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Abstract

Background: Skeletal dysplasia (SD) is one of the most common inherited neonatal disorders worldwide, where
the recurrent pathogenic mutations in the FGFR2, FGFR3, COL1AT, COLTA2 and COL2AT genes are frequently reported
in both non-lethal and lethal SD. The traditional prenatal diagnosis of SD using ultrasonography suffers from lower
accuracy and performed at latter gestational stage. Therefore, it remains in desperate need of precise and accurate
prenatal diagnosis of SD in early pregnancy. With the advancements of next-generation sequencing (NGS) technol-
ogy and bioinformatics analysis, it is feasible to develop a NGS-based assay to detect genetic defects in association
with SD in the early pregnancy.

Methods: An ampliseg-based targeted sequencing panel was designed to cover 87 recurrent hotspots reported

in 11 common dominant SD and run on both lon Proton and NextSeq550 instruments. Thirty-six cell-free and 23
genomic DNAs were used for assay developed. Spike-in DNA prepared from standard sample harboring known
mutation and normal sample were also employed to validate the established SD workflow. Overall performances of
coverage, uniformity, and on-target rate, and the detecting limitations on percentage of fetal fraction and read depth
were evaluated.

Results: The established targeted-seq workflow enables a single-tube multiplex PCR for library construction and
shows high amplification efficiency and robust reproducibility on both lon Proton and NextSeg550 platforms. The
workflow reaches 100% coverage and both uniformity and on-target rate are > 96%, indicating a high quality assay.
Using spike-in DNA with different percentage of known FGFR3 mutation (c.1138 G > A), the targeted-seq workflow
demonstrated the ability to detect low-frequency variant of 2.5% accurately. Finally, we obtained 100% sensitivity and
100% specificity in detecting target mutations using established SD panel.

Conclusions: An expanded panel for rapid and cost-effective genetic detection of SD has been developed. The

established targeted-seq workflow shows high accuracy to detect both germline and low-frequency variants. In addi-
tion, the workflow is flexible to be conducted in the majority of the NGS instruments and ready for routine clinical
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application. Taken together, we believe the established panel provides a promising diagnostic or therapeutic strategy

for prenatal genetic testing of SD in routine clinical practice.

Keywords: Skeletal dysplasia, Amplicon-based targeted sequencing, Noninvasive prenatal testing (NIPT), Precision

medicine

Background

Skeletal dysplasia (SD) is a heterogeneous group of
genetic disorders associated with various abnormalities
of bones and joints. There are 461 different conditions
classified into 42 groups primarily based on the clinical,
radiographic, and molecular phenotypes [1]. The clini-
cal manifestations vary in severity from mild phenotypes
to severe abnormalities with perinatal mortality due to
lung hypoplasia and respiratory complications [2]. Pre-
vious studies showed that the incidences of non-lethal
and lethal SD are around 1 per 5,000 births [3, 4] and
0.95-1.5 per 10,000 births [5-7], respectively. The three
most common SD types are thanatophoric dysplasia
(around 29%) [8], osteogenesis imperfecta type 2 (14%),
and achondrogenesis (9%) [9], which account for 40 to 60
percent of all lethal SD [6, 10-12]. Importantly, among
the perinatal deaths of SD, 23—-32% occur during the first
week of life [3, 6]. The unexpected loss and highly dis-
tressing event result in a hugely psychological burden on
bereaved parents. Therefore, it remains in desperate need
of precise and accurate prenatal diagnosis of SD in early
pregnancy.

Traditionally, the prenatal diagnosis of SD relies on
ultrasonography, followed by confirmation using either
invasive monogenic testing or post-delivery radiographs
and autopsy. Although the ultrasound assessment of SD
includes a number of features and criteria, the accuracy
of routine ultrasound approach was reported as 40—-60%,
because the high heterogeneity in genetic defects and
large phenotypic variability [13, 14]. The diagnostic con-
firmation of lethality was still difficult due to the lack
of systematic approach [15]. In addition, the traditional
genetic testing requires invasive procedures to obtain the
fetal specimen such as amniocentesis and chorionic vil-
lus sampling, and the Sanger sequencing for each indi-
vidual gene is costly and time-consuming [15]. Therefore,
the earlier prenatal genetic diagnosis is critical issue in
maternal—fetal precision medicine.

The discovery of circulating fetal cell-free DNA
(cfDNA) has opened a promising opportunity for early
detection of fetal genetic defects [16, 17]. Given that the
fetal fraction in maternal blood is estimated to be around
4%-30% depending on the gestational age and maternal
weight effects [18—20], it requires a more sensitive plat-
form to detect the low-frequency variants in association
with the fetus using maternal plasma cfDNA. Owing to

the advantages of high-throughput, parallel sequencing
techniques, the non-invasive prenatal testing (NIPT) has
been developed and applied to identify fetal chromo-
somal aneuploidies using the cfDNA extracted from a
blood of pregnant woman [21, 22]. Although the devel-
opment is still in its infancy, the precise and flexible
applications of NIPT in the detection of single-nucleotide
variant (SNV) and small deletion/insertion (Indel) have
been reported [23-25].

To detect low-frequency variants at single-base
resolution, targeted sequencing (targeted-seq) that
offers ultra-deep coverages on the genomic region of
interest has been shown to function accurately and
adequately [26, 27]. Furthermore, targeted-seq is
cost-effectiveness in comparison with whole genome
sequencing or whole-exome sequencing [28]. Two major
methods, amplicon- and capture-based that utilize multi-
plex polymerase-chain reaction (PCR) and hybridization
by probes, respectively, have been established to enrich
targeted regions of interest for downstream sequencing.
Previously, an amplicon-based targeted-seq for prenatally
screen of FGFR3 gene [23, 24] and a capture-based tar-
geted-seq for screening 497 genes including several SD-
associated genes [29] have been developed. Due to the
restrictions by fewer mutation hotspots or lower cover-
age depth, it limits the application of these panels in rou-
tine clinical practice. Thus it remains in need to establish
an expanded targeted sequencing panel for the detection
of sporadic SD in early pregnancy.

The advantages of amplicon-based technique are the
less requirement of input DNA and higher on-target
rate when compared to the capture-based method, thus
it is more attractive to be applied in NIPT where the
fetal cfDNA is in limited amount and high accuracy
is on-demand. Here, we report the development of an
expanded amplicon-based targeted-seq panel for the
detection of SD at ultra-depth level. This panel exam-
ines a total of 87 recurrent hotspots located in 5 most
common genes (FGFR2, FGFR3, COLIA1, COLI1A2,
COL2A1) associated with 11 dominant SD, in which 5
mutations responsible for lethal SD are included. The tar-
geted-seq workflow can be applied to genomic DNA as
well as cfDNA, both achieve high sensitivity and specific-
ity of 100%. Most importantly, the workflow is optimized
to be carried out on both Illumina and Ion Torrent plat-
forms, which account for more than 90% of instrument
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marketplace. Collectively, we streamline the targeted-seq
workflow of two different systems and confirm its perfor-
mance in clinical practice. The workflow provides timely
detection of SD at early pregnancy and shows the true
value of prenatal precision medicine.

Methods

Human subjects

A total of 59 DNA specimen, including 36 cell-free (cf)
and 23 genomic (g) DNA, were collected from 6 families
and 31 pregnant women (Table 1). Among them, family 1
and 2 are with fetus that were diagnosed with suspected
dwarfism and osteogenesis imperfecta by ultrasound
examination, respectively, while the parents were all
asymptomatic. All the others were cases collected dur-
ing regular pregnancy examination to screen genetic
defect at early gestational age and have been followed
through the gestation period until baby was delivered.
Written and signed informed consent was obtained from
all subjects of this study and approved by the Institu-
tional Review Board (IRB) of the National Cheng Kung
University.

Genomic DNA collection and processing
Roughly 10 ml of peripheral blood was drawn from all
participants and in two cases of Family I and Family 2,
umbilical tissue was obtained from the deceased fetus.
The buffy coat was separated from peripheral blood
through centrifugation at 3000 rpm for 10 min at room
temperature. DNA of umbilical cord and buffy coat were
isolated by QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol. The
genomic DNA was stored at -20 °C for long term storage.
The standard DNA “NA11316” harboring homozygous
FGFR3 mutation (c.1138 G>A) was purchased from
Coriell Institute (Coriell Institute, Camden, New Jersey,
USA). To generate the spike-in DNA, NA11316 DNA was
mixed with normal maternal gDNA (from Family 2) in
different percentage (2.5%, 5%, 10%) to mimic different
fetal DNA fractions in the maternal plasma.

Plasma preparation and cfDNA extraction
Maternal plasma was obtained by a two-step centrifu-
gation process. In the first step, the maternal peripheral
blood was separated by centrifugation of the collection
tube at 2,000 g for 15 min at room temperature and the
supernatant was transferred to a 1.5 ml centrifuge tube.
The sample was then centrifuged at 14,000¢ for 10 min
at room temperature and the clear plasma was stored at
— 80 °C until further processing.

To isolate cfDNA, maternal plasma was centrifuged
at 16,000¢ for 5 min at room temperature, followed by
cfDNA extraction using QIAamp Circulating Nucleic
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Acid Kit (QIAGEN) according to the manufacturer’s
protocol. The quality and quantity of cfDNA were deter-
mined by LabChip GX Nucleic Acid Analyzer (Perki-
nElmer, Waltham, Massachusetts, USA) and Qubit
Fluorometer (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA), respectively. The cfDNA was stored at
— 20 °C until further process.

Design primer sets for amplicon-based targeted
sequencing

To develop an expanded panel to facilitate the detec-
tion of SD, we focus on five most relevant genes (FGFR2,
FGFR3, COL1A1, COLIA2 and COL2A1) which cover 11
common clinical conditions with dominant inheritance
[3, 8, 30-33]. The clinical conditions include thanato-
phoric dysplasia, type I-II (TD1-2; OMIM #187600 and #
187601), achondroplasia (ACH; OMIM #100800), osteo-
genesis imperfecta, type I- IV (OI1-4; OMIM #166200,
#166210, #259420, #166220), achondrogenesis, type
II (ACG2; OMIM #200610), Apert syndrome (OMIM
#101200), Crouzon syndrome (OMIM #123500), and
Pfeiffer syndrome (OMIM #101600).

We selected 87 recurrent mutation hotspots that com-
prises 82 SNVs, 2 multinucleotide variants (MNVs) and
3 indels (Additional file 1: Table S1) based on the infor-
mation provided from the OMIM database (https://www.
omim.org), GeneReviews (https://www.ncbi.nlm.nih.gov/
books/NBK1116/), and ClinVar database (https://www.
ncbinlm.nih.gov/clinvar/). The gene panel covers litera-
ture-supported recurrent mutations for 11 common SD
clinical conditions at various frequencies: TD1 (~ 3.5%)
[34], TD2 (>99%) [35], ACH (>99%) [34, 36, 37], OI
(>68%) [38—40], ACG2 (>28%) [34, 41], Apert syndrome
(~99%) [32, 42, 43], Crouzon syndrome (>39%) [32, 44,
45], Crouzon syndrome w/acanthosis nigricans (100%)
[32], and Pfeiffer syndrome (>63%) [32, 46, 47]. We
applied Ion Ampliseq Designer (version 6.1.3, Thermo
Fisher Scientific) to design primers and outputted a set of
51 amplicons in one single-tube multiplexing specifica-
tion (Additional file 1: Table S1).

Library construction and amplicon sequencing

The amplicon libraries were constructed by Ion
AmpliSeq"" Library Kit 2.0 (Thermo Fisher Scientific)
according to the manufacturer’s protocol, and sequenced
on Ion Proton (Thermo Fisher Scientific) or NextSeq550
instruments (Illumina, San Diego, California, USA).
Briefly, approximately 10 ng of gDNA, or 1 ng of cfDNA
were amplified using the 51 pairs of pooled primers in a
single-tube multiplex PCR setting. The amplified librar-
ies were then subjected to partial digestion, barcode
ligation, purification, and run on Ion Proton sequencer
(Fig. 1A). To modify the experimental procedure for
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Table 1 Summary of clinical samples used in this study

Category Source Sample Type? Age (years)/Gestational age (weeks)  Ethnicity
Family1 Paternal blood gDNA NA East Asian
Maternal blood gDNA 27
Fetus's umbilical cord gDNA 17W2 (terminated)
Family2 Paternal blood gDNA 37 East Asian
Maternal blood gDNA 28
Fetus's umbilical cord gDNA 21W1 (terminated)
Maternal blood cfDNA 21W1
Family3 Paternal blood gDNA 34 East Asian
Maternal blood gDNA 32
cfDNA 14W1
Family4 Paternal blood gDNA NA East Asian
Maternal blood gDNA 38
cfDNA 12W4
Family5 Paternal blood gDNA 37 East Asian
Maternal blood gDNA 32
cfDNA 15W4
Familyé Paternal blood gDNA 35 East Asian
Maternal blood gDNA 33
cfDNA NA
Individual Maternal blood gDNA 36 East Asian
cfDNA 14W1
Individual Maternal blood gDNA 29 East Asian
cfDNA 16W0
Individual Maternal blood gDNA 31 East Asian
cfDNA 11W4
Individual Maternal blood gDNA 28 East Asian
cfDNA 21W1
Individual Maternal blood gDNA 41 East Asian
cfDNA 12W4
Individual Maternal blood gDNA 35 East Asian
cfDNA 14W
Individual Maternal blood gDNA 33 East Asian
cfDNA 13W2
Individual Maternal blood gDNA 33 East Asian
cfDNA 16W0
Individual Maternal blood gDNA 27 East Asian
cfDNA 21W1
Individual Maternal blood cfDNA 13W East Asian
Individual Maternal blood cfDNA 12W4 East Asian
Individual Maternal blood cfDNA 17W1 East Asian
Individual Maternal blood cfDNA 13W East Asian
Individual Maternal blood cfDNA 13W2 East Asian
Individual Maternal blood cfDNA 18W7 East Asian
Individual Maternal blood cfDNA 12W2 East Asian
Individual Maternal blood cfDNA 12W6 East Asian
Individual Maternal blood cfDNA 11W2 East Asian
Individual Maternal blood cfDNA 12W6 East Asian
Individual Maternal blood cfDNA 13W1 East Asian
Individual Maternal blood cfDNA 16W3 Southeast Asian
Individual Maternal blood cfDNA 11W3 East Asian
Individual Maternal blood cfDNA 13W0 East Asian
Individual Maternal blood cfDNA 1w East Asian
Individual Maternal blood cfDNA 14W0 East Asian
Individual Maternal blood cfDNA 11W3 East Asian
Individual Maternal blood cfDNA 16W1 East Asian

Individual Maternal blood cfDNA 12W1 Caucasian
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Table 1 (continued)
Category Source Sample Type? Age (years)/Gestational age (weeks)  Ethnicity
Individual Maternal blood cfDNA 15W6 East Asian
Individual Maternal blood cfDNA 11W0 East Asian
Individual Maternal blood cfDNA 14W2 East Asian
2 gDNA, genomic DNA; cfDNA, cell-free DNA
A
Focus on 5 genes: FGFR2, FGFR3, COL1A1,
COL1A2, COL2A1 lon Proton NextSeq550
Search for recurrent hotspots on database l TMAP bel2fastq
(OMIM, ClinVar, GeneReviews)
l BAM FASTQ
Design primers for 87 hotspots VariantCaller
3 ; BWA
(lon AmpliSeq Designer)
l VCF / BAM /
Amplicon-based library preparation for
NextSeq550 or lon Proton platforms lon Reporter GATK-Mutect2
v
l TSV / VeF |
Targeted-seq on NextSeq550 or
lon Proton platforms
Cc
2 Two-Way ANOVA g N )
H /\mphcu{ls s o Genomic DNA (N=17) g I'wo-Way ANOVA o Genomic DNA (N=3)
E Samples : ns _: 6 .»_\mphcons.f‘" ;
§ g Samples : ns i "
I I g ! ;
EE R Big 5 (8 i, S * S B
2 Poats i3 7. S 1 2 R t ! "
= a4t +.N1t il }_§}Two'-H§ PR { i Z= 2 b . 3 $
% ¢ i % {§ i ] ; §t§ $ A’, d* . 5 Bk, © ) .._ s ¢ {Q. §' 3 {QQ i .
-4 3 2 . LY ' .
é vvvvv ot o0 et e ; ™r 'G&—""'%" vvvv‘ié‘v:;_;' —-_§_ S . “ﬁ
Amplicon Amplicon
Fig. 1 Establishment of amplicon-based targeted sequencing (targeted-seq) for skeletal dysplasia. A The workflow for running a 5-gene panel
(87 mutation hotspots) to detect skeletal dysplasia. B Two bioinformatics pipelines developed for analyzing sequencing reads on lon Proton and
NextSeq550. C, D The ratio of read count of each amplicon to total reads count was plotted across 51 amplicons. The read depth was extracted from
BAM file of (C) lon Proton (n=17) or (D) NextSeq550 (n = 3). The gene name and amplicon number are indicated (X-axis). P-values were calculated
by two-way ANOVA across amplicons and samples

the NextSeq550 platform, QIAseq Adapter (QIAGEN)
was used for the adaptor ligation and followed by one-
cycle PCR to join the adaptor and amplicon. Library
concentration was determined by Ion Library TagMan™
Quantitation Kit (Thermo Fisher Scientific) and KAPA
Library Quantification Kit Illumina® Platforms (KAPA
Biosystems, Wilmington, MA, USA) for Ion Proton
and NextSeq550, respectively. As different barcode and
index systems were used, the sizes of amplicon library
were around 200 bp and 250 bp for Ion Proton and Next-
Seq550 systems, respectively.

Bioinformatics pipeline

After the sequencing, the low-quality bases (Q score < 20)
were trimmed and the filtered reads were aligned to
human reference genome (GRCh38) using the Torrent
Mapping Alignment Program (TMAP, Thermo Fisher
Scientific) and Burrows-Wheeler Aligner (BWA)-v0.7.17
[48] for Ion Proton and NextSeq550 platforms, respec-
tively (Fig. 1B). The output BAM file was used to call
variant by using VariantCaller (v5.0.3.5, Thermo Fisher
Scientific) under default parameters. To identify low-
frequency variants in association with fetal cfDNA, a
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widely used haplotype-based variant calling tool for
the detection of somatic or low-frequency variant [49],
GATK-Mutect2, was applied. Coverage, uniformity, and
on-target rate were calculated by using CoverageAnaly-
sis (v5.0.2.0,, Thermo Fisher Scientific) or Samtools-v1.6
[50]. Alternative allele frequency of 2% and 20% were set
as the thresholds for calling somatic and germline vari-
ants, respectively.

Statistics analysis

Statistical analyses, including two-way analysis of vari-
ance (ANOVA), Pearson correlation coefficient (r),
Kruskal-Wallis test, and two-tailed ¢-test, were con-
ducted by using GraphPad Prism version 7.05 for Win-
dows (GraphPad Software, San Diego, California USA).
Data were considered significant when the P values
were < 0.05.

Results

Establishment of amplicon-based targeted-seq workflow
To establish amplicon-based targeted-seq workflow
(Fig. 1A, B, left), 10 ng of gDNA from 17 individuals
were used for library construction and sequencing on
Ion Proton platform. After sequencing, the fastq data
was trimmed and then mapped to the human genome.
We obtained 100% coverage of each amplicon at averaged
sequencing depth of 13,160x. The uniformity and on-
target rate were 99.23 +0.44% and 96.39 + 3.76%, respec-
tively. Although the mean amplicon read ratio (define by
read counts in each amplicon divided to total read counts
per sample) of 1.96+0.45% (ratio ranged from 0.63% to
2.96%) is closed to the expected ratio of 1.96%, the ampli-
con read distributions are significantly different across 51
amplicons due to the characteristic of primers and GC
content of each amplicon (P<0.0001, Fig. 1C). Never-
theless, the pattern of amplicon distribution was no dif-
ference among 17 samples (P>0.9999, Fig. 1C) and the
results demonstrated high reproducibility of established
workflow.

Next, we aimed to generalize the workflow to be
used on NextSeq550 platform (Fig. 1A, B, right). Using
slightly modified procedure and under a base cover-
age of 3,743x, we obtained the uniformity and on-target
rate were 99.144+0.92%, and 97.01+0.71%, respectively.
The performance is comparable to the data obtained
using Ion Proton. Albeit the variation of reads distribu-
tion was slightly higher using NextSeq550 (mean ratio
of 1.96+1.14%, ranged from 0.49% to 5.39%) than that
was using Ion Proton, common features of significant
differences of read distribution across 51 amplicons
(P<0.0001, Fig. 1D) and high reproducibility among
samples (P>0.9999, Fig. 1D) were observed. Collectively,
these data demonstrated the high amplification efficiency
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and quality in the established targeted-seq workflows.
Furthermore, the flexibility of running the established
targeted-seq workflow on both Ion Torrent system (i.e.,
Ion Proton and Ion PGM) and Illumina system (i.e.,
HiSeq, MiSeq, and NextSeq), the instrument imple-
mented in the majority of diagnostic laboratories, ensure
the flexibility for clinical usage.

Validate the amplicon-based targeted-seq pipeline

for the detection of skeletal dysplasia

We then seek to validate the targeted-seq pipeline using
DNAs from a family with a fetus diagnosed as dwarf-
ism by ultrasound images at gestational age of 21 weeks
(Family 1, Fig. 2A). The targeted-seq workflow was
applied to the parents’ and fetal genomic DNAs. Deep
sequencing results clearly showed that the abortus car-
ried a heterozygous mutation in FGFR3 (c.1949 A>T,
p.Lys650Met), while no mutation was detected from
both parents (Fig. 2B). The identified de novo mutation
was subsequently confirmed using Sanger sequencing
(Fig. 2C). The mutation in FGFR3 (c.1949 A >T) is known
to cause thanatophoric dysplasia, a severe short-limb
dwarfism syndrome that is usually lethal in the perinatal
period (OMIM #187601), which supports the findings
of targeted-seq. Taken together, the results revealed that
the established targeted-seq workflow effectively identify
germline mutation in association with SD.

We next challenged the capability of identifying low-
frequency variant using established targeted-seq work-
flow. We utilized a normal maternal genomic DNA
and mixed with a standard DNA sample harboring
FGFR3 single base mutation (NM_000142: c.1138G > A,
p.G380R) at different percentages of 2.5%, 5%, and 10%.
The spike-in DNA was used to mimic the condition in
which the fetal cfDNA is mixed with maternal cfDNA
at various fractions. Since the read depth has impact on
the sensitivity of low-frequency variant detection, ampli-
con libraries were prepared and sequenced at expected
coverages of 10,000x, 15,000x, and 25,000x on Ion Pro-
ton platform. We obtained the mean base coverages
of 12,580x, 16,059x, and 23,904x, that were not too far
away from our expectations. In spite of different read
depths, the uniformities of 99.32+0.21%, 98.31£0.32%
and 99.61£0.29%, and on-target rates of 98.41 £ 0.20%,
98.43+£0.16% and 98.43+0.20% were all similar and
represented good quality results. In addition, ampli-
con read distributions from 12,580x (ranges from 0.71%
to 2.96%, mean ratio=1.96+0.55%), 16,059x (ranges
from 0.66% to 2.91%, mean ratio=1.96+0.52%), and
23,904x samples (ranges from 0.72% to 2.86%, mean
ratio=1.96+0.55%) showed consistency regardless the
different depths among samples (P>0.99, Fig. 2D). The
total depth at the spike-in FGFR3 mutation site ranges
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Fig. 2 Validation of targeted-seq workflow for the detection of germline and low-frequency variants. A The pedigree of family 1 with abortus
presenting dwarfism by ultrasound finding. B Visualization of reads at FGFR3 loci (c.1949A) site by using Integrative Genomics Viewer in three
samples of family 1. C Validation of targeted-seq results by Sanger-seq at FGFR3 loci (c.1949A). D The targeted-seq was performed at expected

read depth of 10,000x, 15,000x, and 25,000x on lon Proton. The ratio of read count of each amplicon to total reads count was plotted. P-value was
calculated by Kruskal-Wallis test. E The targeted-seq was performed using spike-in DNAs with FGFR3 mutation (c. 1138G > A) at fraction of 2.5%, 5%,
and 10% on NextSeq550. The ratio of read count of each amplicon to total reads count was calculated and compared. P-value was calculated by
Kruskal-Wallis test. F The allele frequency of 5 SNPs obtained from lon Proton and NextSeq550 at various spike-in fractions were compared and the
correlation was calculated using Pearson’s correlation coefficient

from 5,645 to 16,835. Most importantly, we identified the ~ (P=0.11, Table 2). These data demonstrated that the
spike-in FGFR3 mutation (c.1138G>A) in all samples, workflow enables the detection of low-frequency variant
even in the lowest 2.5% one with the minimum depth  accurately.

at 12,580x (Table 2). In addition, the FGFR3 mutation We duplicated the targeted-seq procedure with vari-
(c.1138G > A) was detected in all spike-in samples at the  ous spike-in DNA samples on NextSeq550. At mean
values approximated to the modeled spike-in fractions base depth of 6,821x, we achieved uniformity and
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Table 2 Summary of FGFR3 (c.1138G > A) variant in the spike-in DNA samples sequenced at different depths

Spike-in sample (%) Mean depth Total depth Reference Allele depth  Spike-in Allele depth  Calculated minor-
(G) (A) Allele frequency
(%)?
10.0 12,580 7379 6356 1023 13.86
5.0 5645 5325 320 5.67
25 7080 6808 272 3.84
10.0 16,059 7852 6864 988 12.58
5.0 9043 8551 492 544
25 7990 7656 334 418
10.0 23,904 13,353 11,776 1577 11.81
50 8351 7849 502 6.01
25 16,835 16,182 653 3.88

2 Paired-t test of spike-in fraction and calculated minor-allele frequency shows no differences between these two groups (P=0.1105)

on-target rate of the samples were 98.67+£1.37%, and
98.03+0.77%, respectively. Notably, similar amplicon
read distributions among three different spike-in frac-
tions were observed, suggesting cfDNA fraction (as indi-
cated by various spike-in DNA fractions) has no effect on
the dynamic of amplicon distribution (P=0.97, Fig. 2E).
As there are additional 55 single nucleotide polymor-
phisms (SNPs) recorded in the regions covered by the 51
amplicons (Additional file 2: Table S2) in Taiwanese pop-
ulation [51], we compared the results of variant calling
using NextSeq550and Ion Proton systems. There were 5
SNPs identified from 3 spike-in DNA samples sequenced
on two platforms. Using calculated minor-allele fre-
quency (MAF) for these SNPs, Fig. 2F showed highly
concordant results from 2 platforms (r=0.79, P<0.001).
Taken together, these data demonstrated the accuracy
and high confidence of established targeted-seq work-
flows for the detection of low-frequency variants, sug-
gesting the possible application of workflow in detecting
genetic defects of SD in early pregnancy.

The sensitivity and specificity of established targeted-seq
workflow in clinical usage

Given that we have validated the targeted-seq workflow,
we sought to evaluate its sensitivity and specificity using
cfDNA from early pregnancy stage. Library construc-
tion and targeted-seq were performed using 36 cfDNA
samples (Table 1). Among them, one sample (Family 2)
was suspected to have SD at regular pregnancy examina-
tion. The fetus presented short long bones and multiple
fractures using ultrasound image at 21 weeks of gesta-
tional age, which resembled a case of severe osteogene-
sis imperfecta (OI)-related symptoms. No mutation was
identified in the cfDNA or in gDNAs from fetal umbilical

cord tissue. To investigate the underlying genetic defect
of the proband, we performed whole-exome sequencing
and found novel compound heterozygous mutations in
CRTAP gene consisting of SNV and deletion, suggest-
ing the case was a rare autosomal recessive form of OI
[52]. The findings supported the true negative result of
cfDNA using the established targeted-seq assay. For the
rest of 35 cfDNA samples, we found no mutation in the
87 hotspots from the tested SD panel. Concordant to the
testing results, follow-up from these women throughout
the gestation to the baby delivered showed no indication
of fetal abnormality, demonstrating the accurate call for
true negative results. Overall, there are 9 true positive
detections (3 spike-in samples in 3 different read depths)
and 36 true negative detections from our low-frequency
variant tests. Although the sample size is still small, our
SD targeted-seq assay reaches 100% sensitivity and 100%
specificity thus it suggests the established workflow is
ready for routine clinical application.

Discussion

The diagnostics laboratories constantly strive to gain a
precise and extensive genetic characterization of patients
at increased efficiency, robust and cost-effectiveness.
Herein, we developed an amplicon-based targeted-
seq panel for the detection of 87 pathogenic mutations,
including 82 SN'Vs, 2 MNVs and 3 indels distributing on 5
most common genes that lead to 11 autosomal dominant
SDs. The targeted-seq pipeline can be applied to cell-free
and genomic DNA, both of which achieve high sensitiv-
ity and specificity of 100%. Given that the turnaround
time from blood sample collection to issue test report
is~4 days, it is feasible and cost-effective for routine
screening for pregnant women at the early pregnancy. As
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such expanded panel, it can rule out the most common
SDs from fetus and reduce the anxiety and stress in preg-
nancy. For the fetus presenting abnormal skeletal growth,
this assay also can be a great help in genetic confirmation
using genomic fetal DNA from amniocentesis or chori-
onic villus sampling.

The accuracy and precision are key determinants of the
detection assay used in clinical diagnosis. Several stud-
ies have provided different panels to detect monogenic
disorders in NIPT recently [23, 24, 29, 53]. For instance,
two amplicon-based targeted-seq panels consisting of
18 and 22 hotspots in FGFR3 genes were proposed to
screen TD and ACH [23, 24], respectively. In addition,
Malcher et al. also reported a capture-based targeted-
seq procedure for screening a large panel of 497 genes
in NIPT with the mean and median coverage across all
sample are 267x and 222x [29]. Since the presence of
fetal fraction in the maternal cfDNA can be as small as
4-5%, it needs higher coverage to precisely detect the
low-frequency mutation in association with fetal cfDNA.
Under the circumstance, lower overall coverage or read
depth can easily lead to false negative results. Moreover,
Russo et al. developed a amplicon-based targeted-seq for
337 mutation hotspots associated with autosomal reces-
sive and dominate disorders for NIPT, including 42 hot-
spots in FGFR2 and FGFR3 genes [53]. However, it was
a pilot study without reporting statistics of the outcome
in terms of accuracy, specificity or sensitivity [53]. In the
current study, we established the targeted-seq workflow
that shows great performance in deep coverage, high on-
target rate and uniformity. Most importantly, the work-
flow is able to detect variant with as low as 2.5% minor
allele frequency. Because the panel is designed to detect
autosomal dominant SD bearing a pathogenic mutation
in heterozygous state, the minimal requirement of fetal
cfDNA should be 5%, which has been set as minimal
receiving criteria of fetal fraction in maternal plasma. In
this study, all the clinical ¢fDNA are within the report-
ing range of fetal fraction (ranging from 5.3% to 30.9%,
mean=16.7 +6.7%), suggesting the reliable and accurate
interpretation of the genetic testing. According to our
assay development, we will run deep targeted-seq with
1 M total reads to reach at least 2000x base depths for all
of 87 hotspots. Thus it provides most accurate and robust
panel so far in identifying mutations for common domi-
nant SD.

To date, several approaches have been developed
for non-invasive prenatal diagnosis of a range of inher-
ited and/or de novo transmission disorders using non-
NGS or NGS-based techniques, such as droplet-digital
PCR, PCR with restriction enzyme digest (PCR-RED),
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real-time quantitative PCR, relative dosage haplotype
dosage analysis (RHDO) as well as targeted-seq. Digital
PCR is useful for precise fetal genotyping by analyzing
relative mutation dosages in NIPT and shows capability
to detect a monogenic disorder independently of paren-
tal origin [54]. However, it requires higher amount of
input DNA to reach high sensitivity and has technical
difficulty of performing high-throughput in multiplex
PCR, which means only for limited number of disorder.
In addition, the PCR-RED is implemented in the diag-
nosis of FGER3-associated SD in NIPT and shows high
accuracy in follow-up of pregnancy outcome [23]. Unfor-
tunately, the PCR-RED relies on subjective analysis using
agarose gel electrophoresis and has an inconclusive rate
of around 8% [55], suggesting the impracticable for the
clinical practice. The NGS-based RHDO is applied for
NIPT for monogenic disorders based on analysis of SNPs
in haplotype blocks, and is able to detect complex muta-
tions in gene loci, such as CYP21A2 [56], and DMD [57].
The limitation of RHDO is the requirement of haplotype
construction using parental samples, and therefore the
cost is higher and prohibitive to clinical application [58].
Collectively, the above-mentioned limitations from vari-
ous techniques prohibit them to be applied in NIPT for
monogenic disorder detection. Intriguingly, it is reported
that advanced paternal age is associated with risk of cer-
tain SDs, including TD, OI, Apert syndrome, Crouzon
syndrome, and Pfeiffer syndrome [59-64], suggesting
a hidden risk for transmission of deleterious variants
to the offspring when aging. The paternal age-associ-
ated mutation hotspots, including FGFR2: ¢.755C>G,
¢.755C>T and ¢.758C>G [61], and FGFR3: c.1138G > A,
c.1138G>C  [64], «c.1454A>G, <cl1948A>G and
c.1949A>T [60, 62], are included in the expanded gene
panel. Therefore, it further puts emphasis on the routine
prenatal screen even when the parents are asymptomatic
and the proposed targeted-seq workflow is useful to seize
the mutations. Based on our findings, the expanded gene
panel for a range of 11 SDs showed true negative results
for those pregnant women with normal ultrasonogra-
phy, suggesting the application is ready for screening for
SD in earlier pregnancy. The turnaround time of 4 days
and minimum requirement of 1 ng of cfDNA make the
established targeted-seq panel an excellent choice to be
offered in routine clinical practice.

It is of notice that the mutations result in rare auto-
somal recessive form of severe Ol-related symptoms
in family 2 [52] were not detected in the established
panel. It is still challenging to detect mutations for
autosomal recessive diseases in NIPT as the mutations
are contributed from both parents thus it may present
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at various fractions in the mutation sites. Tradition-
ally it requires invasive approach to obtain the fetal
specimen to distinguish the origin of maternal muta-
tion from the fetal cfDNA carries homozygous or com-
pound heterozygous mutations [65]. Recently, Luo et al.
reported a capture-based targeted-seq workflow that
can screen for chromosomal aneuploidy of chromo-
somes 13, 18, and 21, microdeletions, and autosomal
recessive disorders simultaneously [66]. It shows prom-
ising positive prediction rate of 100% for chromosomal
aneuploidy and copy number variations, although
the value for autosomal recessive disorders is still not
satisfied for clinical use yet. Luo et al. adopts pseudo-
tetraploid model instead of haplotype-based method
(e.g., RHDO) to estimate the fetal genotype at specific
locus, and achieved 86.4% accuracy for screening three
single-gene recessive disorders [66]. Thus it is worth
to develop assay and bioinformatics algorithm to ena-
ble genetic diagnosis of autosomal recessive disorders
in prenatal period. Nevertheless, at current time, the
combination of carrier screening for married couple
and targeted-seq panel screening for pregnant women
to detect mutations in association with recessive disor-
ders in parents and dominant or do novo mutations in
NIPT, respectively, shall provide indispensable value to
reduce the deleterious effect of pathogenic mutations
on human population.

Conclusions

We established an amplicon-based targeted-seq panel
that covers 87 pathogenic hotspot mutations reported
in autosomal dominant inherited SD. We demonstrated
the workflow is not only with high sensitivity and speci-
ficity but also shows remarkable concordance between
Ion Torrent and Illumina systems. In addition, the
assay requires only 1 ng of cfDNA as input material and
takes minimal 4 days to accomplish entire workflow.
The overall performance is considered fast and cost-
effective for routine clinical practice. We believe the
established panel provides a promising diagnostic or
therapeutic strategy for prenatal genetic testing of SD
in routine clinical practice.
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