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IMPORTANCE A targeted genomic sequencing platform focused on diseases presenting
in the first year of life may minimize financial and ethical challenges associated with rapid
whole-genomic sequencing.

OBJECTIVE To report interim variants and associated interpretations of an ongoing study
comparing rapid whole-genomic sequencing with a novel targeted genomic platform
composed of 1722 actionable genes targeting disorders presenting in infancy.

DESIGN, SETTING, AND PARTICIPANTS The Genomic Medicine in Ill Neonates and Infants
(GEMINI) study is a prospective, multicenter clinical trial with projected enrollment

of 400 patients. The study is being conducted at 6 US hospitals. Hospitalized infants
younger than 1year of age suspected of having a genetic disorder are eligible. Results of the
first 113 patients enrolled are reported here. Patient recruitment began in July 2019,

and the interim analysis of enrolled patients occurred from March to June 2020.

INTERVENTIONS Patient (proband) and parents (trios, when available) were tested
simultaneously on both genomic platforms. Each laboratory performed its own
phenotypically driven interpretation and was blinded to other results.

MAIN OUTCOMES AND MEASURES Variants were classified according to the American College
of Medical Genetics and Genomics standards of pathogenic (P), likely pathogenic (LP),

or variants of unknown significance (VUS). Chromosomal and structural variations were
reported by rapid whole-genomic sequencing.

RESULTS Gestational age of 113 patients ranged from 23 to 40 weeks and postmenstrual age
from 27 to 83 weeks. Sixty-seven patients (59%) were male. Diagnostic and/or VUS were
returned for 51 patients (45%), while 62 (55%) had negative results. Results were concordant
between platforms in 83 patients (73%). Thirty-seven patients (33%) were found to have a
P/LP variant by 2 or both platforms and 14 (12%) had a VUS possibly related to phenotype.
The median day of life at diagnosis was 22 days (range, 3-313 days). Significant alterations in
clinical care occurred in 29 infants (78%) with a P/LP variant. Incidental findings were
reported in 7 trios. Of 51 positive cases, 34 (67%) differed in the reported result because of
technical limitations of the targeted platform, interpretation of the variant, filtering
discrepancies, or multiple causes.

CONCLUSIONS AND RELEVANCE As comprehensive genetic testing becomes more routine,
these data highlight the critically important variant detection capabilities of existing genomic
sequencing technologies and the significant limitations that must be better understood.
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n estimated 10% to 25% of neonates in neonatal

intensive care units have an undiagnosed genetic

disorder.!® Because of the nonspecific presentation
of many genetic disorders, affected neonates (1) have a
40% longer hospitalization,* (2) may not receive a diagnosis,
(3) may be misdiagnosed, and (4) often have a prolonged
diagnostic odyssey.” The Newborn Sequencing in Genomic
Medicine and Public Health (NSIGHT) trials demonstra-
ted the important role that rapid sequencing can have in
providing a timely genetic diagnosis to improve neonatal
outcome.?®° However, these platforms remain expensive
and involve complex ethical dilemmas.!© A targeted
sequencing approach aimed at disorders presenting in the
first year of life could limit incidental findings and reduce
costs. However, the diagnostic capability of such a platform
is unproven and must be compared with more standardized
whole-genomic sequencing (WGS) technology prior to
routine use.

The Genomic Medicine for Il Neonates and Infants
(GEMINI) Study (NCT03890679) is an ongoing, multiyear,
multisite trial funded through the US National Center for
Advancing Translational Science with a targeted enrollment of
400 neonates or infants younger than 1 year suspected of having
an undiagnosed genetic disorder. The GEMINI Study is
comparing the diagnostic yield of a novel targeted genomic
sequencing platform (NewbornDx; Athena/Quest Diagnostics)
with rapid WGS (tWGS). Specifically, the targeted genomic
sequencing platform interrogates 1722 actionable genes for
disorders that present in the first year of life. Patients and their
parents undergo simultaneous testing on the targeted genomic
sequencing platform and rWGS. Interpretation on both
platforms is rapid (<14 days) and targeted based on proband
phenotype to establish a timely diagnosis and to avoid detecting
unrelated incidental findings.

Recruitment for the GEMINI Study began in July 2019.
Enrollment was exceeded by more than 30%, and 51 novel
variants were identified that had never been previously
reported in the literature. There was a 67% discordance
between laboratories for infants found to have a diagnosis or
variant possibly related to phenotype. Discordance was
often caused by each laboratory’s interpretation regarding
the relative significance of that variant to disease presenta-
tion (ie, pathogenic [P], likely pathogenic [LP] or variant of
unknown significance [VUS]). As these data emerged, it was
important to share these interim findings for the benefit of
undiagnosed infants with similar phenotypes and to high-
light existing limitations regarding these quickly emerging
technologies.

Methods

Parental written consent for participation in the GEMINI
study was obtained with central institutional review board
approval from Johns Hopkins University with approval at
each participating hospital: Tufts Medical Center (Boston,
Massachusetts), Rady Children’s Hospital (San Diego, Califor-
nia), University of Pittsburgh Medical Center Children’s
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Key Points

Question Can a targeted genomic sequencing platform diagnose
neonates and infants suspected of having a genetic disorder as
accurately as rapid whole-genomic sequencing?

Findings In this comparative effectiveness study of 113 infants,
diagnostic and/or phenotypically related variants of unknown
significance were returned for 51 patients (45%), while 62 (55%)
had negative results; results were concordant between platforms
in 73% of patients. Of 51 positive cases, 67% differed in the
reported result because of technical limitations of the targeted
platform, interpretation of the variant, and/or filtering
discrepancies.

Meaning The diagnostic capabilities of genomic sequencing
technologies have the ability to affect clinical care but have
significant limitations that must be better understood.

Hospital (Pittsburgh, Pennsylvania), Mount Sinai Kravis
Children’s Hospital (New York, New York), North Carolina
Children’s Hospital (Chapel Hill), and Cincinnati Children’s
Hospital Medical Center (Cincinnati, Ohio). Hospitalized
infants younger than 1 year with a suspected, undiagnosed
genetic disorder were eligible for enrollment. Neonates were
excluded if they were born at fewer than 23 weeks’ gesta-
tion, had a major congenital infection, or had a genetic diag-
nosis that fully explained all phenotypic findings. Infants
were classified as urgent if they (1) required mechanical ven-
tilation, (2) exhibited severe neurological complications,
(3) were hemodynamically unstable, or (4) were categorized
as such at the request of the site’s principal investigator.
Urgent cases underwent ultrarapid sequencing and analysis
with a preliminary report generated within 72 hours of
specimen arrival.

Although trio testing was preferred, enrollment was
dependent solely on the proband. Parents must opt in to
receive secondary findings approved by the American Col-
lege of Medical Genetics and Genomics (ACMG) for their
infant and themselves.! Because of the phenotypic-driven
interpretation, secondary findings were not sought, but
rather were incidental findings of the analysis and not
always detected. Secondary findings were only reported for
the proband if they were (1) on the ACMG list and present in
childhood or (2) they presented in childhood and there is a
specific treatment available.'? Nonpaternity is never
revealed. Incest is reported to appropriate authorities for all
enrolled minor mothers. In most cases, a family met with a
geneticist or genetic counselor at the time of enrollment
when a 3-generation pedigree was obtained to inform
sequencing interpretation.

The patient provided 1 mL of whole blood in EDTA tubes
for rWGS and 5 dried blood spots on filter paper (0.5 mL; Per-
kin Elmer; Health Sciences Spot Saver Cards; GR2261007) for
the targeted genomic sequencing platform. Parents provided
3 mL of whole blood in EDTA tubes. Blood for rtWGS was
shipped on ice to Rady Children’s Institute of Genomic Medi-
cine; blood for the targeted genomic sequencing platform
was shipped at ambient temperature to Athena/Quest Diag-
nostics. To facilitate rapid interpretation, human phenotype
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ontology (HPO) terms were provided by the site to the labo-
ratories for each patient.!®> HPO terms are a standardized
vocabulary of phenotypic human abnormalities that accu-
rately describe the individual being evaluated and are used
to perform a targeted interrogation of the genome.!* Perti-
nent demographic and clinical data were recorded. Race and
ethnicity were recorded from the medical record based on
parental self-reporting. Clinical utility of findings was
assessed after return of results via a survey of the physician
of record. Changes in clinical management, medications,
surgeries, other therapies, and diagnostic testing were
recorded.

rWGS Analysis and Interpretation

Clinical rWGS and ultrarapid WGS laboratories were accred-
ited by the College of American Pathologists and certified
through the Clinical Laboratory Improvement Amendments.
The methods have been published in detail.> HPO terms were
mapped to simple genetic diseases with VAAST (Fabric
Genomics).*

Genome sequences were aligned to human genome
assembly GRCh37 (hgl9), and variants were identified with
the DRAGEN Platform (Illumina).!* Structural variants were
identified with Manta and CNVnator and filtered to retain
those coding regions of known disease genes with allele fre-
quencies less than 2% in the Rady Children’s Institute of
Genomic Medicine database.'* Nucleotide and structural
variants were automatically annotated and ranked using
Opal Clinical (Fabric Genomics) and manually interpreted
iteratively by clinical molecular geneticists according to
standard clinical guidelines.* Genomic sequence interpreta-
tion was performed as singleton probands. Infants undiag-
nosed as singletons were reanalyzed as trios.'* If a provi-
sional diagnosis was made with a treatment identified to
prevent morbidity or mortality, it was immediately conveyed
to the caregivers. Causative variants were confirmed by
Sanger sequencing or chromosomal microarray.

Targeted Genomic Sequencing Platform Analysis

and Interpretation

The targeted genomic sequencing platform!® testing was
performed in a College of American Pathologists-accredited,
Clinical Laboratory Improvement Amendments-certified,
and New York State-licensed laboratory by Athena/Quest
Diagnostics. Genomic DNA was extracted using QIAmp
DNA methods (Qiagen). Custom oligonucleotide probe
libraries (Agilent SureSelect) captured genomic DNA regions
of interest. Sequencing was performed on a NextSeq 500
(Illumina) using paired-end 75-base pair reads. Libraries
were sequenced to a global mean targeted coverage
of approximately 300 times and a local coverage of approxi-
mately 99% of bases 20 times or more. Sequencing reads
were mapped and aligned to the reference genome GRCh37
(hg19), followed by position sorting and variant calling
using Edico Dragen version 2.6.5 (Illumina). Opal Clinical
software (Fabric Genomics) was used for variant interpreta-
tion and HPO-driven prioritization of causal variation.
Candidate variants were assessed for pathogenicity using
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a standardized framework.!® Data were gathered from
multiple sources. Evidence was reviewed by a variant scien-
tist, clinical molecular geneticist, geneticist, and genetic
counselor. Plausible causal variants in genes related to
phenotype were identified based on a systems approach of
disease severity and body system combined with the
application of phenotypically driven variant ontological
reranking in the Fabric Genomics platform.!” Assessment
of variants includes inheritance pattern, frequency of
variant, variant consequence, and reports in public data-
bases. All variants were confirmed by Sanger sequencing.

Result Classification

Variants were classified as P, LP, or VUS based on HPO
terms provided and each laboratory’s interpretation in
accordance with ACMG guidelines.!® A VUS was only
reported if located in a gene that was casually related to a
genetic disease whose expected clinical features in infancy
clearly overlap with the observed phenotypes in the pro-
band. All variants were reported to ClinVar at yearly intervals
per protocol. Discordant results between laboratories were
defined as variant discrepancies that differed between
clinically significant (P and LP) and VUS and variant discrep-
ancies between VUS and not reported. In cases of discor-
dance, the infant was classified into the highest level of
variant classification. Analysis took place from March to
June 2020.

. |
Results

To date, 113 of the targeted 400 patients (28%) have been
enrolled (eFigure in the Supplement). Pertinent clinical
and demographic data of enrolled patients are listed in
Table 1. Overall, 116 parents (79%) who were approached
consented to enrollment. A total of 102 infants (90%) were
analyzed as part of a duo or trio on the targeted genomic
sequencing platform while rWGS reflexed to a duo or trio for
71 infants (63%). Gestational age of patients ranged from 23
to 40 weeks and postmenstrual age from 27 to 83 weeks.
Sixty-seven patients (59%) were male. Enrollment per site
were as follows: Tufts Medical Center, 14; Rady Children’s
Hospital, 27; University of Pittsburgh Medical Center
Children’s Hospital, 7; Mount Sinai Kravis Children’s Hospi-
tal, 7; North Carolina Children’s Hospital, 5; and Cincinnati
Children’s Hospital Medical Center, 53. Twenty-five cases
(22%) were classified as urgent and underwent ultrarapid
sequencing.

Diagnostic and/or VUS variants were returned for 51
patients (45%), while 62 (55%) were reported as negative.
Results were concordant between platforms in 83 cases
(73%). Thirty-seven patients (33%) had a P or LP variant con-
sistent with a specific genetic diagnosis, and 14 patients
(12%) had at least 1 VUS detected by 1 or both sequencing
platforms (Figure). Patients undergoing urgent testing had 9
P/LP variants (36%) and 6 VUS (24%) (eTable 1 in the Supple-
ment). Four infants (3%) had more than 1 diagnosis, 5 (4%)
had a diagnosis and a VUS, and 2 (2%) had more than 1 VUS.
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Table 1. Demographics of Study Participants

Characteristic No. (%)
Infants, No. 113
Maternal ethnicity
Hispanic or Latino 24 (21)
Not Hispanic or Latino 85 (75)
Not reported/unknown 4(4)
Maternal race
Unknown 9(8)
Multiracial 4(4)
American Indian 1(1)
Asian 10 (9)
Black 20(18)
Pacific Islander 0
White 65 (58)
Other? 4(4)
Infant sex
Female 46 (41)
Male 67 (59)
Gestational age at birth, wk
<28 6(5)
28-<34 15 (13)
34-<37 18 (16)
237 74 (65)
5-min Apgar score <5 9(9)°
Postmenstrual age at time of enrollment, wk
<28 1(1)
28-<33 5(4)
33-<37 10(9)
37-<44 63 (56)
44-<48 10 (9)
248 24 (21)
Infant age at enrollment, d
<30 67 (59)
31-60 13 (12)
61-90 10 (9)
91-120 5(4)
>120 18 (16)
Urgent cases 25(22)

2 Parents self-reported their race as other.
® Five minute Apgar score was only available for 102 infants.

A trisomy, tetrasomy, or a chromosomal deletion or duplica-
tion was identified in 9 patients (8%) by rWGS. Although 51
variants (9 P, 17 LP, and 25 VUS) have not previously been
reported in the literature to our knowledge, 17 of these have
been reported in ClinVar and/or gnomAD variant databases.
Twelve infants (11%) had de novo variants, highlighting the
significance of this inheritance pattern in this patient popu-
lation. Of 51 patients with variants classified as P, LP, or VUS,
results of the 2 testing platforms were discordant in 34 (67%)
because of technical limitations of the platforms, variant
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interpretation, or both (Figure). Technical discrepancies
included (1) a diagnosis of a trisomy or tetrasomy (n = 3),
chromosomal duplication (n = 2), or chromosomal deletion
(n = 4), which could not be detected with the targeted
genomic sequencing platform; (2) the gene was not present
on the targeted genomic sequencing platform (n = 8); and (3)
limited coverage of the gene on the targeted genomic
sequencing platform (n = 1). There was 1 computational fil-
tering discrepancy caused by a mapping quality threshold
between laboratories. Genomic results from each laboratory
for infants with a diagnosis (n = 37) are provided in Table 2
including differences in variant interpretation, technical
limitations, and those that were fully concordant. eTable 2 in
the Supplement includes include all remaining infants with a
VUS only (n = 14). Median age at diagnosis was 22 days
(range: 3-313 days); 21 infants (58%) received a diagnosis in
the neonatal period (<28 days of life). Significant changes
based on a diagnosis occurred in 29 infants (29 of 37 [78%]
with P/LP variant[s] detected; 29 of 113 patients [26%]
tested; Table 3) including redirection of care from comfort to
specific therapy (n = 3), redirection of care to comfort
(n = 3), and/or change in medical, surgical, subspecialist,
diagnostic testing, or other therapeutic management
(n = 23). Of 113 parents, 105 (93%) opted to receive secondary
findings for their infants, with 110 of 113 mothers (90%) and
75 of 83 fathers (90%) opting to receive their secondary find-
ings. Secondary findings were reported among 7 trios
(Table 4). Three parents and other family members were
newly diagnosed with a genetic condition based on the
infant’s diagnosis.

|
Discussion

The GEMINI Study has provided rapid genomic sequencing
results to 113 patients, identifying positive findings in 51
(45%) and a molecular diagnosis in 37 (33%). The NSIGHT
trial found a 43% diagnostic rate in critically ill neonates
with WGS.” A 2018 meta-analysis exploring the clinical util-
ity of WGS and whole-exome sequencing in older children
with suspected genetic disorders revealed a diagnostic yield
of 41% and 36%, respectively.!® Beyond independent valida-
tion, the GEMINI Study affirms the significant effect that
rapid phenotypically driven genomic sequencing can have
on clinical care. Although enrollment is ongoing, the GEMINI
Study has already (1) directly informed clinical care in 29 of
37 newly diagnosed infants (78%); (2) diagnosed 3 parents
and related family members; (3) identified 51 novel variants;
and (4) identified clinically actionable secondary findings in
patients and their parents. The majority of results were pro-
vided within the first 28 days of life, demonstrating a sub-
stantial reduction in time to diagnosis. With a 79% enroll-
ment rate, the GEMINI Study reveals a strong parental desire
for testing in neonates suspected of having a genetic disor-
der. The reasons parents declined enrollment included a fear
of blaming 1 partner, belief that a neonate did not have a
genetic disorder, and disinterest in pursuing genetic testing
or participating in research.
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Figure. Genomic Testing Results and Concordance Rates of Data Interpretation Between Laboratory Sites
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Importantly, results have directly informed clinical care and
improved outcomes, including the identification of secondary
findings. During a phenotypically driven interpretation of a trio,
a BRCA2 pathogenic variant was found in a mother unaware
of her carrier status and a RYRI pathogenic variant was identi-
fied in a neonate at risk of malignant hyperthermia.?° Interest-
ingly, the GEMINI Study has identified genetic conditions in par-
ents who have had lifelong signs/symptoms without a clear
cause. One father reported a history of chorea and respiratory
morbidities consistent with brain-lung-thyroid syndrome (patho-
genic variant in NKX2-1) after his infant’s testing established
the genetic diagnosis.?! It is likely that the rapid diagnostic ca-
pabilities of these testing platforms will translate into improved
outcomes for both parents and their children.

Unlike many prior studies exploring the diagnostic
capabilities and clinical utility of next-generation se-
quencing,*#22-23 neonates and their parents in the GEMINI
Study undergo simultaneous genetic analysis and variant in-
terpretation on 2 distinct platforms. The challenges associ-
ated with discrepant clinical interpretation have previously
been reported?* and are caused in part by the required com-
pilation of subjective, manual, and complex assertions that are
collected from diverse sources.'® In published comparisons,
discordance in variant classification between clinical labora-
tory directors ranged from 12% to 71%.2*2® The GEMINI Study
further highlights the challenges of integrating this technol-
ogy into care. Although there was a 73% diagnostic concor-
dance between platforms, infants with a genomic variant had
discordant reports from the 2 laboratories 67% of the time.
While 56% of these discrepancies were caused by the techni-
cal limitations of the targeted genomic panel, many were due
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to the unique variant interpretation used by each laboratory.
These data are important for 2 reasons. First, despite the use
of a targeted, neonatal-specific genomic platform, some neo-
nates will require more comprehensive genomic coverage
(ie, chromosomal microarray, whole-exome sequencing,
rWGS). While the targeted genomic sequencing platform is ca-
pable of detecting small copy number variants (<1000 kilo-
bases) associated with microduplications and microdele-
tions, the platform currently does not leverage any copy
number or structural variant detection. Second, the discrep-
ant interpretation of variant results provided by each labora-
tory prompted us to report preliminary findings before study
completion. Each laboratory uses the same reported pheno-
types and HPO terms to direct genomic interpretation. Com-
putational settings used to filter and rank the variants identi-
fies some as possibly causative and can fail to identify actual
contributory variants. However, despite ACMG guidelines for
the interpretation and reporting of variants detected on next-
generation sequencing platforms,'® interpretation of the
same variants at each laboratory also contributed to discor-
dance. The ACMG guidelines are based on the association be-
tween reported findings in variant databases and/or the lit-
erature with their accompanying phenotypes. Therefore, by
reporting our preliminary findings, along with the HPO terms
that informed variant classification, we hope to improve vari-
ant detection and reporting for infants with similar pheno-
types and highlight the strengths and potential limitations of
these genomic platforms. This served as the primary impetus
for this interim report.

The capabilities of each platform may also inform clini-
cal interpretation. Patient 8 had 2 different P diagnoses,
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1 detected by each platform. Based on the HPO terms, the
targeted genomic sequencing platform diagnosed the infant
with a maternally inherited pathogenic variant in FOXC2. On
further discussion, it was determined that 6 family mem-
bers, including the mother, had symptoms consistent with
the FOXC2 variant, which causes lymphedema-distichiasis
syndrome.?® Conversely, despite detecting the FOXC2 vari-
ant, Rady Children’s Institute of Genomic Medicine deter-
mined that a paternally inherited 22q11.2 duplication (58
genes) in the same neonate was solely responsible for the
infant’s phenotype of cleft palate, microretrognathia, and
dysmorphic facies.?° The infant’s diagnosis is a result of
both genetic findings, made possible by simultaneously run-
ning both platforms. This demonstrates the need for more
structured reporting guidelines as infants may present with
more than 1 genetic disorder.

Although all patients have physical, clinical, and/or meta-
bolic signs/symptoms highly suggestive of a genetic disorder,
a specific cause was not identified for the majority of patients
enrolled. The inability to diagnose patients is likely multifac-
torial. A rapid, phenotypically driven genome interpretation
limits examination of the entire genome. Only genes known
to be associated with clinical findings are interrogated on both
platforms. Additionally, most genetic information obtained
through WGS is not analyzed. Thus, it is possible that infants
may actually have a genetic disorder that will be identified as
analytical techniques and variant databases become more ro-
bust and/or the neonate develops additional phenotypic find-
ings. It is also likely that some infants do not have a genetic
cause for their clinical presentation. Teratogens and environ-
mental exposures during key periods in gestation and/or epi-
genetic modifications may be contributory. Finally, the re-
sults remind us of our narrow understanding of the genome,
including the role that introns likely play in genetic disease.
Although technology is no longer a barrier to rapid genomic
sequencing, we remain limited by our understanding and in-
terpretation of these complex biologic processes.

Limitations

This study is limited, in part, by its targeted, phenotypic-
driven analysis based on our current understanding of the hu-
man genome. By only interrogating areas of the genome known
toresult in the patient’s presenting symptoms, a rapid return
of results may be provided at the expense of a diagnosis.

. |
Conclusions

Preliminary results of the GEMINI Study revealed that 51 of
113 infants (45%) had an important genetic variant detected.
Fifty-one variants were novel and previously unpublished.
While there was an overall 73% concordance between plat-
forms for patients tested, of those with a positive finding,
67% received discordant results from the different methods.
By testing 2 platforms simultaneously, GEMINI has high-
lighted the need for rapid dissemination of findings to better
inform the field about novel variants and highlighted the
existing variability in genomic sequencing technologies.
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Table 4. Incidental Findings Returned
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Patient Condition Variant
No. Testing platform  Condition inheritance Gene Variant Zygosity classification
9 rWGS Malignant hyperthermia AD RYR1 ¢.1840C>T; p.Arg614Cys Het P
susceptibility
TTC8 €.1029_1032dup; Het LP
13 rWGS Bardet-Biedlsyndrome 8 AR p.Ala345AsnfsTer16°
TTC8 €.271G>A; p.Gly91Arg® Het VusS
Anemia, nonspherocytic G6PD €.292G>A; p.Val98Met Hemi P
38 rWGS hemolytic due to G6PD AR .
deficiency G6PD C466A>G; p.ASN156Asp  Hemi vus
40 rWGS Hereditary breast and AD BRCA2 €.6486_6489del; Het P
ovarian cancer syndrome® p.Lys2162AsnfsTers
52 Targeted Fabry disease XL GLA ¢.1103C>T; p.Ala368Val® Hemi VusS
genomic
sequencing
platform
53 rWGS Arrhythmogenic right AD DSG2 €.523 + 1G>C><d Het P
ventricular dysplasia,
familial, 10
rWGS Anemia, nonspherocytic AR G6PD €.292G>A; p.Val98Met Het P
hemolytic due to G6PD
deﬁde‘;cy G6PD C.466A>G; p.Asn156Asp Homo VUS
54 Targeted Glycogen storage disease Il AR GAA €.922C>T; p.His308Tyr2¢ Het VUS
genomic
sequencing GAA c.*187_203del17InsGGG? Het VusS
platform

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; del, deletion;
dup, duplication; hemi, hemizygous; het, heterozygous; homo, homozygous;
LP, likely pathogenic; P, pathogenic; rWGS, rapid whole-genomic sequencing;

VUS, variant unknown significance; XL, x-linked.

2 The variant has not been previously reported in the literature; this variant was

¢ Reported for parent.

included in Genome Aggregation Database (gnomAD) or ClinVar.
b This variant was included in Genome Aggregation Database (gnomAD).

9 This variant was included in ClinVar.

ARTICLE INFORMATION
Accepted for Publication: September 30, 2020.

Published Online: February 15, 2021.
doi:10.1001/jamapediatrics.2020.5906

Author Affiliations: Mother Infant Research
Institute, Tufts Medical Center, Boston,
Massachusetts (Maron); Rady Children'’s Institute
for Genomic Medicine, San Diego, California
(Kingsmore, Wigby, Chowdhury, Dimmock);
Department of Pediatrics, University of California,
San Diego, San Diego (Wigby); Children's
Healthcare of Atlanta, Department of Pediatrics,
Emory University, Atlanta, Georgia (Poindexter);
Perinatal Institute, Cincinnati Children’s Hospital,
Cincinnati, Ohio (Suhrie); Department of Pediatrics,
University of Cincinnati College of Medicine,
Cincinnati, Ohio (Suhrie); UPMC Children’s Hospital
of Pittsburgh, University of Pittsburgh School of
Medicine, Pittsburgh, Pennsylvania (Vockley,
Diacovo); Mindich Child Health and Development
Institute and Department of Pediatrics, Icahn
School of Medicine at Mount Sinai, New York, New
York (Gelb); Department of Pediatrics, Cohen
Children’s Medical Center, New Hyde Park, New
York, New York (Stroustrup); University of North
Carolina Children's Research Institute, University of
North Carolina Health Children’s Hospital, Chapel
Hill (Powell, Trembath); Athena Diagnostics/Quest
Diagnostics, Marlborough, Massachusetts (Gallen,
Mullen, Tanpaiboon); Department of Obstetrics and
Gynecology, Tufts Medical Center Boston, Boston,
Massachusetts (Reed); Department of Pediatrics,
The Floating Hospital for Children at Tufts Medical
Center, Boston, Massachusetts (Reed, Kurfiss,
Davis); The Tufts Clinical and Translation Science

JAMA Pediatrics Published online February 15,2021

Institute, Tufts University School of Medicine,
Boston, Massachusetts (Davis).

Author Contributions: Dr Maron had full access to
all of the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.

Concept and design: Maron, Kingsmore, Dimmock,
Vockley, Diacovo, Stroustrup, Kurfiss, Davis.
Acquisition, analysis, or interpretation of data:
Maron, Kingsmore, Wigby, Chowdhury, Dimmock,
Poindexter, Suhrie, Vockley, Gelb, Stroustrup,
Powell, Trembath, Gallen, Mullen, Tanpaiboon,
Reed, Kurfiss, Davis.

Drafting of the manuscript: Maron, Kingsmore,
Vockley, Trembath, Kurfiss, Davis.

Critical revision of the manuscript for important
intellectual content: All authors.

Statistical analysis: Trembath, Tanpaiboon, Kurfiss.
Obtained funding: Maron, Kingsmore, Vockley,
Davis.

Administrative, technical, or material support:
Maron, Kingsmore, Wigby, Chowdhury, Dimmock,
Poindexter, Diacovo, Stroustrup, Trembath, Gallen,
Mullen, Tanpaiboon, Reed, Kurfiss.

Supervision: Maron, Kingsmore, Poindexter, Suhrie,
Vockley, Davis.

Conflict of Interest Disclosures: Dr Maron
reported grants from National Institute for
Advancing Translational Science (NCATS) during the
conduct of the study. Dr Kingsmore reported grants
from National Institutes of Health (NIH) during the
conduct of the study. Dr Dimmock reported grants
from NIH during the conduct of the study; personal
fees from BioMarin Pharmaceutical, Audentes
Therapeutics, and Ichorion Therapeutics outside
the submitted work; and had a patent to

US8718950B2 licensed. Dr Diacovo reported grants
from University of Pittsburgh during the conduct of
the study. Dr Stroustrup reported grants from NIH
during the conduct of the study and outside the
submitted work. Dr Gallen reported other from
Tufts University during the conduct of the study
and other support from Quest Diagnostics outside
the submitted work. Dr Mullen reported other from
Tufts University during the conduct of the study
and other support from Quest Diagnostics outside
the submitted work. Dr Tanpaiboon reported other
from Quest Diagnostics during the conduct of the
study. Dr Kurfiss reported grants from NCATS
during the conduct of the study. Dr Davis reported
grants from NIH during the conduct of the study.
Drs Tanpaiboon, Mullen, and Mr Gallen receive
compensation in the form of salary and stock from
Athena Diagnostics/Quest Diagnostics. No other
disclosures were reported.

Funding/Support: This study was supported by the
National Institute for Advancing Translational
Science (NCATS) (grants UO1TRO02271and
ULITRO02544).

Role of the Funder/Sponsor: NCATS did not
participate in the design and conduct of the study,
the collection, management, analysis, and
interpretation of the data or manuscript
preparation and review. NCATS did approve the
submission of interim findings of the ongoing
Genomic Medicine in Il Neonates and Infants
(GEMINI) study.

Additional Contributions: We thank the families
who graciously participated and the GEMINI team
of investigators across all participating sites for
their ongoing efforts to ensure the successful
completion of this study.

jamapediatrics.com

© 2021 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ by Piergiorgio Gigliotti on 02/22/2021


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamapediatrics.2020.5906?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.5906
http://www.jamapediatrics.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.5906

Novel Variant Findings and Challenges Associated With the Clinical Integration of Genomic Testing

REFERENCES

1. Causey TN, Bodurtha JN, Ford N. A genetic
perspective on infant mortality. South Med J. 2010;
103(5):440-444. doi:10.1097/SMJ.
0b013e3181d7e3c4

2. Holm IA, Agrawal PB, Ceyhan-Birsoy O, et al;
BabySeq Project Team. The BabySeq project:
implementing genomic sequencing in newborns.
BMC Pediatr. 2018;18(1):225. doi:10.1186/512887-
018-1200-1

3. Kingsmore SF, Cakici JA, Clark MM, et al; RCIGM
Investigators. A randomized, controlled trial of the
analytic and diagnostic performance of singleton
and trio, rapid genome and exome sequencing inill
infants. Am J Hum Genet. 2019;105(4):719-733.
doi:10.1016/j.ajhg.2019.08.009

4. McCandless SE, Brunger JW, Cassidy SB.

The burden of genetic disease on inpatient care in a
children’s hospital. Am J Hum Genet. 2004,74(1):
121-127. doi:10.1086/381053

5. Sawyer SL, Hartley T, Dyment DA, et al; FORGE
Canada Consortium; Care4Rare Canada
Consortium. Utility of whole-exome sequencing for
those near the end of the diagnostic odyssey: time
to address gaps in care. Clin Genet. 2016;89(3):
275-284. doi:10.1111/cge.12654

6. Clark MM, Hildreth A, Batalov S, et al. Diagnosis
of genetic diseases in seriously ill children by rapid
whole-genome sequencing and automated
phenotyping and interpretation. Sci Transl Med.
2019;11(489):eaat6177. doi:10.1126/scitransimed.
aat6177

7. Farnaes L, Hildreth A, Sweeney NM, et al. Rapid
whole-genome sequencing decreases infant
morbidity and cost of hospitalization. NPJ Genom
Med. 2018;3:10. doi:10.1038/541525-018-0049-4

8. Berg JS, Agrawal PB, Bailey DB Jr, et al. Newborn
sequencing in genomic medicine and public health.

Pediatrics. 2017;139(2):e20162252. doi:10.1542/peds.

2016-2252

9. van Diemen CC, Kerstjens-Frederikse WS,
Bergman KA, et al. Rapid targeted genomics in
critically ill newborns. Pediatrics. 2017;140(4):
€20162854. doi:10.1542/peds.2016-2854

10. Frankel LA, Pereira S, McGuire AL. Potential
psychosocial risks of sequencing newborns.
Pediatrics. 2016;137(suppl 1):524-529. doi:10.1542/
peds.2015-3731F

11. NCBI. ACMG recommendations for reporting of
incidental findings in clinical exome and genome

jamapediatrics.com

sequencing. Accessed May 2019. https://www.ncbi.
nlm.nih.gov/clinvar/docs/acmg/

12. Houdayer F, Putois O, Babonneau ML, et al.
Secondary findings from next generation
sequencing: psychological and ethical issues: family
and patient perspectives. Eur J Med Genet. 2019;
62(10):103711. doi:10.1016/j.ejmg.2019.103711

13. Kohler S, @ien NC, Buske OJ, et al. Encoding
clinical data with the human phenotype ontology
for computational differential diagnostics. Curr
Protoc Hum Genet. 2019;103(1):e92. doi:10.1002/
cphg.92

14. Kéhler S, Carmody L, Vasilevsky N, et al.
Expansion of the Human phenotype ontology
(HPO) knowledge base and resources. Nucleic Acids
Res. 2019;47(D1):D1018-D1027. doi:10.1093/nar/
gky1105

15. Athena Diagnostics. Newborn DX: advanced
sequencing evaluation. Accessed January 2021.
https://www.athenadiagnostics.com/getmedia/
1a87031d-ce5c-4cd8-8544-b7970ee75c08/
NewbornDx_Gene_Panel

16. Karbassil, Maston GA, Love A, et al.

A standardized DNA variant scoring system for
pathogenicity assessments in mendelian disorders.
Hum Mutat. 2016;37(1):127-134. doi:10.1002/humu.
22918

17. Singleton MV, Guthery SL, Voelkerding KV, et al.
Phevor combines multiple biomedical ontologies
for accurate identification of disease-causing alleles
in single individuals and small nuclear families. Am J
Hum Genet. 2014;94(4):599-610. doi:10.1016/j.
ajhg.2014.03.010

18. RichardsS, Aziz N, Bale S, et al; ACMG
Laboratory Quality Assurance Committee.
Standards and guidelines for the interpretation of
sequence variants: a joint consensus
recommendation of the American College of
Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med.
2015;17(5):405-424. doi:10.1038/gim.2015.30

19. Clark MM, Stark Z, Farnaes L, et al.
Meta-analysis of the diagnostic and clinical utility of
genome and exome sequencing and chromosomal
microarray in children with suspected genetic
diseases. NPJ Genom Med. 2018;3:16. doi:10.1038/
s41525-018-0053-8

20. Hopkins PM, Gupta PK, Bilmen JG. Malignant

hyperthermia. Handb Clin Neurol. 2018;157:645-661.

doi:10.1016/B978-0-444-64074-1.00038-0

Original Investigation Research

21. Kharbanda M, Hermanns P, Jones J, Pohlenz J,
Horrocks I, Donaldson M. A further case of
brain-lung-thyroid syndrome with deletion
proximal to NKX2-1. Eur J Med Genet. 2017;60(5):
257-260. doi:10.1016/j.ejmg.2017.03.001

22. Petrikin JE, Willig LK, Smith LD, Kingsmore SF.
Rapid whole genome sequencing and precision
neonatology. Semin Perinatol. 2015;39(8):623-631.
doi:10.1053/j.semperi.2015.09.009

23. Ceyhan-Birsoy O, Murry JB, Machini K, et al;
BabySeq Project Team. Interpretation of genomic
sequencing results in healthy and ill newborns:
results from the BabySeq project. Am J Hum Genet.
2019;104(1):76-93. doi:10.1016/j.ajhg.2018.11.016

24. Amendola LM, Jarvik GP, Leo MC, et al.
Performance of ACMG-AMP variant-interpretation
guidelines among nine laboratories in the clinical
sequencing exploratory research consortium. AmJ
Hum Genet. 2016;99(1):247. doi:10.1016/j.ajhg.
2016.06.001

25. Harrison SM, Dolinsky JS, Knight Johnson AE,
et al. Clinical laboratories collaborate to resolve
differences in variant interpretations submitted to
ClinVar. Genet Med. 2017;19(10):1096-1104. doi:10.
1038/gim.2017.14

26. Balmana J, Digiovanni L, Gaddam P, et al.
Conflicting interpretation of genetic variants and
cancer risk by commercial laboratories as assessed
by the Prospective Registry of Multiplex Testing.

J Clin Oncol. 2016;34(34):4071-4078. doi:10.1200/
JCO.2016.68.4316

27. Pepin MG, Murray ML, Bailey S, Leistritz-Kessler D,
Schwarze U, Byers PH. The challenge of comprehensive
and consistent sequence variantinterpretation between
clinical laboratories. Genet Med. 2016;18(1):20-24.
doi:10.1038/gim.2015.31

28. Hoskinson DC, Dubuc AM, Mason-Suares H.
The current state of clinical interpretation of
sequence variants. Curr Opin Genet Dev. 2017;42:
33-39. doi:10.1016/j.gde.2017.01.001

29. De Niear MA, Breazzano MP, Mawn LA. Novel
FOXC2 mutation and distichiasis in a patient with
lymphedema-distichiasis syndrome. Ophthalmic
Plast Reconstr Surg. 2018;34(3):e88-e90. doi:10.
1097/10P.0000000000001079

30. YuA, Turbiville D, Xu F, et al. Genotypic and
phenotypic variability of 22q11.2 microduplications:
an institutional experience. Am J Med Genet A.
2019;179(11):2178-2189. doi:10.1002/ajmg.a.61345

JAMA Pediatrics Published online February 15, 2021

© 2021 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ by Piergiorgio Gigliotti on 02/22/2021

E19


https://dx.doi.org/10.1097/SMJ.0b013e3181d7e3c4
https://dx.doi.org/10.1097/SMJ.0b013e3181d7e3c4
https://dx.doi.org/10.1186/s12887-018-1200-1
https://dx.doi.org/10.1186/s12887-018-1200-1
https://dx.doi.org/10.1016/j.ajhg.2019.08.009
https://dx.doi.org/10.1086/381053
https://dx.doi.org/10.1111/cge.12654
https://dx.doi.org/10.1126/scitranslmed.aat6177
https://dx.doi.org/10.1126/scitranslmed.aat6177
https://dx.doi.org/10.1038/s41525-018-0049-4
https://dx.doi.org/10.1542/peds.2016-2252
https://dx.doi.org/10.1542/peds.2016-2252
https://dx.doi.org/10.1542/peds.2016-2854
https://dx.doi.org/10.1542/peds.2015-3731F
https://dx.doi.org/10.1542/peds.2015-3731F
https://www.ncbi.nlm.nih.gov/clinvar/docs/acmg/
https://www.ncbi.nlm.nih.gov/clinvar/docs/acmg/
https://dx.doi.org/10.1016/j.ejmg.2019.103711
https://dx.doi.org/10.1002/cphg.92
https://dx.doi.org/10.1002/cphg.92
https://dx.doi.org/10.1093/nar/gky1105
https://dx.doi.org/10.1093/nar/gky1105
https://www.athenadiagnostics.com/getmedia/1a87031d-ce5c-4cd8-8544-b7970ee75c08/NewbornDx_Gene_Panel
https://www.athenadiagnostics.com/getmedia/1a87031d-ce5c-4cd8-8544-b7970ee75c08/NewbornDx_Gene_Panel
https://www.athenadiagnostics.com/getmedia/1a87031d-ce5c-4cd8-8544-b7970ee75c08/NewbornDx_Gene_Panel
https://dx.doi.org/10.1002/humu.22918
https://dx.doi.org/10.1002/humu.22918
https://dx.doi.org/10.1016/j.ajhg.2014.03.010
https://dx.doi.org/10.1016/j.ajhg.2014.03.010
https://dx.doi.org/10.1038/gim.2015.30
https://dx.doi.org/10.1038/s41525-018-0053-8
https://dx.doi.org/10.1038/s41525-018-0053-8
https://dx.doi.org/10.1016/B978-0-444-64074-1.00038-0
https://dx.doi.org/10.1016/j.ejmg.2017.03.001
https://dx.doi.org/10.1053/j.semperi.2015.09.009
https://dx.doi.org/10.1016/j.ajhg.2018.11.016
https://dx.doi.org/10.1016/j.ajhg.2016.06.001
https://dx.doi.org/10.1016/j.ajhg.2016.06.001
https://dx.doi.org/10.1038/gim.2017.14
https://dx.doi.org/10.1038/gim.2017.14
https://dx.doi.org/10.1200/JCO.2016.68.4316
https://dx.doi.org/10.1200/JCO.2016.68.4316
https://dx.doi.org/10.1038/gim.2015.31
https://dx.doi.org/10.1016/j.gde.2017.01.001
https://dx.doi.org/10.1097/IOP.0000000000001079
https://dx.doi.org/10.1097/IOP.0000000000001079
https://dx.doi.org/10.1002/ajmg.a.61345
http://www.jamapediatrics.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamapediatrics.2020.5906

