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Abstract

There is discussion of expanding newborn screening (NBS) through the use of genomic sequence 

data; yet, challenges remain in the interpretation of DNA variants. Population-level DNA variant 

databases are available, and it is possible to estimate the number of newborns who would be 

flagged as having a risk for a genetic disease (including rare variants of unknown significance, 

VUS) via next-generation sequencing (NGS) positive. Estimates of the number of newborns 

screened as NGS positive for monogenic recessive diseases were obtained by analysis of the 

Genome Aggregation Database (gnomAD). For a collection of diseases for which there is interest 

in NBS, we provided 2 estimates for the expected number of newborns screened as NGS positive. 

For a set of lysosomal storage diseases, we estimated that 100 to approximately 600 NGS screen 

positives would be found per disease per year in a large NBS laboratory (California), and this 

figure may be expected to rise to a limit of about 1000 if we account for the fact that gnomAD 

does not contain all worldwide variants. The number of positives would drop 2.5- to 10-fold if the 

10 VUS with highest allele frequency were biochemically annotated as benign. It is proposed that 

a second-tier biochemical assay using the same dried blood spot could be carried out as a filter and 

as part of NBS to reduce the number of high-risk NGS positive newborns to a manageable number.
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Introduction

Next-generation sequencing (NGS) at the exome and genome level is a single assay that 

provides fairly comprehensive assessment of single-nucleotide variants, insertions, and 

deletions and can be assessed for copy number variants. This makes it appealing as a 

first-tier method for newborn screening (NBS) for a large collection of treatable neonatal 

diseases. NGS is offset by the challenges that exist in the prediction of disease phenotypes 

from genotypes because of the occurrence of DNA variants of uncertain pathogenic 

significance (VUS) and the difficulty with integration of multiple variants that partially 

reduce the function of the encoded protein.

For recessive diseases, one approach is to report out only cases where at least 2 variants 

are found (either 2 heterozygous variants or 1 homozygous variant) that are well understood 

to be pathogenic. These include predicted loss-of-function variants (pLoF) and missense 

variants for which pathogenicity is understood from clinical reports, ignoring VUS. Phasing 

of heterozygous variants could be carried out by NGS (or Sanger sequencing) of parents 

and will be aided by complementary data, such as variant co-occurrence look-up, that is 

available for variants in reference population databases, such as the Genome Aggregation 

Database (gnomAD)1. Ignoring VUS will significantly increase the false negative rates in 

NBS compared to those obtained with biochemical assays. In the current study, we consider 

the option of including VUS and passing all NGS results of concern to a biochemical assay 

for the disease that we term “NGS>Biochem” (NGS before biochemical investigation). 

In this study, we estimate the number of newborns that would be passed to biochemical 

testing. Notably, in silico methods used to predict the pathogenicity of missense variants in 

already-symptomatic newborns, despite showing success,2 are generally thought to lack the 

high-level accuracy needed for population based NBS in which most newborns are healthy.

An additional concern about first-tier NGS NBS are cases in which the newborn has a 

disease, but the responsible DNA signature (variants) is not found. Two recent studies 

show a DNA-based diagnostic yield of 64% and 88% when exome data were analyzed 

among patients already diagnosed with a newborn disease.3,4 The diagnostic yield would 

presumably go up if more biochemical data are used to help annotate VUS as pathogenic.

In this report we discuss the approach of NGS>Biochem. We focus on a collection of 

lysosomal storage diseases (LSDs) which are recessive monogenic diseases for which 

treatments are available for many subtypes. NBS for LSDs has started over the past decade, 

and further condition expansion is under discussion. We also include the bile acid disorder 

cerebrotendinous xanthomatosis for which NBS is being discussed.5
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Materials and Methods

Detailed protocols for analysis of the gnomAD v2 database are given in the Supplemental 

Materials. Approach 1: individuals in the gnomAD v2 exome data set (n = 125,748) with 

2 rare (popmax and global allele frequency ≤1%) pLoF and/or missense variants were 

counted, excluding variants that are common (>5% allele frequency) in any population that 

is not included in popmax and also variants that are benign (B) or likely benign (LB) in 

ClinVar with multiple entries in agreement (2-stars review status). Approach 2: the allele 

frequencies in gnomAD v2 of variants selected using the same criteria as in approach 1 

were summed, and, using the Hardy-Weinberg equilibrium, q was calculated and 2q was 

taken as the probability of the mother or the father being a heterozygote (only 1 variant). 

We took q2 as the estimated number of newborns carrying variants from both parents. 

Both approaches assume that the US population is similar in ancestry distribution to the 

individuals represented in the gnomAD v2 exomes (7% African American, 14% Latino/ 

Admixed American, 7% East Asian, 9% South Asian, and 58% European), which is not 

entirely accurate but can still be used for a rough estimate.

Results

Expected LSD NGS screen positives based on observed numbers in gnomAD

Using approach 1, we estimated the number of first-tier NGS NBS positives for several 

LSDs using individuals in gnomAD as a representative population. We included all rare 

pLoF and missense variants, many of which are not classified in ClinVar, acknowledging 

that most of the missense variants would be VUS. We excluded all B/LB variants in ClinVar 

associated with a review status of 2-stars or more. For the 5 LSDs, we found 33 to 150 

individuals per gene who would be NGS screen positive (~1:800 to 1:4000). It is worth 

noting that gnomAD is depleted for individuals with rare disease; yet, this approach has 

value in evaluating the expected false positive rate of the NGS screening. The true positive 

rate, based on the prevalence of the condition, could be added to these estimates. After 

scaling the number to account for the birth rate per NBS laboratory, we arrive at the 

estimates in Table 1, which give a reasonable accurate estimate of frequency at which VUS 

will be found in the general population. Supplemental Table 1 displays the counts by variant 

type and Supplemental Table 2 displays the screen-positive individuals when also including 

the ClinVar B/LB variants in the analysis.

Expected LSD NGS screen positives based on Hardy-Weinberg estimates

In a second approach, we used a Hardy-Weinberg equilibrium analysis. This assumes 

that the DNA variants are distributed randomly throughout the population and that the 

US population ancestry is similar to gnomAD. Estimates of the number of NGS screen 

positives, excluding all B/LB variants in ClinVar associated with a review status of 2-stars 

or more, are given in Supplemental Table 3. Results show that the number of NGS screen 

positives are up to approximately 5-fold lower than the number observed in gnomAD (see 

above). These approaches give different estimates because the first approach is a sampling/

count in individuals depleted for rare disease (false positive rate) and the second approach 

extrapolates the allele frequencies from the sampling to make an estimate of the screen 
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positive rate. In any case, the differences are relatively small and we include this approach 

because it is currently accessible to any gnomAD user.

Reduction in the number of VUS by variant annotation

The number of NGS NBS positives will go down over time as more VUS become annotated 

as benign. Figure 1 shows how the number of NGS NBS positives (using approach 1) would 

drop if the highest frequency VUS were further investigated and subsequently annotated 

as benign. As an example, the number of NGS NBS positive newborns in the US for 

mucopolysaccharidosis type I would drop from 1177 to 414 per year if the 10 most frequent 

VUS were reannotated as benign (for example, by expression of the iduronidase enzyme in 

human cells and measurement of its enzymatic activity) (Table 1). A systematic approach to 

evaluate variant function has been applied on a small set of genes including BRCA1, ARSA, 

and ADA2, and international research efforts are further expanding this through the Atlas of 

Variant Effects Alliance.6–9

Discussion

The current report provides reasonably accurate estimates of the number of NGS screen 

positives that would be encountered for a set of monogenic diseases if rare VUS are 

included. Including a second-tier biochemical analysis using the same dried blood spot 

(DBS) and as part of NBS may be feasible for diseases in which relatively simple biomarker 

analyses exists. For diseases in which no DBS biomarker is available, the only practical 

option may be to ignore rare VUS, but this will come with a high false negative rate. For 

NBS of LSDs, second-tier with or without third-tier biochemical DBS assays reduces the 

false positive rates to close to zero.10–12

The number of VUS that will be encountered is not known but does have an upper limit. Of 

the variants that can be created by a single nucleotide change, only 11.5% of synonymous, 

7.3% of missense, and 3.7% of nonsense variants are represented in gnomAD v2; therefore, 

there are still a large number of non-represented coding variants that may yet be identified 

by NBS. The majority of these variants will be very rare (though some populations are still 

underrepresented in reference databases). Although in silico predictors are improving,13,14 

they are not of sufficient sensitivity for use in NBS. To aid in understanding the rate at which 

rare predicted damaging variants co-occur in reference populations, counts of individuals by 

gene have recently been released in gnomAD. Here, though calculated from the same data, 

the counts are slightly lower than those displayed in the gnomAD browser. This is due to our 

exclusion of 2-star review status ClinVar B/LB variants and because of counting individuals 

with 2 rare heterozygous and/or homozygous variants together to prevent double counting 

individuals with both.

Functional modeling or extensive clinical observation data are needed to resolve VUS. 

Because many of these variants will be benign, particularly the most common VUS, 

resolving these will drop the number of NGS-positive NBS (Figure 1, Table 1 right column). 

This raises the option that before NBS of a specific set of diseases by first-tier NGS, one 

could express, for instance, approximately 100 of the most frequent VUS in human cells 

(for example, HEK-293 cells, as was done recently for the ARSA and ADA2 genes7,8) to 
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determine their functional impact. This could be carried out in a single laboratory in a few 

months and at a cost of <$10,000 per gene. In the case of ARSA, all VUS observed in 

gnomAD (~300) were expressed in HEK-293 cells, and enzymatic activity was measured by 

mass spectrometry, reducing the number of NGS NBS screen positives to a few per year per 

state laboratory.7 Investment in functional characterization of variants in the genes included 

in NGS NBS is likely to be cost effective given the large impact on decreasing the rate of 

sending samples for biochemical second tier screening. Ignoring all VUS after NGS NBS 

could lead to a significant burden of false negatives. For example, in the case of ARSA, 

about 25% of the missense VUS in gnomAD reduce the enzymatic activity to <3%7 and are 

thus expected to lead to metachromatic leukodystrophy when found in combination with a 

pathogenic variant.

The first-tier NGS NBS followed by second-tier biochemical assay approach will not be 

possible for cases in which a biochemical biomarker for the disease using the DBS is not 

available. However, even for diseases for which there are no good assays of the protein 

function, quantitative proteomic assays can be useful to measure protein abundance. One 

example is Wilson disease, caused by variants in the copper-transporter ATP7B. NBS for 

Wilson disease by biochemical screening is possible by measuring the abundance of the 

Wilson protein in DBS using immuno-capture of a trypsin-generated target peptide followed 

by detection by liquid chromatography-tandem mass spectrometry.15 A proteomics-based 

NBS assay for a set of primary immunodeficiencies has recently been developed using 

the same technology as for Wilson disease.16 Approaches such as these can be highly 

multiplexed and used for second-tier, biochemical NBS.

First-tier NGS followed by second-tier biochemical analysis all using DBS as part of NBS is 

an attractive scenario for the expansion of NBS programs to include an ever-increasing 

number of diseases for which early intervention provides the best clinical outcome. 

The use of NGS in NBS is a rapidly evolving area with several pilot programs now 

underway (examples include4,17,18). Experts are well aware of the likely large increase 

in the number of new treatments for neonatal diseases and more and more it is becoming 

apparent that current NBS programs will be pressured to keep pace. The current practices 

in NBS laboratories seem unsustainable. D. Bailey et al, at RTI International recently 

conducted a survey of the major groups of experts in NBS (NBS assay developers, 

clinical researchers, federal and state NBS advisory boards, patient advocacy groups, 

industry associated with NBS, and government NBS labs), and considerable consensus was 

reached to increasingly involve NGS in NBS and to centralize some of the steps through 

private-public partnerships.19 In one scenario, existing state NBS programs could take on 

population-level NGS, whereas second-tier biochemical assays could be centralized because 

it is inefficient for each NBS program to individually setup a set of about 100 biochemical 

NBS assays that are each infrequently run at the state level. An ideal scenario would be 

to create national laboratories that can receive DBS from different state NBS laboratories 

in which each carries out a panel of biochemical assays for 20 to 30 diseases. This would 

require movement of DBS across state lines.

More therapies for rare disease are expected in the coming decade and will include many 

that need to be initiated presymptomatically or very early in the disease process; therefore, it 
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will be critical that NBS is able to expand to meet this demand. As a field, we have the tools 

needed to prepare for this future and it will require changes to the way NBS is implemented 

in our country to realize the potential of precision medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Number of NGS NBS positives estimated per year in NBS laboratories in the USA based 

on the number of individuals in gnomAD carrying 2 rare pLoF and/or missense variants 

(heterozygous or homozygous), excluding all ClinVar B/LB variants with 2-star review 

status and above (see Methods).

The number of genetic variants (x-axis) included in the NGS positive estimate (y-axis) is 

shown. By sequentially removing the variant with the highest impact on the NBS positive 

estimate (far right), we see the resultant reduction in the number of NGS positives. The 

estimated number after removing 10 variants is indicated (dashed line). B/LB, benign or 

likely benign; NBS, newborn screening; NGS, next-generation sequencing.
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Table 1.

Estimated number of NGS NBS screen positive newborns per year based on variants found in gnomAD, 

excluding all ClinVar B/LB variants with 2-star review status and above (see Methods).

Disease (protein) Estimated number of First-Tier NGS Screen Positives Per Year

gnomAD
(125,748 
exomes)

CA
(500,000 births/yr)

WA
(85,000 births/yr)

USA
(4,000,000 births/yr)

USA with 10 most common 
VUS removed

(4,000,000 births/yr)

MLD (ARSA) 49 195 33 1,559 159

CTX (CYP27A1) 33 131 22 1,050 318

Krabbe (GALC) 54 215 37 1,718 318

MPS-I (IDUA) 37 147 25 1,177 414

Pompe (GAA) 150 596 101 4,771 1,559

ARSA, arylsulfatase A; B/LB, benign or likely benign; CA, California; CTX, cerebrotendinous xanthomatosis; GAA, acid-alpha-glucosidase; 
GALC, galactosylceramidase; gnomAD, Genome Aggregation Database; IDUA, alpha-iduronidase; MPS-I, mucopolysaccharidosis type I, NGS, 
next-generation sequencing; USA, United States; VUS, variants of uncertain significance; WA, Washington; y, year.
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