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Rapid genomic diagnostics in the Neonatal Intensive Care Unit represents a paradigm shift in medicine
with increasing evidence of the utility of early diagnosis, impacting management. The goal of the Utah
NeoSeq Project was to implement and evaluate a multidisciplinary and longitudinal rapid sequencing
program while transitioning to CLIA-certified sequencing. Enroliment of 65 infants resulted in 26 (40%)
with a diagnostic variant(s) and 7 (11%) harboring a strong candidate. This includes re-analyses
resulting in four additional diagnoses. Parental surveys indicated that 7% (4/59) of parents had a
decisional conflict after consent, and 3% (2/59) experienced decisional regret after the results. Fifty-
two provider surveys were conducted. Seventy-nine percent (41/52) of results and 86% (19/22) of
diagnostic results were “very useful” or “useful” and associated with management changes. The
NeoSeq Project demonstrates that a multidisciplinary collaborative approach to diagnosis is feasible.
We have developed a generalizable, collaborative protocol that addresses the need for expedited

genetic evaluation with emerging technologies.

Genetic disorders lead to significant morbidity and mortality in critically
ill infants. The rapid clinical progression of many genetic disorders
necessitates a path to quickly identifying the underlying genetic variants
to facilitate early, personalized treatment plans in the neonatal intensive
care unit (NICU). Previous studies show that next-generation sequen-
cing, including whole genome sequencing (WGS), leads to earlier diag-
nosis and improved outcomes due to rapid, more precise intervention in
neonates'”. However, barriers related to frontline clinical implementa-
tion of WGS in the care of critically ill newborns have restricted

widespread use of WGS and left significant regulatory and logistical
challenges to be overcome®’.

The NeoSeq Project was framed around the recognition that a multi-
disciplinary approach, integrating clinicians and scientists, could be used for
clinical implementation and provide maximal benefit to patients'’. We used
a collaborative model between clinical staff at a regional hospital, molecular
sequencing laboratory, and genome research center to address the needs of
acutely ill patients at the University of Utah NICU while developing and
testing genomic data interpretation tools with the potential for broad
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application' . Further, post-WGS, the NeoSeq Project integrated an
undiagnosed pathway that included a protocol for routine short-read DNA
re-analysis and utilization of additional investigative technologies, including
long-read DNA sequencing, RNA sequencing, and functional analysis in
animal models. Here, we summarize the application of our processes in an
initial cohort of sixty-five critically ill neonates, aiming to expedite patient
identification, improve the diagnostic yield of standard WGS analysis
methods, and integrate workflows for ongoing analysis of unsolved cases.
Based on key lessons learned, our goal is to expand these methods across
regional NICUs to improve the care of patients in rural and underserved
areas throughout the U.S. Mountain West.

Results

Population, recruitment, and consent

The NeoSeq study was conducted from February 2020 to May 2023.
Screening, patient identification, and enrollment counts are included in
Fig. 1. Of patients identified and assigned a kindred ID, some patients were
not offered full consent discussion under multiple circumstances, including
if the family declined full consent discussion or the clinical team determined
that rWGS was not appropriate based on identification of a likely genetic
diagnosis through other testing, a non-genetic etiology, complex psycho-
social factors that would interfere with full participation in the study or
preclude a diagnosis, demise (in utero or postnatal) prior to enrollment,
palliative delivery, or delivery at an outside hospital. Sixty-five of sixty-six
families (98.5%) who underwent full consent discussion chose to enroll
in the study. Parents opted in to receive medically actionable incidental
findings for 98% (64/65) of the probands. The overall opt-in rate was 94%

(183/194), with 94% (61/65) for mothers, 90% (57/63) for fathers, and 100%
(1/1) for siblings. Our enrollment period included the COVID-19 pan-
demic, during which clinical research at the University of Utah was tem-
porarily placed on hold, so there were patients who met inclusion criteria
that were unable to be included in the study.

Table 1 displays the demographic data of our participants, which reflect
the current trends in birth rates across racial and ethnic groups in northern
Utah. Over half of the participants were identified prenatally, reflecting our
efforts for early identification of newborns at risk for genetic disorders.
Eighty-six percent of the cohort was >32 weeks gestation at the time of birth.
Eighteen (28%) of the probands died at some point after enrollment,
underscoring the critical illness of infants undergoing genomic testing in
the NICU.

Reporting and confirmation
The NeoSeq Project identified twenty-six patients (40%) with a diagnostic
pathogenic, or likely pathogenic genetic variant(s) and seven cases (11%)
with a strong candidate determined to be likely diagnostic (Fig. 2). Of the 26
cases who received a diagnosis (40%) and the seven cases (11%) with a
strong candidate, seven cases (21%) had a structural variant, including five
deletions, one inversion flanked by deletions, and one unbalanced trans-
location (Table 2). Among the eighteen probands who died, ten patients
(56%) were diagnosed, and three patients (17%) had a strong candidate,
suggesting that the deceased patients had a higher likelihood of possessing
an identifiable genetic disorder.

The average turn-around time from enrollment to generation of a
results letter was 11.8 days, and the average turn-around time for diagnostic

Fig. 1| Screening, enrollment and overall study flow.

* 1,885 NICU level Ill admittances and 216 Antepartum patients screened

Screening and Review
Daily screening of census and care team referral

* 127 patients identified for further review

Excluded or Declined Research
* 37/127 patients excluded based on clinical presentation
* 15/127 parents declined approach
* 10/127 unknown reason

A 4

* 65/66 patients who underwent consent discussion, enrolled
* 34/65 enrolled patients identified as candidate prenatally and 10 consented during prenatal period

Enrollment
Consent facilitated by Genetic Counselor or Pl

A\ 4

real time communication via Mosaic and Calypso Platforms

Sequencing and Analysis
« Library Preparation and SRS at ARUP

 Variant interpretation and analysis at UCGD and ARUP

* Analysts and clinical team discuss variant resolution in

* Weekly and ad-hoc case review meeting between
ARUP, UCGD and clinical team for case finalization

/\

Diagnostic or High Suspicion Variants
-Care conference with Pl and geneticist
-CLIA certified test offered

Undiagnostic or Uncertain Variants
Reviewed for various follow up analyses
* 32 patients enrolled for reanalysis

* 33 patients with diagnosis or compelling
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+4 additional diagnoses made at reanalysis

(4 additional diagnoses)
* 4 patients with RNA sequencing
(1 additional diagnosis)
* 22 patients with long read sequencing

(8 no additional diagnoses; 14 analyses in process)
* 27 submitted to GeneMatcher
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Table 1 | NeoSeq cohort characteristics

Gender, N (%)

Male 43 (66)
Female 22 (34)
Self-reported race/ethnicity, N (%)
American Indian or Alaska Native 0
Asian 1(1.5)
Black or African American 1(1.5)
Caucasian 39 (60)
Latino(a) 17 (26)
Multiple 6 (9)
Asian-Caucasian mixed 2
Latino-Caucasian mixed 2
Native American-Caucasian mixed 1
Native American-Latino mixed 1
Native Hawaiian or Pacific Island 1(1.5)
Group characteristics, N (%)
Gestational age
<32 weeks 9 (14)
32-37 weeks 27 (41)
>37 weeks 29 (45)
Birth weight
<2500 grams 28 (43)
>2500 grams 37 (57)
Identified prenatal period 34 (52)
Test ordering
Test ordered as
Trio 60 (92)
Duo (parent) 2(3)
Duo (twin sibling) 2(3)
Proband 0

Quad (trio and sibling)

Time to testing
DOL test initiated

8 days (0-71)

Identification, discharge, mortality

Discharged home prior to ROR 37 (57)
Deceased prior to ROR 6/18 (33)
Deceased during hospitalization 6/65 (9)
Discharged to Level IV NICU 23/65 (35)

Length of Hospital Stay 20.8 days (0-114 days)

DOL day of life; ROR return of results

findings was 6.4 days. Figure 2 shows the distribution of the diagnostic
candidates and the turn-around time at each stage of testing. Figure 2b
displays two cases with a total testing time of >30 days. The first case was
delayed due to an expired IRB, and the second case was secondary to a delay
in sequencing due to library prep failure, server issues delaying the transfer
of files, and an extended variant review of a deceased patient.

Periodic re-analysis, long-read sequencing, RNA sequencing

All cases undiagnosed after initial analysis were scheduled for yearly
re-analysis. Four cases were diagnosed at the 1-year re-analysis time-
point due to a combination of recent literature review (three cases) and
new variant discovery (one case). RNA sequencing was completed on
four non-diagnostic cases with identified variants of uncertain

significance (VUS) predicted to affect splicing. RNA sequencing con-
firmed the diagnosis of one case by providing significant evidence of
altered splicing and nonsense-mediated decay caused by a variant of
the diagnostic gene. Trio long-read DNA sequencing was completed
for eight families, with no new diagnoses. The functional analysis
service completed additional testing on one case that provided further
evidence of the likely diagnosis; immunoblotting of patient skin biopsy
samples showed greatly reduced DERLI protein expression compared
to control samples, confirming that the compound heterozygous
candidate variants resulted in a loss-of-function.

Measuring outcomes and utility of testing

One parent declined to participate in parental surveys, leaving fifty-nine
participants who completed both pre- and post-result surveys. Of the 59
participants, all but one reported that sequencing was explained to them in a
way that they understood. Four participants (7%, 4/59) reported decisional
conflict after consent, and two (3%, 2/59) went on to have decisional regret
after the return of results. Of these two participants, one had a diagnostic
result, and one had a non-diagnostic result. Despite having decisional
conflict and regret, both participants agreed that the test was offered for their
child’s benefit prior to receiving the results. When asked to identify the most
helpful part of the consent process, 70% (41/59) identified “speaking with
someone with genetic expertise”, 20% (12/59) answered “discussing with the
primary team”, 7% (4/59) identified “reading the consent”, and 3% (2/59)
answered “reading the summary sheet.” Provider surveys collected infor-
mation on the perceived clinical utility of WGS and identified changes in
management (Table 3). Seventy-nine percent (41/52) of providers surveyed
reported that rWGS was “useful” or “very useful,” with 39% (16/41) of those
reporting a change in management. Open-ended comments provided
additional insight into clinician views and select quotes are summarized in
Table 3.

Discussion

Rapid WGS is an emerging technology in the NICU. There is increasing
recognition of the benefits of early genetic diagnosis for critically ill
neonates by providers, families, hospitals, and insurers. However,
major barriers in genomic diagnostics remain including limitations in
technical and analytical identification of disease-causing variants as
well as regulatory and implementation challenges for frontline clinical
use. Additionally, accessibility to genomic testing has been limited by
variable insurance coverage, by the cost of the test, and by the cost of
test development and validation. We developed an integrative clinical
research model that partnered with the expertise and interests of our
university’s hospital system, affiliated reference laboratory, and
genomic research center. This model allowed for access to rapid WGS
technologies for patients and families at no cost to them, and the data
and experience gained from The Utah NeoSeq Project have been
pivotal in supporting the approval of an rWGS test for clinical use in
the University of Utah NICU starting in June 2023.

The Grant Scott Bonham Fetal Center at Primary Children’s Hospital
and the University of Utah Level III NICU provide a novel setting for
exploring the utility of rWGS. The University of Utah NICU serves as an
inborn unit for patients seen at the Fetal Center and is anticipated to need
pediatric sub-specialty care at the connecting Level IV Primary Children’s
Hospital NICU, in addition to being a comprehensive Level III NICU
managing premature and full-term infants. Most studies utilizing rtWGS
have been conducted in Level IV units"'®, which are enriched for patients
with complex medical presentations, and as expected, the proportion of
admittances identified for enrollment in our study was lower than in Level
IV studies. Of enrolled patients, 52% (34) were identified prenatally. Earlier
recognition and diagnosis of genetic conditions can impact clinical care. The
advancement of prenatal sequencing and the potential of expedited answers
is an evolving area with positive potential. The risks and benefits of
sequencing at different time points should continue to be explored.
Although our consent rate after the consent discussion was very high
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Fig. 2 | NeoSeq diagnostic rate and time intervals. a.
a NeoSeq diagnostic rate: cases were divided into

diagnosed, strong genetic candidate, and undiag-

nosed. b NeoSeq time intervals: range and average

days to complete sequencing, analysis, review, and

time to preliminary finding.

45
40
35
30
25
20
15
10

Days

Diagnosed
40%

Undiagnosed
49%

Candidate
11%

0 |||I|I||||||I||||I||||III|II||| "||||II|I|||||I|||||||I||||I|I||

m Sequencing Analysis Review & Report

Range Average
(days) (days)

Sequencing 1.8-11 4.1

Analysis 04-5 2.3

Review & Report 0.2-24 54

Total 4.8-32.1 11.8

Time to finding 3-11.7 6.3

(98.5%), some families declined to hear the consent after the initial
approach.

This study served as a test cohort for the development of software
tools and analysis workflows. The bioinformatics and development
team also refined data transfer automation and data storage and com-
munication platforms for visualizing data and documenting analyst and
clinician reviews. Since the cost of clinical validation of a genome
sequencing test is high, it is often difficult to generate sufficient data
required to meet regulatory standards. This study contributed requisite
data necessary for validation and subsequent use of the clinical rWGS
test in ARUP Laboratories’ CLIA-certified clinical laboratory, which
uses the same sequencing methodology and sample preparation as
NeoSeq.

Comparison of diagnostic rates between sites can be difficult
given the variability of cohort selection, with ranges reported from 20-
50%"'*'°*°, The NeoSeq Project resulted in 40% of cases with a
diagnosis and an additional 11% of cases with a compelling candidate
gene or likely diagnosis. Clinical review and follow-up testing were
instrumental in determining the diagnostic status for several variants,
highlighting the importance of an integrative model that partners
clinicians and analysts and allows for custom analyses to be performed

on a research basis. For example, a diagnostic complex inversion'' was
identified in one case that would have likely been missed by other WGS
studies. In another case, we used RNA sequencing to confirm the
pathogenicity of a variant in NEB causing nemaline myopathy,
information that was vital to the parents for future pregnancy plan-
ning. We speculate there will be additional diagnoses in the future with
re-analysis and increased RNA and long-read sequencing and
analysis.

We found that our parental survey results were similar to pub-
lished results”, with low parental decisional conflict and regret. We
also found that parents identified the most important part of the
consent process as discussing the study with an individual with
expertise in genetics; in our study, this was a genetic counselor or
neonatologist with extensive genetic knowledge. This result highlights
the importance of the consent process surrounding rapid WGS in
minimizing decisional conflict and regret, an important consideration
when expanding the use of this testing.

Provider surveys were conducted to assess clinical utility and
change in management, with 52 providers completing the survey.
Clinicians uniformly appreciated the benefits of integrating genetic
testing into their clinical care of critically ill infants. Providers
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Table 2 | Diagnostic and suspected diagnostic variants

Case

Duo trio

Gene variant(s), classification, inheritance

Diagnosis

Diagnosed cases

1 Trio TAF1 Intellectual developmental disorder, X-linked, syndromic 33 (MIM:
c.3544 C>T (p.Arg1182Cys), P, maternal (XR) 300966)

2 Trio LGl4 Arthrogryposis multiplex congenita 1, neurogenic, with myelin defect
c.504 G > C (p.Trp168Cys), LP, paternal (AR) (MIM: 617468)
¢.322 G > A (p.Glu108Lys), LP, maternal (AR)

3 Trio ABCC8 Hyperinsulinemic hypoglycemia, familial, 1 (MIM: 256450)
¢.4307 G > A (p.Arg1436Gin), P, maternal (AR)
c.695 G > A (p.Trp232Ter), P, paternal (AR)

4 Duo COL1A Osteogenesis imperfecta, type Il (MIM: 259420)
¢.1273 G > A (p.Gly425Ser), P, paternal or de novo (AD)

5 Trio BBS10 Bardet-Biedl syndrome 10 (MIM: 615987)
¢.271dupT (p.Cys91Leufs*5), P, paternal (AR)
€.909_912del (p.Ser303ArgfsTer3), P, maternal (AR)

6 Trio ZFPM2 Diaphragmatic hernia 3 (MIM: 610187)
chr8:101080841-105439188 inversion, P, maternal (AD)

7 Trio COL2A1 Spondyloepiphyseal dysplasia congenita (MIM: 183900)
€.733_7583del (p.Pro245_Pro251del), P, de novo (AD)

8 Trio CTSA Galactosialidosis (MIM: 256540)
c.184 C >T (p.GIn44Ter), P, paternal (AR)
¢.1372 T > G (p.Phe440Val), P, maternal (AR)

9 Trio MDFIC Lymphatic malformation 12 (MIM: 620014)
¢.386dupA (p.Met131Asnfs*3), P, homozygous (AR)

10 Trio MYCBP2 MYCBP2-related developmental delay with corpus callosum defects
¢.11407 C > T (p.Arg3803Ter), P, de novo (AD) (PMID: 36200388)

11 Trio ATAD3A Pontocerebellar hypoplasia, hypotonia, and respiratory insufficiency
1p36.33 interstitial deletion, chr1:1457189-1523860 (66671 bp), LP, syndrome, neonatal lethal (MIM: 618810)
maternal (AR)
c.1696 C > T (p.GIn566Ter), LP, paternal (AR)

12 Duo PTPN11 Noonan syndrome 1 (MIM: 163950)
¢.417 G>C (p.Glu139Asp), P, maternal (AD)

13 Trio NSD1 Sotos syndrome (MIM: 117550)
¢.4076 C > G (p.Ser1359Ter), P, de novo (AD)

14 Trio KCNQ2 Seizures, benign familial neonatal, 1 (MIM: 121200)
c.1076 C > T (p.Thr359Met), P, paternal (AD)

15 Trio TRPV4 Scapuloperoneal spinal muscular atrophy (MIM: 181405)
¢.806 G > A (p.Arg269His), P, de novo (AD)

16 Trio SNAP25 Myasthenic syndrome, congenital, 18 (MIM: 616330)
c.529 C>T (p.GIn177Ter), P, de novo (AD)

17 Trio SOX9 Campomelic dysplasia (MIM: 114290)
c.1018 C >T (p.GIn340Ter), P, de novo (AD)

18 Trio CHD?7 and others CHARGE syndrome (MIM: 214800)
89g11.21-g12.3 interstitial deletion, chr8:51202481-61832156
(10629675 bp), P, de novo (AD)

19 Trio NEB Nemaline myopathy 2 (MIM: 256030)
c.[17965 T > A;18127 G > A] (p.[Tyr5989Ans;Ala6043Thr]), P, maternal
(AR)
c.23556 G > A (p.Ser7852 =), P, paternal (AR)

20 Trio 7934-qgter terminal deletion, chr7:140054895-159345973 79 terminal deletion syndrome
(19291078 bp), P, de novo (AD)

21 Trio DNAH9 Ciliary dyskinesia, primary, 40 (MIM: 618300)
c.6431 G > C (p.Arg2144Pro), LP, paternal (AR)
¢.10600 C > T (p.Arg3534Ter), LP, maternal (AR)

22 Trio LZTR1 Noonan syndrome 10 (MIM: 616564)
€.742 G > A (p.Gly248Arg), P, paternal (AD)

23 Trio 46,XY,del(8)t(7;8)(q21.3;p23.1) unbalanced translocation, P, de Chromosome 8p deletion and 7q duplication syndrome
novo (AD)

24 Trio PKD1 Polycystic kidney disease 1 with or without polycystic liver disease (MIM:
c.11157-1 G > A, P, maternal (AD) 173900)

25 Trio 15q11.2-g13 interstitial deletion, chr15:23434321-28634351 Prader-Willi syndrome (MIM: 176270)
(5200030 bp), P, de novo (AD)

26 Trio PAX3 Waardenburg syndrome, type 1 (MIM: 193500)

c.1291 C>T (p.GIn431Ter), P, paternal (AD)
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Table 2 (continued) | Diagnostic and suspected diagnostic variants

Case Duotrio Gene variant(s), classification, inheritance

Diagnosis

Strong candidate cases

1 Trio PQBP1 Renpenning syndrome 1 (MIM: 309500)
c.487 C>T (p.Arg163Cys), VUS, maternal (XR)

2 Duo DERL1
c.253 C>T (p.Arg85Ter), VUS, paternal or de novo (AR)
c.154-2 A> G, VUS, maternal (AR)

3 Trio HUWE1 Intellectual developmental disorder, X-linked, syndromic, Turner type
¢.2513 C > G (p.Pro838Arg), VUS, maternal (XR) (MIM: 309590)

4 Trio ARSL Chondrodysplasia punctata 1, X-linked recessive (MIM: 302950)
c.1141 G > A (p.Gly381Ser), VUS, maternal (XR)

5 Trio PIGA Multiple congenital anomalies-hypotonia-seizures syndrome 2 (MIM:
c.371T> A (p.lle124Lys), VUS, maternal (XR) 300868)

6 Trio HAND2 Tetralogy of Fallot (PMID: 25093829)
c.406_407del (p.Ser136GInfs*206), VUS, maternal mosaic (AD)

7 Trio 8p21.3-p12interstitial deletion, chr8:22678458-32502968 (9824510 bp),

LP, de novo (AD)

P pathogenic, LP likely pathogenic, VUS variant of uncertain significance, AD autosomal dominant, AR autosomal recessive, XR X-linked recessive.

Genomic coordinates are for GRCh38.

Table 3 | Clinician survey results

Category N (%)
Utility of result

All results considered very useful or useful 41/52 (79)
Positive results considered very useful or useful 19/22 (86)
Changes in management in diagnostic cases

Medical therapy initiated 0

Medical therapy stopped 1(5)
Procedure/diagnostic test avoided 1(5)

Early GT/trach 1(5)

New specialist referral initiated 4(18)
Additional medical screening 5(23)
Palliative care initiated 3(14)
Change in medical care unrelated to primary diagnosis 1(5)
Other 2(9

It did not change management 8 (36)

Open-ended comments

Positive results
“Happy to have helpful, positive results.”

“Parents seemed very happy to have a genetic diagnosis and appreciated knowing what to expect.”

“The baby’s clinical condition was terrible, and we likely would have redirected care based on family wishes even without the genetics. However, having
the genetics gave us more insight into the disease without multiple painful ancillary tests (muscle bx, EMG, etc).”

Negative results

“This is an interesting phenotype noted in 2 generations. The WGS approach very quickly excluded known genetic causes and provides for future re-

analysis of sequencing results with the aim of gene discovery for isolated and inherited imperforate anus.”

“Still appreciate having this testing available”

Uncertain results

“While this result was unclear, on follow-up my impression is the family appreciated having a possible diagnosis. It didn’t change planning. My

understanding is he will be followed along with a group investigating this gene so may be helpful in the future?“

reported 79% (41/52) of all results to be “very useful” or “useful” and
86% (19/22) of positive results to be very useful or useful. Specific
changes in management based on genetic testing results were iden-
tified in 40.7% (22/54) of cases, with “avoidance of procedure/diag-
nostic test” and “additional medical screening” being the most
commonly identified changes. Providers expressed their own appre-
ciation of having positive, negative, or uncertain results, as well as
their perceptions that families appreciated such results.

The NeoSeq Project was limited by being a single-center study.
Our enrollment period included the COVID-19 pandemic, during

which research at the University of Utah was temporarily placed on
hold, so there were patients who met inclusion criteria that were unable
to be included in the study. Further, during the initial phase, not all
patients were able to receive RNA and long-read sequencing, limiting
our ability to measure their effect on diagnostic yield. Both of these
modalities are now being offered retrospectively to many undiagnosed
cases in this study as well as prospectively to patients with non-
diagnostic results by clinical rWGS at the University of Utah Level III
NICU, to further assess the utility of these technologies for neonates
without a unifying diagnosis.
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Genomic medicine is rapidly becoming part of pediatric and neo-
natal care. Given the critically ill condition of infants admitted to the
NICU, establishing clear inclusion and exclusion criteria remains a
complex challenge. It could be argued that all NICU patients are at risk of
having an underlying genetic condition. Until comprehensive genomic
sequencing is available to all NICU admissions, it remains difficult to
determine who should have access to this technology. With the NeoSeq
program, we have demonstrated the feasibility of developing and
implementing a research-based rtWGS diagnostic program at an aca-
demic hospital, as a means to test novel strategies while also maximizing
benefits to our patients. Further, we found utility in providing early
genetic diagnoses for clinical management, counseling, and family
planning. Given the increasing recognition of the benefit of compre-
hensive genetic diagnosis in pediatric diseases, our protocol could pro-
vide a roadmap for generalized application to undiagnosed patients at
other centers, especially where clinical sequencing is not an option due to
institutional policy and coverage.

Methods

Study design

The purpose of the Utah NeoSeq Project is to provide diagnostic rapid
whole genome sequencing (rWGS) to critically ill neonates and
explore the utility and optimization of this technology. The study
design of this project delivers a rapid return of results to clinical
providers and families by operating under a research protocol, which
allows for flexible and customizable research-based analysis work-
flows, comprehensive interrogation and reporting of all variant types,
and prioritization of selected cases for experimental and analytical
follow-up in the form of additional sequencing, clinical testing, or
functional investigation of candidate variants. It was determined that
a randomized control trial was not ethically appropriate given the
growing evidence showing the improved outcomes and cost-
efficiency of rWGS diagnosis in NICU populations. Therefore, all
patients meeting the study criteria were offered enrollment. riWGS
was completed in parallel with the clinical standard of care, which
often includes sequencing of comprehensive phenotype-specific gene
panels and/or chromosomal microarray analysis.

Ethical and legal considerations

We formed an expert panel of legal and ethical counsel, including members
of the University of Utah Institutional Review Board (IRB), members of the
University of Utah Center for Health Ethics, Arts and Humanities, pediatric
legal counsel, genetic laboratory directors, and clinician researchers, with the
goal of reviewing and evaluating applicable laws and weighing them with
ethical considerations. Because rtWGS was performed under a research
protocol, we recognized that returning results prior to a Clinical Laboratory
Improvement Amendments (CLIA)-certified confirmation could be inter-
preted as in conflict with CLIA regulations. Therefore, we created an IRB-
approved protocol focused on informed consent in the setting of Health
Insurance Portability and Accountability Act (HIPAA) right-to-access for
families, to ensure that medically actionable variants with the potential for
clinical intervention could be returned as research results”. Several factors
were weighed in the development of this protocol, including the acute status
of patients and the experience of our DNA extraction and research
sequencing laboratory. Our consensus was that shared decision-making and
transparency are fundamental to compassionate neonatal care. Parents were
counseled regarding the limitations of genetic research results before and
after testing, and the study team assisted in coordinating CLIA-certified
confirmation testing for families with reported variants.

This research was conducted in full compliance with all relevant ethical
regulations, including the Declaration of Helsinki. All procedures per-
formed in studies involving human participants were in accordance with the
ethical standards of the institutional and/or national research committee
and with the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards.

Study investigators

Our study engaged three University of Utah-affiliated entities: ARUP
Laboratories, a large non-profit University of Utah-affiliated reference
laboratory, the Utah Center for Genetic Discovery (UCGD), an academic
genome research center, and the University of Utah Department of
Pediatrics. This collaboration included laboratory personnel and directors,
genome scientists and analysts, molecular geneticists, and clinician
researchers from Neonatology, Medical Genetics, Maternal Fetal Medicine,
and other pediatric sub-specialties. Collaborations were established with the
University of Utah Model Functional Analysis Service and the Utah Clinical
and Translational Science Institute (CTSI), allowing for ongoing investi-
gation of candidate variants.

Population, recruitment, and consent

Acutely ill infants suspected by their treating clinicians of having a genetic
etiology were offered enrollment, along with their biological parents.
Common indications included multiple congenital anomalies, unexplained
seizures, arthrogryposis/skeletal dysplasia, non-immune hydrops fetalis,
and acute clinical presentation and hospital course out of proportion to
expectations in the NICU. Neonates with an established non-genetic cause
for presentation, a known genetic diagnosis, or with high suspicion for
aneuploidy were excluded from the study. We identified and enrolled
patients both prenatally and postnatally. Prenatally, we identified patients
and consented through the fetal care center and through the University of
Utah hospital, which specializes in high-risk deliveries of patients who will
require Level IV care at Primary Children’s Hospital. Postnatally, we eval-
uated infants at our inborn Level III NICU. Clinical providers aided in the
identification of potential patients and introduced the idea of genetic testing
to the families.

Our consent™ (Supplementary Note 1) was offered in both English and
Spanish, with short forms available for 61 additional languages. We required
an explicit opt-in or opt-out to receive incidental “medically actionable”
findings for the patient and each parent. The consent outlined that parti-
cipants’ samples and information would be stored indefinitely for further
research. If new results are identified through future research, participants
are contacted and asked if they would like to receive these findings, with the
understanding that their interest in research participation may have chan-
ged since they were initially consented.

Sample collection and sequencing

Proband umbilical or venous blood and parent venous blood were collected
and couriered to ARUP Laboratories, typically within 1 hour. Genomic
DNA was extracted from 0.5 to 1 mL whole blood using the Chemagic
Magnetic Separation Module I (PerkinElmer, MA, USA) and quantified
with a broad-range double-stranded assay kit on a Qubit 1.0 fluorometer
(ThermoFisher Scientific, USA). For forty-three families, sequencing
libraries were prepared with the Illumina DNA Prep workflow (Illumina,
CA, USA). Dual-indexed, paired-end, whole genome libraries were pre-
pared from 500 ng input DNA using on-bead transposons to normalize the
DNA fragmentation and adapter ligation process. The normalized product
underwent five PCR cycles to add unique 10-bp dual indices and sequencing
adapters. After amplification, double-sided bead selection was used to select
appropriately sized library fragments. The double-stranded libraries were
quantified via electrophoresis on the 4200 TapeStation with high-sensitivity
D5000 tapes (Agilent, USA), diluted to 3 nM, and pooled at equimolar
ratios. The final library pool was diluted to 1.6 nM and spiked with 1% PhiX
bacteriophage DNA as a sequencing control (Illumina, CA, USA)"". For
twenty-two families, libraries were prepared for sequencing with the Illu-
mina PCR-Free Prep workflow (Illumina, CA, USA) from 1 ug input DNA.
Adapters, including 10-bp dual indices, were added via ligation. The final
single-stranded libraries were pooled at fixed volumes and quantified via
single-strand DNA Qubit (ThermoFisher, USA). These final pools were
diluted to 2.6 nM and spiked with 1% PhiX (Illumina, CA, USA). For both
library preparations, the final pool was denatured and loaded on a NovaSeq
6000 instrument for paired-end sequencing (2 x 150 bp) on an S1 flow cell
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(MMumina, CA, USA). Sequence reads were demultiplexed and converted to
FASTQ files with bcl2fastq (v2.20) and securely transferred from ARUP
to UCGD.

Bioinformatics

SNV & indel variant calling. Automated calling of single nucleotide var-
iants (SN'Vs) and short insertions and deletions (indels) was performed by
the UCGD Core. The SNV/indel calling pipeline used the FastQForward
parallelization platform. FastQForward wraps the BWA short-read
aligner” and the Sentieon™ variant calling toolkit, a computationally effi-
cient re-implementation of GATK algorithms, for an overall workflow that
follows GATK best practices™. Reads were aligned to a modified version of
the GRCh38 reference genome that has false segmental duplications and
other known erroneous sequences masked out by Ns, as per recommen-
dations issued by the Genome Reference Consortium and Telomere-to-
Telomere (T2T) Consortium. Variants were annotated using VEP,
including five splice prediction plug-ins (SpliceAl, MaxEntScan, SpliceR-
egion, dbscSNV, and GeneSplicer), and the UTRannotator plug-in Auto-
mation of the NeoSeq pipeline used NICUWatch (https:/github.com/
srynobio/NICUWatch), a codebase to manage sample data transfer, multi-
platform project creation, workflow implementation in Nextflow’, and
Amazon SNS messaging service to inform team members of data processing
status and enable rapid downstream analysis.

Structural variation. Structural variants (SVs) were identified using
Smoove” (https://github.com/brentp/smoove), Manta™, and RUFUS
(https://github.com/jandrewrfarrell/RUFUS). Smoove and Manta call
structural events using split-mapped reads and discordant read pair
insert sizes. SV calls were annotated with overlapping genes and duphold
metrics” using Smoove, and with population allele frequencies using
SVAPotate™. On select cases, data were re-aligned to the gapless T2T
reference genome and reanalyzed with Smoove for further investigation
of ambiguous SV calls. RUFUS performs de novo assembly of reads
containing sequence kmers unique to the proband and absent from one
or more parental controls, creating assembled contigs of mutant haplo-
types and allowing identification of complex structural rearrangements
as well as SN'Vs and indels. Mixed-type compound heterozygotes con-
sisting of an SN'V/indel and SV in trans were identified using RUFUS as
well as manual comparison of SNV and SV candidate lists.

Other variant types. Short tandem repeat expansions at known disease-
associated repeat loci were identified using GangSTR*' and STRling®* and
filtered using dumpSTR and custom scripts. Aneuploidies and large copy
number variants were identified using MoChA™ and a RUFUS derivative
that examines genome-wide kmer depth (unpublished). Uniparental
disomy was identified by examining per-chromosome Mendelian
inheritance error rates using MoChA. Extended regions of homozygosity
indicative of monosomy, large deletions, consanguinity, or uniparental
isodisomy were identified using the ‘beftools roh’ subcommand™.

Variant selection and prioritization. We used Slivar™ to filter for high-
impact, rare variants consistent with the possible modes of inheritance
suggested by the pedigree structure. High-impact variants included
nonsynonymous variants, splice region variants, intronic and synon-
ymous variants predicted by any of five splice prediction programs to alter
splicing, and 5 UTR start-gain variants. We also used the statistical
approaches of VAAST**” and Phevor® via Fabric Genomics and GEM*
to prioritize variants according to predicted deleteriousness, conservation,
population allele frequency, known associations of the gene to Human
Phenotype Ontology (HPO) terms assigned to the patient, and other prior
information about the specific variant (e.g. ClinVar classifications).

Quality control. Quality metrics were generated at various stages of the
analysis. FASTQ files were evaluated for read quality using the fastp®
tool. Alignments were evaluated for per-chromosome coverage using

‘goleft indexcov’*' and for general alignment metrics using alignstats
(https://github.com/jfarek/alignstats). Variant calls were evaluated using
‘beftools stats™ for variant statistics and Peddy™ to identify issues with
assigned relatedness, sex, ancestry, and DNA contamination. Select QC
results were aggregated and visually displayed for review using MultiQC.

Visual data review, communication, and project management. The
software tool Mosaic (https://frameshift.io/) from Frameshift
Genomics was used to support multiple aspects of project manage-
ment, phenotype presentation, analysis, data quality and results
review, and collaboration for team members. Extended candidate
variant lists, prioritized gene lists, and detailed quality assessment
data were uploaded and displayed within the tool, and its visualiza-
tion functionality was used to compare data across NeoSeq cases.
Mosaic also provided secure access to the underlying genomic data,
allowing tools such as IGV and iobio"**** to be dynamically laun-
ched and saved.

Reporting and confirmation. The multidisciplinary team, consisting of
clinicians, laboratory medical directors, and analysts, met weekly to
review cases. Candidate variants were classified using the American
College of Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG-AMP) guidelines used for CLIA-
certified clinical testing, and all reported variants were reviewed and
signed out by an American Board of Medical Genetics and Genomics
(ABMGG)-certified clinical molecular geneticist, a medical geneticist,
and the study PI*®. Variants were reported in the categories of diagnosis,
selected VUS, and medically actionable incidental findings (for those
patients who opted to receive such information during enrollment).
VUS were reported when there was significant phenotypic overlap, a
high suspicion of pathogenicity, or when pathogenicity could poten-
tially be resolved through additional family testing or non-invasive
patient workup. For diagnostic findings, the clinicians informed
interpretation based on clinical presentation; sub-specialist reviewers
were available from all pediatric divisions servicing the NICU in order
to allow for precise clinical correlation. Medically actionable incidental
findings included but were not limited to all ACMG-recommended
secondary genes; it was determined that the ‘medically actionable’
status of variants should be evaluated on a case-by-case basis with
consideration of current gene-disease associations and developments
in management and therapies. Pathogenic and likely pathogenic var-
iants were reported for incidental findings in line with ACMG
guidelines®.

Two documents were generated by the study team for each case: a
research report and a results letter. The research report was a technical
summary of all candidate variants that were identified and discussed,
including variants that did meet the criteria for return to families and was
kept as an internal reference for the analysis team to document evidence for
and against pathogenicity and to consult upon yearly re-analysis. The results
letter contained returnable results, was written in language intended for
providers and patients, and was uploaded to the patient’s electronic medical
record under the research section and labeled as research results. The study
team determined if additional follow-up was needed, including family
genetic testing or biochemical laboratory testing, and these recommenda-
tions were included as a section in the result letter. Results were shared with
the clinical care providers and returned to the parents by the study neo-
natologist and medical geneticist. Reported variants were clinically validated
with CLIA-certified genetic testing, when available, and were confirmed
using non-WGS research methods when CLIA-certified testing was not
available.

Periodic reanalysis. Cases without a diagnostic result underwent yearly
data re-analysis with a review of recent literature and medical records to
refine the phenotype. Periodic re-analysis is considered imperative in the
neonatal population, given that many phenotypes that inform analysis
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may not appear until later in childhood. For candidate variants in genes of
uncertain significance to human disease, we utilized GeneMatcher, a
freely accessible web service that allows individuals to post a gene of
interest and connects them internationally with other individuals who
post the same gene, facilitating comparisons of variant type and clinical
presentation if available.

Long-read sequencing. Diagnostically negative cases were candidates
for long-read WGS. Long-read libraries were prepared from 5 pug geno-
mic DNA using the standard PacBio HiFi protocol (PacBio, CA, USA).
Genomic DNA was sheared on a MegaRuptor 3 (Diagenode) to 15-20 kb
fragments. Prepared libraries were size-selected on a 0.75% BluePippin
gel (Sage Sciences). Libraries were quantified using a high-sensitivity
double-stranded DNA kit (ThermoFisher, USA) and size checked with a
Genomic DNA 165kb Kit on the Femto Pulse (Agilent, USA). HiFi
Sequencing was performed on the Sequel Ile (PacBio, USA). Probands
were sequenced with three 8 M SMRT cells, and parents were each
sequenced with one SMRT cell. All SMRT cells had 30-hour movies
collected. HiFi reads were aligned to the modified GRCh38 reference
using ppmm?2, and SN'V/indels were identified using DeepVariant™ and
joint called using Glnexus. Short-aligned Illumina reads were then
merged with aligned HiFi reads, and SNV/indels were recalled using
DeepVariant’s HYBRID_PACBIO_ILLUMINA model. Variants were
annotated using the same protocol as with short reads. Structural variants
were identified with pbsv using only HiFi reads.

RNA Sequencing. For selected diagnostically negative cases and cases
with a candidate variant predicted to affect splicing, participant blood
was drawn into a PAXgene Blood RNA Tube (IVD) (Qiagen: 762165).
Cellular RNA from stabilized blood was isolated and purified using
PAXgene Blood RNA Kit (Qiagen: 762164), including DNase I treatment
to remove any residual DNA. Libraries were prepared using the Illumina
TruSeq Stranded Total RNA Library Prep with Ribo-Zero Globin kit
(20020613) with TruSeq RNA UD Indexes (20022371). Sequencing
libraries were chemically denatured and applied to an Illumina NovaSeq
flow cell at 1.3 nM using the NovaSeq XP workflow (20043131), and a
150 x 150 cycle paired-end sequence run was performed on a NovaSeq
6000 instrument using a S4 reagent Kit v1.5 (20028312).

RNA analysis. RNA sequence reads were aligned with STAR® using
twopassMode=Basic to produce aligned BAM files and junction files.
LeafCutterMD®* was run on the indexed BAM files for all patients and
parents currently sequenced (48 samples in total) to identify candidate
outlier splice junctions for each patient. A custom python script was
used to modify the STAR-generated junction files into a form compa-
tible with IGV™ and IOBIO"***. Deeptools bamCoverage™ was used
to generate bigwig files representing read coverage in aligned BAM files.
Custom Perl scripts were used to split LeafCutterMD results by patient
and format them as BED files. Bedtools™ was used to annotate the
candidate splice junctions from LeafCutterMD with overlapping gene
symbols. We collected candidate genes that had the potential to be
affected by altered splicing from both identification of splice site/region
variants from our WGS analyses and splice outlier candidates from the
LeafCutterMD analysis. These RNASeq candidate genes were evaluated
for overlap between the phenotypes described in the HPO for each
candidate gene and the phenotypes derived from natural language
processing-based extraction of HPO terms from the patient’s medical
records using ClinPhen*’. Phenotype overlap was scored by a custom
python script that implements a semantic similarity search similar to
that used by Phenomizer’” and originally described by Resnik et al.”.
Candidate splicing events that impacted genes with phenotype overlap
scored in the top 10" percentile for all genes annotated by HPO with
disease associations were manually reviewed. Manual review of final
candidates consisted of evaluating the read data supporting putative
splicing events by viewing the RNASeq alignments supporting the

event in IGV and the viewing the RNASeq junction files and bigwig
coverage files in a custom IOBIO"™** application designed for
reviewing splicing events. Genes and associated splicing events that
were well supported by both phenotypic overlap and RNASeq read
support were reviewed for clinical relevance by the full NeoSeq team.
The steps in the analysis pipeline above were managed with a
Snakemake®” workflow.

Functional analysis evaluation. As needed, NeoSeq cases were reviewed
by a functional analysis team consisting of collaborating investigators
with expertise in functional genetics in cell lines, Drosophila, and zeb-
rafish, in assessing the consequence of candidate variants in various
model systems. Clinical and genetic information was integrated with a
database and literature review to determine the most informative and
feasible opportunities for experimental exploration of potential diag-
nostic variants.

Measuring outcomes and utility of testing. Parental satisfaction and
understanding are crucial for enhancing the consent process for future par-
ents and may increase the inclusion of more diverse participants in whole
genome sequencing studies. We surveyed parents (Supplementary Note
2 and 3) who either participated in or declined participation in the study to
evaluate their attitudes toward consent, research participation, satisfaction
with genomic testing, and experiences of decisional conflict and regret. Fol-
lowing the consent process, or the decision to decline, the study coordinator
approached parents to invite them to participate in a voluntary survey. This
survey was conducted at the child’s bedside and took ~3-5 mins to complete
with the assistance of the study coordinator. Participants were able to skip any
questions they did not feel comfortable answering. Surveys used multiple-
choice, open-ended answers, and the Likert scale.

We also conducted a survey (Supplementary Note 4) among clinical
providers to assess the utility of rWGS in the diagnosis, management, and
counseling of their patients. The survey was distributed via REDCap
within 5-7 days following the return of NeoSeq results. A cover letter
accompanying the survey outlined its purpose, and consent was implied
through the completion of the survey. The survey, estimated to take
~5 minutes, included questions regarding changes in clinical manage-
ment, the perceived utility of rWGS testing, and its perceived impact on
the family.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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