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Objective: To explore the clinical value of newborn genomic screening (nGS) for neonatal intensive care units (NICU) infants (taking
neonatal hyperbilirubinemia as an example).
Methods: Dried blood spots (DBSs) were collected after 72 hours of birth. The tandem mass spectrometry (TMS) screening and
Angel Care genomic screening (GS, based on Targeted next-generation sequencing) were performed at the same time.
Results: Ninety-six hyperbilirubinemia newborns were enrolled in this study and none was identified with inborn errors of
metabolism (IEM) by TMS, while 6 infants (6.25%, 6/96) were suspected to have a genetic disorder by Angel Care, including 2
cases of glucose-6-phosphate dehydrogenase deficiency (G6PD), and 1 case of maple syrup urine disease type 1B (MSUD1B),
autosomal recessive deafness 1A (DFNB1A), Leber hereditary optic neuropathy (LHON), thyroid dyshormonogenesis 6 (TDH6) each.
In addition, 44 infants (45.8%) were detected having at least one variant which conferred a carrier status for a recessive childhood-
onset disorder. A total of 33 out of 60 variants (55.0%) reported for carrier status were pathogenic (P), 24 (40.0%) were likely
pathogenic (LP), and 3 variants were variant of uncertain significance (VUS). Top six common genes of carrier status were GJB2,
DUOX2, PRODH, ATP7B, SLC12A3, SLC26A4. Two newborns showed abnormalities in elementary screening of TMS, but were
confirmed as false positive after recall. Their results of Angel Care did not found abnormality.
Conclusion: Using neonatal hyperbilirubinemia as an example, genome sequencing screening can find more evidence of genetic
variation in NICU newborns, and “Angel Care” is an effective method.
Keywords: neonatal intensive care units, neonatal hyperbilirubinemia, newborn screening, genomic sequencing, next-generation
sequencing

Introduction
Recently, newborn genomic sequencing (nGS) brings new opportunities to further expand newborn screening (NBS),
which is an important public health project.1 From 2013, BabySeq,2 NBSeq,3 NC NEXUS,4 STATseq,5 NESTS6 and
NeoSeq7 successively confirmed that nGS could further expand the genetic diseases that could not be found by traditional
screening methods and was considered as another innovation in the field of NBS. However, there are still many problems
to be discussed and solved before large-scale clinical practice. Among them, the applicable population is one of the
focuses of discussion. What is the reasonable population for nGS? Is the high-risk population (such as neonatal intensive
care units (NICU)8) or a general newborn population?2 Some authoritative and representative projects include the
BabySeq2,9 Project and NC NEXUS.4 Their main subjects range is from ill newborns of the NICU to healthy newborns.
For example, Ceyhan-Birsoy et al2 reported the results of 159 newborns (32 from NICU and 127 healthy newborns).
Fifteen newborns were identified with variants that conferred disease risk. Among them, 10 (7.87%) cases were from the
healthy newborns and 5 cases (14.29%) in the NICU. These projects indicate that newborns from NICU usually have
a higher risk of genetic variation and successfully demonstrate the advantages and prospects of nGS in newborn
screening.
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It is known that newborns of NICU are involved in many diseases, and their causes are also complicated. The current
studies about nGS are still limited. A full understanding of the impact of nGS application in NICU common diseases will
help us to determine the strategy of NBS. In NICU, jaundice is the most common abnormal finding in neonates, of which
the etiology can be physiological or pathological.10 Without standardized monitoring and effective treatment, jaundice
may rapidly progress to severe hyperbilirubinemia. Neonatal hyperbilirubinemia is a major issue worldwide.11 Untreated
severe hyperbilirubinemia often leads to other critical conditions, such as acute bilirubin encephalopathy (ABE) and
nuclear jaundice (kernicterus),12 resulting in permanent damage to the central nervous system, especially hand-foot
hyperactivity or dystonic paralysis.

So far, the exact pathogenesis of neonatal hyperbilirubinemia is not fully understood in the majority of cases. It has
been confirmed that its etiology was multifactorial and known causes included ABO incompatibility, glucose-6-phos-
phate dehydrogenase deficiency (G6PD), other antibody incompatibility and hereditary spherocytosis.13 Recently, more
and more medical scholars agreed that both genetic and environmental factors are involved in the occurrence and
development of hyperbilirubinemia.14 Increasing studies also suggest that hyperbilirubinemia could be caused by
polymorphisms and mutations of genes. At present, a majority of research is focused on related pathogenic genes,
mainly including uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1), organic anion transporter polypeptide 2
(OATP2), heme oxygenase 1 (HO-1), and biliverdin reductase A (BLVRA). UGT1A1 is the most studied gene, and more
than 150 mutations have been reported. Zhou et al15 identified the genetic risk factors for neonatal hyperbilirubinemia in
a case–control study. They reported that G211 mutation in UGT1A1 and GT repeat in HO-1 were the main risk factors for
neonatal hyperbilirubinemia in Southeastern China. Wu et al16 also found that UGT1A1 211G>A (G211A) mutation was
a risk factor in Chinese Han populations, but (TA)7 insertion mutation was not. The incidence rates of homozygous,
heterozygous, and wild-type variation at UGT1A1 211G>A were 3.7%, 27.1%, and 66.1% in the infants with hyperbilir-
ubinemia, respectively; however, in the control group, the incidence rates were 0, 16.3% and 83.7%, respectively. Similar
results have been demonstrated in population studies from other regions,17,18 although differences remain.19,20 For
instance, SLCO1B1 polymorphism, a gene encoding OATP2, is associated with jaundice, but such association varies
across regions and populations. For the Chinese population, 388G>A and 521T>C mutations of SLCO1B1 are associated
with an increased and decreased risk of neonatal jaundice, respectively,21,22 but no such correlation is found in
Indonesia,23 white, Thai, Brazilian or Malaysian populations.24 Some studies have shown that HO-1 gene polymorphism
is associated with the risk of jaundice.15,25 Although these studies have revealed the etiological complexity of neonatal
hyperbilirubinemia, our understanding of its genetic characteristics is still considered limited. With the development of
molecular biology technologies, more and more related candidate genes will be identified, which will provide new
insights into the pathogenesis and treatment of hyperbilirubinemia.

Nevertheless, for neonatal hyperbilirubinemia, genomic sequencing is not normally performed on the dried blood
spots (DBSs) in patient NICU; rather targeted variant detection of specific genes is adopted with whole-genome
sequencing (WGS), exome sequencing (ES) or gene panel sequencing. These methods have great technical advantages
and contributed to discover the pathogenic genes of neonatal jaundice. However, they also have many limitations such as
complex experimentation, difficulty in standardization, and high cost.

Here, we report on the initiation of a new project called “Angel Care”, which was based on the next-generation
sequencing (NGS) technology and can be applied to genomic sequencing in newborn screening with DBSs for critical
conditions. The project involved target capture sequencing of 159 disease-related genes with a sequencing depth of
>100X. In relation to other newborn screening strategies, the project demonstrates the following benefits of utilizing
NGS: 1) easy-to-operate experimental process; 2) straightforward interpretation of results; 3) well-controlled cost. Until
now, how to effectively carry out nGS is not very clear. It is still debatable which newborns are suitable for nGS.
Therefore, similar to the Babyseq project, we firstly carried out the clinical study of high-risk groups (neonatal
hyperbilirubinemia in NICU as an example) receiving Angel Care. We hope to provide an effective method of nGS
for NICU infants. By the way, Angel Care is not specifically developed for neonatal hyperbilirubinemia, and the purpose
is not for specific populations. We took neonatal hyperbilirubinemia as an example to show the necessity of nGS in
NICU.
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Materials and Methods
Study Design and Participants
This was a retrospective study conducted at the Department of Medical Genetics, Changzhou Maternal and Child Health
Care Hospital. From January 2019 to June 2020, 96 hyperbilirubinemia newborns were enrolled in our study, including
53 males and 43 females. Of them, 13 cases were ABO incompatibility.26 The average birth weight and gestational week
of delivery were 3349.60 ± 450.60g and 38.37 ± 1.43 weeks, respectively. According to the level of total serum bilirubin
(TSB),27 82 (85.4%) cases were defined as severe hyperbilirubinemia (>342 µmol/L), and 7 cases as extreme hyperbilir-
ubinemia (>427 µmol/L) and 2 cases as hazardous hyperbilirubinemia (>510 µmol/L). Infants with a birth weight lower
than 2000g and/or gestational age <35 weeks, and infants with other congenital malformations were excluded from the
study. The baseline demographic and clinical characteristics are shown in Table 1.

Newborn Screening with Tandem Mass Spectrometry
As described in our previous study,28 dried blood spots (DBSs) were collected from all infants on a 903 filter paper
(Wallace Oy, Turku, Finland) after 72 hours of birth. All DBSs were analyzed with MS/MS using the NeoBase™ Non-
derivatized MS/MS Kit (PerkinElmer, Turku, Finland). Infants with positive results were brought in for further assess-
ment, including clinical manifestations, individualized assistant examination, and gene testing.

Angel Care Panel Design
The Angel Care panel (BGI) covered the coding sequence of 159 disease-associated genes, including inherited metabolic
disorders (eg, amino acid, organic acid and fatty acid metabolism disorders, lysosomal storage diseases and glucose
metabolism disorders), endocrine disorders, hearing loss, neuromuscular disorders, hematologic disorders, and immune
disorders (Supplementary Table 1).

Targeted Next-Generation Sequencing
A standard procedure of genomic DNA extraction was performed with MagPure Blood & Tissue DNA KF Kit
B (Magen, China). The extracted DNA was fragmented by restriction enzyme (Universal Plus Fragmentation Module,
VAHTS), followed by magnetic-bead sieving of 200–250bp fragments, adapter ligation, amplification by PCR and
eventually purification to construct a DNA library for each sample. After the concentration level of these libraries was
verified with a multimode microplate reader (FLUOstar, Omega), IDT xGen Lockdown probes were used to capture the

Table 1 Baseline Demographic and Clinical Characteristics

n Sex
(Male)

BW (g) GA
(Weeks)

TSB
(µmol/L)

DBIL
(µmol/L)

ALT (IU/L) AST (IU/L)

All cases 99 53 3349.60 ±

450.60

38.37 ±

1.43

371.97 ±

35.89

12.00

(9.65–13.70)

11.40

(8.90–16.40)

39.70

(31.70–54.25)

Mild and medium

Hyperbilirubinemia

5 3 3360.00 ±

282.35

38.50 ±

2.43

340.98 ±

0.55

12.30

(3.05–13.08)

12.00

(9.40–14.90)

34.85

(30.27–47.90)

Severe hyperbilirubinemia 82* 45 3342.62 ±

470.02

38.39 ±

1.39

364.52 ±

19.10

12.00

(10.17–
13.72)

11.35

(8.95–16.20)

39.80

(32.08–53.93)

Extreme hyperbilirubinemia 7 4 3368.57 ±
368.21

38.14 ±
1.07

443.64 ±
15.50

0.00
(0.00–13.15)

11.00
(8.85–18.00)

51.00
(31.90–57.30)

Hazardous
hyperbilirubinemia

2 1 3545.00 ±
516.19

38.00 ±
1.41

527.00 ±
9.90

0.00
(0.00–0.00)

31.30
(24.65–37.95)

85.20
(60.60–109.80)

Notes: Normal distribution data are represented as mean±SD. Non normal distribution data are represented as median (Q1-Q3). *13 cases were ABO incompatibility.
Abbreviations: BW, birth weight; GA, gestational age; TSB, total serum bilirubin; DBIL, direct bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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targeted regions of the sequences through hybridization, followed by library pooling and quantification. Single-strand
circularization and rolling-circle replication were carried out in the pooled library. Finally, after DNA-nanoball prepara-
tion, sequencing was performed with MGISEQ-2000 (PE100+10) to generate raw sequencing data.

Data Analysis
Sequencing data were analyzed with an automated pipeline (BGI). Quality filtering reads were aligned to the human
reference genome (GRCh37/hg19) using Burrows-Wheeler Aligner (BWA) software, and SNV and small indels less than
20 bp were called by Genome Analysis Toolkit (GATK). Copy number variants (CNVs) of DMD exons, common CNVs
related to thalassemia and SMN1 exon 7 deletions of were detected via read-depth analysis developed by BGI.29

The reported variants included 1) 10,136 variants recorded in a neonate-specific database (V2021.6, BGIPhoenix
Database), including pathogenic and likely pathogenic variants classified according to ACMG standards and guidelines
for the interpretation of sequence variants; 2) null variants with low frequency not recorded in the database (null variants
refer to frameshift, stop-loss and splice donor/acceptor variants as well as variants with a loss of ≥2 exons; rare variants
refer to variants with a frequency of ≤1% in both GnomAD and 1000G databases).

When the reported variants in a sample followed the specific inheritance pattern of related disorders which suggested
an increased risk in the subject, the sample was classified as suspicious in genetic screening: one or more heterozygous
variants in autosomal dominant disorders; homozygous variants or 2 heterozygous variants in trans in autosomal
recessive disorders; hemizygous or heterozygous variants in X-linked dominant disorders, hemizygous, homozygous
variants or 2 heterozygous variants in trans in X-linked recessive disorders; variants in mitochondrial disorders. If the
reported variants did not follow a specific inheritance pattern, the sample was classified as negative in genetic screening.

Results
A total of 96 subjects fulfilled our criteria and were enrolled in this study, and they accepted Angel Care and TMS
newborn screening at 72 hours after birth. No infant was identified with inborn errors of metabolism (IEM) by TMS,
while 6 infants (6.25%, 6/96) were suspected to have a genetic disorder by Angel Care. Meanwhile, 45.8% (44/96) of
participants were detected as a carrier status for a genetic disorder.

Of 96 hyperbilirubinemia newborns, 6 were identified with pathogenic variants in disease-related genes by Angel
Care screening; however, no observable abnormality was found in their TMS results. Five genetic disorders were
subsequently confirmed in these 6 infants: 2 cases of Glucose-6-Phosphate Dehydrogenase Deficiency (G6PD), and 1
case in each of Maple Syrup Urine Disease Type 1B (MSUD1B), Autosomal Recessive Deafness 1A (DFNB1A),
Leber Hereditary Optic Neuropathy (LHON), thyroid dyshormonogenesis 6 (TDH6) (Table 2). Case 1 (female) and
case 3 (female) were confirmed with G6PD and a heterogynous likely pathogenic variant (c.1388G>A and
c.1024C>T) was detected in G6PD gene. Their clinical phenotype was analogous and mild. They were born in
normal gestational weeks (38 weeks) and their weight was normal (2770g and 2680g) at birth. These 2 female infants
developed jaundice on 3 days after birth which gradually aggravated. Their TSB levels were 366.4μmol/L and
443.5μmol/L. Both have achieved satisfactory outcomes after treatment, and the phototherapy time was 42.5h and
50.0h. Case 1 has been followed up for 12 months. Her indicators were normal (height: 74.7cm; weight: 9kg; head
circumference: 44cm) and her hemoglobin level is 135g/L. Within the follow-up period of 6 months, case 3 did not
show any developmental anomalies. One infant (case 2) diagnosed with Autosomal Recessive Deafness 1A
(DFNB1A), was found to carry two pathogenic mutations (c.109G>A, c.95G>A) in GJB2 gene by Angel Care.
She also began to jaundice on 3 days after birth, and her TSB level was 395.8μmol/L at admission. She also
presented mild intraventricular hemorrhage. After 4 times of phototherapy (75h), she achieved significant improve-
ment. In addition, she received bilateral brainstem auditory-evoked potentials, and both ears passed the auditory test.
Unfortunately, she lost follow-up due to the floating population. One infant was diagnosed as having Maple Syrup
Urine Disease Type 1B (MSUD1B) by Angel Care and was heterozygous for a variant of uncertain significance
(c.1159C>T) and a deletion of 7–9 exons in BCKDHB gene. He developed jaundice on 2 days after birth and the TSB
levels were 358.5μmol/L. He had no observable clinical manifestations such as vomiting or feeding difficulties. His
leucine (LEU+ILE+PRO-OH) and valine (VAL) levels were 135.15μmol/L and 134.0μmol/L in TMS first screening,
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which did not meet the criteria of MSUD1B. The boy was born full-term (40 weeks) and his birth weight was 3360g.
After 48 hours of phototherapy, hyperbilirubinemia was well controlled. He has been followed up for 8 months, and
there was no obvious abnormality in his growth and development, and his latest hemoglobin level was 130 g/L.
Similarly, case 4 and case 6 were diagnosed with LHON and TDH6, respectively. However, there was no significant
clinical manifestation related to the disorders. The therapeutic outcomes for hyperbilirubinemia were also satisfactory
in case 4 and case 6.

In addition, 44 infants were detected having at least one variant, which confers a carrier status for a recessive
childhood-onset disorder. The detection rate for carrier-status is 45.8%. The number of carrier findings in hyperbilir-
ubinemia newborns range from 1 to 4 variants, and the median is 1.4 variants per individual. There was one variant in 30
infants (68.2%) and two variants in 13 infants (29.5%). A total of 32 genes and 60 variants were reported in this study.
According to the American College of Medical Genetics and Genomics guidelines,30 33 (55.0%) out of 60 variants
reported for carrier status are pathogenic (P), 24 (40.0%) are likely pathogenic (LP), and 3 variants are variants of
uncertain significance (VUS). The top six common genes and variants of carrier status are listed in Table 3 and Figure 1.
Six individual genes and thirteen specific variants were detected in more than three infants. The most frequently
identified variant was the c.109G>A (p.Val37Ile) variant in GJB2 gene. Surprisingly, all 9 newborns detected carried
the same variant.

In this study, we performed TMS screening and genomic sequencing (GS) screening on dried blood spots at the same
time. TMS screening did not identify any newborns with inborn errors of metabolism. Only two newborns showed
abnormalities in elementary screening, including a heightened tyrosine (TYR) level (447.61μmol/L) and a raised C3
level=4.54μmol/L respectively. After recalling and retesting these indicators returned to normal levels and obvious
growth and development anomalies were observed in the follow-up of the two newborns. Meanwhile, six newborns of
genetic disorders and 44 newborns as a carrier were detected by GS screening; there was also no obvious abnormality in
their TMS screening results. Moreover, no significant correlation was found between genetic variation and clinical
severity of hyperbilirubinemia, either in confirmed patients or carriers.

Discussion
Growing attention has been paid to the relationship between neonatal hyperbilirubinemia and genetics. Due to techno-
logical limitations, previous studies could only focus on the detection of polymorphisms of one or several related genes.

Table 2 Genetic Test Results of 6 Positive Cases

Case Sex Disease Mode Gene Exon/
Intron

cDNA
Change

Amino Acids
Change

Genotype ACMG
Classification

Case 1 F G6PD XLD G6PD
(NM_001042351.1)

EX12 c.1388G>A p.Arg463His Het LP

Case 2 F DFNB1A AR GJB2
(NM_004004.5)

EX2E c.109G>A

c.95G>A

p.Val37Ile

p.Arg32His

Het P

P

Case 3 F G6PD XLD G6PD
(NM_001042351.1)

EX9 c.1024C>T p.Leu342Phe Het LP

Case 4 F LHON Mi MT-ND4
(NC_012920.1)

EX1E m.11778G>A p.Arg340His Heterogeneity P

Case 5 M MSUD1B AR BCKDHB
(NM_183050.2)

EX10E

EX7-9

c.1159C>T

EX7-9 DEL

p.Arg387* Het VUS

LP

Case 6 M TDH6 AR DUOX2
(NM_014080.4)

EX20

EX14

c.2635G>A

c.1588A>T

p.Glu879Lys

p.Lys530*

Het LP

P

Abbreviations: Het, heterozygous; P, pathogenic; LP, likely pathogenic; VUS, variant of uncertain significance; G6PD, glucose-6-phosphate dehydrogenase deficiency;
MSUD1B, maple syrup urine disease type 1B; DFNB1A, autosomal recessive deafness 1A; LHON, Leber hereditary optic neuropathy; TDH6, thyroid dyshormonogenesis 6.
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In recent years, genomic sequencing has gradually entered the clinic and has been successfully applied to newborn
screening, especially for patients in NICU. Genomic sequencing is considered an effective method, which can not only
definitively diagnose a disease as soon as possible but also help to uncover the new cause(s) of the disease. Here, we
adopted a new genomic sequencing project (“Angel Care”) based on NGS technology, which involved the detection of
159 disease-associated genes. Our results suggest that the main advantages of “Angel Care” include: (1)
Hyperbilirubinemia is closely related to genetic variation, and neonatal gene screening is helpful to comprehensively
explain its genetic characteristics; (2) compared to WGS and WES technologies, “Angel Care” is simpler, faster and
cheaper. It is a method suitable for population screening.

Hyperbilirubinemia is one of the most common neonatal diseases. Recent studies have shown that certain pathogenic
gene polymorphisms are closely related to the occurrence and development of diseases. However, there has been no study
on large-scale genome sequencing screening so far. With the promotion of neonatal genome screening project, the
patients from NICU constitute a suitable population as in Neoseq,37 Newbie Seq,3 NC NEXUS,4 BabySeq.9 A high
incidence of genetic disorders is often found in this population, and so is a high false-positive rate of TMS screening.
Gene screening programs can contribute to a clear diagnosis as soon as possible.38 Although there is no specific study for
hyperbilirubinemia, gene sequencing in children in NICU has already achieved good results. For example, Dimmock’s
group carried out a randomized, controlled trial of genome sequencing in the children with conditions of unknown
etiology in NICUs.39 A total of 51 (24%) of the 213 enrolled infants were identified with genetic conditions by genomic
sequencing, and their clinical management has significantly improved. The authors came to the conclusion that there is
high clinical utility with rapid genomic sequencing in children from NICU with conditions of unknown etiology. Another
multicenter study explored the feasibility of ultra-rapid exome sequencing in critically ill pediatric patients. Fifty-five
patients (51%) received the molecular diagnoses in 3.3 days, with a 3-fold reduction in the meantime from hospital
admission to diagnosis.40 Instead of WES, we used targeted next-generation sequencing to study hyperbilirubinemia,
which is the main etiology in NICU patients. The results suggest that there is a high risk of genetic variation in neonatal

Table 3 Top Six Pathogenic Genes and Variants in Present Study

Genes n Exon/
Intron

Detected Variant ACMG Classification

cDNA Change Amino Acids Change n

GJB2 (NM_004004.5) 9 EX2E c.109G>A p.Val37Ile 9 P

DUOX2 (NM_014080.4) 5 EX14 c.1588A>T p.Lys530* 2 P

EX25 c.3329G>A p.Arg1110Gln 1 LP

EX20 c.2654G>A p.Arg885Gln 1 P

EX20 c.2654G>T p.Arg885Leu 1 LP

PRODH (NM_016335.4) 4 EX12 c.1322T>C p.Leu441Pro 4 P

ATP7B (NM_000053.3) 4 EX8 c.2333G>T p.Arg778Leu 3 P

EX11 c.2662A>C p.Thr888Pro 1 LP

SLC12A3 (NM_000339.2) 3 EX13 c.1664C>T p.Ser555Leu 1 P

EX1 c.179C>T p.Thr60Met 1 P

EX4 c.539C>A p.Thr180Lys 1 P

SLC26A4 (NM_000441.1) 3 EX13 c.1522A>G p.Thr508Ala 1 P

EX15 c.1692_1693insA p.Cys565Metfs*9 1 P

EX17 c.2009T>C p.Val670Ala 1 LP

Abbreviations: Het, heterozygous; P, pathogenic; LP, likely pathogenic; VUS, variant of uncertain significance.
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hyperbilirubinemia. A 6.25% of cases were suspected to have genetic disorders and 45.8% cases were detected with
carrier status. All patients received a molecular diagnostic report within 7 days. We believe that by taking neonatal
hyperbilirubin as the starting point, we should pay more attention to nGS in NICU.

Glucose-6-Phosphate Dehydrogenase Deficiency (G6PD) is an important cause of neonatal hyperbilirubinemia. It
could cause neonatal hyperbilirubinemia, acute hemolysis, and chronic hemolysis. Because acute hemolysis is caused by
exposure to an oxidative stressor in the form of an infection, oxidative drug, or fava beans, treatment is geared toward
avoidance of these and other stressors. Neonatal hyperbilirubinemia due to acute hemolysis may require phototherapy or
exchange transfusion to prevent bilirubin encephalopathy. However, part of these children with G6PD deficiency also
may be asymptomatic in the neonatal period. So, early screening and prevention of risk factors are important for avoiding
the possible severe hemolysis. It is well known that G6PD deficiency is heterogeneous in different regions and
nationalities. Many areas in southern China have carried out newborn screening programs for G6PD. Current data
showed that the frequencies of G6PD deficiency ranged from 0% to 11.6% in China, and it is especially high in southern
China.41 Compared to healthy newborns, there is a higher risk of hyperbilirubinemia in the patients with G6PD
deficiency.42 G6PD screening has not been routinely carried out in Jiangsu Province, so the importance of G6PD in
neonatal hyperbilirubinemia may be underestimated. Through newborn genome screening, it was found that two of 96
newborns with hyperbilirubinemia were affected by G6PD deficiency, with an incidence rate of 2.1%. Therefore,
newborn genomic screening, particularly in patients with neonatal hyperbilirubinemia, is of great importance.
According to previous reports, the most frequently occurring G6PD variants were c.1376G>T, c.1388G>A, c.95A>G,
c.1024C>T and c.871G>A.43,44 Two cases in this study were detected carrying one likely pathogenic mutation
(c.1388G>A and c.1024C>T) in G6PD gene, which are common variants in Chinese population.

Meanwhile, newborn genome screening provides valuable carrier information, as 45.8% neonatal hyperbilirubinemia
cases were detected with a carrier status for a genetic disorder in present study. It is well known that the mutations in
GJB2 (Cx26) are the main cause of hereditary deafness, with more than 220 different mutations accounting for more than
50% of autosomal recessive nonsyndromic hearing loss.31 Different from European origin,32 c.109G>A is the most

Figure 1 Heatmap of top six pathogenic genes and variants.
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frequent mutation in populations of China in this study, similar to other reports.33,34 This study suggested that the rate of
carrier-status of pathogenic variants in GJB2 gene is 9.4% (9/96) in the newborn with hyperbilirubinemia, which is close
to the report of Yang33 but higher than Zeng’s report. In their studies, their subjects were healthy newborns. DUOX2 is
another gene that deserves the attention in Chinese population studies. A previous study indicated that DUOX2 was the
most common gene mutation in congenital hypothyroidism (CH) infants in China,35 and high phenotypic heterogeneity
was observed.36 Currently, the carrying rate of DUOX2 in newborns is still not clear. Our results show that the carrier rate
was about 5.2% (5/96) in the hyperbilirubinemia infants. The mutations are also well distributed among subjects, which
c.1588A>T (p.Lys530*) may be slightly common.

Although such information does not improve the treatment and prevention of hyperbilirubinemia in patients per se, it
plays a role in future health management, especially for patients’ future reproductive plans and reproductive plans.
Indeed, there are still disputes about whether it is necessary to report carrier information to newborn parents.

This study also has the following limitations. For one, the targeted sequencing panel we audited is not specifically
designed for hyperbilirubinemia, so it does not contain high-frequency pathogenic genes associated with hyperbilirubinemia,
such as UGT1A1, OATP2, HO-1. The sample size of this study is not statistically sufficient, so we could not analyze the
correlation between harmful variants and TSB level or phototherapy effect. The follow-up time of positive cases could be
lengthened, and the variant verification in family was not carried out. In addition, newborns from NICU have a higher risk of
genetic variation and seem that they are more necessary for nGS. However, we should remind ourselves that the genetic
diseases of NICU newborns are more complex. Whether the technology based on NGS panel is enough? Is the effect of WES
technology better? This reminds us that different screening techniques might be selected for nGS in different populations.
However, the current clinical practice is still very limited, which requires us to study more deeply.

In conclusion, taking neonatal hyperbilirubinemia as an example, we confirmed that NICU newborns are closely
related to genetic variation. “Angel Care” is an effective method of genomic sequencing for newborn screening. It
can identify most conditions traditionally included in TMS-NGS screening, while demonstrating a drastic reduction in
false-positive rate. Compared to WGS and WES technologies, it may be a method suitable for population screening.
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