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Population-scale genomic screening
reveals high frequency of actionable
secondary findings in Chinese newborns

Check for updates

YushanHuang1,2, YaGao2,3, ZonghaoDuan1,4, Xiao Jia5, Yue Sun6, Chunhua Liu7, Hui Huang8, Junnian Liu9,
Silin Pan6, Xin Jin2,3 & Mingyan Fang2,3

Secondary findings (SFs) from genome sequencing have significant implications for disease
prevention and early intervention, yet their population-specific spectrum remains poorly characterized
in non-European cohorts. We performed whole-genome sequencing of 6685 Chinese newborns and
evaluated pathogenic variants in 84 genes from the American College of Medical Genetics and
Genomics (ACMG) SF v3.3 list according to ACMG/Association for Molecular Pathology (AMP)
classification guidelines, and cross-referenced against ClinVar. We identified 306 unique actionable
variants, comprising 172 known pathogenic variants (KP) and 134 expected pathogenic variants (EP).
When heterozygous carriers of autosomal recessive (AR) variants were included, 9.12% (610/6685) of
newborns carried at least one pathogenic variant. Under ACMG SF criteria, clinically actionable
variants were identified in 5.06% (338/6685) of newborns, predominantly affecting cardiovascular
disease genes (3.49%) and cancer predisposition genes (1.26%), most commonly involving LDLR,
TTN, and BRCA2. Importantly, 28 variants across 12 genes showed significant allele frequency
divergence between Chinese and European ancestries, highlighting ancestry-specific genetic
architecture. Our findings support the inclusion of high-penetrance genes prevalent in East Asian
populations in population-tailored genomic screening panels, providing essential reference data for
the equitable implementation of precision newborn genomics in underrepresented populations.

Over the past two decades, the rapid advancement of high-throughput
sequencing (HTS) technologies has significantly reduced the costs of
sequencing and genetic analysis, driving the widespread adoption of genetic
sequencing in the clinical practice. Beyond enablingmolecular diagnosis for
specific clinical symptoms, HTS can also identify pathogenic genetic var-
iants unrelated to the current symptoms but with potential medical sig-
nificance—termed secondary findings (SFs)1. SFs, often associated with
severe genetic disorders, play a critical role in early disease prevention, risk
prediction, and precision healthcare management. According to guidelines
from the American College of Medical Genetics and Genomics (ACMG)2,3,
known pathogenic (KP) or expected pathogenic (EP) variants within its
recommended gene list should be clinically reported, regardless of their
relevance to the primary diagnostic goal. The ACMG guidelines emphasize
that early identification of SFs provides actionable insights for disease

prevention and timely intervention, underscoring their value in improving
clinical decision making and patient outcomes.

In 2013, the ACMG first recommended the reporting of SFs limited to
known pathogenic (P) or likely pathogenic (LP) variants, initially com-
prising 56medically actionable genes associatedwith 24 severe but clinically
intervenable genetic disorders, including hereditary cancer syndromes,
cardiomyopathies, andmiscellaneous groups2. By 2017, the ACMG SF v2.0
expanded to 59 actionable genes, adding genes linked to arrhythmias and
metabolic diseases4. In 2021, the ACMG updated to SF v3.05, incorporating
73 genes, including 14 newly added genes. Subsequently, it was further
upgraded to SF v3.2 in 20236, encompassing 81 genes, reflecting significant
advancements in human genetics and disease etiology over recent years.

The evolution of the ACMGguidelines has driven a decade of research
into medically actionable variants across diverse ethnic populations,
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revealing profound ethnic heterogeneity in the prevalence of SFs.
Population-specific analyses have demonstrated striking disparities:
European-ancestry populations exhibit a 2% prevalence of pathogenic
SNVs, while African-ancestry populations show a lower prevalence of
approximately 1.2%7. East Asian-ancestry populations display even greater
complexity, with reported frequencies ranging from 1.67% to 21% across
196 Korean exomes (7%)8, 2049 Japanese cohorts (21%)9, 1559 Thai
populations (11.9%)10, 1496 Taiwanese samples (1.67%)11 and 954 mixed
East Asians (2.5%)12. This remarkable inter-population variability goes
beyond mere epidemiological observation, fundamentally reshaping our
conceptual framework for the implementation of clinical genomics, and
underscoring the critical gap in comprehensive Chinese population data.

The 2025 release of ACMG SF v3.3 list, which includes 84 genes asso-
ciated with 52 inherited disorders or phenotypes13, has not yet been system-
atically evaluated in Chinese populations. Given the demonstrated
population-specific variant architecture, empirical evaluation of the fre-
quency of SFs in healthy Chinese populations is scientifically imperative.
Here, we analyzed whole-genome sequencing data from 6,685 unselected
newborns to systematically characterize the spectrum and population fre-
quency of SFs under the updated ACMG SF v3.3 framework, thereby
establishinga foundational evidencebases for thedevelopmentofpopulation-
tailored genomic screening strategies in Chinese healthcare systems.

Results
Population characteristics
The 10K Newborn Genome Screening Project (QDnewborn) is a large
Chinese newborn cohort comprising 9992 neonates from Qingdao, Shan-
dong Province, China. Of these, 6685 (66.90%) with high-quality genomic
data (mean sequencing depth, 65.29×) and research consentwere included in
this analysis. The final cohort comprised 3392 males (50.74%) and 3293
females (49.26%), predominantly of Northern Han Chinese ancestry.

Actionable variants in Chinese newborns
Using the established QDnewborn cohort, we characterized pathogenic
variants within the 84 ACMG-recommended SF genes in 6685 Chinese
neonates. As shown in Fig. 1, a total of 399,037 variants within the 84
ACMG-reportable genes were identified in our cohort, including
365,090 single nucleotide variants (SNVs) and 33,947 insertions and dele-
tions (InDels). Following variant annotation (see Methods), a subset of
221,422 variants across coding region, introns, splice sites and UTRs was
selected for further pathogenicity assessment, with the coding region
accounting for 5.56% (12,301/221,422) of the total. Among the coding
region variants, nonsynonymous and synonymous variants comprised
96.84% (11,912/12,301) (Supplementary Table S1).

According to the ACMG/AMP standards and guidelines for variant
classification (see Methods), 306 unique variants were defined as actionable
pathogenic variants.Of these, 172 variantswere classified asKPvariants based
on P/LP status (≥2 stars) in the ClinVar database, and the remaining 134
truncating variants were classified as EP variants (Supplementary Table S2).
By inheritance pattern, 210 variants were associated with genes underlying
autosomal dominant phenotypes, 94 with autosomal recessive phenotypes,
and 2 with X-linked phenotypes. Detailed classification and supporting evi-
dence for all P/LP variants are provided in Supplementary Table S2.

Among genes associated with autosomal recessive (AR) conditions,
MUTYH showed the highest proportion of actionable variants (2.40%),
followed by GAA (2.18%), CYP27A1 (1.27%) and ATP7B (1.05%). In
autosomal dominant (AD) inheritance patterns, the highest proportion of
actionable variantswereobserved in theDES (1.03%), LDLR (0.95%),MEN1
(0.91%) and BRCA2 (0.86%) genes (Supplementary Table S3). Among
X-linked genes, 0.60% of the variants in GLA gene were classified as
actionable variants.

Estimation of the population frequency of actionable variants
At the individual level, approximately 9.12% (610/6685) of Chinese new-
borns carried at least one pathogenic variant, with an average of 0.10

pathogenic variants per newborn (Fig. 2A). After excluding heterozygous
carriers of autosomal recessive variants (not meeting ACMG-reportable
criteria), the clinically reportable population frequency of actionable
pathogenic variants was 5.06% (338/6685) (Fig. 2B). For the autosomal
dominant conditions, such as cardiovascular and cancer diseases, 3.49%
(233/6685) of newborns harbored actionable variants in 26 cardiovascular
disease genes, while 1.26% (84/6685) had variants in 13 cancer predis-
position genes (Fig. 2C). For inheritedmetabolic disorders (AR conditions),
1.85% (124/6685) of the cohort were identified as heterozygous carriers of
actionable variants, and no individuals with biallelic pathogenic variants
were detected (Supplementary Table S4).

Gene-level analysis revealed that 11 recessive or X-linked genes had
pathogenic variants detected in multiple individuals, with ATP7B (1.33%,
89/6685), CYP27A1 (1.06%, 71/6685), GAA (0.73%, 49/6685) and TRDN
(0.49%, 33/6685) showing the highest carrier frequencies in Chinese new-
borns (Fig. 2D). Notably, one compound heterozygote was identified in
ATP7B. Pathogenic variants in ATP7B cause Wilson’s disease, a condition
characterized by impaired excretion of copper ions, resulting in toxic
accumulation in the liver, brain, and other tissues14. The CYP27A1 gene,
newly added to the SF v3.3 list, which is associated with cerebrotendinous
xanthomatosis (CTX). The reported incidence of CTX ranges from
1:134,970 to 1:461,358 among Europeans, 1:71,677 to 1:148,914 in the
Americans, and approximately 1:64,000 in East Asians. Due to insidious
symptoms and delayed diagnosis, the actual prevalence of CTX may be
underestimated, making early identification through genetic screening
crucial for improving prognosis15.

In contrast, gene-level analysis demonstrated that multiple autosomal
dominant genes harbored pathogenic variants across distinct individuals
(Fig. 2E). Specifically, LDLR exhibited the highest frequency of pathogenic
variants in our cohort, followedbyTTN.Mutations in theLDLR gene are the
primary cause of familial hypercholesterolemia (FH), accounting for
approximately 60% to 80% of cases16.

TTN mutations, particularly truncating variants (TTNtv), represent
the most prevalent genetic cause of dilated cardiomyopathy (DCM), the
most common childhood cardiomyopathy, which is associated with sig-
nificant morbidity and mortality17. A total of 67 TTNtv were initially
identified in our cohort through the LOF prediction pipeline (Supple-
mentary Table S5). These variants were distributed across sarcomeric
regions: 34.33%(23/67) located in theA-band, 52.24%(35/67) in the I-band,
7.46% (5/67) in the M-band, and 5.97% (4/67) near or within the Z-disk.
Applying theTTN-specific filtering criteria described inMethods (PSI ≥ 0.9
for constitutively expressed exonsorA-band localization for splice variants),
33 variants were excluded and 34 high-confidence TTNtv were retained for
pathogenicity assessment: 23 located in the A-band, 5 in the M-band, 5 in
the I-band, and 1 near the Z-disk. All 34 retained variants were classified as
pathogenic/likely pathogenic and included in the actionable variant set.
Notably, 68% (23/34) were located in the A-band, the sarcomeric region
most strongly associated with dilated cardiomyopathy18.

BRCA2 was the most common AD cancer predisposition gene, which
is associated with increased susceptibility to breast and ovarian cancer19,20.
We also identified actionable variants in twelve other cancer-related genes,
including PALB2, PMS2, BRCA1,MSH6,MEN1, SDHB, VHL, TSC2, RET,
TP53, SDHAF2, and APC. Specifically, no homozygous individuals were
observed for any of the analyzed genes.

Population-specific patterns of actionable variants
We further investigated population stratification in the distribution of
actionable pathogenic variants across global populations. The results
revealed significant differences in the allele frequencies of actionable
pathogenic variants between Chinese and European populations (Table 1).
A total of 28 P/LP variants across 12 genes showed marked population-
specific differences, highlighting the importance of ancestry-specific con-
siderations in SFs reporting.

Notably, four variants exhibited elevatedminor allele frequencies in the
Chinese cohort compared to non-East Asian populations: APOB
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(NM_000384.3: c.10579 C > T (p.Arg3527Trp)) (Fig. 3A), ATP7B
(NM_000053.4:c.2975 C > T (p.Pro992Leu)) (Fig. 3B), CYP27A1
(NM_000784.4:c.410 G >A (p.Arg137Gln)) (Fig. 3C), and LDLR
(NM_000527.5:c.1747 C > T (p.His583Tyr)) (Fig. 3D). Conversely, Eur-
opean populations displayed significantly higher allele frequencies for
ATP7B (NM_000053.4: c.122 A >G (p.Asn41Ser)) (Fig. 3E), ATP7B
(NM_000053.4:c.2605 G >A (p.Gly869Arg)) (Fig. 3F), GAA
(NM_000152.5:c.-32-13T >G) (Fig. 3G) and HFE
(NM_000410.4:c.845 G >A (p.Cys282Tyr)) (Fig. 3H).

A particularly striking example was observed in the p.C282Y variant in
the HFE gene. Its allele frequency exceeds 6.50% in European (EUR),
Admixed American populations (AMR) and African/African American
(AFR) (AFgnomAD_EUR = 0.071, AFgnomAD_AMR = 0.015 and
AFgnomAD_AFR = 0.011), but is rarely detected in the East Asian population
(AFQDnewborn = 0.0007 andAFgnomAD_EAS = 0.0002). This genetic difference
aligns with epidemiological data showing a lower burden of hereditary
hemochromatosis in East Asians compared to other ethnic groups (e.g.,
12.5% in Ireland)21. HFE-related hemochromatosis (HH) represents the
most prevalent genetic iron overload condition among European popula-
tions, especially those with northern European heritage. The p.C282Y
variant in the HFE gene is the most common mutation, occurring in
approximately 1 out of every 10 individuals of northern European ancestry,
resulting in a homozygous frequency of 1 in 200 individuals22,23. In contrast,
the HFE p.C282Y mutation is almost entirely absent in East Asian popu-
lations, such as Chinese, Koreans, and Japanese.

Given the ancestry-related variation in disease prevalence, the
recommendation for secondary findings should prioritize phenotypes and
genes with high penetrance in the East Asian population. For example, Pei-
KuanCong et al. suggested that the highly penetrant SLC25A13 gene in East
Asian populations24, which is associated with Citrin deficiency, should be
included in the recommendation list. Citrin deficiency is an autosomal
recessive inheritedmetabolic disorder initially reported and predominantly

identified in individuals of East Asian ancestry. In our cohort, nine het-
erozygous P/LP variants in the SLC25A13 gene (Supplementary Table S6),
(NM_014251.3: c.852_855del (p.Met285Profs*2)) (AFQDnewborn = 0.0021),
(NM_014251.3.6: c.1177+1 G >A) (AFQDnewborn = 0.00075),
(NM_014251.3:c.615+5 G >A) (AFQDnewborn = 0.0007), (NM_014251.3:
c.1399 C > T (p.Arg467*)) (AFQDnewborn = 0.0005), (NM_014251.3:
c.1048 G >A (p.Asp350Asn)) (AFQDnewborn=0.0002), (NM_014251.3:
c.550 C > T (p.Arg184*)) (AFQDnewborn = 0.00015), (NM_014251.3:
c.1078 C > T (p.Arg360*)) (AFQDnewborn = 0.000075), (NM_014251.3:
c.955 C > T (p.Arg319*)) (AFQDnewborn = 0.000075) and (NM_014251.3:
c.775 C > T (p.Gln259*)) (AFQDnewborn =0.000075) were detected in 1.06%
(61/6,685) of individuals. Notably, the NM_014251.3: c.852_855del variant
was enriched among East Asians (AFQDnewborn = 0.0021 and
AFgnomAD_EAS = 0.0040) but very rarely detected in other populations.

Similarly, we have found that combined methylmalonic aciduria
and homocystinuria, cblC Type (MAHCC, OMIM277400) also exem-
plifies these principles. Methylmalonic aciduria and homocystinuria
(MAHC) comprises a group of autosomal recessive disorders caused by
pathogenic variants in multiple genes, resulting in distinct subtypes.
Among these, the cblC type represents the most prevalent congenital
disorder affecting vitamin B12 (cobalamin, Cbl) metabolism. This form
is caused by mutations in the MMACHC gene, which is located on
chromosome 1p34.125. Estimates indicate that the incidence in Western
populations ranges from approximately 1:46,000 to 1:200,000, whereas
East Asian populations exhibit a higher prevalence, with rates between
roughly 1:3,220 and 1:21,48826. In our cohort, 11 heterozygous P/LP
variants in the MMACHC gene (Supplementary Table S7),
(NM_015506.3:c.609 G > A (p.Trp203*)) (AFQDnewborn = 0.0032),
(NM_015506.3: c.658_660del (p.Lys220del)) (AFQDnewborn = 0.0018),
(NM_015506.3: c.80 A > G (p.Gln27Arg)) (AFQDnewborn = 0.0007),
(NM_015506.3: c.565 C > T (p.Arg189Cys)) (AFQDnewborn = 0.0005),
(NM_015506.3: c.617 G > A (p.Arg206Gln)) (AFQDnewborn = 0.0003),
(NM_015506.3: c.445_446del (p.Cys149Hisfs*32))
(AFQDnewborn = 0.0003), (NM_015506.3: c.481 C > T (p.Arg161Ter))
(AFQDnewborn = 0.0002), (NM_015506.3: c.541_548del
(p.Asp181Thrfs*5)) (AFQDnewborn = 0.0001), (NM_015506.3:
c.228_231del (p.Asp77Glnfs*22)) (AFQDnewborn = 0.0001),
(NM_015506.3: c.389 A > G (p.Tyr130Cys)) (AFQDnewborn = 0.0001)
and (NM_015506.3: c.452 A > G (p.His151Arg))
(AFQDnewborn = 0.0001) were detected in 1.45% (97/6,685) of indivi-
duals. The most common mutation was NM_015506.3: c.609 G > A
(AFQDnewborn = 0.0032, and AFgnomAD_EAS = 0.0003), which was repor-
ted as the most frequent mutation in the Chinese population with cblC
disease, followed by NM_015506.3:c.658_660del and
NM_015506.3:c.80 A > G26.

Discussion
This study represents the first evaluation of frequencies of secondary find-
ings in a cohort of healthy Chinese newborns using the ACMG SF 3.3
framework.Weanalyzed genome sequencingdata from6685newborns and
interpreted variants according to ACMG/AMP guidelines, identifying 306
unique actionable pathogenic variants across 84 ACMG-recommended
genes. Overall, 9.12% (610/6685) of newborns carried at least one patho-
genic variant when heterozygous carriers of autosomal recessive variants
were included. After excluding carriers of AR variants, the frequency of
clinically reportable findings was 5.06% (338/6685).

Our results align with previous studies of secondary findings in Chi-
nese populations. Huang et al. (2022)27 reported a reportable SF variant
frequency of 5.3% using the ACMG SF v3.0 framework in a clinically
referred cohort, providing an early baseline for the Chinese population.
Using the updated ACMG SF v3.3 gene list in an unselected newborn
population, we observed a comparable reportable frequency of 5.06%.
Beyond this consistency, our study extends prior work by applying whole-
genomesequencing to a large,population-basedcohort ofhealthynewborns
and incorporating newly added actionable genes, offering updated and

Fig. 1 | The workflow diagram of secondary findings (SFs).
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complementary insights into the spectrum and population frequency of SFs
at the earliest stage of life.

Previous studies on SFs from exome sequencing and genome
sequencing have reported variable frequencies of P/LP variants. The rate of
SFs variants we observed falls within the range of previously published
studies8,9,28. The highest reported frequency 21% came from a study of 2049
Japanese individuals9, followed by 8.5% in a cross-population analysis of
1092 asymptomatic individuals28, 8% in 1254 Saudi population29, and 7% in
196 Korean population8. Lower rates were documented in European (2%)7,
African (1.2%)7, Chinese (5.3%)27, Taiwanese (1.86%)30, and broader East
Asianpopulations (datanot specified)12. Thedifferences in SFs variants rates
between different populations may arise from multiple factors, including
differences in sequencing methodologies, variant classification criteria,
reference databases, candidate gene panels, different filtering strategies and
study populations. Among these, discrepancies in reference databases,
variant classification standards and population background are the main
causes of differences in SFs frequencies. Therefore, to enable more accurate
and comprehensive reporting of SFs variants, we propose that collaborative
efforts among research groups across countries are imperative to establish
unified variant classification strategies.

Notably, previous studies on SFs had primarily focused on patient
populations spanning a wide age range8,27,31—a likely reason for sub-
stantial variability in the previously reported SFs rates, given their focus
on individuals with specific phenotypes. In our study, our cohort
consisted solely of unselected newborns, and phenotypes associated
with P/LP variants may not manifest at this age, supporting their
classification as SFs—i.e., unrelated to primary clinical presentations in
neonates. Based on our observations, we found that actionable patho-
genic secondary findings are relatively common in the Chinese new-
born population. Relevant studies indicated that individuals carrying
pathogenic variants in ACMG actionable genes faced a significantly
elevated overall risk of developing related diseases or clinical
features32,33. We emphasize that SFs hold substantial practical value in
the early monitoring and intervention of late-onset diseases.

ACMGsecondaryfindings are typically associatedwith conditions that
manifest later in life but may benefit from early risk assessment and pre-
ventive strategies. In contrast to congenital disorders presenting at birth,
these conditions often remain asymptomatic during childhood but can
progress to severe complications in adulthood if unrecognized. The iden-
tification of such variants in newborns may enable earlier risk stratification

Fig. 2 | Landscape of actionable variants in the QDnewborn cohort.
A Distribution of individuals based on the number of actionable variants in the
QDnewborn cohort.BDistribution of individuals based on the number of actionable
variants in the QDnewborn cohort, excluding heterozygous carriers of autosomal
recessive variants. C Distribution of individuals with actionable variants in auto-
somal dominant genetic disorders, categorized by phenotype in the QDnewborn
cohort. D Distribution of individuals with actionable variants in recessive or

X-linked genes (top panel) and the corresponding number of actionable variants per
gene (bottom panel) in the QDnewborn cohort. The top panel shows the count of
individuals by genotype (Het: heterozygous; Comp Het: compound heterozygous;
Hom: homozygous). ENumber of individuals with actionable variants in dominant
genes (top panel) and the associated number of actionable variants per gene (bottom
panel) in the QDnewborn cohort.
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and longitudinal monitoring, potentially shifting clinical management
toward preventive care when appropriate.

In our cohort, LDLRwas the most frequently detected gene associated
with familial hypercholesterolemia. Previous studies have shown that FH
patients with pathogenic variants frequently exhibit elevated LDL-C levels
and face an increased risk of cardiovascular disease34. For newborns iden-
tified with LDLR SFs, long-term follow-up and family-based cardiovascular
risk assessment may be warranted. Consistent with current pediatric FH
management guidelines35,36, early recognition enables timely lipid mon-
itoring and age-appropriate interventions, including childhood statin
therapy when indicated31,37,38.

The identification of ACMG SFs in newborns may also facilitate cas-
cade genetic testing among first-degree relatives. A follow-up survey from
the BabySeq project39 revealed that a substantial proportion of families
(76.5%) pursued additional clinical evaluations or genetic testing after
receiving unanticipatedmonogenic findings. For instance, threemothers of
infants with BRCA2 or MSH2 variants elected to undergo cancer risk-
reducing surgeries after learning of their genetic risks through cascade
testing. Thesefindings suggest that identifyingACMGSFs innewbornsmay
contribute to earlier detection of at-risk relatives and enable family-wide
preventive care.

Nevertheless, the return of adult-onset secondaryfindings in newborns
remains ethically and clinically debated, particularly regarding autonomy
and long-term psychosocial impact40,41. Careful consideration of reporting
criteria, informed consent processes, and population-specific risk–benefit
balance is essential.

Overall, early identification allows for timely intervention, long-term
disease prevention, and improved family planning decisions, ultimately
supporting better health outcomes across the lifespan.

Our analysis centered on the ACMG-recommended 84-gene panel,
which, while broadly applicable, may exclude genes with higher prevalence
or penetrance inAsian populations. For example, SLC25A13—the causative
gene for citrin deficiency, a disorder with high penetrance in East Asia24—
carried nine heterozygous pathogenic variants in 1.06% (61/6685) of our

cohort, a frequency rarely reported innon-Asianpopulations.MMAHCC—
the causative gene for combined methylmalonic aciduria and homo-
cystinuria, cblC Type, which was reported to have a higher prevalence in
East Asian populations26. In our cohort, 11 heterozygous P/LP variants in
the MMACHC gene were detected in 1.45% (97/6685) of individuals.
Therefore, we suggested that high-penetrance genes in East Asian popula-
tions, like SLC25A13 and MMAHCC, should be included in the
recommendation list.

Interpreting SFs inherently involves ethical dilemmas, particularly
regarding neonatal and pediatric testing. Some argue against predictive
testing in young children due to potential psychological burdens and
ethical complexities, but the ACMG recommends that age should not
restrict the search for or reporting of actionable SFs2. The goal of such
reporting is to identify clinically actionable pathogenic mutations,
enabling healthcare providers and individuals to proactively implement
preventive or therapeutic strategies. From this perspective, respecting
participants’ autonomy and facilitating their access to beneficial geno-
mic information represents a responsible approach to balancing scien-
tific utility with ethical integrity.

While this study represents the first report on the frequency and
spectrum of SFs in Chinese normal newborn population, this study has
several limitations. First, focusing solely on newbornsmay introduce ethical
considerations regarding predictive testing in this population. Second, the
absence of familymember data/samples hindered our ability to characterize
de novo mutations and assess their pathogenicity. Third, as participants
were predominantly fromQingdao, China, resultsmay not generalize to the
entire Chinese newborn population; thus, further randomized sampling is
required to determine the true SFs rate in this demographic.

In conclusion, based on the latest ACMG SF v3.3 gene list, this study
focused on investigating the spectrum and frequency of SFs in the Chinese
newborn population. Our findings reveal that clinically actionable SFs are
not rare in the Chinese newborn population, and further follow-up and
monitoring may facilitate the early diagnosis and precise treatment of
specific human diseases.

Fig. 3 | Comparison of the non-reference allele frequency of eight population-
specific actionable variants across global populations.
A NM_000384.3:c.10579C>T in APOB. B NM_000053.4:c.2975C>T in ATP7B.
C NM_000784.4:c.410G>A in CYP27A1. D NM_000527.5:c.1747C>T in LDLR.
E NM_000053.4:c.122A>G in ATP7B. F NM_000053.4:c.2605G>A in ATP7B.

G NM_000152.5:c.-32-13T>G in GAA. H NM_000410.4:c.845G>A in HFE. Bars
represent non-reference allele frequencies in QDnewborn cohort (Chinese new-
borns, n = 6685) and the Genome Aggregation Database (gnomAD) reference
populations (EUR, European; EAS, East Asian; AMR, Admixed American; SAS,
South Asian; AFR, African/African American).
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Methods
Subject and consent
We recruited 9992 newborns fromQingdao, Shandong province, China.
All participating newborns were enrolled in the WGS-based newborn
screening program, with genome sequencing provided as a free service.
Of these, 7140 families signed additional informed consent forms
granting permission for the use of their children’s genomic data in
research. All research protocols were approved by the Ethics Committee
of the QingdaoWomen and Children’s Hospital (Approval No. QFELL-
KY-2020–29) and BGI Research (Approval No. NO.BGI-IRB20065).
Written informed consent was obtained from the parents or legal
guardians of all neonates participating. Participants were free to with-
draw from the study at any time. All procedures involving human par-
ticipants were conducted in accordance with the ethical standards of the
institutional research committees and with the Declaration of Helsinki
and its later amendments.

Genome sequencing
Heel prick spots were collected from all subjects three days after birth, and
genomic DNA was extracted using the MagPure Tissue & Blood DNA LQ
Kit (Magen, Guangzhou, China). DNAqualitywas assessed usingQubit 3.0
fluorometer and agarose gel electrophoresis. Genome sequencing was
performed using libraries constructed according to MGI guidelines
(Shenzhen, China) and sequenced on the MGI DNBSEQ platform42, to
achieve 30X coverage depth with 100 bp paired-end reads.

Alignment and variant calling
Variant detection and joint genotype calling analyses were performed
using the ZTRON and ZBOLT43 pipeline (MGI, Shenzhen, China),
following the GATK’s best practices recommendations44. The Burrows-
Wheeler Aligner (BWA)45 was used to align sequencing reads from each
sample to the GRCh38 reference genome, followed by the post-
processing steps, including duplicate marking, InDel realignment, and
base quality score recalibration (BQSR). The alignment sequences were
stored in BAM format and underwent variant detection using GATK46

HaplotypeCaller. Joint variant calling was performed using ZBOLT
Joint-Calling (v1.0) after generating of single-sample GVCF file. Variant
Quality Score Recalibration (VQSR) was applied using GATK (v4.1.7.0)
with specific training sets and annotations for SNPs and INDELs.
Finally, variants that passed the VQSR filtration were retained for
downstream analysis. Multi-allelic sites were normalized into bi-allelic
variants using BCFtools (v1.9)47,48.

Sample and variant quality control (QC)
Rigorous sample and variant QC steps were applied to ensure data
integrity. For sample QC, the following criteria were applied: base
quality (Q20) > 90% andQ30 > 80%; GC content between 39% and 44%;
mapping rate > 98%; N content rate < 1%; mean sequence depth > 15X;
20X coverage > 90%; total autosomal bi-allelic SNVs ranging from 2.4 M
to 3.75 M; total singletons < 100 K; ratio of heterozygous to homozygous
variants < 3.3; samples with a call rate > 90% were included. Sample
contamination was assessed using VerifyBamID2 (v 2.0.1)49, excluding
samples with a freemix > 0.05. Sex determination employed SAMtools47

(v1.3) to calculate the X-to-autosome (X/A) ratio of sequencing depths,
classifying samples with X/A ratio <0.75 as male and >0.75 as female.
Samples showing discrepancies between inferred genetic sex and
documented sex at birth were excluded.

Variant QC involved multiple filtering steps. Variants with ExcessHet
>54.69or an inbreeding coefficient < -0.3were excluded.Variants that failed
to achieve high-quality genotypes in all samples or showed Hardy-
WeinbergEquilibrium(HWE)p value < 1E–06 (determinedbyVCFtools (v
0.1.13))50 were excluded. Individual genotypes with GQ< 20 or DP < 10
were designated asmissing data, and variants with >15%missing genotypes
across individuals were excluded. KING (v 2.2.7)51 was used to infer the
kinship and identify unrelated individuals.

Variant annotation
The function effects of variants were annotate using ANNOVAR52 (version
20200607) with various databases, including RefGene, ESP, ExAC, ClinVar
and so on. The ACMG SF v3.3 list includes 84 genes, comprising 42 genes
related to 19 cardiovascular phenotypes, 28 genes related to 19 cancer
phenotypes, 9 genes related to 7 miscellaneous phenotypes and 5 genes
related to 5 inborn errors of metabolism phenotypes. Variant annotation
was limited to the 84 genes recommended by the ACMG SF v3.3 list.
Variants were classified into functional categories, such as nonsynonymous,
synonymous, intronic, splicing, 5’-untranslated region (UTR), and 3’-UTR.
Variants located in the coding region, splice sites, intronic and UTRs were
selected for further pathogenicity evaluation. The pathogenicity of variants
was predicted using SIFT53, PolyPhen54,55 and MutationTaster56.

To identify the candidateP/LPvariants,we retrieved theNCBIClinVar
database57 (release 20250615, the raw VCF files was downloaded from
https://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh38/archive_2.0/2025/
clinvar_20250615.vcf.gz). In the ClinVar database, a variant is classified as
high-confidence P/LP variant if it meets the following criterion: 1) the
variant was annotated with a review status of two stars or above (≥2 stars);
and 2) the variant was annotated as “Pathogenic” or “Likely Pathogenic” or
“Pathogenic/Likely Pathogenic” with no conflicting interpretations. Fol-
lowing the criteria above, we retrieved a total of 82,811 high-confidence P/
LP variant with a review status of 2 stars or higher from the ClinVar
database. Additionally, for the HFE gene, only HFE (NM_000410.3:
c.845 G >A (p.Cys282Tyr)) was retained. Allele frequency for each variant
was obtained from our cohort and the Genome Aggregation Database
(gnomAD, v4.1.0)58.

Variant classification
To reduce the variants list to a manageable size, we prioritized variants
reported as P/LP ( ≥ 2 stars) in the ClinVar database. Variants were iden-
tified by matching genomic coordinates, reference allele, and alternative
allele to P/LP variants reported in ClinVar. These variants were categorized
as KP (known pathogenic) variants. The remaining variants, which were
previously unreported but predicted to result in loss-of-function (LOF)
(including nonsense, frameshift, and splice site disrupting variants), were
classified as EP (expected pathogenic) variants. We used the Variant Effect
Predictor (v103)59 and the LOFTEE plugin60 (https://github.com/konradjk/
loftee) to identify LOFvariants, including stop gain, splice-site, or frameshift
variants, which were predicted with “high confidence” to significantly dis-
rupt gene function.

Given the large size and complex structural characteristics of the TTN
gene, we followed the management strategy for TTN-truncating variants
(TTNtv) proposed by Roberts et al18. for further gene-specific filtering.
TTNtv identified by the LOF prediction pipeline were annotated according
to sarcomeric band location (A-band, I-band, M-band, or Z-disk) using
reference coordinates from theTTN transcript annotations database (http://
cardiodb.org/titin)18.Variantswere retained as expectedpathogenic variants
if they met one of the following criteria: 1) the variant is located in exons
shared byN2BA andN2B isoforms, with a percentage spliced in (PSI) ≥ 0.9;
or 2) for splice site variants, they must be within the A-band region.

In accordance with the standards and guidelines jointly recommended
by the ACMG/AMP, all candidate variants were manually reviewed, and
supporting evidence for each variant was provide to assess its pathogenicity.
After careful variant classification, variants classified as P/LP were selected
as actionable pathogenic variants.

Data availability
The data supporting the finding of this study, including the allele frequency
for all 399,037 genetic variants across the 84 ACMG-recommended genes,
have been deposited in the Genome Variation Map (https://ngdc.cncb.ac.
cn/gvm/) at theNational GenomicsData Center, ChinaNational Center for
Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sci-
ences, under the accession number that can be publicly accessible at https://
ngdc.cncb.ac.cn/gvm/getProjectDetail?project=GVM001119. The release
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of the data was approved by the Ministry of Science and Technology of
China (Project ID: PRJCA043552). To prevent the disclosure of individuals’
genetic identity, the raw sequencing data and information of the research
participants are not publicly available. Further analysis of sequencing data
will bemadeavailable for collaborating researchersupon request, dependent
of the HGRAC’s approval.
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