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Abstract

Newborn screening (NBS) is an effective way for 3-step prevention of birth defects. The suitable technology and rational NBS

screening diseases are critical for each country and area. High-throughput sequencing has shown high application potential in

NBS. However, lack of sequencing strategy for monogenic inherited diseases NBS in China. In this study, we systematically

evaluated the application efficiency of different sequencing approaches for NBS, and a gene-disease association list (NeoExome

panel) for the Chinese population with 601 genes was designed based on the top rare disease list and databases. In the 1000

Genomes Project, 7.6% (23/301) were NGS positive. Among the 3249 neonates recruited, NGS positive rate was 12.0%. In

the 200 conventional NBS (+) subgroup, 118 were NGS positive, with 76.3% (90/118) neonates harboring consistent results of

conventional NBS and NGS; in the conventional NBS (-) subgroup, the NGS positive rate was 8.9% (271/3049). Our study

designed a personal NBS targeted-sequencing NeoExome panel of monogenic inherited diseases for Chinese, which has shown

acceptable performance.

1 Introduction

Birth defects (also known as congenital anomalies) are the major causes of neonatal deaths, worldwide.
According to the report on prevention and treatment of birth defects-Ministry of Public Health of China
in 2012, the incidence of birth defects in China is about 5.6%, with approximately 900000 new cases of
birth defects every year1. To reduce the occurrence of birth defects, the World Health Organization (WHO)
develops prevention strategies into three levels based on the causes and epidemiology of birth defects: precon-
ception care to increase the likelihood of a healthy infant delivery, pregnancy care to reduce the birth rate of
defective infant, newborn infant and child care to decrease disability, mortality, and serious consequences of
birth defects2. 3 periods-screening (Preconception screening, Peri-conception screening, Neonatal screening)
prevent different diseases of birth defects. Newborn screening (NBS) is the last step against birth defects,
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which aims to identify seriously harmful diseases in the neonatal period. It is helpful for early diagnosis, early
intervention (as reducing exposure to risk factors), and early management of the diseases, thus preventing
mortality and morbidity of children3,4.

NBS begins in the 1960s when Professor Guthrie firstly applied the method of bacterial inhibition to screen
phenylketonuria (PKU) in the dried blood spots5. Since then, NBS has gradually expanded under the
screening guiding principles with the progression of clearly-investigated diseases, the feasibility of screening
methods, and the increment of public conscientious 6,7. In 2006, the American college of medical genet-
ics (ACMG) expert group published and continually updated the Recommended Uniform Screening Panel
(RUSP) for NBS consensus with 35 primary and 26 secondary conditions8. While in China, NBS started in
1981, mainly focused on the screening of PKU, congenital hypothyroidism (CH) firstly, followed by deafness,
glucose-6-phosphate dehydrogenase (G6PD) deficiency, congenital adrenal hyperplasia (CAH), and so on9.
With the expansion of screening diseases, NBS methods have developed from the initial low throughput bio-
chemical approach to high throughput molecular biology technology. Tandem mass spectrometry (MS) is the
main conventional NBS method and has been widely used in clinical practice for the last 20 years, with the
feature of rapid, sensitive, and high throughput10. Although MS accelerated the development of NBS, it is
now well established from a variety of studies that MS has a high false-positive/negative ratio4,11,12. Besides,
conventional NBS covered a limited range of diseases. New methods are urgently needed for complementing
the shortcomings of MS and other conventional NBS.

Recently, high-throughput sequencing technology has been widely used in tumor-targeted genes test13,
pathogen detection14, as well as 3 periods-screening of birth defects15. Laboratories have successfully carried
out studies on sequencing technology as an NBS method16-18 and indicated sequencing could be used as a
second-tier confirmation for conventional NBS of some diseases19,20. Besides, the ability of sequencing for
the gene diagnosis of Neonatal Intensive Care Units (NICU) patients has also been uncovered by multiple
studies21,22. However, there are several concerns about the use of sequencing in NBS. 1) Interpretation of
the gene variant site. Sequencing may identify lots of variants with uncertain significance (VUS), while the
relationship between many genes and diseases is not clear. 2) Report of the results. There is no gene-disease
association list about conditions that are treatable and preventable so far. 3) Personalized sequencing panel.
Sequencing protocols and panels specifically designed for NBS are lacking. 4) Clinical trials of the whole
population. Most of the previous studies focused on the use of sequencing in ill infants, or for the screening
for a specific disease, studies about multiple monogenic-disease screening in healthy newborns are not fully
understood. These big challenges for the application of sequencing in NBS are presented and aroused great
interest in this field.

Based on the above-mentioned challenges, researchers devoted to establishing proper criteria of gene-disease
association list and reporting strategies for newborn gene sequencing since the year 2012 23,24. However,
this gene-disease association list and reporting strategy cannot be fully applied, as the high incidence of
monogenic diseases in the Chinese population is quite different from that of other countries, due to different
races and geographical areas. Here, we systemically evaluated the NGS methods used in NBS, designed
the severe, actionable, and early-onset inherited gene-disease list for the Chinese population, established the
featured NGS panel (NeoExome), performed a multi-center study to verify its feasibility with 3423 neonates,
and compared the NeoExome panel with other NGS panels of NBS. (Supplementary Fig. 1)

2 Methods

2.1 Establishment of the NGS panel

Generation of gene-disease association : Monogenic inherited diseases were collected according to the criteria
of covering diseases that are severe, actionable, and early onset (refer to the result section), and genes with
relatively clear relationship with diseases were determined based on Online Mendelian Inheritance in Man
(OMIM) database (https://www.omim.org/).

Age of onset : According to the diseases records in OMIM database, the known minimum onset age of
diseases is manually sorted out, which can be divided into 6 categories: <1 year of age (Infants), 1-3 years

2
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of age (Toddlers), 3-6 years of age (Preschoolers), 6-12 years of age (Middle Childhood), 12-18 years of age
(Young Teens and Teenagers), > 18 years of age (Adulthood).

2.2 Ethical compliance

This study was approved by the Ethics Committee of Children’s Hospital of Chongqing Medical University
(2019-R-171-1). All guardians of neonates enrolled have signed the informed consent.

2.3 Subjects

The study has been registered in ClinicalTrials.gov (Number: NCT03984266). Inclusion criteria (meet the
Both): All newborns (including hospitalized infants and infants with abnormal results of conventional NBS);
the guardian signs the informed consent and agrees to participate. Exclusion criteria (Meet one or more of
the following criteria): Other similar clinical studies are underway; received transfusion of allogeneic blood
products in recent 2 weeks.Rejection criteria : Specimen cannot be tested due to improperly collected or
stored; samples with unstandardized data; Samples without follow-up data; Guardian’s request to withdraw.

From Oct 2019 to Sep 2021, a total of 3423 neonatal subjects were enrolled from 5 hospitals: Children’s
Hospital of Chongqing Medical University, Inner Mongolia Maternal and Child Health Hospital, Northwest
Women and Children’s Medical Center, Dalian Maternal and Child Health Hospital, and Xuzhou Maternal
and Child Health Care Hospital.

2.4 Sample preparation

The heel blood of the neonatal subjects was collected into a special filter paper, dry naturally at room
temperature to form dried blood spots (DBS). After conventional NBS, the DBS was stored at 4 . Genomic
DNA was extracted from DBS using QIAamp DNA Mini Kit (Qiagen, German) according to the operation
manual. Briefly, a punched-out circle from a DBS was placed into a 1.5 ml microtube with Buffer ATL
to dissolve DNA and incubated at 85°C for 10 min. Protein K was added to digest proteins. After 70°C-
incubation and adding ethanol, the buffer was transferred into a Mini spin column. Finally, the DNA solution
was eluted with Elution buffer after a series of centrifugation. The quality and quantity of the DNA were
assessed by Qubit® 3.0 Fluorometer (Thermo Fisher Scientific Inc., USA) according to the instruction.

2.5 Library construction and sequencing

Library construction was performed according to the standard procedures of Illumina (Illumina, Inc., USA),
which included terminal repair, adaptor connection, and PCR enrichment briefly. The Neonatal Gene Capture
Kit- NeoEXOME (MyGenostics GenCap(r) Enrichment technologies, China) was designed based on the
targeted genes in our project, and used for hybridization capture of relevant target regions. The final library
was constructed after hybridization capture, PCR, and then determined by Qubit(r) 3.0 Fluorometer and
Agilent 2100 Bioanalyzer system (Agilent Technologies, USA). After QC (quality control), the enriched
library was sequenced by using HiSeq X Ten System (Illumina, Inc., USA) for 150-bp double-terminal
sequencing22.

After sequencing, the reads were compared to the UCSC HG19 reference genome, and variants were identified
using a bioinformatics process set by MyGenostics (based on GATK (The Genome Analysis Toolkit)). Vari-
ation was annotated using ANNOVAR databases. Mutations with high population frequency were filtered
reference to dbSNP 1381000 Genome Project, ESP6500SI, and ExAC (the Exome Aggregation Consortium)
browser.

2.6 Probe design description:

The design of liquid-phase hybridization capture probe was based on the GenCap technology of
MyGenostics25. In addition to designing probes that cover the exon region of related genes (covering the exon
region, exon flanks ˜50bp, and non-coding disease-causing regions reported by HGMD database), encryption-
designing probes were carried out for 25 CNV high-risk genes (increasing the coverage of 300bp intron region

3
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by designing probes on the exon flanks of related genes). On the other hand, designing probes also in-
cluded full-length coverage ofHBA1 /HBA2 /HBB /SMN1 /SMN2 genes (coding region and intron region
of coverage gene). The probes covered hot spot variation of mitochondrial genes, MT-RNR1 , MT-TL1
,MT-ND3, and MT-ATP6 . Some regional genes of Prader-William/Angleman, DiGeorge, and Williams
in microdeletion syndrome were covered, and the probe encryption was beneficial for the analysis of copy
number variation in related regions. Meanwhile, according to the GC content, region size, Tm value and
other parameters of the target region, the length, density, and position of the probe are adjusted based on
the Probe design software BaitDesigner of MyGenostics to improve the capture efficiency of the probe.

2.7 Gene variants interpretation

Based on the ACMG guidelines, the pathogenicity of the variation was classified into five subtypes, including
pathogenic, likely pathogenic, unknown, likely benign, and benign. Then the disease risk of the examined
neonates was graded to three-level risks (high risk, moderate risk, and low risk) and carrier, according to the
pathogenicity of the variation and the genetic inheritance pattern (Supplementary Figure 2). Each grade is
defined as follows:

High risk : A pathogenic or likely pathogenic variant of the genes that are autosomal dominant or Y-linked;
Two pathogenic or likely pathogenic variants of the genes that are autosomal recessive; Female newborns
carry two pathogenic or likely pathogenic variants of X-linked dominant genes; Male newborns carry a
pathogenic or likely pathogenic variant of X-linked recessive genes.

Moderate risk : A pathogenic or likely pathogenic variant, and a potent variant of unknown significance of
the genes that are autosomal recessive; Female newborns carry a pathogenic or likely pathogenic variant,
and a potent unknown significance variant of X-linked recessive genes.

Low risk : A pathogenic, likely pathogenic, or unknown significance variant, and a nonvirulent variant with
unknown meaning of the genes that are autosomal recessive; A unknown significance variant of the genes that
are autosomal dominant or Y-linked; Female newborns carry a pathogenic, likely pathogenic, or unknown
significance variant and a nonvirulent variant with unknown meaning of X-linked recessive genes.

Carrier : A pathogenic or potentially pathogenic variation of autosomal recessive genes; Female newborns
carry a pathogenic or likely pathogenic variant of X-linked recessive genes.

2.8 Venny analysis

The Venny 2.1 software was used to compare different NBS NGS panels with our panel through an interactive
tool26(https://bioinfogp.cnb.csic.es/tools/venny/ ). Multivariate Venn’s Diagrams was drawn by R version
4.0.5 software (https://www.r-project.org/ ).

3 Results

3.1 Selection of sequencing methods for neonatal screening

To select the appropriate detection method, we firstly compared different sequencing methods for NBS used
in the previously published studies (Table 1). In the beginning, scientists conducted neonatal screening trials
by using whole exome sequencing (WES) or whole genome sequencing (WGS), including WGS for STATseq
project16, WES for BabySeq project17, NBSeq project27, and North Carolina Newborn Exome Sequencing
for Universal Screening (NC NEXUS) project18. These studies implied sequencing may screen out inborn
errors before the disease onset and WGS/WES is operationally feasible in neonatal screening28-32. However,
WGS/WES analysis produces lots of VUS, shows the higher cost and longer turn-around time (TAT).
Consequently, scientists explored the application of targeted NGS panels that only analyzed a subset of
gene loci in NBS. Notably, studies suggested that targeted sequencing has more advantages over WGS/WES
as the operation of data analysis/follow-up is more feasible and easier, with lower cost, shorter TAT, and
easier interpretation33,34. Additionally, there is little difference in positive rate between targeted NGS and
WGS/WES35. Therefore, we choose targeted sequencing in our study.

4
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3.2 Generation and feature of NeoEXOME panel

OMIM database was used to standardize and screen out the diseases and related genes. To design the
NBS NGS panel covering monogenic diseases that are severe, actionable, and early onset for the Chinese
population, we combined the following categorization of diseases in our study: 1) 248 related genes (249
diseases) that were included in China National Catalog of Rare Diseases. This catalog includes diseases
with low incidence, high risk, and strong treatability based on the clinical data; 2) 360 genes (312 diseases)
that were included in Preventable and Treatable Rare Diseases in China; 3) 79 genes (71 diseases) that were
now in the conventional MS/MS NBS project in China; 4) 71 genes (71 diseases) that were included in the
conventional NBS in China; 5) 149 genes (148 diseases) that were recommended by ACMG; 6) 55 genes (57
diseases) that were recommended by the experts of the Chinese NBS Laboratory Committee. Moreover, a
list of diseases with high prevalence in the Chinese population based on the database about positive mono-
genetic diseases in 40000 ill newborns by MyGenostics was also included. This list included 141 diseases
and 94 related genes. Then Venny analysis was conducted to identify and generate the disease-genes panel
(named NeoEXOME) in our study (Fig 1A). Our NeoEXOME panel is comprised of 601 genes and 542 kinds
of diseases (Supplementary Table1).

The panel covered diseases with multi-systems, including skeletal, respiratory, urinary, immune system, ner-
vous system, cardiovascular system, blood, endocrine system, metabolism, and mitochondria-related diseases
(Fig 1B). Among them, diseases of the metabolic system account for the most proportion in our NeoEXOME
panel. Besides, the onset age of these gene-related diseases was also collected and shown in Fig 1C. 418 out
of 601 gene-diseases were onset in the neonatal period (<1 year), accounting for the largest proportion. 577
out of 601 (96%) gene-diseases were onset in childhood (<18 years).

3.3 Performance of NeoEXOME

Results of “ 1000 Genomes”

Firstly, we validated our panel using the data of unrelated 301 Chinese in the “1000 Genomes Project”.
According to the interpretation criteria, 72 were negative, 223 were carrier, and 23 were positive (7.6%).
Variants of FLG andGJB2 account for the most frequent mutant genes, with the frequency 47.8% (11/23)
and 21.7% (5/23), respectively (Supplementary Table 2).

A pilot study of the performance of NeoEXOME for NBS in China

To evaluate the performance of NeoEXOME in clinical practice. A pilot, multi-center clinical trial was
conducted. From Oct 2019 to Sep 2021, 3423 neonates were enrolled from 5 institutions (Fig 2). Of all these
subjects, DBS was collected within 3 days of birth and next-generation sequencing was performed based on
our NeoEXOME panel.

Among the 3249 neonates eligible for the analysis, 934 infants were NGS negative, and 389 infants were
NGS positive (244 High risk, 4 Moderate risk, 141 Low risk), and 1926 were carriers. NGS positive rate
was 12.0%. 343 infants showed one genetic mutation, who were genetically susceptible to mono gene-related
diseases; 46 infants had more than one gene mutations, who were genetically susceptible to multi-diseases.
Infants that were NGS reported as high-risk account for the highest proportion (Fig 3A-B). While autoso-
mal recessive inheritance was the most common inheritance pattern (Fig 3A-B). Endocrine and metabolism
system disorders accounted for the highest proportion in healthy neonates (Fig 3C). Most of the diseases
detected were predicted to develop within the first year of life (Fig 3D). Variants of DUOX2 account for the
most frequent mutant genes (18.3%, 131/716), followed by UGT1A1 , PAH , GJB2 , FLG (Fig 3E). The
top five related disorders were thyroid dyshormonogenesis, hyperbilirubinemia, phenylketonurics, deafness,
hyperbilirubinemia, and ichthyosis vulgaris, with the frequency of variant 5.7%, 5.4%, 5.0 %, 4.1%, respec-
tively. 1926 infants were tested as carrier of the diseases in our panel. There were 3462 variants, including
1224 pathogenic variants and 2238 likely pathogenic variants (Fig 4A). Variants ofGJB2 account for the
most frequent mutant genes of all the centers, followed by UGT1A1 , DUOX2, FLG, andSLC25A13 (Fig
4B).
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To further validate the use of NGS in NBS, conventional NBS results were collected to compare the con-
sistency of both approaches. 200 out of 3249 neonates were conventionally NBS positive (+). In the NBS
(+) subgroup, 118 were NGS positive (64 High risk, 2 Moderate risk, 52 Low risk), 14 were NGS negative,
and 68 were NGS carrier (Table 2). Of the 118 NBS (+)/NGS (+) cases, 90 (76.3%) had consistent results
with conventional NBS and NGS (Supplementary Table 3). In the 3049 NBS (-) subgroup, 271 (8.9%) were
NGS positive (180 High risk, 2 Moderate risk, 89 Low risk), 920 were NGS negative, and 1858 were NGS
carrier (Table 2). 168 of the 271 NGS (+) /NBS (-) neonates were followed up till Dec 2021, and 9 of them
(including genes of DUXO2 , PAH , MUT , WAS , and SLC22A5 ) were clinically diagnosed.

3.4 Comparison of NeoEXOME with other NBS panels

To find out the difference between our NeoEXOME panel and other NGS panels and WGS gene-disease lists
worldwide, we compared our panel with other NBS panels in terms of gene-disease system and disease onset
age. The gene-diseases information of “BabySeq”23, “NC NEXUS”24, and “NESTS”36 were collected. There
were 414 common genes in BabySeq and our panel (Fig 5A), most of which are endocrine and metabolism
system disease-genes. Nervous, ENT (ear, nose, and throat) and syndromes system disease-genes were higher
in the BabySeq panel. Also, the BabySeq panel included gene-disease pairs of digestive system and tumor,
which was not covered in our panel. There were 268 common genes in NC NEXUS and our panel (Fig 5B).
ENT, respiratory, and syndromes system disease-genes were higher in the NC NEXUS panel. Similar to the
BabySeq panel, NC NEXUS also covered gene-disease pairs of digestive system and tumor. In addition, we
compared our panel with the “NESTS” panel for Chinese newborns recently reported by Dr. Li. There were
191 common genes in the two panels (Fig 5C). Deafness-related genes dominated the gene list of the NESTS
panel. Genes related to the respiratory system were higher in the NESTS panel. 2 genes MUTYH and APC
that were related to multiple colorectal adenomas, and adenomatous polyposis coli were also included in the
NESTS panel. However, the NESTS panel did not include genes of DUOX2 , UGT1A1 , FLG, and ATP7B
, which showed a high positive rate in our NeoEXOME panel. In general, the gene-disease association list
designed by different projects focused on varied disease catalog and have their own characteristics.

4 Discussion

NGS plays an important role in the whole 3-step prevention to control birth defects. For the primary
prevention of birth defects, Carrier screening using the NGS approach should be carried out for couples who
were willing to give birth, and genetic counseling and birth guidance should be given to couples who were
positive for genetic screening. Genetic screening for Carrier focuses on diseases that were leading to severe
genetic defects in children37. For the second-step prevention of birth defects, Peri-conception screening using
the NGS approach could detect chromosomal abnormalities of fetal free DNA in maternal peripheral blood,
mainly involved in diseases caused by chromosomal abnormalities, such as Trisomy 21, 18, 13 syndromes38.
For the third-step prevention of birth defects, NBS using the NGS method was suggested to conduct in
neonates to find out the diseases seriously harmful, mainly focused on serious and actionable diseases3. In
our study, we aimed to determine the suitable technology, rational diseases and gene-disease association list
for newborn sequencing screening. Firstly, we systemically evaluated the NGS methods to select the targeted
sequencing for NBS. We then designed a NeoExome panel covering diseases that are severe, actionable, and
early-onset for the Chinese population, and verified it in multiple NBS centers. We also compared our
NeoExome panel with other NBS NGS panels to illustrate the respective characteristics. Our study designed
a targeted-sequencing NeoExome panel for Chinese in NBS with applicable performance.

The gene-disease list is critical in NGS panel design. The study of BabySeq project curated a catalog of gene-
disease pairs based on ACMG, the ClinGen clinical validity classification framework criteria, penetrance, and
age of onset. They finally screened out 954 genes that are met the criteria reported in their project23. The
NC NEXUS project, designed an age-based framework to assess the gene-disease list. They assessed 822
gene-disease pairs and divided them into 4 different categories 24. In China, the NGS screening for NBS
is also conducted recently. Dr. Yu has designed a panel of 573 genes for the screening of severe inherited
disorders36. While Dr. Li explored the application of their 465-genes panel in clinical practise34. Dr. Zhao
designed an NBS genetic sequencing panel including 134 genes of 74 inborn disorders using multiplex PCR39,
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and Dr. Xu investigated 164 pathogenic genes with 94 common genetic diseases40,41. However, all studies did
not elaborate in detail on why their study included these genes. In our study, we comprehensively integrated
the diseases catalog of Rare Diseases in China, routine NBS diseases in China, ACMG and mainland experts’
recommendation, and database of genetic diseases in 40000 ill-children, to generate the severe, actionable,
and early onset monogenic inherited diseases list of NeoExome panel with 601 genes for NBS.

The positive rate of our NGS panel in “1000 Genomes Project” is 7.6%, higher than other previous studies42.
We found thatFLG and GJB2 are the most frequently mutated genes in our analysis. FLG is a pathogenic
gene for ichthyosis vulgaris, which encodes filaggrin and plays a key role in epidermal terminal differentiation
and skin barrier formation. The proportion of FLGgene variation in ichthyosis vulgaris was reported to be
55.6%, and the ichthyosis vulgaris subjects with FLG gene variant suffered more severe diseases43. However,
FLG also has higher mutations in the normal population, Palmer and colleagues carried out FLG analysis
with 1008 people of European origin and found functional deletion mutations of theFLG gene were approx-
imately 9%44. Besides,GJB2 gene variation is generally considered to be a common cause of non-syndromic
deafness45, while GJB2 c.109G>A mutation was considered as a pathogenic variant with incomplete pene-
trance and high carrier rate in Asian46. Our analysis identified 5 GJB2 variants, 4 of them was c.109G>A
mutation (Supplementary Table2). Our study further demonstrated the importance of genetic counseling
for such genetic variations.

It was reported that the healthcare cost of NBS using WGS is high and increased the financial
burden47,48.Subsequently, researchers implied target sequencing might highly decrease the cost as well as
TAT 33,35. In our study, the targeted sequencing of NeoExome approach is designed, carried out, and the
TAT is 14 days, which is much shorter than that of WGS/WES. Moreover, the positive rate of our NeoExome
panel for NBS (-) neonates was 8.9% (271/3049) in our pilot study, which is consistent with the results of
BabySeq project31. Despite the advantages, the use of targeted sequencing in NBS increased the risk of
missed detection as exome sequencing only covers approximately 1%-2% of the entire genome. Recently,
one study conducted transcriptome sequencing (RNA-seq), WES, and WGS in 115 undiagnosed patients
with diverse phenotypes, and the results found RNA-seq could help diagnose 17% patients that had negative
results of WES/WGS49. This suggests that it is necessary to simultaneously conduct WGS, RNA-seq, and
other methods for symptomatic children with negative results of WES/targeted NGS approach. In addition,
the targeted panel should be updated with the increased evidence-based studies of some new gene-disease
associations.

Moreover, it is also necessary to pay attention to whether the genes associated with these adult-onset diseases
need to be detected at neonatal stages. In the previous study of the BabySeq project, aBRCA2 pathogenic
variant, which is related to a 45% risk of breast cancer and 11% risk of ovarian cancer in women, was found
in one infant31. Because of moral distress, the researchers proposed to return these adult-onset genetic
variants50. But it raised a strong ethical debate, Lainie FR and colleagues then published an article and
argued that researchers should avoid identifying adult-onset genetic variants, as this may cause psychological
impact to the child and his/her parents, and deprive the child of the right to an open future51. Our current
panel included 12 adult-onset genes and 12 genes with unknown onset age, which we are planning to excluded
in the next round. Probably, “Age-based genetic screening strategies” should be used for reference and
applied in China3.

Our study has several limitations. Firstly, lacking whole follow-up data of some recruited subjects in our
validation cohort is the main disadvantage. In our study, low concordance between NGS and conventional
NBS (Table 2) was indicated, which was also reported in the BabySeq project 52. One of the reasons is that
the conventional NBS data collected in our study are incomplete due to the great difference of detection
indexes in different regions. On the other hand, sequencing could not fully represent phenotypes, there were
always some subjects with gene-positive, but clinical phenotype-negative34. This may be caused by two
reasons: one is that some diseases are later onset due to the differences in the time of diseases onset, while
our study period is limited and these disease-related symptoms have not shown. The other is due to the
low association of genes and disease. Once the penetrance of a gene variant is low, the individual with this
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variant has a low chance to be symptomatic53. This is also one limitation in our study, we did not include
penetrance in our report interpretation category. Our report category needs to be modified and the follow-up
needs to be strengthened in our next study.

Although studies have shown that NGS may play a role as second-line screening in NBS and cannot replace
MS, we believe that sequencing screening can be performed simultaneously with conventional NBS if the
cost is reasonable. For the diseases that have no biochemical markers, such as spinal muscular atrophy
(SMA), duchenne muscular dystrophy (DMD), and cardiovascular disease, sequencing could predict disease
at early stage. Therefore, we proposed this NeoExome panel may have the following applications in the
clinical practice: 1) As a first-tier NBS for genetic diseases with no biochemical detections; 2) As an adjunct
diagnostic tool for monogenic inherited diseases with obvious abnormal phenotype; 3) As a second-tier NBS.
A combination of NeoExome with conventional NBS can enhance the clinical utility of NBS. For example,
sequencing screening can be further carried out in children with ambiguous-positive results in conventional
NBS to improve diagnostic accuracy. In addition, the application of sequencing in healthy infants with
negative conventional NBS results can help to find out the gene variants in the early stage of their lifetime to
prevent mortality. 4) As an exclusion (quasi-first-line) screening for infants with low phenotypic specificity
(jaundice, etc.), to assist the excluding the common genetic diseases. More specific clinical trials are needed
in the future to validate the use of NeoExome in clinical practice.

In all, we designed a personal targeted-sequencing panel for Chinese NBS, evaluated this approach in a multi-
center pilot study. Our study indicated our panel needs to be further optimized for the whole population
screening. Besides, more specific clinical trials need to be carried out to verify the applicability of the panel
in the next step.
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Figure Legends

Figure 1. Characteristics of 601 gene-diseases associations. A) 7 categorizations of disease were
collected and included to generate the gene panel. The disease system (B) and onset age (C) for those
gene-disease associations were demonstrated. <1, <1 year of age (Infants); 1-3, 1-3 years of age (Toddlers);
3-6, 3-6 years of age (Preschoolers); 6-12, 6-12 years of age (Middle Childhood); 12-18, 12-18 years of age
(Young Teens and Teenagers); >18, >18 years of age (Adulthood); UN, unknown.

Figure 2. The overall flowchart of NeoEXOME study.3423 neonates meet the inclusion criteria were
enrolled from 5 institutions, 174 were excluded. CQ, Children’s Hospital of Chongqing Medical University;
XZ, Xuzhou Maternal and child Health Care Hospital; NM, Inner Mongolia Maternal and Child Health
Hospital; XB, Northwest Women and Children’s Medical Center; DL, Dalian Maternal and Child Health
Hospital.

Figure 3. NeoEXOME detection results of positive cases. A) Gene variants interpretation (risk
grade and inheritance patterns) of neonates with mono-gene change. B) Gene variants interpretation (risk
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grade and genetic patterns) of neonates with multi-genes change. C) Disease system distribution of neonates
that were NGS positive. D) Gene-disease associations’ onset age of neonates that were NGS positive. E)
Top 20 genes distribution of neonates with NGS positive cases. LR, Low risk; MR, Moderate risk; HR, High
risk; AD, Autosomal dominant; AR, Autosomal recessive; XLD, X-linked dominant; Mito, Mitochondrial;
Syns, Syndrome; ENT, ear, nose, and throat; Endo, Endocrine; Meta, metabolism.

Figure 4. NGS detection results of carrier. A) Gene variants characteristics of neonates that were
carrier. B) Top 20 genes distribution of neonates that were carrier.

Figure 5. Comparison of NeoEXOME with other NBS panel. A) NeoEXOME and Babyseq. B)
NeoEXOME and NC NEXUS. C) NeoEXOME and NESTS.

Supplementary Figure 1. The work flow of our study.

Supplementary Figure 2. The gene variants interpretation of NeoEXOME.
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