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Introduction: Currently, there is only limited data on monogenic causes of vertebral defects, anorectal
malformations, cardiac defects, esophageal atresia or tracheoesophageal fistula, renal malformations, and
limb defects (VACTERL) association. The aim of this study was to extend the spectrum of disease-causing
variants in known genes, to determine the diagnostic yield of monogenic causes, and to identify candidate
genes and rare variants by applying comprehensive genetic testing or rare variant burden.

Methods: The total cohort comprised 101 affected individuals and their parents. Trio exome sequencing
was only performed in 96 individuals and their parents because of DNA quality reasons and case-control
gene and pathway burden tests were calculated and evaluated by quantile-quantile plots, principal
component analysis plots and family-based association test (FBAT).

Results: In 5 of 96 individuals, disease-causing variants in known genes or loci were identified to be
associated with the following 4 disorders: Kabuki syndrome, Sotos syndrome, MELAS syndrome, and
deletion syndrome encompassing TWISTT. In 91 individuals, no disease-causing variants were found. FBAT
showed 14 significant variants, 2 significant genes (LOC645752 and ZNF417), and 8 significant pathways.

Conclusion: This study shows that most individuals with VACTERL association do not have known discrete
genetic syndromes, implying that pathomechanisms or variants not identifiable by exome sequencing
may exist requiring further investigation.
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he acronym VACTERL is an etiologically and

clinically heterogeneous disease that includes a
combination of the following congenital malformations:
V, vertebral; A, anorectal; C, cardiac; TE, trachea
esophageal; R, renal and L, limb. The frequency of
vertebral anomalies in these individuals has been esti-
mated to range from 60% to 80%, anorectal malfor-
mations (ARMs) from 55% to 90%, cardiac anomalies
from 40% to 80%, trachea esophageal with or without
esophageal atresia from 50% to 80%, renal anomalies
from 50% to 80% and limb malformations from 40% to
50%. Although there is still no firm consensus
regarding the diagnostic criteria, most clinicians and
researchers consider a minimum of 3 of the above-
mentioned malformations to be present to diagnose
VACTERL. Individuals with 2 component features
have been termed VACTERL-like."” Approximately
90% of the cases appear to be sporadic.” Although little
is known about the cause of VACTERL or VACTERL as-
sociation X-linked with or without hydrocephalus,
there is evidence that, in addition to the few known
monogenic causes of this phenotypic association (e.g.,
ZIC3, TRAPI, or mitochondrial genes), a number of
environmental factors (e.g., pregestational diabetes
mellitus, assisted reproductive techniques, maternal
pregestational overweight and obesity, and maternal
smoking) are involved in the development of such mal-
formations."”* In addition, disease-causing variants in
genes such as B9DI, FANCA, or FREMI associated
with Meckel syndrome, Fanconi anemia, or bifid nose
with or without anorectal and renal anomalies, can
mimic a VACTERL association.’

The estimated frequency of VACTERL association,
which ranges from 1 in 10,000 to 1 in 40,000 newborns,
could be attributed to the varying diagnostic criteria
applied across different studies conducted both in the
pregenomic and genomic eras, making accurate esti-
mation challenging.l’2 In addition, infants currently
born with VACTERL association have a much better
prognosis than decades ago, because of the advantages
of modern medicine.” Using targeted animal models,
multiple signaling pathways have been identified,
suggesting potential (likely) pathogenic variants in the
Sonic Hedgehog pathway, involving for example, Sonic
Hedgehog, GLI2, and GLI3 genes; nicotinamide
adenine dinucleotide (NAD) pathway; and p53
signaling pathway.” These pathways lead to a broad

range of developmental abnormalities in mutant mice
that reflect features of VACTERL association.” Shi et al.
identified variants in the HAAO and KYNU genes that
inhibit the de novo synthesis of NAD and cause several
congenital malformations similar to those seen in
VACTERL association. Of note, the NAD de novo syn-
thesis pathway metabolizes tryptophan to produce
NAD. Niacin supplementation during pregnancy in
mice prevents the development of embryonic malfor-
mations caused by NAD deficiency. Furthermore,
disruption of pathways involving Hox and retinoic
acid signaling may contribute to the pathogenesis.”"”

Molecular and cytogenetic testing using karyotyp-
ing and microarray analysis are standard techniques to
search for genetic causes in these individuals.' Larger
studies using comprehensive molecular genetic testing,
such as exome sequencing in this context, are rare. The
most promising way to gain insights into VACTERL
development is the identification of biological path-
ways and their underlying genetic alterations. There-
fore, the aim of this study was the identification of
disease-causing variants in disease-associated target
genes, as well as of rare variants in candidate genes
identified by exome sequencing, and by performing a
gene and pathway burden test on the largest VACTERL
or VACTERL-like cohort so far.

METHODS

Study Population

Unrelated index cases of VACTERL association with
their unaffected parents were recruited into the
participating centers for this study. Clinical and
phenotypic data were obtained from clinical reports
and medical history, using a standardized question-
naire. Index cases were categorized in 1 of the
following 2 subgroups according to the individual’s
phenotype: (i) VACTERL group and (ii) VACTERL-like
group (Figure 1). The individuals were collected from
May 2016 to November 2022.

Affected individuals and families were recruited in
collaboration with the participating children’s hospi-
tals. Additional support was provided by the German
self-help organizations for individuals with congenital
ARM (SoMA e.V.) and tracheoesophageal malforma-
tions (KEKS e.V.). Before recruitment, the network
partners of CURE-Net (German network for congenital
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Figure 1. Flow chart of the study cohort. This figure was created with the free web-based tool SankeyMATIC (http://sankeymatic.com/build/).
VACTERL/VATER, (V) vertebral defects, (A) anorectal malformations (ARM), (C) cardiac defect, (TE) tracheoesophageal fistula with or without

esophageal atresia, (R) renal malformations, (L) limb defects.

urorectal malformations) and associated network part-
ners generated standardized case report forms that
were used in this study.

Exome Sequencing

Exome sequencing for all affected individuals and
their healthy parents was performed using Sure Select
Human All Exon V5 (50Mb) Kit (Agilent Technologies,
Inc., Santa Clara, CA) and a HiSeq2500 (Illumina, Inc.,
San Diego, CA), or with Sure Select Human All Exon
V6 (60 Mb) Kit (Agilent Technologies, Inc., Santa
Clara, CA) and a HiSeq4000 (Illumina, Inc., San Diego,
CA)."' Mitochondrial DNA was derived from off-
target exome reads as previously described.'’ Reads
were aligned to the Genome Reference Consortium
Human Build 37 (UCSC Genome Browser build hgl9)
using Burrows-Wheeler Aligner (v.0.7.5a). SAMtools
(version 0.1.19) was used for detection of single-
nucleotide variants and small insertions and de-
letions. ExomeDepth was used to detect copy number
variations (CNVs). A noise threshold of 2.5 was
accepted for diagnostic analysis.13 The retrieved CNVs
were visualized using Integrative Genomics Viewer
(https://software.broadinstitute.org/software/igv/) to
verify that the regions examined were adequately
covered and that the CNVs were plausible. CNVs were
then compared with publicly available control data-
bases such as the Genome Aggregation Database
(https://gnomad.broadinstitute.org/about), the Data-
base of Genomic Variants (http://dgv.tcag.ca/dgv/app/
home), and databases for CNVs such as DECIPHER
(https://decipher.sanger.ac.uk/) and ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/).
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Variant Interpretation

For the analysis of heterozygous (de novo or autosomal
dominant inheritance) and mitochondrial variants, only
variants with a minor allele frequency of <0.1% in the
in-house database containing >27,100 exomes were
considered. For the analysis of homozygous, compound
heterozygous, or hemizygous, variants (autosomal
recessive and X-linked inheritance), only variants with
a minor allele frequency of <1.0% and a single-
nucleotide variant quality of 30 were considered.'*"’
Variants were checked in publicly available databases
for (likely) pathogenic variants. These databases were
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), the
Human Gene Mutation Database (HGMD Professional,
http://www.hgmd.cf.ac.uk), and the Leiden Open
Variation Database (https://www.lovd.nl). The variants
were rated in accordance with the guidelines of the
American College of Medical Genetics and Genomics
and current amendments.'®"”

Prioritization of Candidate Genes

We prioritized a gene by its pLI (cut-off set at = 0.9) for
frameshift, nonsense, and missense variants, which in-
dicates intolerance to protein-truncating variation.
Further, a Z-score cut-off was set by = 3.09 as in the
American College of Medical Genetics and Genomics
guidelines recommended,'” indicating selection against
missense variants in the respective gene.”' In addition, a
missing entry in the genome aggregation database and our
in-house database was considered.”’ We additionally
included a CADD score >20 for all variants. Variants with
scores >20 are predicted to be among the 1% most dele-
terious possible substitutions in the human genome.”'
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Statistical Analysis
Detailed statistical methods can be found in the
Supplementary Material.

Ethics Approval

This study was performed as per the standards of the
Declaration of Helsinki 2013 and was approved by the
local Ethics Committee of the Technical University of
Munich (approval number: 521/16 S). Before inclusion,
informed consent was obtained from each individual or
their legal guardians.

RESULTS

Study Population

The total study cohort comprised 101 index cases of
VACTERL association and their 202 parents. The ma-
jority of the cases (62%) were male. In 1 case, a positive
family history of VACTERL association was observed.
One family was consanguineous. In 3 families, no
precise clinical data were available (Table 1).

Assignment of Individuals
The recruited individuals were categorized as
described in the Methods section to 1 of the following 2
groups based on the clinical phenotype of the index:
Group I (VACTERL group): There were a total of 89
of 101 (88%) affected index cases. The majority of the
index cases (97%) had ARM, followed by renal ab-
normalities in 75% of the cases. Limb anomalies were

Table 1. Clinical characteristics of the 101 index cases

the least common, accounting for 37% of the total
cases.

Group II (VACTERL-like group): This group
included 12 of 101 (12%) cases. The distribution of the
affected organ systems in this group was relatively
even. The most observed malformation was anorectal in
67% of the individuals, followed by other malforma-
tions in 55% and trachea esophageal malformations in
42% (Table 1).

Information of the clinical phenotype of all index
cases is presented in Supplementary Table S1.

Sample Preparation for Exome Sequencing
Owing to insufficient DNA quantity (n = 2), sample
mismatch (n = 2), and sample contamination (1 parent
in 1 family), 5 families were excluded (Figure 1). Exome
sequencing was therefore performed in 96 index cases
and their parents (trio exome sequencing).

Identification of Disease-Causing Variants in
Known Disease-Associated Genes
Disease-causing variants were identified in 5% (n = 5)
of the index cases (Figure 1, Table 2). Of these, 4 in-
dividuals belonged to group I and the remaining 1
belonged to group II. Four of the 5 identified disease-
causing variants were de novo; further, disease-

causing variants inherited from 1 parent could not be
identified.

A%

n =50 (56%)

A

n =86 (97%)

89/101 (88%) VACTERL €

n="53(61%)

€ases TE n =40 (45%)
R n=67(75%)
Included L n=232(37%)
VACTERL/ Others n =41 (46%)
VACTERL like
cases: n = 101 M "2 0P
12/101 (12%) VACTERL- n=867%)
like cases C n=13(27%)
TE  n=5(36%)
R n=3(27%)
L n=3(27%)

Others n =16 (55%)

VACTERL, (V) vertebral defects, (A) anorectal malformations (ARM), (C) cardiac defect, (TE) tracheoesophageal fistula with or without esophageal atresia, (R) renal malformations, (L)

limb defects.
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® Missense variants ™ Splice-site variants ® Nonsense variants

Frameshift variants m Indels

Figure 2. Distribution of 98 non-synonymous de novo variants in 97 different genes.

8 (62.5%) variants were de novo compatible with an
autosomal dominant inheritance (Supplementary
Table S3).

With the autosomal recessive filter, we prioritized 1
individual who harbored 2 compound heterozygous
variants and 1 individual who harbored a hemizygous
variant (Supplementary Table S3).

External Prioritization of Candidate Genes
Additional candidate genes were identified in 2 in-
dividuals who were coanalyzed in external studies:
One case (HN-F162-II-1) had a heterozygous de novo
missense variant NM_005324.5:c.361A>G;
p-(Metl21Val) in H3F3B. This individual presented
with thoracic hemivertebra 10 and 11 on the left
side, radial reduction malformation of the left fore-
arm and hand, ARM without fistula, hypoplastic left
heart syndrome, atrioventricular septal defect, and
horseshoe kidney. This individual was also included
in another project during this study and is already
part of the publication of Bryant et al. 2020.*

The case study involving HN-F136-II-1 and its
variant NM_006885.3:c.6377C>T; p.(Ala2126Val) in
ZFHX3 was recently published.”” This individual had
ARM with a rectovesical fistula, esophageal atresia, an
atrioventricular septal defect II, and a renal agenesis on
the right side.

Analysis of a Gene and Pathway Burden Test
A total of 96 VACTERL cases (60 male, 36 female) and
their parents were analyzed by gene and pathway
burden test. Of the internal controls, 134 were male and
125 were female.

We obtained burden measures for 13,480 genes and
712 pathways. Regression models with random effects
had rank deficient variance-covariance matrices for the
random effects and were therefore excluded from
further analysis. From the models with only fixed ef-
fects, we estimated a number of 339 independent
pathway burden hypotheses. Therefore, multiple-
testing corrected significance threshold was approxi-
mately P = 3.7E-6 for gene burden tests and P = 1.5E-
4 for pathway burden tests. None of the P-value
showed statistical significance. The smallest P-value
was observed for the gene HECTDI (P = 2.9E-5;
Supplementary Material) and the pathway "WP_
FBXL10_ENHANCEMENT_OF_MAPERK_SIGNA-
LING_IN_DIFFUSE_LARGE_BCELL_LYMPHOMA"
(P = 0.0007). The quantile-quantile plots did not show a
strong deviation of P-values from expected random
chance P-values for most of the tests (Figures 3 and 4).
The estimated inflation of P-values (Lambda values) for
the case-control burden tests were 0.42 and 1.03 for
gene-level and pathway-level tests, respectively.

We additionally compared the unrelated VACTERL
individuals (n = 96) and unrelated controls (n = 252, 7
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Figure 3. Quantile-quantile plot (QQ-plot) for gene burden. The plot shows the distribution of the sorted P-values from data analysis against the
expected uniform distribution. —Ig(E(P)): expected —logoP-values; —Ig(P): observed —log;qP-values.
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Figure 4. Quantile-quantile plot (QQ-plot) for pathway burden. The plot shows the distribution of the sorted P-values from data analysis against
the expected uniform distribution. —Ig(E(P)): expected —logoP-values; —Ig(P): observed —log;qP-values.

Kidney International Reports (2024) m, H-H




CLINICAL RESEARCH

J Comié et al.: Rare Variants in VACTERL Association

PC2
0.02 0.04
| |

0.00
]

-0.02

A control
A case
A EUR
EAS
A AMR
SAS
A AFR

I T
-0.01 0.00

0.01 0.02

| | | I
0.03 0.04

PC1

Figure 5. PCA plot of VACTERL individuals and control individuals compared with the 1000 genomes sample.There is a single cluster for
combined cases and controls, which maps close to the EUR cluster of 1000 genomes samples. PCA, principal component analysis.

controls were removed because of relatedness) with the
1000 genomes sample [n (AFR) = 661, n (AMR) = 347, n
(EAS) = 504, n (EUR) = 503, and n (SAS) = 489] (The
1000 Genomes Project Consortium, 2015). After
filtering the variants, we obtained principal compo-
nents based on 1300 variants. Visual inspection of the
first 2 principal components showed a single cluster for
combined cases and controls, which mapped close to
the EUR cluster of 1000 genome samples (principal
component analysis; Figure 5).

In addition to case-control burden association tests,
we performed FBAT on the nuclear families from our
index cases.”* We tested 147,837 of initial 473,238
single variants (no functional constraints), 11,287
genes, and 709 pathways (function constraint on vari-
ants). We adjusted for multiple testing (Bonferroni) for
147,837 variants, 11,287 gene-level tests, and 339 in-
dependent pathway-level tests (as for the burden
analysis), respectively. We observed 14 significant
variants (lead variant chr19:14877817 T > A, P =
2.26E-09; Supplementary Table S4), 2 signiﬁcant genes
(LOC645752, P = 1.64E-07, and ZNF417, P = 6.25E-07;
Supplementary Table S5), and 8 significant pathways
(lead pathway WP_EBOLA_VIR-
US_INFECTION_IN_HOST, P = 2.88E-07, cell cycle

and NOTCH signaling pathway; Supplementary
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Table S6). The inflation of the test statistics were
1.27, 2.15, and 2.38, respectively (Figures 6-8).

DISCUSSION

Despite immense recent technological advancements,
the etiology of VACTERL association remains mostly
unknown. Underlying reasons include the phenotypic
and causal heterogeneity, the typically sporadic nature
of the disease, and the large number of overlapping
syndromes.

The present study highlights the variable diagnostic
yield of molecular genetic analysis in individuals
associated with VACTERL association. Disease-causing
variants were identified in only 5% of the index
cases indicating a low diagnostic yield in this cohort
but could identify several candidate genes. The yield of
5% indicates a more complex genetic architecture
compared with other kidney disorders, such as
nephronophthisis with a detection rate of 63% or
tubulopathies with a detection rate between 26% and
50%.”"” The observed low rate here suggests that this
syndromic condition may involve a larger number of
genes, unique genetic mechanisms, or a high degree of
phenotypic variability, making genetic diagnosis more
challenging. The genetic landscape of each condition is
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Figure 6. Quantile-quantile plot (QQ-plot) for gene burden on FBAT analysis. The plot shows the distribution of the sorted P-values from data
analysis against the expected uniform distribution. —Ig(E(P)): expected —log,o P-values; —Ig(P): observed —log;qP-values.
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Figure 7. Quantile-quantile plot (QQ-plot) for pathway burden on FBAT analysis. The plot shows the distribution of the sorted P-values from data
analysis against the expected uniform distribution. —Ig(E(P)): expected —log;qP-values; —Ig(P): observed —log;oP-values.
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Figure 8. Quantile-quantile plot (QQ-plot) summary on FBAT analysis. The plot shows the distribution of the sorted P-values from data analysis
against the expected uniform distribution. —Ig(E(P)): expected —logoP-values; —Ig(P): observed —logoP-values.

shaped by factors such as the number of implicated
genes, the diversity of variants, and the accessibility of
comprehensive genetic testing methods. The presence
of overlapping genetic disorders such as Saethre-
Chotzen syndrome or Kabuki syndrome in VACTERL
association pose challenge to the accurate diagnosis of
the VACTERL association and complicates diagnostic
accuracy.

One recent research group was able to make a diag-
nosis using exome sequencing in 16% (11/67) of the in-
dividuals with isolated esophageal atresia or
tracheoesophageal fistula (EA/TEF).28 In another study,
molecular diagnosis could be made in 27% (19/71) of the
individuals presenting with a VACTERL or VACTERL-
like phenotype. The solved cases harbored disease-
causing variants in disease-associated genes such as
ADNP, BBS1, FGFR3, KMT2D, LRP2, NIPBL, and
SALLI, known for a variety of syndromes.”’ Kolvenbach
et al. 2021 were able to identify in 6 of 21 (29%) cases,
potentially disease-causing variants in the genes B9D]I,
FREMI, ZNF157, SP8, ACOT9, B9DI1, SP8, ACOT9, and
TTLLII,” but only 2 of these genes (B9D1, FREM1I) have
been described as disease-associated in the literature so
far. In contrast to those findings, and despite careful
clinical selection, we only diagnosed a monogenic dis-
ease in 5% (5/96) of the cases. The discrepancies in the

first study on individuals with esophageal atresia or
tracheoesophageal fistula may be due to the isolated
phenotype in these individuals and thus a different,
more often monogenic genesis. In the second study
mentioned above, significantly more individuals with a
complex clinical phenotype and likely a different—
monogenic inherited—disease entity may have been
included, which is probably the reason for the higher
diagnostic yield. When only the individuals with
disease-causing variants in known disease-associated
genes were considered in Kolvenbach’s study, the pro-
portion of solved individuals decreased to 10%, which is
comparable with ours.

Interestingly, overlapping deletions have been
previously described in the literature in several
cases with a phenotype similar to our fourth case
(HN-F1406-11-1).”"’" Carriers of loss-of-function variants
in TWISTI exhibit a craniofacial malformation syn-
drome with abnormalities of the facial skull, craniosy-
nostosis, syndactyly, and incomplete duplication of the
great toe, among others. *2 In affected individuals with
major deletions involving other genes besides TWIST]I,
developmental delay and variable organ malformations
(including anal stenosis and another ARM) have been
described.”® Taken together, this suggests that in-
dividuals with a Saethre-Chotzen syndrome may be
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misdiagnosed as individuals with a VACTERL associa-
tion (https://www.ncbi.nlm.nih.gov/books/NBK1204/
table/bgs.T.disorders_to_consider_in_the_diffe/).

Our data and those of Belanger Deloge et al. 2022
suggest that molecular genetic analyses designed to
identify monogenic etiologies may have a lower diag-
nostic yield in cases who initially meet the criteria for
VACTERL association.”” VACTERL has not yet been
satisfactorily explained in terms of pathogenesis. Few
familial cases have been identified, and external factors
such as maternal diabetes, assisted reproductive tech-
niques, maternal pregestational overweight and
obesity, as well as maternal smoking seem to play an
influencing role.” Disease-causing variants in single
genes have been found in a number of syndromes with
1 or more malformations seen in individuals with the
VACTERL association; however, these syndromes
additionally have other features that distinguish them
from VACTERL association.”” Sotos and Kabuki syn-
drome are 2 of those syndromes which have actually
highly recognizable phenotypes that could be differ-
entially diagnosed by a clinical geneticist.

Abnormal mitochondrial function has rarely been
described in individuals with VACTERL associa-
3435 To our knowledge, however, our case appears
to be the second case described in the literature in
which the np 3243 variant occurs. Interestingly, it did
not show the typical symptoms of MELAS.”® Damian
et al.,” presented a female individual with VACTERL
association with the np 3243 variant. The girl was born
with multiple malformations of the hands, face, ribs,
multiple cervical and thoracic vertebral anomalies,
congenital anomalies of the kidney and urinary tract,
an ARM with rectovestibular fistula, moderate global
cardiac dilatation, and died at the age of 1 month. * To
date, 7 individuals, ours included, have been found to
have both VACTERL association and mitochondrial
dysfunction.”” Nevertheless, it cannot be ruled out
with certainty that this variant is a secondary finding
and not the actual cause because our case did not show
any symptoms compatible with MELAS. It should
therefore be carefully considered whether mitochon-
drial work-up should be included in the molecular
genetic testing.

Within the present study, 5 candidate genes were
identified. One of them was GCNILI, which has pre-
viously been prioritized as one of the tumor-associated
genes in individuals with renal carcinoma, suggesting
that GCNILI may participate in renal carcinogenesis
via Wnt/B-catenin signaling.”’ The importance of the
Wnt pathway in kidney development in humans is
well-known and is already confirmed by mouse
models.”® Our index case, HN-F151-1I-1 had a ves-
icoureteral reflux, renal hypoplasia, and bilateral

tion.
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heterozygous variants in GCNILI, implying that this
gene may also play an important role in kidney
development.

Individual HN-F158-II-1 harbored a heterozygous
missense variant in GREBIL with a Z-score >5 and
with an LOEF of 0.07. This variant was described twice
in ClinVar as likely pathogenic and is also a known
disease-associated gene for renal hypodysplasia or
aplasia 3. There are 2 other affected individuals and 1
affected mother described in De Tomasi et al., 2017,
with the clinical picture of a vesicoureteral reflux and a
heterozygous variant in the GREBIL.”” Our index case
harbored the heterozygous missense  variant
NM_001142966.2:c.2252G>A, inherited from his un-
affected mother. Intrafamilial phenotypic variability
focused on renal phenotype up to incomplete pene-
trance, is already described for individuals with
disease-causing variants in this gene and is therefore
not an exclusion criterion for the identified variant.”
Nevertheless, it does not explain the syndromal
appearance of our index case, which could be caused
by a multifactorial effect or possible polygenic
inheritance.

Finally, to further elucidate the VACTERL conun-
drum, we evaluated the burden of putatively damaging
rare variants in individuals with VACTERL association
from exome sequencing in affected individuals, unaf-
fected parents, and controls. Including relatedness
from the pedigree structure likely leads to a model
overfitting, which could lead to an inflation of P-values
for the burden tests, and therefore result in detection of
pathways just by chance. Dropping the random effect
from the models, the quantile-quantile plots did not
show strong deviation of burden P-values for the genes
and pathways from chance p-values. Thus, neither
relatively strong bias (e.g., population substructure,
unobserved confounders) nor relatively strong poly-
genic effects could be suggested. No P-value was sig-
nificant after multiple testing. These tests depend on
the sample size, heritability, linkage disequilibrium,
and the number of causal variants.”’ In addition, the
principal component analysis plot was in accordance
with the origin of the included individuals, both in
terms of the affected individuals and the controls.
Further FBAT at single variant, gene, and pathway
levels showed isolated significant results on loci not
associated with VACTERL association so far but will be
subject of further examinations. It should be
mentioned here that the FBAT-significant gene ZNF417
is a potential VACTERL candidate gene, encoding for a
ubiquitously expressed zinc finger protein, which is
part of the well-known Kriippel-associated box zinc
finger protein family regulating transcription (https://

www.gtexportal.org/home/gene/ZNF107).41 The same
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applies to the observed FBAT-significant pathways
(e.g., cell cycle and NOTCH signaling pathway,
Supplementary Table S6). These are known to be
involved in kidney development, which therefore
should be further examined."**’

There are several limitations of this study. Although
this is the largest study conducted on individuals with
VACTERL association, the sample size may have been
too small and therefore, probably not significant
enough to reveal substantial pathophysiologic links.
Published burden analysis includes sample sizes 1 to 2
orders of magnitude larger than our data set. Therefore,
we analyzed the burden specifically of whole path-
ways, which reduced the multiple testing problem and
increased the number of observations per test. How-
ever, when genes in a pathway have opposite effects
(i.e., some being detrimental and some protective), this
approach would lack power because the opposite ef-
fects would cancel each other in the burden effect for
the pathway. Variance-components methods such as
sequence kernel association test would be an alterna-
tive in that case; however, it would increase the mul-
tiple testing problem when performed in addition to
the burden tests. Sequence kernel association test can
(if the cohort is moderate or large) be a powerful
approach to identify new candidate genes, or to design
new genome sequencing or exome sequencing studies
in a very short time and without any previous func-
tional information."

In our study, control individuals were persons
suffering from other diseases, as well as healthy rela-
tives. Therefore, significant sequence kernel association
test results may be difficult to interpret, because a
P-value may be driven by causal variants of these other
diseases and not by variants causal for the disease of
interest. This also applies to the burden tests; howe-
ver,the direction of the effect is easier to interpret. The
analysis did not apply any allele frequency cut-off.
Functional variants have a broad spectrum of allele
frequencies ranging from rare to common, which is a
realistic model for complex traits.”’

When analyzing larger data sets in the future,
relatedness structure and additional covariates such as
age are likely to be explanatory confounders in fitting
the model and may have to be included. It is also
recommended to use population-based controls instead
of cases of other diseases.

Some further limitations arise from molecular genetic
analysis. For example, repeat expansions and deep
intronic variants should be mentioned, both of which
are not detectable with exome sequencing. In addition,
a unified phenotype for VACTERL cases with pre-
sumed same malformations is difficult to define.
Further, there may be a bias in recruitment because our
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cohort included individuals from the self-help organi-
zations for individuals with congenital ARM:s.

We are aware that for the calculation of a burden
test, the low number of cases is one of the limiting
factors besides the cofounder variants, technical arte-
facts, and missing calls (multisampling calling). Burden
tests have a crucial role in the presence of both trait-
increasing and trait-decreasing variants, or in the
presence of a small fraction of causal variants and has
been in mind as potential limitation.

Combining insights from biological models with
the newly available genomic technologies may pro-
vide more answers to causal mechanisms in the near
future. With further targeted research, these answers
may then address an even more important question:
How can the health of affected individuals be
improved?

If the clinical presentation meets the traditional
diagnostic criteria of VACTERL association (at least 3
characteristic features) without additional syndromic
features or intellectual disability, diagnosis is made on
clinical assessment alone. In such scenarios, the
reduced probability of identifying a causative variant
may limit the power of exome sequencing.'”"’
Conversely, in individuals with atypical features such
as neurodevelopmental delay or other syndromic
manifestations that differ from the traditional VAC-
TERL profile, exome sequencing has been valuable. It
facilitates the identification of potential underlying
syndromes that mimic VACTERL features, which can
have a significant impact on both the management and
prognosis of the individual.”*® The decision to perform
exome sequencing should be the result of a compre-
hensive clinical assessment in which the specific char-
acteristics and manifestations of each individual are
taken into account. It may be more appropriate to focus
on clinical management and routine follow-up when
traditional diagnostic criteria are clearly met, and no
additional symptoms are evident.

CONCLUSION

The current literature suggests that the underlying
cause of VACTERL association is multifactorial. Our
study confirms this, because disease-causing variants
in known disease-associated genes were found in
only 5 out of 96 individuals. Nonetheless, additional
burden analyses identified promising candidate genes
and pathways, possibly involved in the development
of VACTERL association. However, it is obvious
that other genetic or non-genetic causes, which
cannot be captured with short-read-based exome
sequencing, are likely involved in VACTERL. Future
research should therefore rely on a broader scope
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of techniques, including genome/RNA sequencing,
long-range sequencing, chromosome conformation
analysis, and epigenetics to identify novel disease
mechanisms and to better understand the patho-
physiology of VACTERL.
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