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Abstract Anorectal malformations (ARMs) constitute a group of congenital defects of the gas-
trointestinal and urogenital systems. They affect males and females, with an estimated world-
wide prevalence of 1 in 5000 live births. These malformations are clinically heterogeneous
and can be part of a syndromic presentation (syndromic ARM) or as a nonsyndromic entity
(nonsyndromic ARM). Despite the well-recognized heritability of nonsyndromic ARM, the ge-
netic etiology in most patients is unknown. In this study, we describe three siblings with
diverse congenital anomalies of the genitourinary system, anemia, delayed milestones, and
skeletal anomalies. Genome sequencing identified a novel, paternally inherited heterozygous
Caudal type Homeobox 2 (CDX2) variant (c.722A > G (p.Glu241Gly)), that was present in all
three affected siblings. The variant identified in this family is absent from population data-
bases and predicted to be damaging by most in silico pathogenicity tools. So far, only two
other reports implicate variants in CDX2 with ARMs. Remarkably, the individuals described
in these studies had similar clinical phenotypes and genetic alterations in CDX2. CDX2 en-
codes a transcription factor and is considered the master regulator of gastrointestinal devel-
opment. This variant maps to the homeobox domain of the encoded protein, which is critical
for interaction with DNA targets. Our finding provides a potential molecular diagnosis for this
family’s condition and supports the role of CDX2 in anorectal anomalies. It also highlights the
clinical heterogeneity and variable penetrance of ARM predisposition variants, another well-
documented phenomenon. Finally, it underscores the diagnostic utility of genomic profiling
of ARMs to identify the genetic etiology of these defects.

[Supplemental material is available for this article.]

CASE PRESENTATION

Our proband (Individual II-1; Fig. 1A), at the time of enrollment, was a 4-yr-old male with per-
ineal fistula, anorectal malformation (ARM), mixed receptive—expressive language disorder,
bilateral hydronephrosis with resolved right hydronephrosis and minimal left dilation, and
anemia. The proband subsequently underwent posterior sagittal anorectoplasty.

The proband’s sister (Individual II-2; Fig. 1A), a 3-yr-old female, presented with symptoms
including a cloacal variant (urogenital sinus with perineal fistula), prenatal hydrometrocolpos,
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Figure 1. Novel Caudal type Homeobox 2 (CDX2) variant identified by genome sequencing (GS) in a kindred
presenting with diverse anorectal malformations (ARMs). (A) Pedigree of the family described in the study; the
proband is indicated by an arrow. Filled circles and squares indicate affected individuals. (B) Aligned GS reads
supporting the paternally inherited CDX2 variant as seen in Integrated Genome Viewer (IGV). (C) Clustal
alignment demonstrating the conservation of human CDX2 homeodomain (amino acids 180-250 in
hsCDX2) across other vertebrate species and with its paralog, human CDX1. Highlighted in red is the residue
affected by the p.Glu241Gly variant. (Hs) Homo sapiens, (Mm) Mus musculus, (Rn) Rattus norvegicus, (Bt) Bos
taurus, (Pt) Pan troglodytes, (Dr) Danio rerio. (D) Protein intolerance landscape of human CDX2 homeodomain
(amino acids 180-250) as predicted by MetaDome. (E) Lollipop plot of all reported CDX2 variants (including
this study) associated with ARMs.
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Table 1. Clinical features of all affected siblings

Clinical phenotype Individual II-1 Individual 1I-2 Individual 1I-3
Perineal fistula + + +
Imperforate anus + + -
Prenatal hydrometrocolpos N/A N/A +
Anteriorly displaced rectum - - +
Shortened perineum - - +
Abnormality of vaginal cavity N/A N/A +
Didelphys uterus N/A N/A +
Bilateral hydronephrosis + + -
Anemia + - +

Developmental delay -

Language disorder + + -
Skeletal anomalies - + -
“+" indicates presence, “—" indicates absence of phenotype, “N/A" indicates not applicable.

anteriorly displaced rectum, shortened perineum, two separate vaginal cavities, uterus
didelphys, and developmental delay. Given the constellation of symptoms including delays,
she had previously been evaluated with a chromosomal microarray (CMA) that was nondiag-
nostic and later underwent surgery to repair the ARM.

The proband also had a brother (Individual II-3; Fig. 1A), a 10-mo-old male, who also pre-
sented with ARM, 13 ribs, mild bilateral hydronephrosis (noted at birth; it has since resolved),
speech delay, and a small filum terminale cyst on spine ultrasound. Given the family history of
ARMs (the genetics of which are unclear), he was evaluated using exome sequencing (ES) as
the standard of care testing. At the time, his ES was reported to be nondiagnostic.

Because of the strong positive family history comprising overlapping caudal anomalies
and the siblings’ previous nondiagnostic testing, we enrolled the family in a multidisciplinary,
IRB-approved translational research study. This study uses genome sequencing (GS) to elu-
cidate the molecular landscape of ARM through comprehensive molecular profiling of
patients, family members, and (when available) surgically resected tissue. At that time, par-
ents (Individuals I-1 and |-2) self-reported that they were unaffected by any of the manifesta-
tions reported in the children. A full family history and comprehensive clinical history
(including extra genitourinary findings) of the affected children was recorded and a family
history was taken (Table 1; Fig. 1A). The parents were not clinically evaluated, but according
to the expertise of the clinician (R.J.W.), their self-reported status and absence of a surgical
history obviate a physical examination.

TECHNICAL ANALYSES AND METHODS

The three children and their parents underwent GS (2 x 150 bp). Library preparation was
done using NEBNextUltra Il (New England Biolabs) and sequencing was performed using
the NovaSeq6000 instrument (lllumina Inc.). Reads were mapped to the GRCh38/UCSC
hg38 reference sequence. Secondary data analyses were performed using Churchill (Kelly
etal. 2015), which implements the Genome Analysis Toolkit (GATK) best practices workflow
to allow for a computationally efficient analysis of GS data. We generated ~141.5 Gbp of
uniquely mapped reads per individual, achieving ~35.5x haploid coverage on average.
Sequencing metrics are provided in Supplemental Table S1. SnpEff, ANNOVAR, and custom
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in-house scripts were used to annotate single-nucleotide polymorphisms (SNPs)/indels with
gene, transcript, function class, damaging scores, and population allele frequencies.

Our approach to variant annotation and prioritization has been described previously
(Koboldt et al. 2018). Briefly, multisample variant calling was performed with GATK
HaplotypeCaller. Common variants (with minor allele frequency [MAF]>0.001 in the
gnomAD and ExAC database) were eliminated and remaining missense, frameshift, non-
sense, and splice site variants that were predicted to be damaging by a majority of in silico
tools available through VarSome (Kopanos et al. 2019) were prioritized for further analyses.
Given the presence of multiple affected offspring, we first searched for variants consistent
with a Mendelian inheritance pattern—autosomal recessive or X-linked recessive with ex-
pression in carrier females—but no variants in recognized disease genes met such patterns.
Next, we identified rare coding variants shared by all three affected children, independent of
inheritance. This approach resulted in a shortlist of seven candidate heterozygous gene
variants shared among the three affected siblings, all of which were inherited from an appar-
ently unaffected parent (Supplemental Table S2). Of these, only two were associated with
human diseases according to the Online Mendelian Inheritance in Man (OMIM) database
and were ruled out either because of poor phenotypic fit and/or inconsistent mode of inher-
itance. Of the remaining five candidates, four genes did not have a known physiological role
in caudal/gastrointestinal development. The only remaining candidate was a novel missense
variant in the CDX2 gene. Given the published evidence of the role of CDX2in caudal tissue
patterning, along with the segregation of this variant in this family, this candidate was pur-
sued further. Incidentally, the male sibling had previously undergone clinical ES testing
that, despite reporting the patemally inherited CDX2 variant, had classified it as a variant
of uncertain significance (VUS) and was considered nondiagnostic.

VARIANT CLASSIFICATION

Genome sequencing of the family identified a patemally inherited variant in the gene CDX2
shared by all three affected children (Table 2; Fig. 1B). The nonsynonymous variant
(NM_001265.6:c.722A> G) is predicted to cause a missense change at amino acid codon
241 (p.Glu241Gly) of CDX2. It maps to the well-established homeodomain of CDX2, particu-
larly in the region that binds methylated CpG regions of DNA (Yin et al. 2017) where other
CDX2 variants associated with ARM have been identified (Hsu et al. 2018; Lecoquierre et al.
2020; Stevens et al. 2022). This study reports the third disease-causing variant in residues
228-242, which compose the key motif of the homeobox domain that interacts with
5-mCpG DNA (UniProt). This region is also free of benign variation: There are no missense
variants in gnomAD v2 or v3 affecting residues 228-242. Thus, we consider this a well-estab-
lished functional domain free of benign variation (evidence PM1_strong). The ¢.722A > G var-
iant is absent from population databases including gnomAD and dbSNP (evidence
PM2_supporting) and is predicted to be damaging by a majority of in silico prediction tools
including meta predictors such as REVEL (0.86) and SNPred (0.987) (Molotkov |, Artomov M,

Table 2. Genomic findings and variant interpretation

Genomic
location HGVS cDNA HGVS protein Zygosity Origin Interpretation
Chr 13:27963335 NM_001265.6: CDX2: Het Paternal Likely pathogenic (PM1_Strong,

c.722A>G p.Glu241Gly PM2_Supporting, PP3_Moderate)

Genomic coordinates reflect build GRCh38.
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under review). Under recently updated guidelines for computational predictions of pathoge-
nicity (Pejaver et al. 2022), this is moderate evidence of pathogenicity (evidence
PP3_moderate; refer to Supplemental Table S3 for detailed in silico prediction tool scores
and interpretations).

Incomplete penetrance of phenotypes is a well-documented phenomenon in syndromic
and nonsyndromic ARM (Schwoebel et al. 1984; Dworschak et al. 2021; Stevens et al. 2022).
Although CDX2 is not currently associated with human disease according to the OMIM da-
tabase (MIM #600297), there is growing evidence of its critical role in gastrointestinal devel-
opment (Suh et al. 1994; Beck 2004; Chawengsaksophak et al. 2004; Beck and Stringer
2010). MetaDome, a protein intolerance landscape prediction tool (Wiel et al. 2019), pre-
dicts the homeodomain to be highly intolerant to changes at the protein level (Fig. 1D),
but globally the CDX2 gene shows only modest constraint for missense changes (z=1.06),
so evidence code PP2 was not applied. Last, multiple recent studies have reported CDX2
variants in patients with ARMs (Fig. 1E), but this gene is not definitively associated with dis-
ease according to OMIM. Therefore, evidence code PP1 (cosegregation of variant with dis-
ease in the affected patients in a family in a gene definitively known to cause the disease) was
not applied. Altogether, under ACMG guidelines (Richards et al. 2015), the CDX2 variant
was classified as “Likely Pathogenic” (Table 2).

SUMMARY

ARMs constitute a group of congenital anomalies that are estimated to occur in one out of
5000 live births (Levitt and Pefa 2007). They encompass diverse anomalies of varying
severity, primarily affecting the genitourinary system. However, involvement of other organs
including spine (and spinal cord), gastrointestinal tracts, musculoskeletal system (limbs/dig-
its), and orofacial system have also been reported, particularly in syndromic ARM such as
VACTERL (Dworschak et al. 2021).

CDX2 is located on Chr 139.12.3 and encodes a transcription factor (belonging to the
Parahox family of transcription factors) that is indispensable for caudal development (Suh
etal. 1994; Beck 2004; Chawengsaksophak et al. 2004; Beck and Stringer 2010). The encoded
protein comprises an amino-terminal caudal-like protein transactivation region that facilitates
transcriptional activation, a central homeobox domain that interacts with methylated DNA tar-
gets, and terminal poly(Q) and poly(P) repeat motifs (Trinh et al. 1999; Stevens et al. 2022).
Functional studies have demonstrated that loss of CDX2 leads to aberrant transcriptional pro-
gramming, affecting tissue patterning and differentiation in the gut of the developing embryo,
thereby leading to hindgut anomalies (Lorentz et al. 1997; Chawengsaksophak et al. 2004;
Tang etal. 2014; Freund et al. 2015). Abnormal expression of CDX2 has also been document-
ed in colorectal cancer (Salari et al. 2012; Dalerba et al. 2016; Graule et al. 2018).

The novel CDX2 variant identified in this family (p.GIn241Gly) maps to a conserved meth-
ylated DNA-binding motif within the homeobox domain that is critical for its function (Yin
et al. 2017). The residue GIn241 is conserved across CDX2 in higher vertebrates and in hu-
man CDX1, a paralog of human CDX2 (Fig. 1C), and is highly intolerant to change (Fig. 1D).
So far, five out of six (~83%) CDX2 variants reported in patients with genitourinary tract de-
fects (including this study) are missense alterations, most of which cluster in the homeobox
domain (Fig. 1E). Further, the reported variants in literature have been either de novo or in-
herited from a mildly affected parent with relatively fewer clinical manifestations (Lecoquierre
et al. 2020; Stevens et al. 2022), suggestive of phenotypic variability. Ours is the first study
that reports multiple affected patients in a family who harbor a pathogenic CDX2 variant that
was inherited from a father (Individual I-1) who reported no such anomalies. This raises the
possibility incomplete penetrance or variable expressivity of the phenotype, a phenomenon
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well-documented in this group of disorders (Dworschak et al. 2021). We have not excluded
the possibility that the father is affected—as he was not examined by a clinician—but he self-
reports as healthy and had no history of surgeries. It is also possible that the father could be
mosaic for the CDX2 variant and may not be expressing the variant in the relevant gastroin-
testinal tissues. Ultimately, further studies investigating the penetrance and expressivity of
this condition are warranted.

All individuals with CDX2 variants reported to date have presented with diverse mal-
formations of variable severity with occasional multiorgan involvement (Hsu et al.
2018; Lecoquierre et al. 2020; Stevens et al. 2022), suggesting phenotypic variability.
Interestingly, two of the three affected children in this study were also reported to have
mild developmental delays (Table 1). However, given the limited literature reports of individ-
uals reported to have variants in CDX2, it cannot be determined whether the CDX2-associ-
ated condition also includes developmental delays in its clinical spectrum and warrants
further investigation. Nonetheless, many of the individuals exhibited clinical overlap com-
prising of imperforate anus, cloacal variants, and renal anomalies, suggesting a shared mo-
lecular pathogenesis of disease in the genitourinary system. In summary, this study
contributes to growing evidence supporting the role of CDX2 variants as disease-associated
in which heterozygous alterations are associated with variable ARM (with phenotypic vari-
ability and possible incomplete penetrance of phenotypes).

ADDITIONAL INFORMATION
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