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Abstract 
Spina bifida (SB) is the most common congenital malformation of the central 
nervous system (CNS), which develops as a result of disrupted primary neu-
rulation and neural tube closure. Myelomeningocele (MMC) is the most se-
vere SB form and belongs to a larger group of congenital malformations known 
as neural tube defects (NTDs). MMC occurs when a portion of the spinal cord 
or nerves protrudes from an opening in the spine and may or may not be cov-
ered by meninges. MMC can be associated with hydrocephalus (HC), Arnold-
Chiari II malformation, bowel and bladder dysfunction, lower limb paralysis, 
and pain syndromes. Despite many studies suggesting possible MMC causes 
such as folic acid deficiency, genetic disorders, ethnicity, and maternal health 
characteristics, the mechanism of MMC, particularly its concurrence with HC, 
is still unclear. To address such shortcomings, the whole exome sequencing 
(WES) of cadaveric DNA procured from the body of a 55-year-old female with 
concurrent MMC and HC was performed on the Illumina next-generation se-
quencing (NGS) platform. The bioinformatics analysis of WES data yielded 84 
rare (minor allele frequency, MAF ≤ 0.01) pathologic/deleterious genetic var-
iants, with few of the affected genes being previously linked to NTD/MMC or 
HC. The most interesting such genes were ALDH1L1 and DNAAF1 because 
they have been previously reported to be associated with both NTD/MMC and 
HC. The great extent of HC association with MMC raises a question of whether 
the ALDH1L1 and DNAFF1 mutations could, at least in some cases, underline 
the concurrent MMC and HC in humans.  
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Next Generation Sequencing, Aldehyde Dehydrogenase 1 Family Member L1, 
Dynein Axonemal Assembly Factor 1 

 

1. Introduction 

Spina bifida (SB) is the most common birth defect of the central nervous system 
(CNS) and is a member of a larger group of congenital malformations known as 
neural tube defects (NTDs) [1]. NTDs affect approximately 4 people per 10,000 
live births in the United States, but worldwide, it is about 5 times more likely to 
occur [2] [3]. The probability of an individual being affected by SB has been shown 
to be different between ethnic groups, such as Caucasians being less likely than 
Hispanics to experience SB but more likely than African Americans in the United 
States [4] [5]. While compatible with life, SB contributes to increased mortality 
rates for infants and lifelong disability for those who survive [1] [6].  

NTDs are caused by a disruption of the normal process of neurulation, the se-
verity and type of which depend on the location of this disruption. SB has three 
major forms: spina bifida occulta, closed neural tube defects, and spina bifida aperta. 
Spina bifida occulta is the least severe form, with no visible external malformation, 
only vertebral malformation. Closed neural tube defects cover a range of condi-
tions that usually require corrective surgery and involve malformations of the bone, 
fat, and connective tissue of the spine and spinal cord. Spina bifida aperta refers to 
two distinct subtypes of SB, namely meningocele and myelomeningocele (MMC). 
Meningocele is a significant malformation of the vertebral column resulting in the 
meninges protruding from the spine and forming a sac filled with cerebrospinal 
fluid. MMC is the severest and the most clinically relevant form of SB, which is 
presented by a portion of the spinal cord or cauda equina extending out of a lesion 
in the vertebral column, which may or may not be covered by meninges [1] [4] 
[7]. 

SB etiology is complex and includes both genetic and nongenetic factors. As to 
the former, despite the SB inheritance pattern in humans being quite diverse, there 
is strong evidence that multiple genes may be involved, with some of the promi-
nent genes—VANGL1, VANGL2, FUZ, CELSR1, and TBXT—having autosomal 
dominant inheritance [1]. Yet the SB recurrence patterns provide a clear indica-
tion that the SB trait is polygenic because it is underpinned by a combination of mul-
tiple genes and their respective multiple variants [8]. The most important nongenetic 
SB risk factors include maternal diabetes, obesity, and hyperthermia, deficiencies 
in folate, zinc, and B12, as well as certain antiepileptic drugs such as valproic acid 
[1]. 

MMC’s almost exclusive concurrence with hydrocephalus (HC) is one of its 
most notable features, as HC was present in most SB aperta (MMC) cases and 
absent in all SB occulta cases. [9]. Such MMC and HC concurrence has a strong 
clinical significance because when assessed independently, the debilitating threat 
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of HC was comparable to that of MMC [10]. Despite a significant impact of con-
current MMC and HC on the patients’ well-being, where HC alone could be an 
acutely life-threatening condition [11] [12], little is known about the genetic un-
derpinnings of MMC and HC concurrence. To address this concurrent presenta-
tion, we performed a postmortem genetic screening of a 55-year-old female with 
a history of MMC and HC using whole exome sequencing of the respective DNA 
on the next-generation sequencing (NGS) platform. The results obtained high-
light ALDH1L1 and DNAAF1 as potential genetic risk factors for the MMC and 
HC concurrence in humans. 

2. Methods 
2.1. Human Cadaveric Body Procurement 

The body of a 55-year-old female was received through the Saint Louis University 
(SLU) Gift Body Program with signed informed consent. The self-reported med-
ical history included surgical correction of open SB, urinary diversion (Kock 
pouch), kidney disease, HC (shunt removed at age 5), and seizures. The body was 
embalmed through the common carotid artery with a solution (1:1 ratio) of water 
and a mixture containing isopropyl alcohol (52%), ethylene glycol (24%), phenol 
(17%), formaldehyde (6%), and methanol (1%). 

2.2. Anatomical Dissection 

The cadaver was placed in the prone position, and a midline incision was made 
from the external occipital protuberance to the intergluteal cleft. The skin, subcu-
taneous fat, superficial and deep back muscles were dissected to expose the tho-
racic, lumbar, and sacral vertebrae. A laminectomy was then performed to expose 
the spinal canal expanding from the thoracic region as far inferiorly as possible. 
When supine, a midline abdominal incision and a transverse incision were made 
to reflect the anterior abdominal wall. Dissection of the abdominal cavity pro-
ceeded with cleaning of mesenteries, viscera, and scar tissue. 

2.3. Genetic Analysis 

The postmortem genetic screening by WES was performed by Omega Bioservices 
(Norcross, GA) on the Illumina NGS platform, and the respective bioinformatics 
analysis was conducted by the Genome Technology Access Center (GTAC, Wash-
ington University in St. Louis, MO) as previously described [13] [14]. Specifically, 
DNA was extracted from the tibia by the Paleo-DNA Laboratory (Lakehead Uni-
versity, Thunder Bay, Ontario, Canada), and DNA quality control prior to sequenc-
ing was performed using a TapeStation. WES was conducted by employing Illu-
mina Nextera Rapid Capture Exome (45 Mb) on the Illumina HiSeq 2500 NGS 
platform with the PE 2 × 100 read format and 30× coverage depth (~4.7 GB per 
sample). The bioinformatics analysis was performed by GTAC using its standard 
data analysis pipeline, which included the identification of pathological/deleteri-
ous variants using three databases: SIFT, Polyphen-2, and Provean. To minimize 
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false-positive detection of such variants by a single database, the rare genetic var-
iants were further sequentially filtered through SIFT, Polyphen-2, and Provean, 
thereby taking advantage of these databases having unique data repositories along 
with their proprietary prediction algorithms for identifying pathological/deleteri-
ous genetic variants. 

3. Results 
3.1. Anatomical Examination 

During the dissection of the deep back, a lack of posterior elements of the vertebral 
column was noted (Figure 1). 
 

 

Figure 1. The lower vertebral column showcases the open midline vertebral defect associ-
ated with SB. Notice the spinal cord continues inferior to the LV2 level, which is inferior 
to the expected vertebral level where the conus medullaris is typically located. There was a 
lack of a distinct cauda equina, and it seemed that the spinal cord continued inferior to the 
L1/L2 level with adhesions between neural structures and the dura mater (Figure 2). 
 

 

Figure 2. The lower vertebral column with the dural sac cut open. Notice the adhesion of 
the cauda equina to the dura. 
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Based on these observations and the individual’s self-reported history of SB, it 
was concluded that the individual had MMC. During the dissection of the abdo-
men, a Koch’s pouch was observed, consistent with the reported history of it being 
used in the treatment of neurogenic bladder (Figure 3). The left kidney was also 
noted to be absent, consistent with the medical history of kidney disease and it 
being removed in a prior surgery. The individual was also observed to have nota-
bly small hands and feet. Upon inspection of the head and face, the mandible was 
noted to protrude anteriorly in addition to a protruding forehead. 
 

 

Figure 3. The abdominal cavity shows the reported history of urinary diversion. Notice the 
ureter directly connecting to the retracted cecum. 

3.2. Genetic Screening 

Following a very stringent filtering process [13] [14], 84 genes with rare (minor 
allele frequency, MAF ≤ 0.01) pathological/deleterious variants were identified (Ta-
ble 1). Only three genes—HLA-DRB5, NPIPA5, and PRAMEF10—had homozy-
gous variants, whereas the other genes had heterozygous ones. 
 
Table 1. Genes with rare pathological/deleterious variants associated with the present case. 

Gene Protein 

ALDH1L1 Aldehyde Dehydrogenase 1 Family Member L1 

ANK3 Ankyrin 3 

ARMH1 Armadillo-Like Helical Domain Containing 1 

ASTL Astacin-Like Metalloendopeptidase 

BNIPL BCL2 Interacting Protein Like 

BUB1B BUB1 Mitotic Checkpoint Serine/Threonine Kinase B 
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Continued 

C22orf42 Chromosome 22 Open Reading Frame 42 

CAPN11 Calpain 11 

CCDC151 
Coiled-Coil Domain-Containing Protein 151/Outer Dynein Arm 

Docking Complex Subunit 3 (ODAD3) 

CCDC88B Coiled-Coil Domain Containing 88B 

CCPG1 Cell Cycle Progression 1 

CDKL4 Cyclin Dependent Kinase Like 4 

CDRT1 F-Box and WD Repeat Domain Containing 10B (FBXW10B) 

CEP350 Centrosomal Protein 350 

CES5A Carboxylesterase 5A 

COL20A1 Collagen Type XX Alpha 1 Chain 

COMP Cartilage Oligomeric Matrix Protein 

CPA2 Carboxypeptidase A2 

CST1 Cystatin SN 

DLX3 Distal-Less Homeobox 3 

DNAAF1 Dynein Axonemal Assembly Factor 1 

DOCK11 Dedicator of Cytokinesis 11 

DUOX2 Dual Oxidase 2 

FIG4 FIG4 Phosphoinositide 5-Phosphatase 

FUT1 Fucosyltransferase 1 (H Blood Group) 

GJD2 Gap Junction Protein Delta 2 

GUCY2F Guanylate Cyclase 2F, Retinal 

HLA-DQB1 Major Histocompatibility Complex, Class II, DQ Beta 1 

HLA-DRB5 Major Histocompatibility Complex, Class II, DR Beta 5 

HMX2 H6 Family Homeobox 2 

HS6ST1 Heparan Sulfate 6-O-Sulfotransferase 1 

IQUB IQ Motif and Ubiquitin Domain Containing 

KCNE1 Potassium Voltage-Gated Channel Subfamily E Regulatory Subunit 1 

LCT Lactase 

LECT2 Leukocyte Cell-Derived Chemotaxin 2 

LRP5L LDL Receptor Related Protein 5 Like (Pseudogene) 

LTBP1 Latent Transforming Growth Factor Beta Binding Protein 1 

LTBP4 Latent Transforming Growth Factor Beta Binding Protein 4 

MFSD14B Major Facilitator Superfamily Domain Containing 14B 

MICALL2 MICAL Like 2 
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Continued 

MINDY1 MINDY Lysine 48 Deubiquitinase 1 

MMP17 Matrix Metallopeptidase 17 

MOK MOK Protein Kinase 

MSTN Myostatin 

NARF Nuclear Pore Complex Interacting Protein Family Member A5 

NCOR1 Nuclear Receptor Corepressor 1 

NID2 Nidogen 2 

NPHS2 NPHS2 Stomatin Family Member, Podocin 

NPIPA5 Nuclear Pore Complex Interacting Protein Family Member A5 

NRXN1 Neurexin 1 

NXPE4 Neurexophilin and PC-Esterase Domain Family Member 4 

PCDHA5 Protocadherin Alpha 5 

PFAS Phosphoribosylformylglycinamidine Synthase 

PHF20L1 PHD Finger Protein 20 Like 1 

PITPNM1 Phosphatidylinositol Transfer Protein Membrane Associated 1 

PLXNA4 Plexin A4 

PRAMEF10 PRAME Family Member 10 

PRIMPOL Primase and DNA-Dependent Polymerase 

PSPH Phosphoserine Phosphatase 

PTGER2 Prostaglandin E Receptor 2 

PTPN13 Protein Tyrosine Phosphatase Non-Receptor Type 13 

PYGL Glycogen Phosphorylase L 

PYROXD2 Pyridine Nucleotide-Disulfide Oxidoreductase Domain 2 

RANBP6 RAN Binding Protein 6 

ROBO3 Roundabout Guidance Receptor 3 

RTN4RL1 Reticulon 4 Receptor Like 1 

SEC16A SEC16 Homolog A, Endoplasmic Reticulum Export Factor 

SEPTIN8 Septin 8 

SF3B2 Splicing Factor 3b Subunit 2 

SKA3 Spindle and Kinetochore Associated Complex Subunit 3 

SLC24A4 Solute Carrier Family 24 Member 4 

SOAT1 Sterol O-Acyltransferase 1 

SPINK5 Serine Peptidase Inhibitor Kazal Type 5 

TEKT5 Tektin 5 
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Continued 

TGFB1I1 Transforming Growth Factor Beta 1 Induced Transcript 1 

TOE1 Target of EGR1, Exonuclease 

TOP3B DNA Topoisomerase III Beta 

TOR1B Torsin Family 1 Member B 

TRIM63 Tripartite Motif Containing 63 

TTC36 Tetratricopeptide Repeat Domain 36 

WNK4 WNK Lysine Deficient Protein Kinase 4 

ZFP42 ZFP42 Zinc Finger Protein 

ZNF846 Zinc Finger Protein 846 

ZSCAN30 Zinc Finger and SCAN Domain Containing 30 

a. Gene-to-protein name conversion was performed by using GeneCards. 

4. Discussion 

Based on the medical history of the donor and the results of the respective ana-
tomical examination, the present case could be described as NTD/MMC concur-
rent with HC. The genetic screening by WES provided important insights into 
possible molecular mechanisms underlying NTD/MMC and HC concurrence in 
humans. The functional annotation of 84 genes with rare variants revealed three 
genes being linked to NTDs: ALDH1L1 [15] [16], DNAAF1 [17], and DUOX2 [18] 
[19], whereas four genes have been associated with HC: ALDH1L1 [20], CCDC151 
[21], DNAAF1 [22], and MOK (GeneCards). Intriguingly, ALDH1L1 and DNAAF1 
appear to be pleiotropic, as they were associated with both NTDs and HC traits. 
Therefore, a pleiotropic genetic component may underlie the NTD/MMC and HC 
concurrence in humans.  

The mechanism(s) governing such concurrence could be linked to impaired fo-
late metabolism (ALDH1L1) and/or disturbed motile cilia function (DNAAF1), 
with both respective pathologies engaging cerebrospinal fluid (CSF) as their media-
tor. Indeed, ALDH1L1 is known as one of the key enzymes in folate metabolism, 
also serving as a folate transporter from CSF to cortical neurons and astrocytes [23]. 
The important role of ALDH1L1 in the control of NTDs is underscored by the facts 
that folate supplementation during the post-conceptional period is known to pre-
vent nearly 70% of NTDs in humans and by the ALDH1L1 expression pattern dur-
ing early CNS development in mice, where it was exclusively present in the midline 
[24]. Yet the CSF from rats with congenital HC was an ALDH1L1-deficient, which 
allowed identification of this enzyme as a specific HC marker [20].  

DNAAF1, on the other hand, encodes a protein that is an essential structural 
component of motile cilia, and its impairment serves as a causative factor in a patho-
logical condition known as primary ciliary dyskinesia [25]. More importantly, re-
cently obtained evidence linked some of the DNAAF1 mutations to NTDs in hu-
mans [17] as well as to HC development in mice [22]. These data were consistent 
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with a key role of motile cilia in neurodevelopment via regulation of CSF flow [26] 
[27]. The presence of two putative mechanisms underlying NTD/MMC and HC 
in the present case, one mediated by folic acid deficiency and the other by ciliop-
athy, raises the question of their mutual dependence. One possible answer to this 
question could be found in the most recent publication [28], where it has been 
proposed that folic acid could regulate ciliogenesis, and thereby NTDs formation, 
by modulating the activity of reactive oxygen species-sensitive GTPase, which is 
required for cilia development.  

5. Conclusions 

The concurrence of MMC and HC could be underlined, at least in part, by plei-
otropic genes responsible for both traits, with folic acid being a key mediator in 
the respective pathological processes. 

The prenatal genetic screening for NTD/MMC and HC could benefit from the 
inclusion of ALDH1L1 and DNAAF1 genes as potential risk factors for NTD/MMC 
and HC concurrence.  

Limitations 

Since the current report was based on a postmortem, single-patient study, the re-
spective results should be viewed as a prerequisite to an antemortem clinical re-
search using a large cohort of patients diagnosed with concurrent NTD/MMC and 
HC. 
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