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LETTER TO EDITOR

A pilot study of assessing whole genome sequencing in
newborn screening in unselected children in China

Dear Editor,
We investigated whether screening by whole genome
sequencing (WGS) in unselected newborns provides more
information of potentially curable or treatable medical
conditions than routine newborn screening (NBS). We
demonstrated that compared with routine NBS, WGS pro-
duced fewer false positive results and identified more
actionable pathogenic or likely pathogenic variants in the
selective 246 genes.
Previously, WGS has been used to identify mutated

genes in newborn children with a suspected disease.1
However, sequencing of apparently healthy newborns has
remained controversial due to technical concerns and eth-
ical issues.2 In this study, 321 non-pre-selected newborns
from a cohort of pregnant women in Qingdao, China were
recruited (Table 1). DNA from 303 umbilical cord blood
samples and 18 umbilical cordswas extracted for 40XWGS.
For data interpretation, we selected 251 genes associated
with 59 Mendelian disorders, 164 primary immunodefi-
ciency diseases (PIDs) and five pharmacogenetic (PGx)
genes, following the guidelines by the Recommended Uni-
form Screening Panel (RUSP), the International Union
of Immunologic Societies (IUIS) Expert Committee for
Primary Immunodeficiency, the Dutch Pharmacogenetics
Working Group (DPWG), and the Clinical Pharmacoge-
netics Implementation Consortium (CPIC).3–5 Sequencing
protocol, data analysis pipeline, and criteria for sequence
variants interpretation following the ACMG/AMP guide-
lines are described in the Supporting Information. The
WGS results were compared with NBS results, includ-
ing the mandatory checks of hearing impairment and
four metabolic diseases, the metabolic testing of 48 inher-
ited metabolic diseases (IMDs), and the genetic screening
for 20 hearing loss loci incorporated into the local NBS
program in China.6,7
Among the analysed DNA samples of 321 newborns,

the average sequencing depth was 47.42X (28.84X–82.90X)
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and the average coverage was 99.48% (99.01%–99.89%)
(Figure 1A). For the 59 Mendelian disorders, a total of
131 pathogenic or likely pathogenic (P/LP) mutations and
5 pathogenic copy number variations were detected in 107
of the 321 newborns (33.33%), corresponding to 106 carriers
of 28 diseases and 1 patient with phenylketonuria (PKU)
(Figure 1B and Table 2). The 25.23% of newborns (n = 81)
carried one P/LP mutations, and 7.17% and 0.93% of new-
borns (n = 23 and n = 3) carried two or three P/LP muta-
tions, respectively. Hearing loss, methylmalonic acidemia
(MMA), primary congenital hypothyroidism (CH), and
PKU were diseases with the most carriers, while GJB2
(28/321, 8.72%),MMACHC (11/321, 3.43%), DUOX2 (10/321,
3.12%), PAH (8/321, 2.49%) and SLC26A4 (8/321, 2.49%)
were the top five genes with the highest carrier frequencies
of P/LP mutations (Table 2).
For the 164 PIDs, 9 heterozygous P/LP variants in 6 genes

were identified in 9 newborns (2.80%), all in a heterozy-
gous state (Table 2). Four newborns were shown to carry
heterozygous variant of unknown significance (VUS) in
the gene SLC25A13 (c.2T>C, p.M1T), which was predicted
as start loss and likely affecting the initiator methionine
of the SLC25A13 mRNA. Two newborns carried a VUS
in ASS1(c.-4C>T, p.?). Although these VUSs were not
included in the final report to the participants, follow-up
of the children with VUSs will be conducted till 3 years of
age.
Sanger sequencing confirmed 143 out of 145 mutations

identified by WGS, resulting in an accuracy of 98.62%.
Carriers of SMN1 mutations were validated by multi-
plex ligation-dependent probe amplification and real-time
quantitative PCR, showing that five out of the six predicted
carriers were true.
Of the 321 newborns, 312 (97.20%) had the results of

48 IMDs screening and genetic hearing loss screening on
20 loci, which identified one newborn with PKU and one
infant with increased blood level of isovalerylcarnitine
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F IGURE 1 Overview of the results of newborn WGS in the Qingdao cohort (n = 321). (A) The sequencing quality of WGS results in the
Qingdao cohort (n = 321). (B) Overview of carriers and/or patient identified by WGS in the Qingdao cohort (n = 321). A total of 107 carriers
and/ or patients associated with 34 inherited disorders were identified in the 321 newborns. Of the 136 P/LP mutations, 42.65% corresponded
to genetic disorders, 6.62% were associated with PIDs and 50.74% were related to metabolic disorders, including organic acid conditions
(14.71%), amino acid disorders (14.71%), fatty acid oxidation disorders (7.35%) and endocrine disorders (13.97%). Hearing loss, MMA, CH and
PKU were the most common diseases with carriers, while GJB2 (28/321, 8.72%),MMACHC (11/321, 3.43%), DUOX2 (10/321, 3.12%), PAH (8/321,
2.49%) and SLC26A4 (8/321, 2.49%) were the top five genes with the highest carrier frequencies of P/LP mutations. For the 164 PIDs
recognized by the IUIS, 9 heterozygous P/LP variants in 6 genes, corresponding to 6 diseases, were identified in 9 of the 321 newborn children
(2.80%), all in a heterozygous state. Of these, there are two genes (ADA and JAK3) for which we found two carriers. (C) Distribution of
actionable PGx variants identified by WGS in the Qingdao cohort (n = 321). A clinical management strategy can be adopted for every carrier
according to the DPWG guidelines. Among 321 newborns, 313 newborns (97.51%) in the Qingdao cohort carried at least one clinically relevant
variant, while 193 newborns (60.12%) harboured two and/or three variants. From the perspective of the five crucial pharmacogenes, the
CYP2D6 gene had the highest carrier frequency, where 266 out of the 321 infants (82.87%) harboured at least one actionable PGx variant. The
gene CYP2C19 showed the second-highest carrier rate, where 209 infants (65.11%) carried at least one clinically relevant variant. In addition,
133 and 122 infants carried actionable PGx variants at the gene UGT1A1 and NUDT15, respectively. No actionable variant was identified in the
DPYD gene in the 321 children. Among the selected gene–drug pairs, irinotecan, azathioprine, mercaptopurine and tioguanine were
prescription drugs to paediatric patients, while codeine and clopidogrel are restricted for use of children under 18 years old. Our findings
suggest that participants may obtain benefit from PGx profiling already in early childhood
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F IGURE 1 Continued

(Table 1). In addition, 18 carriers harbouring 20 pathogenic
mutations causing hearing impairment were detected by
genetic hearting loss screening, albeit all 321 children
passed the physical hearing screening at hospital (Sup-
porting Information). The newborn WGS also identified
the PKU case and 18 hearing loss carriers (Figure 2A).
However, the child with increased level of isovalerylcar-
nitine was confirmed to be a carrier of 3-methylcrotonyl-
CoA carboxylase deficiency by WGS. In addition, WGS
identified two infants carrying compound heterozygous
P/LP variants in GJB2 (Figure 3) and four children car-
rying pathogenic mutations in MT-RNR1 (c1095T > C),
suggesting an increased risk of late-onset deafness or
drug-induced hearing loss, respectively. Although cur-
rently non-symptomatic, the two newborns with GJB2
variants were scheduled to undergo hearing tests every
6 months, and the four newborns with the m.1095T
mutation in MT-RNR1 were advised to avoid using
aminoglycosides.
Interestingly, we observed that 313 newborns (97.51%)

carried at least one actionable PGx variant (Figure 1C).
This result is in line with a European 44 000 biobank
participants study, where 99.8% of the participants had
a genotype associated with increased risks to at least
one medication.8 Furthermore, we found three common
PGx variants in the Qingdao cohort, CYP2D6*10 (48.60%),
NUDT15*3 (13.08%) andUGT1A1*6 (21.18%) (Figure 2B and
Table 3), that showed significant frequency differences as
compared to East Asian populations (p < 0.05). An impor-

tant aspect when screening for disorders in a given popula-
tion is the use of amatched control database as variants can
be highly specific for a given ethnic group.9 Most databases
published to date are based on individuals of Euro-
pean descent and many populations have limited or poor
representation.
Limitations of the current study are the small sam-

ple size and restricted metabolic tests. A large-scale NBS
effort is needed to validate our findings and fully investi-
gate the treatable or curable medical conditions in new-
borns. The technical challenge of newborn WGS is to
screen genes with high homology due to the misalign-
ment of short-read sequencing. Therefore, the customized
pipeline is needed to improve the accuracy and sensitiv-
ity of SNVs at genes with high-level homology. Albeit the
present cost and turnaround time of WGS is several times
more than the present NBS methods, in the forseeable
future the pitfalls of WGS cost and turnaround time will
likely facilitate the application of newborn WGS in NBS
programs.
In our study, selective identification of genomic data,

where therapeutic options are available, did not vio-
late the Wilson–Jungner criteria10. Our work provides a
basis for future research on expanding screening genes
and diseases in newborn screening program. Given ade-
quate cost-effectiveness, WGS should be considered in
future newborn screening programs. Further discussion
of the interpretation accuracy and ethical use of genomic
information needs to take place on a global scale.
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F IGURE 2 (A) Comparison between the findings of newborn WGS and routine NBS in the Qingdao cohort (n = 321). The findings of
routine NBS tests are summarized on the left side of (A). In total, 18 carriers of hearing loss associated genes, one patient with PKU and one
false positive result of C5-OH were detected by existing routine methods. The findings of WGS are shown on the right side of (A). The WGS
results confirmed the positive routine NBS findings of 18 carriers of hearing loss and the case with increased level of Phe. However, the infant
with a routine NBS showing an increased level of C5-OH (sample ID 18110806) was found to carry one pathogenic mutation inMCCC1,
corresponding to being a carrier of 3-methylcrotonyl-CoA carboxylase deficiency (3MCCD). The newborn WGS also identified more infants
carrying extra hearing loss mutations that were not identified by the routine NBS method, including 2 newborns carrying compound
heterozygous P/LP variants in GJB2, 4 newborns harbouring a pathogenic mutation inMT-RNR and 17 additional carriers harboured
altogether 19 variants. Moreover, newborn WGS identified 59 extra carriers carrying 66 P/LP variants corresponding to 18 inherited metabolic
diseases that could not be identified by the routine NBS tests. The abbreviations of diseases and the summary of are listed in Table S1. (B)
Comparison of allele frequency of actionable PGx variants between the Qingdao cohort and five subpopulations of the 1000 Genome Project
dataset, including East Asians (EAS), South Asians (SAS), Africans (AFR), Europeans (EUR) and Americans (AMR). In most cases, the allele
frequency of the Qingdao cohort is consistent with the EAS, but differed significantly with the SAS, the AFR, the EUR and the AMR, such as
CYP2C19*2, CYP2C19*3 and NUDT15*6. It should be noted, however, that three common PGx variants in the Qingdao cohort, CYP2D6*10
(48.60%), NUDT15*3 (13.08%) and UGT1A1*6 (21.18%), showed significant frequency differences with the EAS (p < 0.05), indicating population
diversity within the East Asians. Notably, two rare variants, CYP2D6*8 (1.87%, n = 11) and CYP2C19*6 (0.16%, n = 1) which have not been
reported in any subpopulation in the 1000 Genome phase 3 dataset and were first detected in our Qingdao 321 newborns
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