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Abstract

Background—Sacral agenesis (SA) consists of partial or complete absence of the caudal end
of the spine and often presents with additional birth defects. Several studies have examined
gene variants for syndromic forms of SA, but only one has examined exomes of children with
non-syndromic SA.

Methods—Using buccal cell specimens from families of children with non-syndromic SA,
exomes of 28 child-parent trios (eight with and 20 without a maternal diagnosis of pregestational
diabetes) and two child-father duos (neither with diagnosis of maternal pregestational diabetes)
were exome sequenced.

Results—Three children had heterozygous missense variants in /DI (Inhibitor of DNA Binding
1), with CADD scores >20 (top 1% of deleterious variants in the genome); two children
inherited the variant from their fathers and one from the child’s mother. Rare missense variants
were also detected in PDZD2 (PDZ Domain Containing 2; N=1) and SPTBN5 (Spectrin Beta,
Non-erythrocytic 5; N=2), two genes previously suggested to be associated with SA etiology.
Examination of variants with autosomal recessive and X-linked recessive inheritance identified
five and two missense variants, respectively. Compound heterozygous variants were identified in
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several genes. In addition, 12 de novo variants were identified, all in different genes in different

children.

Conclusions—To our knowledge, this is the first study reporting a possible association

between /D1 and non-syndromic SA. Although maternal pregestational diabetes has been strongly
associated with SA, the missense variants in /D1 identified in two of three children were
paternally inherited. These findings add to the knowledge of gene variants associated with non-
syndromic SA and provide data for future studies.
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variant; /D1 ; sacral agenesis; birth defects; congenital abnormality

1| INTRODUCTION

Sacral agenesis (SA) is a rare (0.01-0.05 per 1,000 live births [(Caird, Hall, Bloom, Park,
& Farley, 2007)]) birth defect characterized by varying degrees of agenesis of the lower
spinal column (Sonek et al., 1990). Respiratory, genitourinary, central nervous system, and
gastrointestinal defects have been reported with SA (Boulas, 2009; Pang, 1993; Sarnat,
Case, & Graviss, 1976). Few factors, genetic or environmental, have been reported that
contribute to the development of SA. Maternal diabetes mellitus during organogenesis is
by far the most important. Maternal smoking has also been reported to be associated with
increased risk of SA in the National Birth Defects Prevention Study (NBDPS) (Nalbandyan
et al., 2019).

Maternal pregestational diabetes is a known risk factor for SA, with a relative risk of
approximately 200 in infants of diabetic mothers compared to infants of non-diabetic
mothers, much higher than any other birth defect (Aslan, Yanik, Celikaslan, Yildirim,

& Ceylan, 2001; Boulas, 2009; Mills, 1982; Mills, Baker, & Goldman, 1979; Tinker et

al., 2020; Wender-Ozegowska et al., 2005). Insulin-dependent diabetes mellitus has been
reported in 15-25% of mothers of children affected with SA (Lynch, Wang, Strachan, Burn,
& Lindsay, 2000), with poor metabolic control being a key risk factor in diabetic women
(Mills, 2010). Human or animal evidence for additional environmental risk factors is limited.

Several studies have reported on pathogenic variants in individuals with syndromic forms
of SA (Belloni et al., 2000; Cretolle et al., 2006; Hagan et al., 2000; Kibar et al., 2007;
Lynch et al., 2000; Nowaczyk et al., 2000; Postma et al., 2014; Ross et al., 1998). To date,
only a small pilot whole exome sequencing and copy number variant study conducted on
four child-parent trios has reported on variants for non-syndromic SA (Porsch et al., 2016).
Advancing this work, the current study conducted whole exome sequencing on 28 child-
parent trios and two child-father duos with non-syndromic SA. This study was designed to
add to our limited knowledge of gene variants possibly associated with non-syndromic SA
and to contribute to future studies.
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2| METHODS

2.1| Study Sample

The National Birth Defects Prevention Study (NBDPS) was a multisite, population-based
case-control study that investigated risk factors for more than 30 major structural birth
defects (Reefhuis et al., 2015). The birth defect surveillance program at each NBDPS
site (Arkansas, California, Georgia, lowa, Massachusetts, New Jersey, New York, North
Carolina, Texas, and Utah) ascertained children with NBDPS-eligible defects among
pregnancies with estimated dates of delivery during the period October 1, 1997 through
December 31, 2011. Over 6.5 million live births were included in the NBDPS. The study
protocol was approved by the institutional review board at each NBDPS site.

Children with SA diagnosed by physical and imaging examinations were included in the
NBDPS. Clinical information abstracted from medical records was reviewed by a board-
certified clinical geneticist at each site to verify eligibility. One clinical geneticist performed
a final classification of each child with SA to ensure consistency in classification across the
NBDPS sites (Rasmussen et al., 2003). Only children diagnosed with SA and classified

as isolated or multiple (i.e. non-syndromic) were eligible for the NBDPS; those with
known chromosomal or monogenic etiologies were excluded. Isolated SA was defined as
sacral defects with or without additional axial skeletal defects as well as with or without
sequence or secondary defects, such as lower limb deformations or hypoplasia and/or
tethered spinal cord. Children with additional major birth defects considered unrelated to
SA, including appendicular skeletal defects, were classified as multiple. Due to informed
consent requirements, we listed the defects diagnosed in aggregate.

Data collection for the NBDPS has been described in detail elsewhere (Reefhuis et al.,
2015). Information about the pregnancy, sociodemographic information and exposures was
collected by maternal interview. Each mother was also asked to collect buccal cell specimens
from herself, the child’s father (if available), and their child (if living). The telephone
interview was completed by 109 (63.0%) of 173 mothers; six pregnancies ended in fetal
loss, leaving 103 mothers of liveborn children. Of these, 60 (58.2%) mothers, 43 (41.7%)
fathers, and 53 (51.5%) children with SA provided buccal cell specimens: 39 child-parent
trios, 14 mother-child duos, four mother-father duos, and three mothers only. The 39 child-
parent trios were evaluated for sequencing; five of these trios were excluded because of poor
DNA quality, one failed quality control, three had child specimens with very low DNA, and
two had maternal specimens with very low DNA, leaving 28 trios and two child-father duos
for analysis.

2.2 | Specimen processing and sequencing

Buccal cell specimens with adequate DNA (=200 ng, assessed by quantitative real-time
PCR targeting the RNaseP gene) were sent to the National Institutes of Health Intramural
Sequencing Center at the National Human Genome Research Institute. DNA from each
specimen was quantified using a Qubit assay to measure double-stranded DNA, and DNA
molecular weight was assessed by running a small portion of each specimen on an agarose
gel. For exome enrichment and coverage, libraries were prepared using the Nimblegen
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SeqCap EZ Exome + UTR Library (v3.0) kit and sequenced on an Illumina HiSeq 2500
instrument (Jenkins et al., 2019).

Regarding exome sequencing, paired end reads generated approximately 250 bp of sequence
from each fragment in the library. A total of 38 million paired-end 126 bp reads were
targeted and as many as 48 libraries were pooled and sequenced across as many lanes as
needed to achieve the targeted number of reads (938 million read pairs or 76 million reads
pre-library); thus, five to six libraries were run per lane. Image analysis and base calling
were performed using Illumina Genome Analyzer Pipeline software (versions 1.18.64.0)
with default parameters.

Alignment and Genotype Calling

FASTQ files were processed using a Genome Analysis Toolkit (GATK) v3.7 based pipeline.
The pipeline included BWA-MEM v0.7.17 for alternate contig aware alignment to the hg38
reference genome (GRCh38_full_analysis_set_plus_decoy hla.fa), Picard Tools v2.6.0 to
mark duplicates (picard, retrieved from http://broadinstitute.github.io/picard/), and GATK
for indel realignment, base quality recalibration, genotyping (HaplotypeCaller), variant
quality score recalibration, and to split multiallelic sites (Li & Durbin, 2010; McKenna

et al., 2010).

Annotation

All variants were annotated for functional impact (amino acid changes and predicted
deleteriousness, e.g. the Combined Annotation Dependent Depletion [CADD] score
(Rentzsch, Witten, Cooper, Shendure, & Kircher, 2019) using SnpEff v4.3r (Cingolani et
al., 2012) and ANNOVAR v2018Aprl6 (Wang, Li, & Hakonarson, 2010). ANNOVAR was
also used to annotate the presence and allele frequency (AF; including ancestry-specific
frequencies) of each variant in several public databases, including dbSNP (Sherry et al.,
2001) version 151, 1000 Genomes (Genomes Project et al., 2015), National Heart Lung
and Blood Institute (NHLBI) GO Exome Sequencing Project 6500 exomes (NHLBI-ESP),
Exome Aggregation Consortium (ExAC), and Genome Aggregation Database (gnomAD)
(Karczewski et al., 2019).

Specimen quality control

Reported child and parent sex and relatedness were verified using Peddy v0.4.2 (Pedersen &
Quinlan, 2017). Sample quality was assessed with FastQC v0.11.2 (FastQC, Retrieved from
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), VerifyBamID’s freemix score
(Jun et al., 2012), and an internal quality control pipeline (Jun et al., 2012). All specimens
had sufficient coverage, with >75% of targets covered at 20X.

Filtering and prioritization

The genotyping pipeline identified 268,346 unique variants in the study sample, with
224,142 (83.5%) of the variants deemed high quality (not in a GATK tranche, depth >10,
genotype quality [GQ] >50). Of these 224,142 high quality variants, 38,129 affected an
amino acid (missense or nonsense variants) and were deemed putatively functional. Genes
in which loss-of-function variants were found in more than one child with SA and those in
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which loss-of-function and missense variants were found in more than two children were
selected for further review. We further prioritized genes based on their gene damage index
(GDI) (Itan et al., 2015), which is intended to estimate how well a gene tolerates genetic
alterations based on the frequency and expected severity of cumulative missense variants in
a population. Genes with lower GDI show less evidence of such genetic variation, indicating
genetic alterations may be more likely to have severe consequences. Of the 38,129 variants,
530 met the primary filtering criteria of maximum AF <0.0001 and in a gene with a GDI
<50%. Variants were also prioritized using secondary filtering criteria, which were the

same as the primary filtering criteria but less restrictive, with regard to rarity in the control
population (AF <0.001) and GDI (<75™ percentile); 2,099 variants met the secondary
filtering criteria. Furthermore, all putatively functional (missense or loss-of-function) rare
variants (AF <0.001) in genes previously associated with SA were manually reviewed using
the Integrative Genomics Viewer (IGV) v2.4.13 (Robinson et al., 2011) (Supplemental Table
1), regardless of the quality. Filtering criteria are summarized in Supplemental Table 1.

The GATK genotype refinement pipeline (Retrieved from https://
gatkforums.broadinstitute.org/gatk/discussion/4723/genotype-refinement-workflow) was
used to incorporate pedigree and population priors into the GQ scores and to flag potential
de novo variants. The de novo variants flagged by GATK were further filtered to have GQ
>40 and minimum total depth greater than eight in all members of the trio, a minimum
alternate allele depth of =five in the child, and allele frequency <0.001 in external databases.
De novo variants passing all filters were manually reviewed with IGV.

Sanger sequencing

Sanger sequencing was used to validate a subset of variants detected by exome sequencing
in child and parent specimens. Variants were selected for validation if they a) were in
genes that met the primary filtering criteria; b) had quality concerns following manual
review in IGV and were either de novo or in genes previously reported in the literature

to be associated with SA; or ¢) were compound heterozygous and the inheritance could
not be fully determined from the sequencing data. DNA was amplified in 20 pl reactions
using Platinum 11 Taq Hot-Start Master Mix (Thermo Fisher Scientific, Waltham, MA), and
0.2 uM each primer (M13-tailed; Thermo Fisher Scientific). PCR products were cleaned-
up using EXoSAP-IT (USB Corporation; Cleveland, Ohio) and sequenced using BigDye
Terminator v.3.1 Cycle Sequencing chemistry kits (Thermo Fisher Scientific) on an ABI
3130xI or 3730 DNA Analyzer (Thermo Fisher Scientific). Sequence chromatograms were
analyzed using FinchTV v.1.4.0 (Geospiza; Seattle, WA) and the BLAST-Like Alignment
Tool (Kent, 2002).

RESULTS

Among the 30 liveborn children with non-syndromic SA included in the study, 17 (56.7%)
were female, 21 (70%) were full term, and 29 (96.7%) were singleton births. Among
mothers, age at delivery most often was in the 20-29 years range (70%), and the majority
were non-Hispanic White (73.3%) (Table 1). Other birth defects diagnosed among the
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children with SA are presented in Table 2. Four cases were classified as isolated birth
defects and 26 as multiple.

Exome sequencing was performed on eight trios with a maternal diagnosis of pregestational
diabetes and 20 trios and two child-father duos without a maternal diagnosis of
pregestational diabetes. The median number of on-target reads per sample was 62 million
(66% of total reads overlapping a target, 76% of reads within 126 base pairs of a target),
resulting in a median target coverage of 52X. All specimens had sufficient target coverage at
20X (median percent of targets covered at >20X for all specimens was 93%, range 74% to
98%) and did not show signs of contamination with other human DNA samples (maximum
freemix was 0.04).

Three children with SA, all non-Hispanic White, had rare heterozygous variants in /D1
(Inhibitor of DNA Binding 1). Two of the children, both of non-diabetic mothers, inherited
the variant from their fathers, and the third child inherited the variant from a diabetic mother.
/D1 was the only gene that met the primary filtering criteria of >3 high quality functional
variants that were very rare (AF<0.0001) and were in a gene with a GDI<50™" percentile
(Table 3). The three children with SA harbored different missense variants (p.S36A, p.S39G,
and p.P54L). Two of these variants (p.S36A and p.P54L) are present in the gnomAD
database, with allele frequencies of 0.000027 and 0.000032, respectively, while p.S39G is
not. One, p.P54L, lies within the Myc-type, basic helix-loop-helix (bHLH) domain; thus, it
might disrupt the DNA-binding ability of ID1. None of these variants are present in ClinVar.
All three variants are predicted by CADD to be within the top 1% of deleterious variants

in the genome. The phenotypes among these three children differed. One had isolated SA
and the other two were classified as multiple, with additional defects that included cardiac
and genitourinary defects (one child) and gastrointestinal and central nervous system defects
(one child).

A total of 45 rare, inherited compound heterozygous variants were detected across 22 genes
that met our filtering criteria (Table 4, Supplemental Table 1). Additionally, investigation of
variants inherited in autosomal recessive and X-linked recessive models (Table 5) identified
missense variants in seven genes (one variant in each gene). One of the variants identified in
BRS3 (Bombesin Receptor Subtype 3) is involved in the regulation of glucose metabolism
(Feng et al., 2011; Gonzalez, Moreno, & Jensen, 2015). There were no instances that the
same gene had variants meeting filtering criteria in more than one child.

Next, variants in 34 genes previously reported to be associated with SA in the literature were
investigated as a stand-alone hypothesis (Supplemental Table 2). Heterozygous missense
variants were identified in three children with SA: p.R2992Q and p.S583L in SPTBN5
(Spectrin Beta, Non-erythrocytic 5)and p.P1033R in PDZD2 (PDZ Domain Containing 2).
However, the GDI scores are in the 991" percentile for SPTBN5and the 85t percentile for
PDZD2, which suggests that these missense variants may be well tolerated.

In addition, de novo variants were investigated, revealing 11 de novo missense and one de
novo loss-of-function variant in 11 different genes, but no variant was present in more than
one child (Supplemental Table 3). Lastly, filtering criteria were relaxed to see if there were
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any genes that met secondary filtering criteria (Supplemental Table 4). In total, across all
genes examined, 24 of the 30 children with non-syndromic SA had variants identified in
more than one gene.

Sanger sequencing was performed to validate seven variants in five genes, three in /D1, and
one each in ABLIMZ (Actin Binding LIM Protein Family Member 2), PTF1A (Pancreas
Associated Transcription Factor 1a), HOXA13 (Homeobox Al3) and DYNCIHI (Dynein
Cytoplasmic 1 Heavy Chain 1). These variants were selected because they met the primary
filtering criteria (/D2) or they had quality concerns in manual review (de novo and
previously reported genes-P7TF1A, HOXA13, DYNCIHI) or, in the case of compound
heterozygotes, their inheritance could not be determined entirely from the sequencing data
(ABLIM2). The variants identified for /D1 that met the primary filtering criteria (Table

3) were confirmed in all six individuals (three children, two fathers, one mother). For

the compound heterozygous event in ABL/MZ (Table 4), one variant was confirmed in

the father, and Sanger sequencing confirmed that the second allele seen in the child was
maternally inherited (the mother only had sufficient DNA for Sanger sequencing but not
whole exome sequencing). The variants identified in P7F1A and HOXA13 (Supplemental
Table 2) that met the filtering criteria for known genes did not validate. The single de novo
variant in DYNC1H1 (Supplemental Table 3) was confirmed to be present in the child and
absent in the parents.

4| DISCUSSION

This study identified several rare gene variants in children with non-syndromic SA,
including three variants in /D1, a gene that has not been previously associated with SA. /D1
is a member of a four-protein family (/D1-/D4) of helix-loop-helix (HLH) transcriptional
regulatory proteins (Billestrup, 2011; Norton, 2000) that play a role in cell growth

and differentiation (OMIM#600349). These genes participate in crucial developmental
processes, including neurogenesis, myogenesis, and sex determination (Jones, 2004), as
well as cardiogenesis (Cunningham et al., 2017; Fraidenraich & Benezra, 2006). In mice,
/d1 has been shown to be related to calvarial but not skeletal bone development (Maeda,
Tsuji, Nifuji, & Noda, 2004) and to act as a negative regulator of insulin secretion, possibly
contributing to beta-cell dysfunction and glucose intolerance in type 2 diabetes (Akerfeldt
& Laybutt, 2011). Given the strong association between pregestational diabetes and SA,

it is noteworthy that other HLH factors, neurogenin3 and neuroD, are critical in beta-cell
development and function and, reportedly, a mutation in either of these two genes can

lead to diabetes (Jorgensen et al., 2007), providing biological plausibility for the observed
association between /D1 and SA.

We investigated how likely /D1 is to tolerate damaging variation. The number of amino
acids coded for by /D1 is 155, which is quite a bit fewer than 375, the median number

for homo sapiens (Karczewski et al., 2019). Based on size alone, smaller genes would

be less likely to be mutated than larger genes. The GDI percentile of /D1 is 47.0%
suggesting that nearly half of all human genes are less tolerant to damaging variation than
/D1. The gnomAD missense observed/expected (oe) constraint score of 1.59 (1.39 — 1.81)
(Karczewski et al., 2019) indicates that, given the properties of /DI such as size, more
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missense variants were found in /D1 than expected in the gnomAD database. Therefore, it
is possible that the three children with missense variants found in our cohort may be by
chance, and functional follow up would be needed to help establish a causal relationship.

Two of the three children with an /DI variant in the current study inherited the variant from
their fathers, and the third inherited the variant from a diabetic mother. These findings
suggest that /D1 may act by two mechanisms: indirectly by a diabetogenic effect on

the mother in conjunction with poor glycemic control or directly to disrupt embryonic
development when inherited from the father. If associated with SA, these /D1 variants may
have reduced penetrance or interact with other inherited or non-inherited factors, because
each was inherited from a parent without SA, and two variants were present in seven
heterozygous individuals in gnomAD who were reported to have SA.

One small pilot study of SA performed whole exome sequencing and copy number variant
analysis using DNA from four child-parent trios; one of the children had a diabetic mother
(Porsch et al., 2016). Of the 14 genes reported in the pilot study, our study identified
different variants in only two of the genes, PDzZD2and SPTBN5. PDZDZ is considered to be
a diabetes-related gene, as it is involved in fetal pancreatic progenitor cell proliferation. The
pilot whole exome sequencing study identified a homozygous variant in PDZD2 (Porsch

et al., 2016), whereas the variant identified in our study was heterozygous. The pilot study
also identified a single de novo mutation (p.E25K, predicted to be benign) in SPTBN5
(Porsch et al., 2016), whereas variants identified in SPTBN5 in our study were inherited. No
other study has linked SPTBA5 with any disease. Even though variants in these genes were
found in non-syndromic children with SA, they are of unclear significance due to their high
GDlIs (99.7% and 84.9%, respectively). Additionally, different CYP26A1 variants than those
identified in our study have been reported in a human study of SA but were not considered
to be a major risk factor (De Marco et al., 2006).

Several mutated genes in mouse studies, including Acd (Keegan et al., 2005), Pcsk5
(Szumska et al., 2008), Wnit-3a (Greco et al., 1996), Cax2 (Savory et al., 2009), Cadx4,
Hoxc13, and Hoxb13 (Young et al., 2009) have been shown to cause a phenotype similar

to SA; however, variants in these genes have not been identified in humans. Our study did
not find any variants in genes reported in previous mouse studies (genes are reviewed in
Supplemental Table 2); however, we identified a variant in the P7F1A gene, which has been
linked to phenotypes similar to SA in mouse studies (Lugani et al., 2013; Semba et al., 2013;
Vlangos et al., 2013).

De novo mutations are good candidates for genetic etiology of SA. We examined

the published literature for the 12 de novo variants that we identified (Supplementary
Table 3) to determine whether any of the corresponding genes had reported functions
related to the pathogenesis of SA. Among the 12 genes, four had reported effects on
embryonic development, but none of these effects were related to vertebral or spinal cord
embryogenesis.

Strengths of this study include the NBDPS study design that required that children with
non-syndromic SA be ascertained from population-based surveillance programs and that
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each child was clinically well-characterized, with review of medical record data by clinical
geneticists. It also expands the number of non-syndromic SA cases investigated to date.
The use of the child-parent trio design for exome sequencing allowed for distinguishing
between de novo and inherited variants. Limitations of the current study include the modest
sample size and that only a subset of eligible children provided DNA. Also, the study
sample had limited diversity in race/ethnicity. Additionally, exome rather than genome
sequencing was performed, precluding studying non-coding regions. The heterogeneity of
the phenotypes in the children may have complicated the effort to identify genes. The
heterozygous variants found in /D1 were inherited from unaffected parents; therefore, these
variants may have incomplete penetrance, which could not be demonstrated. Additional
study samples were not screened for the variants detected because the variants were rare,
and even if causal, the likelihood of detecting the variants in additional populations was low.
Lastly, functional studies were not conducted because none of the variants were recurrent.
Regardless of these limitations, the current study offers data and insights into mechanisms
underlying the genetic etiology of non-syndromic SA in humans that could contribute to
future investigations.

In conclusion, exome sequencing of 28 child-parent trios and two child-father duos
identified three children with non-syndromic SA, each inheriting a different rare variant in
the /D1 gene. Additional rare variants identified using the established primary and secondary
filtering criteria were not identified in more than one child in the study sample. These rare
variants may also contribute to SA etiology, but very large sample sizes would be required
to replicate these associations. Many children had variants identified in more than one gene.
Together, these findings suggest no single, common cause of non-syndromic SA in protein-
coding regions using our filtering criteria. Future sequencing studies for non-syndromic

SA require collaboration among multiple study populations, including populations with
increased racial/ethnic diversity, to examine both rare variants reported here and additional
variants. Data from the current study can provide a starting point for this collaboration.
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Refer to Web version on PubMed Central for supplementary material.
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Selected characteristics of children with sacral agenesis and birth mothers. National Birth Defects Prevention

Study, 1997-2011.

Table 1.

Characteristic N (%)
Child
Sex
Male 13 (43.3)
Female 17 (56.7)
Gestational age (weeks)
Preterm (<37) 9 (30.0)
Term (37-45) 21 (70.0)
Plurality
Multiple 1(3.3)
Singleton 29 (96.7)
Mother
Age at delivery (years)
<20 3(10.0)
20-29 21 (70.0)
30-39 5(16.7)
240 1(33)
Race/Ethnicity
Non-Hispanic White 22 (73.3)
Non-Hispanic Black 1 (3.3)
Hispanic 7(23.3)

Due to rounding, percentages may not total 100.0.
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Table 2.

Patterns of birth defects diagnosed in children with sacral agenesis. National Birth Defects Prevention Study,
1997-2011.

Case Description and Classification in NBDPS Number of Children® (%)

Isolated ? 4(13.3)
Multiple ©7 26 (86.6)
Recognized phenotype® 8 (26.6)
Cardiac defects” 12 (40)
Craniofacial defects? 5(16.6)
Gastrointestinal defects’” 16 (53.3)
Genitourinary defects’ 13 (43.3)
Limb/appendicular skeletal defectsj 6 (20)
Distal axial skeletal defects™ 10(33.3)
Central nervous system defects/ 6 (20)
Other musculoskeletal defectsm 2(6.6)
Respiratory defects’ 1(3.3)
2 (6.6)

Situs/heterotaxy defects’

a . . . e .
Cases can be counted in more than one category with exception of cases classified as isolated

Isolated cases have sacral agenesis with/without additional axial skeletal defects and secondary defects (lower limb deformations or hypoplasia
and/or tethered spinal cord)

cMuItipIe cases have sacral agenesis with/without additional axial skeletal defects and secondary defects (lower limb deformations or hypoplasia
and/or tethered spinal cord) AND at least one additional defect considered unrelated to the primary defect, including appendicular skeletal defects

Only defects considered to be major (i.e., have surgical, medical, or serious cosmetic importance) are included in the totals

€includes 6 cases with VACTERL (vertebral defects, anal atresia, cardiac defects, tracheoesophageal fistula/ esophageal atresia, renal defects, and
limb defects) and 2 cases with Goldenhar phenotypes

Includes atrial, ventricular, and atrioventricular septal defects; aortic arch coarctation and hypoplasia; truncus arteriosus; pulmonary atresia;
tetralogy of Fallot; and double outlet right ventricle

glncludes microtia, cleft palate, Pierre Robin anomaly, hemifacial microsomia, and macrostomia
h . . ] . . .
Includes imperforate anus, anal stenosis, tracheoesophageal fistula/esophageal atresia, malrotation, and cloacal variant

‘includes multicystic kidney, ureteropelvic junction obstruction, hydronephrosis, absent kidney, horseshoe kidney, crossed renal ectopia, duplicated
collecting system, hypospadias, bicornuate/hypoplastic uterus, uterine didelphys, and absent vagina

/Includes radial aplasia, tibial aplasia, missing phalanges, and syndactyly
klncludes extra, missing and fused ribs, and cervical and thoracic vertebral defects (fusion, hemivertebrae, absent)

Includes spinal cord syrinx, thin corpus callosum, cerebral hypoplasia, schizencephaly, thoracic meningomyelocele, lumbosacral lipomeningocele,
intrathecal lipoma, hydrocephalus, and microphthalmia
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m, N . . . .
Includes congenital diaphragmatic hernia and craniosynostosis
n . .
Includes tracheal stenosis and lung agenesis

o . . Lo
Includes situs ambiguus and complex situs inversus
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Table 3.

Variants in /D1, the gene that met primary filtering criteria” in infants with sacral agenesis. National Birth
Defects Prevention Study, 1997-2011.

Child Gene Variant Locus [Allelel, Allele2]  GQ AD A,:b CADD  GDI

1 /D1 0.S36A° 20:31605493 [T, G] 99  [9,18]  0.00004 241  47.0%
2 ID1 D s39G¢  20:31605502 [A G] 99  [16,19] 0.00002 259  47.0%
3 D1 0.P5 4 9 20:31605548  [C,T] 99  [21,16] 0.00004  29.0  47.0%

AD allelic depth for the [Allelel, Allele2], AFallele frequency, CADD combined annotation dependent depletion score, GD/ gene damage index,
GQ genotype quality.

aAD>10, GQ>50, AF<0.0001, GDI<50th percentile, = 2 loss-of-function or = 3 loss-of-function or missense variants.
bMaximum allele frequency observed in any public database for any subpopulation.
cConfirmed in proband and father via Sanger sequencing.

dConfirmed in proband and mother via Sanger sequencing; child of diabetic mother

None of the variants were found in ClinVar.
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Inherited compound heterozygous variants meeting filtering criteria”, ordered by gene damage index, in infants

with sacral agenesis. National Birth Defects Prevention Study, 1997-2011.

Child Gene Variant Locus [Allelel, Allele2]  GQ AD AFb CADD GDI
11 SFXN5 p.T117M 2:73020246 [G, Al 99 [21,22] 0.00010 253 15.9%
11 SFXN5 p.A13del 2:73071667 [AGCC, A] 51 [11,2] 0.0096 15.9%
14 ABLIMZ p.D491NC 4:8008104 [C,T] 99 [30,32] 0.0012 19.5 33.9%
14  ABLIM2 p.V49I 4:8106503 [C,T] 99 [19,19] 0.00040 115 33.9%
9 SLC22A11 p.A2V 11:64556004 [C,T] 99  [37,35] 0.0036 24.1 36.2%
9  SLC22A11 p.V543 11:64571016 [G, Al 99  [31,33] 0.0010 0.2 36.2%
7 TMEM174 p.N14Y 5:73173283 [AT] 99  [34,22] 0.00020 25.4 40.2%
7 TMEM174 p.G116R 5:73173589 [G, Al 99  [60,62] 0.0064 22.7 40.2%
7 SP100 c.1207+2T>Ad 2:230467208 [T, Al 99 [21,15] 0.0038 2.0 40.3%
7 SP100 p.K739N 2:230515217 [G, C] 99  [28,20] 0.00031 0.5 40.3%
7 SP100 0 868K 2:930515602 [G, Al 99  [35,40] 0.0034 100 40.3%
29 TMEMG67 p.P721$e 8:93799678 [C,T] 99  [25,30] 0.0055 0.0 43.5%
29 TMEM67  p.A953G 8:93815398 [C, G] 99  [29,14] 0.0000077 19.9 43.5%
29 COL1A1 p.P1179S 17:50186919 [G, A] 91 [7,4] 0.000061 13.4 44.4%
29 COL1A1 p.GQOGSe 17:50189490 [C,T] 99 [11,12] 0.0018 23.4 44.4%
2 ZINF433 p.N597D 19:12014973 [T, C] 99  [49,50] 0.0098 11.8 47.0%
2 ZNF433  p.R375X 19:12015639 [G, Al 99  [42,45] 0.0012 34.0 47.0%
19 PODXL2 p.G362R 3:127661112 [G, A] 99  [26,23] 0.0010 19.8 49.1%
19 PODXLZ  p.Q493K 3:127671485 [C, Al 99 [13,25] 0.0010 21.9 49.1%
1 APAF1 p.E777K 12:98699432 [G, A] 99  [20,21] 0.0060 22.8 55.3%
1 APAF1 p.887lLe 12:98706501 [C,T] 99  [13,11] 0.0033 17.6 55.3%
15 TRAF3IP3  p.E285V 1:209775428 [AT] 99 [31,25] 0.00010 24.3 55.4%
15 TRAF3IP3 p.I1378T 1:209777431 [T.C] 99  [21,30] 0.0010 10.4 55.4%
6 NRGZ p.R760K 5:139848191 [C,T] 99 [5, 5] 0.0058 25.7 60.2%
6  NRG2 p.L221F 5:140042409 [G, A] 99 [17,21] 0.00080  24.1 60.2%
4 APC p.S966N 5:112838491 [G, A] 99 [55,55] O 25.7 61.8%
4  APC 0 R25050° 5:112843108 [G, A] 99  [47,43] 0.0015 31.0 61.8%
1 SLCIZ2A4  p.L842V 16:67946254 [G, C] 99  [33,30] 0.00010 14.0 61.9%
1 SLCI2A4  p.M587T 16:67948148 [A, G] 99  [14,11] 0.000018 26.7 61.9%
8 FRMDA4A p.L1012V 10:13654432 [G, C] 99 [5, 8] 0.000067 235 62.2%
8 FRMD4A  p.T732A 10:13657395 [T.C] 99  [9,13] 0.00060 15.7 62.2%
25 ENPEP R437H 4:110513416 [G, A] 99  [35,28] 0.0091 20.3 62.8%
25 ENPEP p.R788L 4:110549748 [G,T] 99 [22,26] 0.0010 21.7 62.8%
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Child Gene Variant Locus [Alldel, Allele2]  GQ AD AFb CADD GDI
25 SRCAP p.P113OSe 16:30721323 [C,T] 99 [26,25] 0.0060 19.8 63.4%
25  SRCAP p.A2774S 16:30738360 [G.T] 99 [27,19] 0.000067  12.1 63.4%
24 TULP4 p.M701V 6:158501764 [A, G] 99 [16,10] 0.00030 21.9 67.6%
24 TULP4 p.P779L 6:158501999 [c.T 99  [13,13] 0.00030 232 67.6%
26 EEFID p.G303S 8:143589325 [C,T] 99 [9,14] 0.000033 22.4 67.8%
26  EEFID p.D66E 8:143590034 [G.T] 99 [19,15] 0.00020  23.1 67.8%
7 ITGAS p.P811T 10:15575536 [G,T] 99  [33,36] 0.00020 235 68.1%
7 ITGAS p.N501S 10:15613711 [T.C] 99  [12,14] 0.0015 22.9 68.1%
21 USP34 p.A1750T 2:61280252 [C,T] 99 [29,21] 0.0031 23.8 70.1%
21 USP34 p.A1410V 2:61296825 [G, A] 99  [13,11] 0.0099 32.0 70.1%
21 cecbezr p.G117S 1:3754148 [G, A] 99 [9, 6] 0.0015 0.7 74.7%
21 CCDC27  p.L639fs 1:3771467 [CT.C] 99  [16,14] 0.0027 74.7%

Page 20

ADallelic depth for the [Allelel, Allele2], AFallele frequency, CADD combined annotation dependent depletion score, GD/ gene damage index,

GQ genotype quality.

aAD>10. GQ>50, AF<0.01 in public databases, GDI<7sth percentile, variants were inherited from different parents.

bMaximum allele frequency observed in any public database for any subpopulation.

C ., . ] . . .
Variant confirmed in proband and mother via Sanger sequencing.

dBoth of these variants were inherited from the father.

e, . - . . . . L .
Variants are present in ClinVar but predicted to be benign or likely benign or of uncertain significance; sacral agenesis was not one of the
phenotypes reported.
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Table 5.

Variants in recessive or X-linked recessive genes meeting the filtering criteria”, ordered by gene damage index,
in infants with sacral agenesis. National Birth Defects Prevention Study, 1997-2011.

Child Gene Variant Locus [Allelel, Allele?] GQ AD Mode of AFb CADD GDI
inheritance
15 SLC6A16 p.L278V  19:49309695 [C,C] 99 [0, 46] AR 0.0074 3.0 31.7%
10 ZNF276  p.R351IW  16:89727323 [T, T] 99 [0, 49] AR 0.0097 287  521%
28 CLPB p.SZZBNc 11:72372993 [T, T] 63 [0, 21] AR 0.0078 144  61.2%
3 MISP p.R556H  19:758613 [A A] 99 [0, 44] AR 0.0099 274 70.2%
3 PHKB p.N166Sc 16:47515525 [G, G] 84 [0, 28] AR 0.0030 234 72.8%
30 CHD6 p.N14D 20:41533564 [C,C] 99 [0, 78] AR 0.0020 102 745%
23 BRS3 p.S380P X:136492313 [ _]d 81 [0, 27] XLR 0.000038  13.0 9.5%
2 TENM1 p.S12271  X:124497031 A _]d 99 [0, 34] XLR 0 260  69.3%

AD allelic depth for the [Allelel, Allele2], AF allele frequency, AR autosomal recessive, CADD combined annotation dependent depletion score,
GDI gene damage index, GQ genotype quality, XLR X-linked recessive.

aAD >10, GQ >50, AF <0.01 for AR and AF <0.0001 for XLR, GDI <75th percentile.
bMaximum allele frequency observed in any public database for any subpopulation.

Variants are present in ClinVar but predicted to be benign or likely benign or of uncertain significance; sacral agenesis was not one of the
phenotypes reported.

a .
Both children have only one allele because they are male and the genes are on the X chromosome.
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