, and 2 missense Definitive

1 nonsense Preliminary

The overall calculation of the diagnostic yield did not
include the LZTR] variant that was used as a sequencing
control. The LZTR1:¢.2269C > T (p.GIn757Ter) was identi-
fied in a patient with features suggestive of Schwannomato-
sis. The sample was included as a control as the panel used
had included the gene LZTR].

Cost-effectiveness

The cost effectiveness of the strategy in the current study is
shown in Tables 3 and 4. Table 3 shows the testing that was
done prior to the patients being enrolled in the current study,
and Table 4 shows the estimation of the cost of unidirec-
tional Sanger sequencing prices if we were to perform this
on only the common genes associated with the four disease

Table 3 Cost of tests done prior to study recruitments

groups included in this study. Of the 48 patients with patho-
genic/likely pathogenic variants, 32 had prior testing. This
means that 66.67% had inefficient testing prior to this study
leading to USD4801.55 of unnecessary spending.
Estimations of Sanger sequencing prices were performed
for five genes most commonly associated with RASopathies
(BRAF, NF1, PTPNI11, RAF1, and SOSI), and three genes,
TCOF1, CHD7, and NIBPL most commonly associated with
Treacher Collins, CHARGE, and Cornelia de Lange syn-
dromes, respectively. If we were to do unidirectional Sanger
sequencing in all these genes at~ZAR1,242.62 (USD73.40)
per region/exon, the estimated prices are shown in Table 4
It can be seen in Table 4 that if we were to perform Sanger
sequencing on common genes only, it would be expensive
and not feasible for our laboratory to perform testing on

Testing done prior to enrolment in current study

Patients who had ~ Unit price per

Price in ZAR of patients  Price in USD of patients

prior testing test in ZAR who had prior testing who had prior testing
MLPA for microdeletion/duplications syndromes 7 2693.10 18,851.70 1112.25
QF-PCR for aneuploidy testing 6 1967.86 11,807.16 696.62
Chromosomal analysis 9 1729.19 15,562.71 918.20
FISH testing for Di-George syndrome 3 1726.70 5180.10 305.63
Mucopolyssacharidosis enzyme testing 2 164.90 329.80 19.46
Cystic fibrosis testing 2 1833.00 3666.00 216.29
Array CGH 2 8492.38 16,984.76 1002.10
NF2 whole gene sequencing 1 9000.00 9000.00 531.00
Total 32 81,382.23 4801.55

Costing on Table 3 was done using the NHLS costing model. Exchange rate of ~17 ZAR (South African Rand) to USD (United States Dollar) at

the time of the current study
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Table 4 Price estimations of

. . Common genes per disorder Number of Estimated Sanger sequenc- Estimated Sanger
sequencing all gene regions/ exons ing price (ZAR) sequencing price
exons of common genes (USD)

RASopathy
BRAF 18 22,367.16 1321.20
NF1 61 75,799.82 4477.40
PTPNI11 15 18,639.30 1101.00
RAFI 16 19,881.92 1174.40
SOS1 24 29,822.88 1761.60
Five common RASopathy genes 134 16,6511.08 9835.60
Treacher Collins
TCOF1 26 32,308.12 1908.40
CHARGE syndrome
CHD7 37 45,976.94 2715.8
Cornelia de Lange
NIPBL 47 58,403.14 3449.8

Costing estimations on Table 4 was done using the NHLS costing model. Exchange rate of~17 ZAR to

USD at the time of the current study

these genes. Using NGS targeted panel, each sample was
sequenced at USD849.68 which targeted all the genes asso-
ciated with the disorders as well as others considered part of
the differential diagnosis and this included selective analysis
based on the phenotype. This pricing includes laboratory
staff labor, consumables, kits, and other servicing related
to machine service and maintenance; the sequence pricing
per sample is rapidly decreasing from when the study was
conducted.

Discussion

An urgent need exists for African genomic data that could be
used to design and implement diagnostic strategies and treat-
ments that are appropriate for patients of African ancestry
(Maxmen 2020). The current study employed a principle of
investigating known genes (associated with RASopathies,
CHARGE syndrome, Treacher Collins and Cornelia de
Lange syndrome) in a custom-designed targeted panel as
a point of departure, achieving an overall diagnostic yield
of 54.5%. Selective analysis of the relevant disorder associ-
ated genes included in the panel had a diagnostic yield of
55% for RASopathies, which was slightly lower than in a
previous study (Cizmérov et al. 2016) where a RASopathy
panel testing identified 68% clinically significant variants in
a central European population. Most RASopathy genes such
as PTPN11, BRAF, and NF1 reported to be associated with
50% Noonan syndrome, 75% Cardio-facio-cutaneous syn-
drome, and > 95% neurofibromatosis type 1 cases, respec-
tively (Abdel-Aziz et al. 2021; Athota et al. 2020; Basaran
2021; Pierpont et al. 2014), and yielded expected detection
rates as reported in the literature. Unexpected finding was
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observed in SOSI and RAF1 genes which are both reported
to be associated with 10-20% of Noonan syndrome cases
(Alkaya et al. 2021), and were observed at lower detection
rate of 6% each in the current study. However, each gene
had two variants identified which is relatively low to make
significant comparisons. CHARGE syndrome patients had a
diagnostic yield of 80%, similar to the 80% reported by Jans-
sen et al. in a Caucasian cohort using whole exome sequenc-
ing (Janssen et al. 2012; Ravenswaaij-Arts and Martin 2017).
The diagnostic yield of 33% obtained for Treacher Collins
syndrome patients was lower than the 71.4% of Fan et al.
(2019) reported when using WES and Sanger sequencing.
For Cornelia de Lange patients, 57% detection rate was
achieved in the current study, lower compared to Braunholz
et al. (2015) who achieved 70% detection rate while screen-
ing Cornelia de Lange patients using NGS targeted gene
panel. The different yields of known genes could be reflec-
tive of differences in the African genome (Choudhury et al.
2020). They could also indicate inclusion of patients with
alternative diagnoses. Further studies will assist in clarifying
these explanations.

The detection rates achieved per disorders studied in the
current study are comparable to the literature but are lower
in some cases. This likely reflects diversity of variants in an
African cohort or the small sample size. This could also be
attributed to most syndromes not being well described in
African patients which sometimes makes recognizing some
features in African patients difficult (Caelers 2023; Omotoso
et al. 2022). Identification of clinically significant variants in
well-described genes could serve as a first line investigation
and indicates the great potential this panel has for achieving
a diagnosis in a high percentage of patients. Importantly,
one variant was identified in a preliminary evidence and
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differential diagnosis gene, indicating the importance of
including genes associated with phenotypically overlapping
syndromes when designing targeted gene panel for diagnos-
tic testing. New/novel variants (29%) identified in this study
provides new insights into African clinically significant
variants profiles in some more common genetic syndromes
that overlap but differ from those in the published litera-
ture, and may, in some cases, require local tailored diag-
nostic approaches (Zhong et al. 2021). Panels could also be
improved over time, as relevant research demonstrates the
need for inclusion of genes.

The strategy presented in the current study is cost-effec-
tive and could be adopted for establishing diagnostic testing
for monogenic disorders in a resource-constrained environ-
ment. It is valuable to confirm a diagnosis of a genetic dis-
ease as this enables proper management, treatment, and other
important interventions necessary to improve the health of
the patient (Alliance and Health 2010; Marian 2020). Before
NGS was introduced, no molecular confirmatory testing was
available in South Africa for this group of disorders due
to their heterogeneous nature and the limitations of Sanger
sequencing. Prior to this study, patients received non-opti-
mal and costly testing that did not identify their pathogenic
cause. It also illustrates that clinicians use what is avail-
able, even if non-ideal, testing to try to reach a diagnosis,
thus incurring significant cost. As illustrated in Table 4, it
can be seen that using NGS, each patient was sequenced at
USD849.68 and this covered all the genes included in the
targeted panel associated with the four groups of disorders
including their differential diagnosis compared to USD9Y,
835.60 which was estimated as the possible cost if Sanger
sequencing was performed for RASopathy patients only for
example. This illustrates the value of NGS as a molecular
diagnostic tool because it enables parallel testing of many
genes for less than the cost of Sanger sequencing one gene
on (Hu et al. 2021).

There is an increased interest in using the targeted NGS
gene panel approach for variant screening of genetic dis-
eases with relatively limited locus heterogeneity (Castella-
nos et al. 2017). Targeted panels are typically designed for
a group of related genes, disorders, or phenotypes (Gulilat
et al. 2019; Santani et al. 2017). Targeted gene panels are
still considerably cheaper than other NGS-based methods
in LMIC, although the prices may seem high compared to
the northern hemisphere costs. This may be because most of
the NGS reagents are shipped from the northern hemisphere,
through third party distributors as there are no local manu-
facturers of most of the reagents used in the NGS testing and
this may increase costs as they add margins. Low volumes,
limited competition, sole suppliers, and high import duties
also contribute to cost.

The approach employed in the current study differs
from conventional panel designs as we grouped clinically

unrelated disorders in one targeted panel based on the
reported need in our genetic clinics to try to achieve batch-
ing and costing efficiency. For maximum efficiency, as many
genes as possible were included on a panel (based on the
sequencing capacity of the lowest panel pricing option)
while still allowing for adequate coverage. Selective analy-
sis allowed us to limit analysis and report only on the genes
relevant to each patient’s clinical phenotype. This helped to
streamline the analysis step, and this process has allowed
us to reach a clinically acceptable turn-around time which
ranged from 4 weeks (patients with no variants identified)
to 16 weeks; this included time for validation of the variants
using Sanger sequencing.

The putative disease-causing variants identified using
the custom panel in our current study were confirmed using
Sanger sequencing. This was done in order to validate the
results before reporting these back to the patients, as this
was the first NGS study in our laboratory. The quality of
the reads obtained using the targeted panel was high, all
had > Q30, and the sequencing coverage depth was above
30 x for all the samples, as visualized on the integrative
genome viewer (IGV). This validation together with fine
tuning of parameters used for NGS data quality control pro-
cedure has enabled us to determine when to perform Sanger
validation as described in various guidelines for NGS imple-
mentation in a diagnostic setting (Aziz et al. 2015; Hume
et al. 2019; Matthijs et al. 2016) and to manage cost further.
In our current setting, Sanger sequencing will be used where
variant calling is uncertain, such as from homopolymer
regions or poorly covered regions of the genome and for
cascade testing in families (Baudhuin et al. 2015; Beck et al.
2016; Mu et al. 2016).

All validated disease-causing variants were reported back
to the patients; this gave us the opportunity to improve the
decision-making on the management of the patient’s disor-
der. We were also able to provide informed genetic counsel-
ling services to the patients. Although the panel was vali-
dated on Treacher Collins syndrome, CHARGE syndrome,
Cornelia de Lange syndrome, and RASopathy syndromes,
this approach of combining conditions to maximize sequenc-
ing capacity and analyzing many rare conditions simultane-
ously on one test can be extended to other genetic disorders.
This panel was optimized and validated on the Illumina
MiSeq platform, but the approach is amenable to smaller
bench-top NGS platforms such as the Illumina iSeq, which
requires smaller capital investment, as well as other NGS
chemistries. As many diagnostic laboratories move towards
using NGS in low resource environments, cost-effectiveness
should be a high priority due to the number of competing
demands in the healthcare sector. There are factors that influ-
ence costs, and these should be considered when developing
NGS based diagnostic tests. Apart from reagents and instru-
ment costs, there are human resource costs, particularly the

@ Springer



46

Journal of Community Genetics (2024) 15:39-48

time of scientists involved in the analysis, data storage costs
and logistics, validations of procedures, and performing
additional confirmatory procedures (Kingsmore et al. 2012;
Radomski et al. 2020). Although it is acknowledged that
available NGS services may be cheaper in large laboratories
in the USA or Europe, these services can only be offered
to South African patients that can afford to pay for private
genetic testing service. In our setting, there are patients who
are referred to laboratories abroad for various genetic tests
that are not currently offered; however, this is often based on
affordability. The current study aimed to present a feasible
way to offer this service in a low resourced environment like
ours particularly to patients who rely on the government
health system for care. In addition to being able to offer
a cost-effective service, this allows LMIC laboratories to
perform relevant research and acquire competence in these
scarce skills.

Conclusion

The current study demonstrated the feasibility and cost-
effectiveness of combining clinically distinct diseases on one
sequencing panel, followed by selective analysis as a strate-
gic diagnostic tool for a group of rare genetically heteroge-
neous diseases in a limited-resourced setting. This strategy
has the potential to improve diagnostic service as it allows
batching of different tests in one run utilizing the sequenc-
ing capacity to minimize costs and reduce turnaround time.
The knowledge gained from this study serves as a founda-
tion to develop a more appropriate and cost-effective diag-
nostic testing strategy for monogenic disorders in a labora-
tory with limited resources thereby providing potential for
increasingly effective genetic diagnostic testing to the South
African public health care system. Similar value would be
expected in other limited resource environments.
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