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Genomic sequencing provides many opportunities in newborn clinical care, but the challenges of interpreting and reporting newborn
genomic sequencing (nGS) results need to be addressed for its broader and effective application. The BabySeq Project is a pilot random-
ized clinical trial that explores the medical, behavioral, and economic impacts of nGS in well newborns and those admitted to a neonatal
intensive care unit (NICU). Here we present childhood-onset and actionable adult-onset disease risk, carrier status, and pharmacoge-
nomics findings from nGS of 159 newborns in the BabySeq Project. nGS revealed a risk of childhood-onset disease in 15/159 (9.4%)
newborns; none of the disease risks were anticipated based on the infants’ known clinical or family histories. nGS also revealed action-
able adult-onset disease risk in 3/85 (3.5%) newborns whose parents consented to receive this information. Carrier status for recessive
diseases and pharmacogenomics variants were reported in 88% and 5% of newborns, respectively. Additional indication-based analyses
were performed in 29/32 (91%) NICU newborns and 6/127 (5%) healthy newborns who later had presentations that prompted a diag-
nostic analysis. No variants that sufficiently explained the reason for the indications were identified; however, suspicious but uncertain
results were reported in five newborns. Testing parental samples contributed to the interpretation and reporting of results in 13/159 (8%)
newborns. Our results suggest that nGS can effectively detect risk and carrier status for a wide range of disorders that are not detectable by
current newborn screening assays or predicted based on the infant’s known clinical or family history, and the interpretation of results
can substantially benefit from parental testing.

Introduction nGS can reveal carrier-status information that could help

in future reproductive planning at a time when families

Recent advances in genomic sequencing (GS) technologies
have raised the possibility of its routine implementation in
newborn care.'* Newborn GS (nGS) provides many poten-
tial opportunities in the clinical management of a
newborn. First, it might identify risk for a broad range of
disorders in babies who are asymptomatic at birth and
thereby expand the spectrum of conditions for which
screening is possible. This would avoid constraints, such
as the availability of a biochemical screening method, or
confounding factors, such as the baby’s gestational age at
birth, transfusion status, age at sample collection, or meta-
bolic and feeding states. Second, nGS could reduce the
diagnostic odyssey for ill newborns by allowing for the
timely application of appropriate treatments. The success
of nGS in providing a rapid diagnosis for critically ill new-
borns suspected of having single-gene disorders has been
demonstrated in recent studies.”* Third, pharmacogenom-
ics (PGx) information from nGS has the potential to
inform the selection and dosing of drugs for optimal treat-
ment strategies in childhood and throughout life. Finally,

are having children. In addition to its utility in the
newborn period, nGS can provide a genomic dataset that
can be reanalyzed throughout the individual’s life when-
ever new indications arise. All of these potential benefits
can be achieved with a single test, which also provides
the opportunity to inexpensively and conveniently re-
interrogate the sequence over time as needed when new
healthcare issues arise.

Despite its anticipated benefits, some of the major chal-
lenges in the use of nGS are the analysis, interpretation,
and appropriate reporting of healthcare-related informa-
tion from genomic data in a timely manner. Variant inter-
pretation, as well as the prediction of likelihood, severity,
and timing of a phenotype from a specific variant, are
especially difficult in the newborn population because of
the absence or obscurity of a phenotype for many disor-
ders at birth. Yet estimating the penetrance and age-of-
onset of variants is particularly critical for newborns
because of concerns about returning low-risk or adult-
onset findings. Predicting the inheritance pattern of

lDepartment of Pathology, Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA; 2Laboratory for Molecular Medicine, Partners HealthCare
Personalized Medicine, Cambridge, MA 02139, USA; 3Department of Pathology, Brigham and Women'’s Hospital, Boston, MA 02115, USA; “Harvard Med-
ical School, Boston, MA 02115, USA; *Division of Genetics and Genomics, The Manton Center for Orphan Disease Research, Boston Children’s Hospital,
Boston, MA 02115, USA; 6Department of Neurology, Boston Children’s Hospital, Boston, MA 02115, USA; "Division of Genetics, Department of Medicine,
Brigham and Women'’s Hospital, Boston, MA 02115, USA; 8Division of Newborn Medicine, Boston Children’s Hospital, Boston, MA 02115, USA; 9Depart-
ment of Pediatric Newborn Medicine, Brigham and Women’s Hospital, Boston, MA 02115, USA; 0Center for Medical Ethics and Health Policy, Baylor Col-
lege of Medicine, Houston, TX 77030, USA; The Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA; 12Center for Genomic Medicine, Mas-
sachusetts General Hospital, Boston, MA 02114, USA

*Correspondence: beggs@enders.tch.harvard.edu

https://doi.org/10.1016/j.ajhg.2018.11.016.

© 2018 American Society of Human Genetics.

76 The American Journal of Human Genetics 104, 76-93, January 3, 2019 )

Gheck for
Updaies


mailto:beggs@enders.tch.harvard.edu
https://doi.org/10.1016/j.ajhg.2018.11.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2018.11.016&domain=pdf

variants might not always be straightforward either
because both dominant and recessive variants have been
reported for many genes. Data derived from studies ad-
dressing the technical and interpretive aspects of nGS
are needed if researchers are to develop best practices for
its responsible and effective implementation. Newborn
Sequencing in Genomic Medicine and Public Health
(NSIGHT) is an NIH-funded consortium of four research
programs designed to address some of these questions.”
Within NSIGHT, the BabySeq Project is a pilot random-
ized clinical trial that explores the application of nGS in
healthy and ill newborns without selecting for those sus-
pected to have a genetic disorder, and it assesses the med-
ical, behavioral, and economic impacts of nGS.° Here we
present the analysis and reporting of nGS results in 159
newborns enrolled in the BabySeq Project; the report in-
cludes (1) risk and carrier status for childhood-onset dis-
ease, (2) risk for medically actionable adult-onset disease,
(3) selected PGx findings relevant to medications used in
pediatrics, and (4) variants related to a specific indication
that either was present at birth or arose during the course
of the study.

Subjects and Methods

The BabySeq Project Study Design

A description of the BabySeq Project, the enrollment process, and
the demographic characteristics of the participants has been pub-
lished elsewhere.®” In brief, two cohorts of newborns and their
parents were enrolled in the BabySeq Project: (1) healthy new-
borns from the well-baby nursery at Brigham and Women's Hospi-
tal (BWH) and (2) ill newborns from the neonatal and pediatric
intensive care units (NICUs) at Boston Children’s Hospital
(BCH), BWH, and Massachusetts General Hospital (MGH). Enroll-
ees from the NICUs were not preselected on the basis of having a
suspected genetic disorder. Three-generation pedigrees were ob-
tained for each family during the consent and enrollment sessions
with a genetic counselor. Half of the newborns in each cohort were
randomized to receive standard care, including state-mandated
newborn screening, plus genetic counseling based on their family
histories; the others received nGS in addition to standard care and
genetic counseling based on their family histories. The nGS group
consisted of 56% white, 23% multi-racial, 2.5% Hispanic or
Latino, 1.3% black or African American, 1.3% Asian, and 1.3%
Native Hawaiian, other Pacific Islander, or other, although 16%
did not specify their ethnicity. The nGS reports of those who
were randomized to receive sequencing were disclosed during ge-
netic counseling and were entered into the newborn’s medical re-
cord, as well as delivered directly to the newborn’s clinicians. The
impacts of nGS on the infant’s clinical care, parent and clinician
behaviors, and economic outcomes were evaluated via deep phe-
notyping of a subset of infants, as well as implementation of base-
line, 3-month, and 10-month post-disclosure surveys in parents
and baseline, post-disclosure, and end-of-study surveys in clini-
cians. The impact on clinicians’ behavior was ascertained via base-
line, post-disclosure, and end-of-study surveys. This study was
approved by the BCH and Partners Healthcare institutional review
boards. When the identity of both biological parents was known,
both provided informed consent for themselves as well as their in-

fant; if applicable, consent was obtained from any non-biological
legal guardians.

nGS Analysis

Whole-exome sequencing (WES) was performed at the CLIA-ac-
credited Clinical Research Sequencing Platform of the Broad
Institute, and Sanger confirmation was performed at the CLIA-
accredited Partners Healthcare Laboratory for Molecular Medicine
as previously described.® Variants were assessed and classified as
described.”'” All nGS results were returned in a Newborn Genomic
Sequencing Report (NGSR), which included an indication-based
analysis (IBA) for any additional diagnostic assessment related to
a clinical indication. The first page of the NGSRs summarized the
analysis approach and the results in order to concisely communi-
cate key findings from the nGS; subsequent pages provided more
detailed information about each reported variant; such informa-
tion included gene coverage, interpretation of the variant’s clinical
significance, a summary of related disease(s), and associated repro-
ductive risks. The criteria used for return of results were as previ-
ously described.® In brief, three groups of results were returned in
the NGSR: (1) monogenic disease risks (MDR, defined as pathogenic
or likely pathogenic [P/LP] variants in genes associated with domi-
nantly inherited diseases or as bi-allelic P/LP variants in genes asso-
ciated with recessively inherited diseases) that present or are
manageable during childhood (i.e., the earliest reported onset is
before the age of 18); (2) carrier status for any gene meeting the
MDR reporting criteria; and (3) PGx-associated genes, which were
captured by our WES method, that are related to atypical reactions
to medications used in the pediatric population. Later in the study,
information about risk for a limited number of actionable adult-
onset conditions (for which screening, treatment, and preventative
actions that would significantly reduce morbidity and mortality are
available during adulthood) was also offered for return, and this
information was included in the NGSRs for newborns whose par-
ents consented to receive this information for their infant. The
actionable adult-onset disease-associated genes included five addi-
tional genes (BRCA1 [MIM: 113705], BRCA2 [MIM: 600185], MLH1
[MIM: 120436], MSH2 [MIM: 609309], and MSH6 [MIM: 600678]),
which are all found on ACMG 59, alist of clinically important genes
that are recommended for reporting incidental findings by the
American College of Medical Genetics and Genomics,'" and are
associated with hereditary breast and ovarian cancer or Lynch
syndrome. It should be noted that PMS2 (MIM: 600259) was
excluded from the analysis because the majority of its pathogenic
variation could not be reliably assessed by standard WES. The
remaining 53 genes on the ACMG 359 list were already being re-
turned on the basis of our baseline criteria for returning child-
hood-onset and childhood-actionable conditions. For the NICU
cohort and the newborns who were enrolled from the well-baby
nursery and who later had an indication revealed through record
review or clinical follow-up by referring study physicians, an IBA
was performed so that all variants in genes with potential relevance
to the presenting phenotype could be assessed. Only P/LP variants
were returned in the NGSRs; however, all variants with evidence
supporting a contribution to the infant’s indication, including
variants of uncertain significance (VUSs) in genes related to the ex-
isting phenotype and genes with moderate or limited evidence of
causing the specific indication, were returned in IBAs. This allowed
for studies such as segregation analysis or further clinical evaluation
that could help clarify their clinical significance. When needed,
parental samples were also collected and tested so that the clinical
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significance could be clarified and/or the familial risk of variants
detected in the newborn could be described. All reported variants
were confirmed by Sanger sequencing. Because of the limitations
of next-generation sequencing and standard Sanger sequencing
in analyzing the CYP21A2 (MIM: 613815) gene, the identified
c.844G>T (p.Val282Leu) and c.1447C>T (p.Pro483Ser) variants
were confirmed to occur on the authentic gene via a long-range
PCR assay at an outside reference laboratory.

Results

127 healthy newborns from the well-newborn nursery and
32 ill newborns who were in a NICU and were enrolled in
the BabySeq Project were randomized to receive nGS as
previously described.”

Monogenic Disease Risk

We interpreted nGS results in 159 subjects to identify P/LP
variants in (1) genes with at least strong evidence of
causing highly penetrant (>80% penetrance based on
cases reported in the literature) disorders that present or
are clinically manageable during childhood and (2) genes
with moderate evidence and/or penetrance associated
with conditions for which intervention during childhood
might prevent a devastating outcome later in life.” Variants
that conferred disease risk, met these criteria, and were un-
related to any known existing phenotype in the newborn
were identified in 15 of 159 (9.4%) newborns; 10 of the
newborns were healthy and were enrolled from the well-
baby nursery (Table 1), and the 5 remaining newborns
were from the NICUs. In 3 of 85 (3.5%) newborns whose
parents consented to receive information about actionable
adult-onset disease risk, pathogenic variants conferring
risk for hereditary breast and ovarian cancer or Lynch syn-
drome were identified (Table 1).

Five genes identified as conferring a risk of childhood-
onset disease were reported to have high (>80%) pene-
trance in the literature. Three of these were associated
with autosomal-dominant (AD) conditions. KCNQ4
(MIM: 603537) is associated with non-syndromic hearing
loss (MIM: 600101) that typically has a post-lingual pre-
sentation within the second decade of life.'” GLMN
(MIM: 601749) is associated with glomuvenous malforma-
tions (MIM: 138000), which are vascular lesions with a
cobblestone appearance and are painful on palpation.'*
A NICU newborn with an anteriorly displaced and imper-
forate anus had a de novo, likely pathogenic variant in
ANKRD11 (MIM: 611192), which has been previously asso-
ciated with KBG syndrome (MIM: 148050), a disorder char-
acterized by macrodontia, distinctive craniofacial features,
skeletal anomalies, and developmental delay.'* Although
one patient with KBG syndrome has been recently re-
ported as having an anteriorly displaced anus,'” because
anorectal malformations were not part of the known
phenotypic spectrum of KBG syndrome at the time of
our analysis, this variant was initially returned as an inci-
dental finding unrelated to the newborn’s clinical indica-

tion; it was later considered to be diagnostically relevant.
Two other newborns were found to have bi-allelic variants
in genes associated with autosomal-recessive (AR) condi-
tions: biotinidase deficiency (BTD [MIM: 253260]) and
congenital adrenal hyperplasia due to 21-hydroxylase defi-
ciency (CAH [MIM: 201910])).

Three of the above disease-risk findings were related to
conditions that are tested for by standard newborn
screening (NBS) and were identified in newborns who
had passed their NBS. As a result of the postlingual onset
of KCNQ4-related hearing loss, the effects of a likely path-
ogenic variant in this gene are not expected to be detected
by audiological screening at birth. In another newborn
enrolled from the well-baby nursery,'® nGS identified com-
pound heterozygosity for two BTD variants; one was classi-
fied as pathogenic (GenBank: NM_000060.4; c.1612C>T
[p-Arg538Cys]) and the other (c.44+1G>A (p.?)) as a VUS
during the initial assessment on the basis of the existence
of transcripts without the relevant exon 1 that might abro-
gate the effects of predicted splicing disruption. To clarify
the clinical significance of the c.44+1G>A variant, we
further investigated the baby’s NBS results and discovered
borderline NBS results for BTD; a subsequent diagnostic
measure of enzyme levels also confirmed partial BTD.'®
As a result, we classified the c.44+1G>A variant as likely
pathogenic, and the newborn was placed on biotin supple-
mentation. Two variants in CYP21A2 were identified in a
female baby with severe chronic lung disease. These two
variants have previously been reported in trans with each
other in several individuals with nonclassic CAH,'”** sug-
gesting that compound heterozygosity for these variants is
associated with the nonclassic form of the disease. Females
with nonclassic CAH present postnatally with hyperandro-
genism signs, such as hirsutism, menstrual irregularities,
and infertility, all features that would not be expressed in
infancy.**

Eleven variants were found in genes that were previously
reported to have moderate (20%-80%) penetrance, and
these were disclosed in our study because knowledge about
disease risk could allow early interventions during child-
hood to reduce morbidity and mortality. These variants
included six that were associated with dilated (MIM:
604145, 611407) or hypertrophic cardiomyopathies
(MIM: 115197) in TTN (MIM: 188840) (four newborns),
VCL (MIM: 193065), and MYBPC3 (MIM: 600958). There
were also one variant each in ELN (MIM: 130160), CD46
(MIM: 120920), SLC7A9 (MIM: 604144), and G6PD
(MIM: 305900), variants in which are associated with
supravalvular aortic stenosis (SVAS [MIM: 185500])), atyp-
ical hemolytic-uremic syndrome (aHUS [MIM: 612922]),
type I cystinuria (MIM: 220100), and G6PD deficiency
(MIM: 300908), respectively. It should be noted that the
rate of TTN variants was quite high, raising concern of false
positives because of the challenges in interpreting pre-
dicted loss-of-function (LOF) variants in TTN.>* However,
we followed the current best practice for ensuring
the LOF variants were located in exons that are not
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Table 1. Findings Pertaining to Monogenic-Disease Risk

Phenotype at Ethnicity Gene Variant(s), Parent

Enroliment or Race (Transcript) (Classification) Zygosity Disease Inh of Origin Penetrance’

Well-Baby Cohort

healthy white BRCA2" c.8297delC het hereditary breast AD mat high
(GenBank: (p-Thr2766Asnfs*11), (P) and ovarian cancer
NM_000059.3)

healthy white BTD (GenBank: c.[44+1G>A;1612C>T] comp het biotinidase deficiency AR mat & pat high
NM_000060.2) (p.[?;Arg538Cys]), (LP;P)

healthy unspecified CD46 ¢.286+2T>G (p.?), (LP) het atypical hemolytic- AD mat moderate
(GenBank: uremic syndrome
NM_002389.4)

healthy white ELN (GenBank: c.1957G>T (p.Gly653*), (P) het supravalvular aortic AD pat moderate
NM_000501.3) stenosis

healthy unspecified KCNQ4 c.1671_1672insACGAC het non-syndromic AD pat high
(GenBank: (p-Val558Thrfs*3), (LP) hearing loss
NM_004700.3)

healthy white MYBPC3 €.1624G>C het hypertrophic AD mat moderate
(GenBank: (p.Glu542Gln), (P) cardiomyopathy
NM_000256.3)

healthy white TTN (GenBank: c.34894_34895insG het dilated cardiomyopathy AD mat moderate
NM_133378.4) (p-Met11632Serfs*8), (LP)

healthy multi-racial TTN (GenBank: c.12344delC het dilated cardiomyopathy AD mat moderate
NM_133432.3) (p.Pro4115GInfs*14), (LP)

healthy unspecified TTN (GenBank: c.54172C>T het dilated cardiomyopathy AD pat moderate
NM_133378.4) (p-Arg18058*), (LP)

healthy white TTN (GenBank: €.64276_64282delinsTA het dilated cardiomyopathy AD pat moderate
NM_133378.4) (p.Ala21426%), (P)

healthy white VCL (GenBank: c.1713delA het dilated cardiomyopathy AD mat moderate
NM_014000.2) (p.Ala573Hisfs*8), (LP)

NICU Cohort

anteriorly white ANKRD11 €.2409_2412del het KBG syndrome AD de novo high

displaced (GenBank: NM_ (p-Glu805Argfs*57), (LP)

and imperforate 001256182.1)

anus

hypoplastic left white BRCA2" €.3545_3546del het hereditary AD mat high

heart (GenBank: (p.Phe1182%), (P) breast and
NM_000059.3) ovarian cancer

congenital severe unspecified CYP21A2 c.[844G>T;1447C>T] comp het® congenital adrenal AR unk® & pat high

chronic lung (GenBank: (p.[Val282Leu;Pro483Ser]), hyperplasia due to

disease

NM_000500.7)

®;P)

21-hydroxylase
deficiency

(Continued on next page)
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Table 1. Continued

Phenotype at Ethnicity Gene Variant(s), Parent
Enroliment Sex or Race (Transcript) (Classification) Zygosity Disease Inh of Origin Penetrance’
aortic coarctation m native G6PD (GenBank: c.961G>A (p.Val321Met), hem glucose-6- XLR mat moderate
Hawaiian or NM_000402.3) (LP) phosphate
other Pacific dehydrogenase
Islander deficiency
tetralogy m white GLMN (GenBank: c.554_558delinsG het glomuvenous AD pat high
of Fallot, NM_053274.2) (p.Lys185Serfs*19), (LP) malformations
pulmonic
stenosis, and
cryptorchidism
respiratory f multi- MSH2" ¢.1637_1638insA het Lynch AD mat high
distress racial (GenBank: NM_ (p.Asn547Glufs*4), (P) syndrome
(surfactant 000251.2)
deficiency) and
hypoglycemia
neonatal pneumonia m white SLC7A9 (GenBank: c.614dupA het cystinuria AD mat moderate
and meconium NM_014270.4) (p-Asn206Glufs*3), (P)
aspiration

Abbreviations are as follows: m = male; f = female; AD = autosomal-dominant; AR = autosomal-recessive; XLR = X-linked recessive; P = pathogenic; LP = likely pathogenic; het = heterozygous; hom = homozygous;
hem = hemizygous; comp het = compound-heterozygous; mat = maternal; and pat = paternal, unk = unknown.?Estimated penetrance for the gene was defined on the basis of curated literature for reported individuals
with pathogenic variants in the gene. It was classified as “high” if >80% of individuals were symptomatic, “moderate” if 20%-80% of individuals were symptomatic, and “low” if <20% of individuals were symptomatic, as

described.®

PActionable adult-onset finding; please see text for explanation.

“Although the p.Pro483Ser variant was confirmed to be paternally inherited, the p.Val282Leu variant could not be confirmed in either parent via standard Sanger sequencing. On the basis of multiple occurences in the
literature of the two variants on separate chromosomes, these variants were reported to confer disease risk in the newborn in this study. The need to confirm their phase in the newborn by parental testing using targeted

CYP21A2 long-range PCR assay was explained in the newborn’s nGS report.
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Figure 1. Number of Carrier-Status Variants Reported per
Newborn

Number of carrier-status variants reported per newborn is dis-
played. The numbers above the bars represent the number of new-
borns who had the specified number of carrier-status variants
reported.

alternatively spliced in cardiac tissue.”> Furthermore, two
of the TTN variants have been previously reported in pa-
tients with dilated cardiomyopathy (see Table S1 for
detailed variant interpretations).

For analysis of the risk of adult-onset disease, variants in
five genes associated with conditions that are medically
actionable during adulthood, have at least moderate pene-
trance, and are amenable to testing by WES were also as-
sessed: BRCA1, BRCA2, MLH1, MSH2, and MSH6. Two in-
fants had pathogenic BRCAZ2 variants associated with
increased risk for breast, ovarian, prostate, and pancreatic
cancers,”® and one infant had a MSH2 variant pathogenic
for Lynch syndrome (MIM: 120435), characterized by
elevated risk for colorectal, endometrial, gastric, ovarian,
and other cancers.”’

None of the infants who were found to be at risk for
childhood-onset disease were known to be affected with
these conditions at the times of enrollment or interpreta-
tion of the nGS results. 14 newborns were heterozygous
for AD-condition-associated variants (in BRCA2, CD46,
ELN, GLMN, KCNQ4, MSH2, MYBPC3, SLC7A9, TIN,
and VCL) inherited from parents who reported them-
selves as healthy during pre-enrollment genetic coun-
seling. Therefore, we classified variants in the absence of
relevant clinical or family histories in the subjects, and
we assessed the available evidence from the literature to
determine whether the absence of a phenotype in the
newborn period and/or absence of family history of dis-
ease would exclude a pathogenic role for these variants.
Two genes, KCNQ4 and GLMN, are reported to have
high penetrance; however, the age of onset and severity
of KCNQ4-related hearing loss might be variable, and glo-
muvenous malformations might appear later in life and
express only as single small lesions, which could be
missed without focused clinical examination.'”'® The
other genes are known to have moderate or age-depen-
dent penetrance and variable expressivity. Therefore, the

identification of variants in these genes in reportedly
healthy newborns and parents did not exclude a patho-
genic role for these variants.

Carrier Status

At least one variant conferring carrier status for a recessive
childhood-onset disorder® was identified in 140 of 159
(88%) newborns in the nGS group, and the median was
two variants per newborn (Table S2). The number of car-
rier-status variants ranged from one variant each in 46
newborns to seven variants in a single newborn (Figure 1).
Of the 310 variants reported for carrier status, 225 (73%)
were identified only once in our cohort. The most com-
mon genes and variants returned for carrier status are listed
in Table 2. Eleven genes and five specific variants were re-
ported in more than three newborns each (Table 2). The
most frequently identified variant was the ¢.1330G>C
(p-Asp444His) variant in BTD. This pathogenic variant
was detected in 15 newborns, including one homozygote.
The p.Asp444His variant is predicted to cause a ~25%
reduction in biotinidase activity, such that heterozygotes
have 75% of normal activity and homozygotes have 50%
of normal activity; the latter is similar to that in heterozy-
gotes for a severe variant. This variant has been reported to
cause partial BTD when in trans with a severe BTD
variant”®?’ and therefore was reported for carrier status
in both heterozygotes and homozygotes. The genes that
were most frequently reported for carrier status in our
study are known to have high carrier frequency in the gen-
eral population;*’~** the exception was RBM8A, which is
not commonly tested for in routine carrier screening.
The RBMSA (MIM: 605313) c.—21G>A (p.?) variant has
only been reported in trans with variants that are expected
to cause complete loss of RBM8A function in individuals
with thrombocytopenia and absent radius (TAR [MIM:
274000]) syndrome;***> Such variants are extremely rare
in the general population (gnomAD, see Web Resources).
Therefore, although the c.-21G>A variant is common in
the population (detected in ~2.8% of European chromo-
somes in gnomAD), the reproductive risk is low for carriers
of this variant.

Although it is unlikely that carrier-status variants would
impact phenotypic expression, certain variants associated
with AR disorders have been associated with symptoms
in the heterozygous state in rare cases of so-called “mani-
festing heterozygotes.” Out of the 140 newborns who
were identified as carriers, six (4.3%) were heterozygous
for variants that have been previously associated with
mild presentations in carriers (Table S2). These include
two female infants with G6PD variants and one female
infant with an F8 (MIM: 300841) variant associated with
X-linked recessive hemophilia A (MIM: 306700); these var-
iants might lead to mild phenotypes in females with
skewed X inactivation, although carrier females for
these disorders are typically not affected.’*** Two new-
borns had pathogenic DUOX2 (MIM: 606759) variants
causative for congenital hypothyroidism (MIM: 607200)
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Table 2. Common Variants Reported for Carrier Status in the BabySeq Project

Gene (Transcript)

Disease

Number of Newborn

Carriers

Classification

Variant

Genes Reported for Carrier Status in More Than Three Newborns

BTD biotinidase deficiency 15°

RBMSA thrombocytopenia with 11
absent radius (TAR) syndrome

GJB2 GJB2-related nonsyndromic 10
hearing loss

CFTR cystic fibrosis 6

MUTYH MUTYH-related attenuated 6
familial adenomatous polyposis

ABCA4 Stargardt disease 5

DHCR7 Smith-Lemli-Opitz 5

TYR oculocutaneous albinism type 1 5

ACADM medium-chain acyl-CoA 4
dehydrogenase (MCAD) deficiency

NPC1 Niemann-Pick disease type C 4

SI congenital sucrase-isomaltase 4

deficiency

Variants Reported for Carrier Status in More Than Two Newborns

BTD (GenBank: biotinidase deficiency 15°
NM_000060.2)

RBMSA (GenBank: thrombocytopenia with absent 8
NM_005105.4) radius (TAR) syndrome

CFTR (GenBank: cystic fibrosis 4
NM_000492.3)

GJB2 (GenBank: GJB2-related nonsyndromic 4
NM_004004.5) hearing loss

MUTYH (GenBank: MUTYH-related attenuated familial 4
NM_001128425.1) adenomatous polyposis

CNGB3 (GenBank: achromatopsia 3
NM_019098.4)

DHCR?7 (GenBank: Smith-Lemli-Opitz 3
NM_001360.2)

GJB2 (GenBank: GJB2-related nonsyndromic 3
GNM_004004.5) hearing loss

RBMS8A (GenBank: thrombocytopenia with absent 3

NM_005105.4)

radius (TAR) syndrome

pathogenic ¢.1330G>C (p.Asp444His)

likely pathogenic c.—21G>A (p.?)

pathogenic €.1521_1523delCTT (p.Phe508del)
pathogenic c.35delG (p.Gly12Valfs*2)
pathogenic c.1187G>A (p.Gly396Asp)
pathogenic c.1148delC (p.Thr383Ilefs*13)
likely pathogenic €.724C>T (p.Arg242Cys)
pathogenic ¢.101T>C (p.Met34Thr)

likely pathogenic

c.67+32G>C (p.?)

?Includes one subject homozygous for the p.Asp444His variant and one subject who had the c.511G>A (p.Ala171Thr) variant in cis with this variant.

in a bi-allelic state; these variants might lead to mild tran-
sient hypothyroidism in manifesting carriers, although
this was reportedly not detected in NBS of the two carrier
newborns identified in our study.’”*° One newborn car-
ried an MYBPC3 ¢.3628—-41_3628—17del variant that has
been associated with increased risk for milder and late-
onset cardiomyopathy in heterozygotes,*' but it is also
known to have severe effects in the homozygous state
and therefore was classified as LP for early-onset AR cardio-
myopathy. The late onset and low-penetrance risk in the
heterozygous state was noted in the evidence summary.

When variants of this type were reported in the carrier-
status section of the report, information about the rare
possibility of manifesting symptoms and the limited un-
derstanding of their penetrance and expressivity in carriers
because of the absence of large numbers of phenotyped
carriers and functional studies was included in the evi-
dence description.

For genes that are associated with both AD and AR dis-
orders, individuals with monoallelic pathogenic variants
might be at risk for one disease while being a carrier for
another disease. Three newborns had TTN variants that
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were classified as P/LP for AD cardiomyopathy,** and
these variants were also likely pathogenic for AR centro-
nuclear myopathy.** Therefore, they were described as
conferring both risk for cardiomyopathy and carrier status
for centronuclear myopathy, and they were reported in
both sections of the NGSR. In contrast, the more mildly
manifesting carrier variants were only reported in the car-
rier section.

Although the prior probability of identifying bi-allelic
pathogenic variants that confer disease risk in a well
newborn is extremely low, it should be kept in mind
that a second, pathogenic variant in genes where a mono-
allelic variant is identified cannot be ruled out by GS,
particularly when the associated phenotypes are expected
to present later in life. First, only SNVs and small inser-
tions and deletions are reliably detected, and GS might
miss other types of pathogenic variation, such as copy-
number events, larger indels, or repeat variation. GS also
has limited utility for genes that have high homology
with pseudogenes or other regions and therefore require
other targeted assays for reliable testing. Second, many
genes might have incomplete coverage in GS. Among
the 310 variants reported for carrier status in our study,
168 (54%) resided in genes with 100% coverage of the
target exonic and splice (+/—1,2) regions, whereas 46%
had reduced coverage ranging from 59.6% to 99.9%
(average 92.7%) (Table S2). Additionally, the clinical sig-
nificance of many variants remains uncertain. 8 of 140
(6%) newborns with carrier-status variants also had a
VUS in one of the reported carrier genes (PCNT [MIM:
605925], MMACHC [MIM: 609831], G6PD, MUTYH
[MIM: 604933], SLC22A5 [MIM: 603377], TTN, DYNC2H1
[MIM: 603297], and USH2A [MIM: 608400)] data not
shown). In a healthy adult carrier of a highly penetrant
recessive disease variant, a second variant detected in trans
with a pathogenic variant in the same gene is considered
to be benign if the individual does not have any symp-
toms of the associated disease. However, because the fea-
tures associated with many recessive disorders are not
apparent at birth, interpreting the clinical significance of
second variants identified in the carrier genes is more
challenging in newborns. In our project, we are
continuing to explore whether any of the carrier-status
findings might have revealed disease risk due to missing
a second pathogenic variant in the gene. However, the fre-
quency of pathogenic variants in these genes, as it is for
most monogenic recessive disease genes, is low; therefore,
the probability that they have a second pathogenic
variant remains very low.

Indication-Based Analyses

At the time of enrollment, an indication-based analysis
(IBA) was requested for 29 newborns in the NICU cohort
for the following presentations: congenital heart defects
(CHDs) (11 newborns), multiple congenital anomalies
(11 newborns), severe lung disease, encephalopathy, lar-
yngomalacia, congenital anemia, hemivertebrae, esopha-

geal atresia, and anorectal malformation (one newborn
each, Table 3). For three newborns with clinical diagnoses
of prematurity (two newborns) and neonatal pneumonia
due to meconium aspiration (one newborn), the study
physicians did not request an IBA.

For the IBAs, genes that have been associated with the
newborns’ reported clinical features, (including those
with limited evidence for disease association and/or low
penetrance), were identified, and all variants in these genes
were reviewed to assess their clinical significance, as well as
relevance to the newborns’ indications. The number of
genes specifically interrogated in the IBAs ranged from
one (TBX6 [MIM: 602427], for an IBA of hemivertebrae)
to 758 (for an IBA of liver disease); the median was 106
genes per analysis.

WES did not identify any variants that unequivocally ex-
plained the indications in newborns from the NICU
cohort. Inconclusive results, including VUSs in genes
that might be related to the indication or monoallelic var-
iants in genes associated with AR conditions, were identi-
fied in 5 of 29 (17%) infants (Table 3). Three newborns
with CHDs, one of whom also had cryptorchidism, were
heterozygous for VUSs in genes associated with AD
CHDs. These variants were inherited from parents who
did not report having CHDs; however, because of the
incomplete penetrance of the phenotypes associated
with these genes, the clinical significance of the variants
remained uncertain. One newborn with a possible diag-
nosis of VACTERL (vertebral defects, anal atresia, cardiac
defects, tracheo-esophageal fistula, renal anomalies, and
limb abnormalities) association and hydrocephalus was
heterozygous for a VUS in FANCE (MIM: 613976), a gene
associated with AR Fanconi anemia (MIM: 600901), which
shares some features with VACTERL. Finally, a newborn
with encephalopathy was heterozygous for a pathogenic
variant in GLDC (MIM: 238300), a gene that can cause
AR glycine encephalopathy (MIM: 605899). No second
variant was identified in FANCE or GLDC in these new-
borns, reducing the likelihood that variants identified in
these genes were relevant for their phenotypes, although
copy-number variants could not be detected by our test.
An infant who had an anteriorly displaced anus had a
likely pathogenic de novo ANKRD11 variant identified in
the NGSR analysis; this variant, was reported in the Mono-
genic Disease Risk section of the report rather than in the
Indication-Based Analysis results, as described above. The
ANKRD11 gene was not known to be associated with the
reported phenotype of the infant at the time of analysis
and therefore was not included in the 45 genes that were
thought to be potentially related to anorectal malforma-
tions and were targeted in the IBA. However, this variant
was later considered to be relevant on the basis of the
recent association of the gene with this feature.

Additionally, 6 of the 127 newborns (5%) in the well-
baby cohort had indications that prompted an IBA during
the course of our study. For two of them, an IBA was re-
quested at the time of enrollment on the basis of the
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Table 3. Results of Indication-Based Analyses
Day IBA Number Variant(s)
Ordered® of Genes (Classification) Disease
Sex Ethnicity/Race Indication (DOL) Analyzed Result Gene (Transcript) (Zygosity) (Inheritance) Penetrance
Well-Baby Cohort
f white bilateral hip dysplasia 47 52 neg - - - -
f white atrial septal defect (PDA) 4 94 neg - - - -
m multi-racial hyperbilirubinemia (DOL 4-6) 90 103 neg - - - -
f white ventricular septal defect 7 97 neg - - - -
f multi-racial cavernous malformation 400 102 neg - - - -
f white liver disease 212 758 neg - - - -
NICU Cohort
f white hypoplastic left heart - 93 VvuUs NKX2-5 (GenBank: ¢.111G>A p.Leu37Leu congenital heart unknown
NM_004387) (VUS) (het) disease (AD)
m white multiple congenital anomalies with - 148 vuUs FANCE (GenBank: ¢.1331T>C p.Leu444Pro Fanconi anemia (AR) high
possible diagnosis of VACTERL w/ NM_021922) (VUS) (het)
hydrocephalus
m native Hawaiian aortic coarctation - 93 A4 NOTCH1 (GenBank: c.4880G>A p.Argl627His  congenital heart unknown
or other Pacific NM_017617) (VUS) (het) disease (AD)
Islander
m white tetralogy of Fallot, pulmonic stenosis, - 356 AU NOTCH1 (GenBank; c.4168C>A p.Pro1390Thr  congenital heart unknown
and cryptorchidism NM_017617) (VUS) (het) disease (AD)
m white encephalopathy - 459 inc® GLDC (GenBank: c.128delA p.Asp43Alafs* glycine high
NM_000170) 48 (P) (het) encephalopathy (AR)
f white multiple congenital anomalies including - 142 neg - - - -
TOF, pulmonary stenosis, TET spells,
duodenal atresia, anteriorly displaced
anus, and failure to thrive
f white Pierre Robin sequence (micrognathia, - 266 neg - - - -
cleft palate, glossoptosis), hooded eyes,
tubular nose
f white hemivertebrae - 1 neg - - - -
m white double outlet right ventricle, - 0 neg - - - -
atrioventricular canal defect, recurrent
respiratory infections, laryngomalacia,
enterocolitis, hypocal-cemia, short
stature
m white hypoplastic left heart - 94 neg - - - -

(Continued on next page)



S8 610Z ‘€ Aenue[ ‘€6—9/ ‘$0| SI1IBDUSD UBWNH JO [eUINO[ URDLIBWY 3Y |

Table 3. Continued

Day IBA Number Variant(s)
Ordered® of Genes (Classification) Disease

Sex Ethnicity/Race Indication (DoL) Analyzed Result Gene (Transcript) (Zygosity) (Inheritance) Penetrance

f white tetralogy of Fallot with absent pulmonary - 94 neg - - - -
valve

f white anteriorly displaced anus (anorectal - 45 neg - - - -
malformations)

m white hypoplastic left heart - 93 neg - - - -

f white dextrotransposition of the great arteries - 93 neg - - - -

f white tricuspid atresia and ventricular septal - 93 neg - - - -
defect

f multi-racial respiratory distress (surfactant deficiency) - 169 neg - - - -
and hypoglycemia

m white hypoplastic left heart - 93 neg - - - -

m white transposition of great arteries - 106 neg - - - -

f white interstitial lung disease and facial - 366 neg - - - -
dysmorphia

m white liver disease, thrombocytopenia/anemia, - 224 neg - - - -
hyperbilirubinemia, and hypoglycemia

f unspecified congenital severe chronic lung disease - 387 neg - - - -

f white aortic coarctation and ventricular septal - 93 neg - - - -
defect

f unspecified flat facial profile, preauricular pits, - 109 neg - - - -
macroglossia, and hemangioma

m white encephalopathy and hemangioma - 247 neg - - - -

m multi-racial single ventricle, double inlet left ventricle — — 186 neg - - - -
with normally related great arteries

m white laryngomalacia - 79 neg - - - -

f white hypoglycemia and large for gestational - 110 neg - - - -
age

f white congenital anemia - 400 neg - - - -

f white esophageal atresia with - 251 neg - - - -

tracheoesophageal fistula

Abbreviations are as follows: m = male; f = female; DOL = day of life; neg = negative; VUS = variant of uncertain significance; inc = inconclusive; P = pathogenic; het = heterozygous; inh = inheritance; AD = autosomal
dominant; and AR = autosomal recessive. ®Day IBA ordered in the well-baby cohort.PSingle pathogenic variant associated with AR disease.




Table 4. Reported Pharmacogenomic Variants

Dosing Number of
Gene (Transcript) Variant Drug Information Newborns
DPYD (GenBank: ¢.1905+1G>A fluoropyrimidines decreased 2
NM_000110.3) P.” dose requirement
DPYD (GenBank: C.2846A>T fluoropyrimidines decreased 2
NM_000110.3) (p.Asp949Val) dose requirement
TPMT (GenBank: €.460G>A thiopurines decreased 3
NM_000367.4) (p.Ala154Thr) dose requirement
G6PD" (GenBank: c.961G>A certain antimalarials such as primaquine; contraindicated 1
NM_000402.3) (p.Val321Met) antibiotics such as quinolones and sulfonamides,

and methylene blue. (See reference 68 and G6PD
Deficiency Favism Association in Web Resources)

Reported in Monogenic Disease Risk section of NGSR.

discovery of a patent ductus arteriosus and a ventricular
septal defect. For the other four infants, an IBA was re-
quested after enrollment for the following indications:
bilateral hip dysplasia, hyperbilirubinemia (diagnosed at
day of life [DOL] 4), abnormal liver function, and seizure
resulting from bleeding of a cavernous malformation; the
IBAs were requested at DOL 47, 108 (following nGS results
disclosure), 212, and 400, respectively. No variants with a
potential relationship to their indication were identified
in these infants.

PGx Variants

Return of PGx results was limited to genes with substan-
tial evidence of association with atypical responses to
drugs that might be used in the pediatric population
(Table 4). Variants identified in three genes were deter-
mined to be in this category: DPYD (MIM: 612779),
TPMT (MIM: 187680), and G6PD. PGx variants identified
in these genes were returned in 8 of 159 (5§%) newborns
who received nGS. Four newborns had DPYD variants
associated with increased risk for toxicity from the use
of fluoropyrimidines and therefore with a decreased
dose requirement for these medications. Three newborns
had TPMT variants associated with higher risk of life-
threatening myelosuppression when treated with stan-
dard doses of thiopurines and therefore had a decreased
dose requirement for thiopurines. The G6PD variant
was associated with G6PD deficiency and was identified
in a hemizygous male infant. It was returned in the dis-
ease risk section of NGSR because the disease could be
triggered by factors other than medications, as well.
The PGx association for this variant was described in
the variant summary.

Parental Sample Testing to Help Interpret nGS Results

Interpreting nGS results has unique challenges because of
the absence of a phenotype in newborns for non-congen-
ital diseases. To help interpret and communicate nGS find-
ings, we sometimes tested parental samples to establish
phase, assess for de novo occurrence, and otherwise clarify
the significance of variants and/or explain familial risk to

the parents. During the course of the project, 37 variants
identified in NGSR analysis of 28 newborns were tested
in parental samples. 16 P/LP variants conferring disease
risk (AD and X-linked) and four carrier-status variants for
which adult carriers could present symptoms were tested
for in parents so that the associated disease risk could be
better interpreted and communicated to the families. For
17 other variants, parental testing results contributed to
the decisions made for whether and how to report variants
by helping us to determine the variants’ clinical signifi-
cance, phase, and/or mode of inheritance. Seven P/LP var-
iants in genes that have been associated with both AD and
AR modes of inheritance (in BESTI [MIM: 607854],
COL6A2 [MIM: 120240], GLRA1 [MIM: 138491], MYH7
[MIM: 160760], RNASEH2B [MIM: 610326], TECTA
[MIM: 602574], and VWF [MIM: 613160]) were tested
so that their inheritance pattern could be determined.
These variants either were novel truncating variants or
had been reported in both heterozygous and homozy-
gous or compound-heterozygous affected individuals in
the literature, and their identification in healthy parents
was considered to be evidence supporting a recessive
mode of inheritance, favoring the decision to report these
for carrier status. Seven P/LP variants in AR BTD and
CYP21A2 were tested for phasing, and their allelic states
were reported accordingly. Three VUSs identified in
NGSR analyses were tested so that their clinical signifi-
cance could be clarified, and their identification in a
healthy parent was considered evidence in support of a
benign role. Variants in EXT2 (MIM: 608210) and RBI
(MIM: 614041), associated with highly penetrant AD dis-
orders, and in a female newborn, a paternally inherited
BRWD3 (MIM: 300553) varaint (associated with an
X-linked recessive disorder), were classified as VUSs on
the basis of their identification in healthy parents and
other lines of evidence, and they were excluded from the
NGSRs. Three VUSs identified in IBAs (described above)
were also tested in parents; however, because they were
in genes associated with moderate penetrance and/or var-
iable expressivity, their identification in reportedly
healthy parents did not alter their classification. Overall,
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parental testing contributed to determining whether or
how a variant was reported in 13 of 159 (8%) of the new-
borns who received nGS and helped with interpretation
and communication of nGS results in a total of 28 of
159 (18%) of the newborns.

Discussion

Because of its potential to target a wide range of disorders
for screening and diagnostic purposes with a single test,
nGS can be a powerful tool for improving the future
healthcare of infants. However, the application of
newborn sequencing poses several challenges, including
how to interpret variants associated with conditions that
might not be apparent in the infant at the time of testing
and the potential costs and psychosocial impacts.** Our
data from 159 newborns sequenced in the BabySeq Project
help illustrate the range of situations that might arise from
nGS. They also highlight factors that need to be considered
for the interpretation and reporting of nGS results,
including the age of onset, penetrance, and inheritance
patterns of identified variants, and their relevance to the
clinical and family histories of the newborns at the time
of analysis.

Our study had several limitations. First, we had a small
cohort size, which was particularly limited for the NICU
group. Second, the fact that participants were randomized
to either receive or not receive nGS in our study might
have discouraged parents of ill newborns who could
receive diagnostic nGS clinically or as part of another
non-randomized study. This might have created a self-se-
lection for parents whose newborn was less likely to receive
GS in other settings on the basis of their phenotype and
therefore might have created an enrichment of pheno-
types that were less likely to benefit from nGS. Addition-
ally, our proband-only sequencing approach using
phenotype-driven gene filtering had limited ability to
detect de novo variants in genes that were recently
described or had limited association with the infant’s indi-
cation at the time of our analysis.

The prior probability of a genetic disorder is assumed to
be low in healthy newborns. However, nGS identified risk
for childhood-onset diseases in 9.4% and risk for action-
able adult-onset diseases in 3.5% of the newborns
sequenced in the BabySeq Project. Eleven newborns had
variants that were expected to have moderate penetrance
or variable expressivity on the basis of previous reports in
the literature, but these variants were considered as medi-
cally actionable during childhood. These include seven
newborns who were discovered to have risk for cardiomy-
opathies or SVAS, for which increased surveillance by
regular echocardiograms and EKGs might allow timely in-
terventions that would significantly reduce the risk for
heart failure and sudden cardiac death.*>~*’ Knowledge
about risk for these conditions could also allow informed
clinical and lifestyle choices (such as participation in sports

or the use of stimulant medications) to further reduce the
risk for devastating events.*®*? Other conditions identified
in our cohort, such as aHUS, G6PD deficiency, and cystin-
uria could also benefit from avoidance of precipitating fac-
tors.’’ % Because many of the conditions for which we
have detected risk might have incomplete penetrance,
later onset, and/or uncertain immediate medical action-
ability, it is possible that identifying their risk later in life
rather than during the newborn period might also be bene-
ficial for health outcomes. This might also avoid the possi-
bility of negative psychosocial implications or increased
medical interventions and healthcare costs when detected
within the first days of life. On the other hand, in
the absence of a significant family history, a genomic
screening approach might be the only setting where an in-
dividual’s risk gets identified before any symptoms arise.
The results of our study and other studies on the use of
GS in newborns and other populations will help develop
best practices for the optimal timing and application of
such a screen in an individual’s life.

None of the disease risk findings were predicted on the
basis of known clinical and family histories of the new-
borns at the time of testing. Our results prompted follow-
up studies to search for evidence of disease and/or family
history that was not appreciated during enrollment. After
the disclosure of the nGS results, the parents of three in-
fants expressed that they had a family history of the dis-
ease for which their newborn was identified to be at risk
(a grandparent of a newborn with TTN variant had dilated
cardiomyopathy, a grandparent of a newborn with KCNQ4
variant had hearing loss, and a parent of a newborn with
BRCA2 variant had family history of breast cancer). Clin-
ical follow-up with the infants and their parents harboring
the disease-risk variants is ongoing so that clinicians can
assess whether there are any symptoms of disease. Because
many of the genes we detected are known to have incom-
plete penetrance or might present later in life with variable
expressivity, the absence of a phenotype or family history
in the parents did not exclude a pathogenic role for the var-
iants, although it was informative to predict the likelihood
of disease in the newborns who had these variants.

Interestingly, P/LP variants in genes related to cardiomy-
opathies and SVAS were found in 7 of 159 (4%) newborns,
a rate that is higher than the known prevalence of these
conditions in the general populationand which empha-
sizes the incomplete and age-dependent penetrance of
these conditions. The ELN and MYBPC3 variants were clas-
sified as pathogenic on the basis of a truncating effect or
segregation in multiple families, respectively (Table S1).
Truncating VCL variants, such as the one identified in
our study, are currently considered likely pathogenic for
DCM on the basis of their identification and segregation
in affected families (LMM internal data, Table S1),
although additional studies are needed to clarify this gene’s
penetrance. Four newborns had truncating TTN variants
that were classified as P/LP for DCM. Two of these variants
have previously been reported in multiple DCM patients
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and/or have been found to segregate with disease in
affected family members (Table S1), providing further sup-
port for their pathogenicity. TTN truncating variants are
prevalent in the general population,”*** which makes it
challenging to interpret their clinical significance. It has
been demonstrated that truncating variants in control in-
dividuals were more likely to affect minor TTN isoforms
and occur in alternatively spliced exons, whereas those
in constitutively expressed exons are enriched in DCM pa-
tients as compared to controls.”***~>° Two truncating TTN
variants identified in our study (p.Pro4115GInfs*14 and
p-Met11632Serfs*8) have not been previously reported in
individuals with DCM, and although they are located in
the I-band, where alternative splicing occurs frequently,
the exons they are located in have been demonstrated to
be not alternatively spliced in cardiac tissue.>* These vari-
ants were classified as LP for DCM on the basis of the cur-
rent best practice of classifying as LP the truncating TTN
variants located in exons that are not alternatively
spliced.”” The penetrance of TTN truncating variants has
been demonstrated to be ~60% in a study of family mem-
bers of affected individuals,® although it is possible that
the penetrance might vary depending on the location of
these variants. Analyses in larger cohorts are needed to
clarify the penetrance of truncating TTN variants located
in various regions of this gene.

Our results suggest that nGS might also expand the
detectable phenotypic spectrum of disorders that are tar-
geted by current NBS, although the identification of these
conditions at birth might or might not provide additional
benefit. In three newborns who passed NBS, nGS identified
risk for NBS-targeted conditions (hearing loss, BTD and
CAH). Postlingual hearing loss due to KCNQ4 variants is
not expected to be detected by audiological screening at
birth. However, recognizing early stages of hearing loss in
children is challenging and can often delay diagnosis and
interventions. Information about this risk could allow
additional vigilance and screening to provide timely inter-
ventions and reduce its impact on the child’s development
and social skills, particularly if the onset of hearing loss is
during childhood. Detecting risk for later-onset hearing
loss in presymptomatic individuals might have less signif-
icance for the individual’s health and quality of life. Partial
BTD identified on the basis of the nGS results might be
missed in NBS, as it was in our subject, although it might
be clinically significant, particularly at times of stress.
Although many individuals with partial BTD might not
experience any symptoms throughout their lifetime and
detecting partial BTD in the newborn period might not
be critical, symptoms can effectively be prevented with a
simple and inexpensive treatment of biotin supplementa-
tion, as was prescribed in this case.'® Finally, NBS rarely de-
tects nonclassic CAH.”’ Identifying individuals at risk for
nonclassic CAH might be beneficial for facilitating early
diagnosis and therapies, if needed, although many individ-
uals with this condition might not need treatment. There-
fore, our results serve as a reminder that negative NBS

results do not rule out pathogenic variants in genes associ-
ated with NBS conditions, and they suggest that nGS
might identify individuals with milder or later-onset phe-
notypes of NBS conditions, whose detection might not
be as critical in the newborn period.

Currently, there is ongoing debate about whether adult-
onset disease risk should be returned to children and
whether nondisclosure of particularly actionable adult-
onset disease risk might do more harm to the children
and families.”®* " In our study, families were offered the
option to receive information regarding risk for medically
actionable adult-onset conditions in their infant. Three
of 85 (3.5%) infants whose parents consented to receive
this information harbored pathogenic variants associated
with adult-onset conditions for which early knowledge
leading to increased surveillance and preventative treat-
ments might be lifesaving.”®?” These variants were also
identified in the mothers of the three children, and early
interventions based on this knowledge might also have
lifesaving consequences for the child’s parent, which un-
doubtedly could impact the child’s quality of life. The risks
and benefits of returning adult-onset disease risk to chil-
dren will continue to be discussed on the basis of the re-
sults of studies that address this question.’

Recent studies using GS in adult cohorts reported a rate
of 3%-5.6% for secondary findings in the ACMG59"!
genes or in other small groups of actionable genes deter-
mined by the authors.®’®* Our reporting criteria were
much broader and included a higher number of genes to
be returned for disease risk findings (>900 genes met
criteria for reporting in our initial curation efforts).” In
our study, four newborns had a disease risk variant in
one of the ACMGS59 genes: three of those were in adult-
onset disease genes (BRCA2 and MSH?2) and one (MYBPC3)
was considered a childhood-onset disease gene. This corre-
sponds to a combined rate of 4.1% ([3/85] + [1/159]), a rate
that is similar to the rate of incidental findings in ACMGS59
genes reported in adult cohorts.®' ¢

nGS also allows detection of carrier status for a wide range
of disorders that are not included in currently available
expanded carrier screening panels. We identified at least
one carrier-status variant in 88% of the newborns and up
to seven variants per subject. The majority (73%) of these
variants were identified only once in our cohort, suggesting
thatreturning only common pathogenic variants with high
frequency in the general population would miss the major-
ity of carriers for childhood-onset diseases. In addition,
each of these novel variants required considerable manual
curation to determine their clinical significance, implying
that returning carrier status in nGS would significantly in-
crease the amount of work done by clinical laboratories;
this increase might impact the turnaround time and cost
for reporting nGS results. Carrier-status information is
mostly relevant for future reproductive planning for the in-
fant and the parents because genetic testing in the newborn
nearly always reveals variants that are also carried by one of
the parents. An estimate of a couple’s reproductive risk can
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be provided on the basis of assumptions that (1) the parents
are notrelated and (2) the probability for the other parent to
be a carrier for the same gene is equal to the gene’s known or
estimated carrier frequency in their ethnic subpopulation.
However, to determine the actual reproductive risk, couples
might want to pursue carrier testing for both the identified
variants and subsequently the full gene in the non-carrier
parent. Effectively determining carrier status in the parents
would require targeted gene tests in the case of many genes
that have been identified for carrier status in our cohort;
such tests might have varying availability in clinical labora-
tories and therefore pose a challenge for future reproductive
planning. Our study continues to review what portion of
our participants are pursuing such targeted carrier testing
on the basis of our nGS results and the outcomes of these
tests to assess the utility and impact of returning carrier-sta-
tus information in nGS.

nGS has recently been shown to have a high clinical
yield in critically ill newborns who had been admitted to
a NICU and were suspected of having a genetic disor-
der.>* In contrast, we observed a lower rate of positive find-
ings in our NICU cohort. Several reasons might account for
this difference. First, the NICU patients in our study were
not pre-selected for a suspected genetic disorder but were
chosen with minimal exclusion criteria to represent a
more general population. Additionally, our randomized
study design might have led to some self-selection of fam-
ilies whose newborns had a lower likelihood of benefitting
from nGS. Because our participants had a 50% probability
of receiving nGS, it is possible that parents of newborns
who could receive diagnostic GS as part of their standard
care or in a non-randomized nGS study might have had
less interest in enrolling in the BabySeq Project. In our
study, 22 of 29 ill newborns (76%) had nonsyndromic
congenital heart defects or multiple congenital anomalies.
Monogenic diseases usually have a small contribution to
these conditions, and they might also frequently be ex-
plained by chromosome abnormalities and structural alter-
ations that are not reliably detected by WES.®>~%” Although
our study design might have led to self-selection of NICU
newborns who were less likely to have a monogenic disease
etiology, our results suggest that the diagnostic yield of
nGS might depend on the phenotype of the subjects.
Finally, we performed proband-only GS and used a pheno-
type-driven gene-filtering approach focusing on genes
with known association with the infant’s features, a
method that is limited to detecting de novo and other var-
iants in genes that had recent or limited association with
the disease of interest at the time of our analysis. The
aim of our study was to explore the use of singleton nGS
in newborn care, although trio sequencing is known to
have a higher clinical yield for a wide range of indica-
tions.>®® Our identification of a likely pathogenic de novo
variant in ANKRD11 in the NGSR analysis as opposed to
the IBA highlights the limitations of performing pheno-
type-driven gene and/or variant assessments and of pro-
band-only sequencing. This variant was detected as a novel

LOF variant in a disease gene and was initially interpreted
as an incidental finding; therefore, it was reported under
the Monogenic Disease Risk section rather than IBA results
and was later thought to be diagnostically relevant in light
of recent studies. Although all variants in genes known to
be relevant for the indication were analyzed in our IBAs
regardless of their reporting status and predicted impact
on the protein, because ANKRD11 was not known to be
associated with anorectal malformations at the time of
our analysis, it was not included in the phenotype-driven
gene list for the IBA of this infant. In the absence of their
known association with the infant’s phenotype, VUSs in
this gene would not have been captured or returned in
our study, and a clinically relevant variant could be missed.

In addition to discovering short-term diseaseriskand diag-
nosing existing but clinically unsuspected disease, nGS al-
lows genomic information that can be specifically interro-
gated for new indications and inform personalized
medicine applications to be accessible throughout an indi-
vidual’s lifetime. During the course of our project, 5% of in-
fants enrolled from the well-baby nursery developed an indi-
cation that prompted an IBA. Because our subjects are
currently between 8 months and 3 years old, it is likely
that additional participants will eventually develop indica-
tions that benefit from genomic IBAs. Although GS might
not be the most appropriate test for all presentations, an
IBA on already available GS data will be a rapid, first-tier
approach when gene sequencing is indicated and can be
supplemented or followed by additional tests. An IBA for a
new presentation in an individual who has already been
sequenced will allow for the review of genes that are recently
associated with the disease and for the full assessment of all
variants in relevant disease genes. Other uses of nGS dataina
newborn’s future life might include analyses for a wide range
of adult-onset disease risk, polygenic risk estimates for com-
plex traits, and PGx for drugs used in the adult population.

Having access to the known clinical and family histories
of our subjects, as well as to samples from their parents,
was invaluable for the interpretation of nGS results in
our study. Parental sample testing, when available, is
frequently performed in diagnostic GS; however, its utility
for interpreting nGS findings in a screening setting has
not, to our knowledge, been previously addressed. Results
of parental testing in light of provided family histories
helped determine whether and how a variant was reported
for 8% of our participants; all of these variants were part of
the NGSR analyses directed to screening purposes.
Although obtaining detailed clinical and family history in-
formation might be challenging in a population-wide
application of nGS, the collection of parental samples
and informing laboratories of existing or newly diagnosed
conditions in the newborn and family members should be
performed to help better interpret nGS results.

In summary, we present our nGS findings from 159
newborns sequenced in the BabySeq Project. Although
detecting disease risk for many actionable early-onset con-
ditions would be beneficial in improving health outcomes,

The American Journal of Human Genetics 104, 76-93, January 3, 2019 89



potential healthcare costs and psychosocial impacts need
to be considered in the development of best practices for
nGS. Our study continues to explore the medical, behav-
ioral, and economic impacts of our nGS reports on the ba-
sis of medical observations and post-disclosure surveys in
parents and clinicians. As these newborn cohorts age,
future analyses of economic and healthcare utilization pat-
terns in our nGS and control cohorts will allow for the
eventual assessment and quantification of both costs and
benefits of GS in the newborn setting. The results from
our study, as well as future efforts to prospectively analyze
the long-term implications of nGS in larger cohorts, will
help inform the effective and responsible application of
nGS in wider medical practice.
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