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Meningomyelocele is one of the most severe forms of neural tube defects (NTDs) and the most frequent
structural birth defect of the central nervous system. We assembled the Spina Bifida Sequencing
Consortium to identify causes. Exome and genome sequencing of 715 parent-offspring trios identified six
patients with chromosomal 22q11.2 deletions, suggesting a 23-fold increased risk compared with the
general population. Furthermore, analysis of a separate 22q11.2 deletion cohort suggested a 12- to 15-
fold increased NTD risk of meningomyelocele. The loss of Crkl, one of several neural tube–expressed genes
within the minimal deletion interval, was sufficient to replicate NTDs in mice, where both penetrance and
expressivity were exacerbated by maternal folate deficiency. Thus, the common 22q11.2 deletion confers
substantial meningomyelocele risk, which is partially alleviated by folate supplementation.

M
eningomyelocele (MM), a subtype of
spina bifida, is the most common de-
velopmental anomaly of the central
nervous system and is a severe type of
neural tube defect (NTD). MM often

requires either pre- or postnatal surgical repair,
resulting in major long-term complications
such as paraparesis, bowel and bladder incon-
tinence, and learning difficulties. Many patients
require assistancewith ambulation, leading to
psychological and socioeconomic sequelae.Most
patients with MM also have Chiari type II mal-
formation and resultant hydrocephalus.

Prevalence of MM was historically greater
than 1 per 2500 live births before folic acid
(FA) fortification, though this varied by coun-
try and ancestry (1). The introduction of FA
into grains in many parts of the world begin-
ning in 1998 reduced prevalence (2), but MM
remains a particular challenge in some pop-
ulations, including geographies without FA
fortification or with FA-depleted soil. Causes
of MM remain mostly unknown, although
heritability is estimated at 70% (3) and en-
vironmental factors in addition to FA—such
as maternal diabetes; drugs, including val-

proate; and mycotoxins like fumonisin—also
increase risk (4, 5). Rare and ultrarare WNT
pathway variants, found in 1 to 3% of pa-
tients, also contribute (6, 7), but risk attrib-
uted to more common genetic variants remains
unexplored.
To better understand the genetic architec-

ture of MM, we established the Spina Bifida
Sequencing Consortium (SBSC) in 2015 to ag-
gregate MM trios from diverse ethnic groups
and FA-exposure histories. The entry criteria
were restricted to themost severe form ofMM
that was compatible with long-term survival,
with the presence of open neural tube tissue
and hydrocephalus due to Chiari type II mal-
formation, which required shunt placement
surgery, where both the parents and proband
were available for DNA sampling. This trio ap-
proach was selected because of success in other
complex or multigenic conditions such as con-
genital heart disease and autism spectrum
disorder (8, 9), where high-impact de novo mu-
tations under strong purifying selectionmight
increase MM risk, possibly modified by FA
and other environmental factors.
From the 715 SBSC trios that underwent

either whole-genome or whole-exome sequenc-
ing, we identified six patients who harbored
previously unrecognized de novo or inherited
22q11.2 deletions (22q11.2del); this mutation
was the most common recurrent genetic find-
ing. Our results suggested that patients with
MM are 22.98 times more likely to harbor
22q11.2del compared with the general popula-
tion. Moreover, in a cohort of 1522 subjects
ascertained for 22q11.2del, the most common
cause of DiGeorge syndrome (10), we identi-
fied eight patients with MM. Thus, risk of MM
for those with 22q11.2del was approximately
12.28- to 15.54-fold greater thanexpected.Among
the 10 protein-coding geneswithin theminimal
consensus LCR22C-D interval, CRKL, which en-
codes the CRK-like proto-oncogene adaptor pro-
tein, emerged as the strongest candidate, where
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Table 1. Clinical manifestation of MM patients in the SBSC with 22q11.2del. A total of 715 probands from the SBSC were analyzed. Six patients with MM
were identified. CPC, choroid plexus cauterization; ETV, endoscopic third ventriculostomy; F, female; GA, gestational age; IVF, in vitro fertilization; M, male;
VPS, ventriculoperitoneal shunt.

Patient number
P1

(6338-2-1)
P2

(6803-2-1)
P3

(6903-2-1)
P4

(6353-2-1)
P5

(7431-2-1)
P6

(7036-2-1)

General characteristics
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Birth year 2016 2017 1994 2013 2002 1988
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Sex M M M M F F
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Gestational
age (weeks)

38.5 33.5 38 36 39 37.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Birth weight (g) 2576 1474 3373 3170 2600 2818
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Length at birth (cm) 53 39 58.3 51 46 50.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Head circumference
at birth (cm)

37.5 27 38.5 36
35.5

(at 1 month)
34.5

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Ethnicity Hispanic
European
American

European
American

European
American

Brazilian Hispanic
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Country of birth United States United States United States United States Brazil Mexico
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

22q11.2 deletion syndrome features
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

22q11.2del type
A-D

(de novo)
A-D

(de novo)
B-D

(inherited)
B-D

(de novo)
C-D

(de novo)
C-D

(inherited)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Dysmorphic craniofacial
features

Yes Yes None Yes None None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Congenital heart
disease

None None None None None None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Genitourinary
anomaly

None None
Unilateral renal

aplasia
None None None

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

NTD
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

NTD subtype
MM + Chiari

type II
MM + Chiari

type II
MM + Chiari

type II
MM + Chiari

type II
MM + Chiari

type II
MM + Chiari

type II
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MM level L4-L5 L5-S1 L3-L4 L3-L5 L3-L4 L4-L5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fetal surgery None None None 25 weeks GA None None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Hydrocephalus
surgery

VPS
at 3 days old

ETV/CPC
at 1 month old

VPS
at 2 days old

VPS
at 11 months old

VPS
at 20 days old

ETV/CPC
at 1 month old

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Ambulate
independently

No Yes (delayed) No Yes (delayed) No No
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Assisted
ambulation

Walker Leg braces Wheelchair Leg braces Wheelchair Wheelchair
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Family history
of NTD

None None None
Yes, maternal
great aunt

None None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Periconceptional
FA fortification

Yes Yes No Yes No No
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Psychomotor or neurological phenotype
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Language Normal Delayed Delayed Delayed Delayed Normal
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Gross motor
upper

Normal Normal Normal Delayed Normal Normal
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Fine motor
upper

Normal Delayed Delayed Delayed Delayed Normal
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Seizure None Febrile seizure None None None None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Brain imaging
result

Chiari type II,
stable hydrocephalus

Chiari type II,
stable hydrocephalus

Chiari type II,
stable hydrocephalus

Chiari type II,
stable hydrocephalus

Chiari type II,
stable hydrocephalus

Chiari type II,
stable

hydrocephalus
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Other notable
health
conditions

None

IVF pregnancy
(healthy dizygotic
twin sister), reflux,

hearing aids

Autism spectrum
disorder

Neurogenic
bladder

Early puberty,
polycystic ovarian

syndrome
None

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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we found that loss contributes to NTD risk in a
FA-dependent fashion in mouse.

MM is associated with 22q11.2del

As an effort to investigate the genetic risk fac-
tors for MM, we established the SBSC to ag-
gregate trios for gene discovery (Fig. 1). Most
previous MM genetic studies focused on
single-nucleotide variants or small insertion-
deletions for only affected individuals, and few
interrogated for structural variation (SV) (11).
In this study, we focused on de novo SVs that
can affect multiple genes by sequencing 555
and 160MM family trios from the SBSC cohort
with whole-exome and whole-genome meth-
ods, respectively.
We identified six patients with 22q11.2del

(P1 to P6); the mutation was inherited in two
patients and de novo in four (Fig. 1, Table 1,
and figs. S1 to S3). In addition, three patients
were identified who had other chromosomal
de novo SVs that were not recurrent (tables
S1 and S2). Therefore, 22q11.2del was the most
recurrent single genetic variation from the
SBSC cohort, and other de novo SVs appeared
only rarely in MM. Two of six patients had
the standard 3-Mb deletion flanked by low-
copy repeats (LCRs) LCR22A and LCR22D
(LCR22A-D), whereas two had the atypical
LCR22B-D deletion and two had the atypical
LCR22C-D deletion. As evaluated by whole-
genome sequencing in all subjects, LCR22C-D
was deleted across all the MM patients, sug-
gesting a minimal consensus interval.
All deletions were de novo, except those in

P3 (LCR22B-D) and P6 (LCR22C-D), for whom
parents were asymptomatic and unaware
that they were carriers (Fig. 1 and Table 1). Indi-
viduals with 22q11.2del other than LCR22C-D
displayed various degrees of facial dysmor-
phism, and P3 had unilateral renal agenesis
associated with 22q11.2 deletion syndrome (12).
The 22q11.2del frequency in the SBSC cohort
was 0.839% (6/715), which was significantly
higher than frequencies in the gnomAD data-
base of more than 10,000 healthy individuals
(0.0368%, 4/10,847; odds ratio for patients
versus controls of 22.98, P = 9.16 × 10−6, 95%
confidence interval (CI) = 6.47 to 81.61) and a
population control database (0.0051%, 1/19,584;
odds ratio for patients versus controls of 165.64,
P= 1.27 × 10−8, 95%CI = 19.91 to 1377.71) (fig. S4
and table S3) (13). Half of the patients were
born after FA supplementation was imple-
mented in their home country (Table 1 and
table S4). These results suggest an associa-
tion between the presence of 22q11.2del and
MM risk.
We identified three additional individuals

with MM and 22q11.2del who were referred to
the SBSC for analysis (AP1 to AP3; Fig. 1 and
table S5), two of whomwere described before
(14). These individuals were excluded from
odds ratio calculation but confirmed the link

Fig. 1. Deletions in chromosome 22q11.2 associated with MM. (A) Trios of MM were recruited to
the SBSC from multiple countries, including the United States, Mexico, Brazil, Canada, Italy, Georgia,
Egypt, Nigeria, and Pakistan. Red dots indicate city locations of recruitment centers. DNA samples from
trios were evaluated by whole-exome sequencing and/or whole-genome sequencing to identify de novo
or inherited genetic variants. SNP, single-nucleotide polymorphism. (B) The standard and critical
deletions of 22q11.2 LCRs (LCR22) for DiGeorge risk span 2.5 or 1.5 Mb, respectively (blue bars). Six
patients with MM (P1 to P6, cohort size n = 715) showed chromosomal 22q11.2 deletion (22q11.2del, light
blue bars): four de novo (P1, P2, P4, and P5) and two inherited from a healthy parent (P3 and P6).
Whereas approximately 85% of 22q11.2del spanned the classic LCR22A-D region (35), two-thirds of MM
cases showed partial deletions, either LCR22B-D or LCR22C-D (P3 to P6). Another three MM patients
with 22q11.2del were referred to our study (purple bars, AP1 to AP3): two siblings with an inherited
LCR22B-D deletion [AP1 and AP2, as previously described (14)] and a patient with an LCR22C-D deletion
(AP3). The consensus LCR22C-D deletion interval in all MM patients includes 10 protein-coding genes.
In addition, nine MM patients (yellow bars) were identified, eight from the Children’s Hospital of
Philadelphia (CHOP) and one from Spain (madrid_660), which is part of the International 22q11.2
Brain and Behavior Consortium, all of whom had LCR22A-D deletions. Only patients from CHOP were
included for odds ratio calculation.
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between the two conditions. The same SV
analysis pipelinewas performed on 704 control
trios from the Simons Simplex Collection (SSC),
which is composedof healthy siblings of children
with autism and their parents (15). None had
22q11.2del (P = 0.01323).
To further verify the risk of MM conferred

by 22q11.2del, we analyzed the frequency of
MM in an independent cohort ascertained for
the presence of 22q11.2del (n = 1522) and iden-
tified eight patients with MM who had the
common LCR22A-D deletion (Fig. 1 and table
S6). Approximately 59.6% of these patients
were born in the United States after the man-
date of FA fortification. The frequency of MM
(0.526%, 8/1522) was significantly higher in
these individuals than in the general popu-
lation (odds ratio for patients versus controls
of 12.28, P = 9.01 × 10−7, and 95% CI = 5.77 to
26.17, when comparing with the prevalence of
MM before FA fortification; and odds ratio for
patients versus controls of 15.54, P = 1.88 × 10−7,
and 95% CI = 7.18-33.62, when comparing with
the prevalence ofMMin the general population
after FA fortification) (2). Through the Interna-
tional Brain and Behavior Consortium, we also
identified an additional 22q11.2del patient who

displayed MM and who was also excluded
from odds ratio calculation (Fig. 1 and table S6).
All individualswith 22q11.2del andMMiden-

tified in our study shared the LCR22C-D as a
consensus interval, within which there are
10 protein-coding genes (table S7). Given that
only one copy of the interval was deleted, any
variants on the intact allele would be hemizy-
gous, and thus we looked for rare (<2% allele
frequency from gnomAD) coding variants on
the intact LCR22C-D haplotype. We identified
one hemizygous synonymous variant in LZTR1.
Variants in SNAP29 (16) and AIFM3 (14) were
previously reported, which were predicted
to be benign (supplementary text) (17). This
argues against loss of a second copy of a 22q11.2
gene as the mechanism. We identified likely
nonpathogenic missense variants ofMYO1E,
SHROOM3,ANKRD6, CELSR1, andGLI3, which
were all inherited and nonrecurrent—either
not reported in ClinVar or predicted to be
benign—and have relatively high allele frequen-
cy in gnomAD (table S8).

CRKL as the major driver of MM risk

Next, we sought to identify genes within
LCR22C-D that are responsible for MM risk.

To understand how gene expression was
affected, RNA sequencing (RNA-seq) of five
fibroblast lines from 22q11.2del patients with
MM was performed. As expected, expression
of only the genes within the deletion showed
substantial decrease, suggesting that pheno-
types did not arise from chromatin shuffling–
related changes in the expression of genes
flanking the deletions (fig. S5 and table S9).
Among the 10 protein-coding genes, CRKL is
the least tolerant to loss [loss intolerance pro-
bability (pLI) score of 0.45, whereas none of
the others have a pLI score greater than 0.01;
table S10]. Spatial transcriptomics of murine
embryonic day 10.5 (E10.5) sections suggested
that none of the 10 candidates were exclu-
sively expressed in the neural tube (fig. S6), but
RNA-seq suggested that Crkl had the strongest
expression in the murine E9.5 and E10.5 de-
veloping neural tube, followed by Aifm3 and
Pi4ka (fig. S7).
To correlate these findings with human

embryos, we next performed single-nucleus
RNA-seq at Carnegie stage 16 (CS16) and con-
firmed robust expression of CRKL, PI4KA,
and LZTR1 in neural tube progenitors, neu-
rons, and neural crest (fig. S7). However, mouse

Fig. 2. NTDs in Crkl mutants are exacerbated
by a FA-restricted diet. (A) Brightfield images
showing gross morphology of control and Crkl null
mutants that displayed a curly tail. White arrows
identify the caudal neural tube and tail in control and
Crkl−/− embryos. (B) Brightfield images of Crkl
mutant embryos with curly tail (white arrows) and
open neural tissue (white arrowheads) showing MM.
(C) Brightfield image of Crkl mutant with exencephaly,
a severe form of NTD. The white arrow identifies
exposed brain tissue. (D) Penetrance of NTD pheno-
types across genotypes and FA-diet treatments. No
controls (Crkl+/+ and Crkl+/−) displayed NTD pheno-
types on either a normal or a low-FA diet. With control
diet (FA at 3 ppm), Crkl−/− mutants displayed curly tail
at 7.46% penetrance (5/67) or, rarely, curly tail
together with MM (2.99%, 2/67) or exencephaly
(1.49%, 1/67). The penetrance for exencephaly
increased significantly in Crkl−/− mutants after a FA-
restricted diet (37.5%, 3/8, odds ratio of 34.96, P =
0.0031, 95% CI = 3.05 to 400.71), whereas curly tail or
MM was not observed (see also fig. S8).
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loss-of-function alleles for some of these genes,
for example, Snap29 and Lztr1, were previ-
ously reported without observable NTDs in
large numbers of mutant animals (18, 19) and
were thus deprioritized (17).Weprioritized three
candidate genes from LCR22C-D interval for
further analysis: AIFM3, CRKL, and PI4KA.
First, we knocked out Crklwith a previously

reported exon 2 deletion allele (20). Because
the environment or FA level present in rodent
chow could affect NTD penetrance (21, 22), we
analyzed the Crkl phenotypes at two inde-
pendent vivaria [University of California, San
Diego (UCSD) and Baylor College ofMedicine]
using chows with different FA content on a
nearly isogenic B6/SvJ background. We ob-
served curly tail, a morphological deformity
previously associated with murine NTDs (23),
in 26.67% of null embryos and no controls in
the first cohort (4/15) [3 parts per million
(ppm) FA in diet]. In the other cohort of 52
Crkl null embryos, 1.9% showed exencephaly
(1/52), 3.8% (2/52) had curly tail withMM, and
1.9% showed curly tail alone (1/52) (4 ppm FA
in diet) (Fig. 2 and fig. S8). These results sug-
gest that Crkl loss can increase risk of NTD
and that additional factors such as environ-
ment or diet may modify risk.

We thus repeated the Crkl null breeding on
the same B6/SvJ background in a single vivar-
ium at UCSD using FA-replete (2 ppm) ver-
sus FA-deficient diets (0.2 ppm) ad libitum for
6 weeks before mating. Crkl mutant embryos
on a low–maternal FA diet displayed a notably
increased prevalence of exencephaly (37.5%,
3/8), a severe form of murine NTD (Fig. 2 and
fig. S8; odds ratio for low FA diet versus con-
trol diet of 34.96, P = 0.0031, 95% CI = 3.05 to
400.71), whereas no control littermates had
NTDs. None of the embryos showed curly tail.
Moreover, the exencephaly phenotype was rep-
licated in 1 out of 10 homozygous floxed con-
ditional Crkl allele mice carrying Hoxb7-Cre,
which expresses Cre recombinase in the neural
tissue but not in the epidermis or mesoderm
(24). Although exencephaly was rarely ob-
served in this line, these results suggest that
Crklmediates its effect in a spatially restricted
fashion in neural tissues (fig. S9).
To exclude other genes in the LCR22C-D in-

terval, we also used CRISPR-Cas9 to knock out
Aifm3 andPi4ka, which are the only other genes
that share strong expression in the neural tube
(table S11). We found that Pi4ka−/− was uni-
formly lethal before neurulation, whereas all
11 Aifm3−/− mice were viable without NTDs. To

assess possible gene-gene interaction, com-
pound mutations for Aifm3 and Pi4ka were
created. None of the 17 Aifm3+/−Pi4ka+/− or
22 Aifm3−/−Pi4ka+/−mice showed NTD pheno-
types (table S12). Together, although not
exhaustively excluding other genes in the in-
terval, these results suggest that Crkl can in-
fluence NTD risk in a spatially specific and
FA-dependent manner.
CRKL enhances ERK phosphorylation to

promote cell shape changes during lens de-
velopment (25). Also, studies in Xenopus dem-
onstrated that ERK activity peaks during
neural plate folding and promotes neural tube
closure (26). In addition, knockout of the Gb1
subunit of the heterotrimeric G protein, a down-
stream effector of G protein–coupled receptor
signaling, results in NTD with 40% pene-
trance, presumably owing to reduced ERK
phosphorylation and neural progenitor prolifer-
ation (27). CRKL protein was most abundant
along the apically located cells in the neural
tube ventricular zone, as visualized both in
mouse and human embryos (Fig. 3 and fig.
S7). ERK phosphorylation was significantly
depleted in the neural tube of all Crklmutants,
especially in the progenitors at the ventricular
zone (Fig. 3; P = 0.0062). However, Crklmutants

Fig. 3. Signaling defects in Crkl mutant neural tube. (A) CRKL immunostaining
in E9.5 mouse showing broad expression in neural tube. Insets i and ii show
corresponding magnified areas. (B) Phosphorylated ERK1/2 immunostaining of
E9.5 mouse neural tube of control and Crkl−/− embryos. Insets show high
magnification of the ventricular zone. The bar graph shows the quantification of
ERK1/2 phosphorylation cells within the ventricular zone, from at least eight images

of two animals per genotype (P = 0.0062). Error bars indicate standard deviation.
(C) c-Abl localization in control predominantly excluded from the nucleus
(white arrows in inset i) versus greater accumulation in the nucleus (yellow
arrows in inset ii) in Crkl−/−. Insets i and ii show corresponding magnified
areas. DAPI, 4′,6-diamidino-2-phenylindole. Scale bars are 20 mm in (A) and
50 mm in (B) and (C).
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showed no impairment of cell proliferation
in the neural tube (fig. S10), suggesting that
ERK function during neural tube closure was
independent of cell proliferation and instead
regulated other cellular process like cytoskeletal
remodeling, as described previously in other
contexts (28, 29).
CRKL functions as a critical effector of c-Abl,

a non–receptor tyrosine kinase that mediates
cytoskeleton remodeling, where cytoplasmic
translocation of c-Abl from the nucleus to focal
adhesions contributes to adhesion-dependent
actin reorganization. Although c-Abl was pre-
dominantly localized to the cytoplasm in neu-
ral tube cells in control embryos during neural
tube closure, Crkl mutants showed aberrant
nuclear accumulation of c-Abl, suggesting al-
tered signaling (Fig. 3). These findings suggest
that Crkl loss may contribute to NTD risk in
22q11.2del patients.

Discussion

In this work, we demonstrate that 22q11.2del
in the minimal consensus LCR22C-D region
increases the risk for MM through analysis of
two separate cohorts: one ascertained for MM
and the other ascertained for 22q11.2del. We
found that the risk of identifying 22q11.2del
in MM is approximately 22.98 times greater
than expected by chance, and the risk of iden-
tifying MM in association with 22q11.2del is
approximately 12.28 to 15.54 times greater than
expected by chance. 22q11.2del is the most
recurrent genetic variant in the SBSC cohort
identified to date. We identified six patients
with 22q11.2del from our SBSC cohort and
nine additional patients from the 22q11.2del
cohorts. Thus, in addition to the rare and ul-
trarare genetic variants previously linked to
MM, we now report a substantially increased
risk from the recurrent 22q11.2del.
22q11.2 deletion syndrome is the most com-

mon clinically relevant microdeletion in hu-
mans, occurring in approximately 1 in 992
pregnancies and 1 in 2148 live births (30). Al-
though the standard 22q11.2del encompasses
the LCR22A-D region, analysis of our MM
patients suggests a minimal LCR22C-D risk
interval. The LCR22C-D deletion is much less
common than the standard LCR22A-D dele-
tion, occurring just once in gnomAD and not
at all in Decipher databases, which have col-
lectively more than 46,000 subjects. The 10
genes within the interval were each consi-
dered as candidates, prioritized by gene ex-
pression within themurine embryo. Knockout
of the five genes with the highest level of ex-
pression, either previously published or gen-
erated in this work, revealed that only Crkl
was sufficient to replicate NTDs in mice, al-
though with expressivity and penetrance of 7
to 37.5%, depending on dietary FA.
Crkl mutant mice displayed three different

NTD-related phenotypes, which varied de-

pendent on FA intake, including curly tail,
curly tail withMM, or exencephaly. These traits
were observed in a nearly pure C57BL/6 ge-
netic background, arguing against genetic
modifiers and instead suggesting that they
are part of the same NTD spectrum. Recent-
ly, CRKL emerged as a driver for cardiac and
renal anomalies associated with 22q11.2
deletion syndrome (12, 20, 31), and, correspond-
ingly, our subject P3 was noted to have unilat-
eral renal agenesis. These data suggest that
CRKL may be required for multiple aspects
of embryogenesis.
Our results demonstrate that dietary FA in-

sufficiency markedly increases both the pene-
trance and expressivity of NTDs in Crklmutant
mice, suggesting that FA replete and deficient
states were associated with different frequen-
cies and types of NTDs. The exact mechanism
by which Crkl loss imposes NTD risk remains
to be explored, but we observed altered ERK
phosphorylation and nuclear localization of
the Crkl binding partner c-Abl before neural
tube closure in Crkl mutants, suggesting that
these cytological defects establish risk, which is
then furthermodified by FA.However, whether
FA modulates NTD risk through this pathway
is unclear. Because CRKL exhibits a somewhat
ubiquitous expression pattern, it remains un-
clearwhich cell type or types are responsible for
neural tube closure. We note that three of six
SBSC patients were born after FA supplemen-
tation, suggesting that 22q11.2del-associated
MM is at least partially resistant to maternal
FA supplementation. No rare inherited or
de novo intragenic variants of CRKL were iden-
tified, suggesting that additional cis or trans
genetic or environmental modifying factors,
particularly FA, may contribute to the risk of
NTDs in humans. Although CRKL is the most
likely candidate drivingMMrisk, the potential
involvement of other LCR22C-D genes cannot
be completely excluded.
22q11.2 deletion syndrome is associated with

birth defects, medical conditions, cognitive
deficits, and psychiatric phenotypes (20, 30, 32).
Most 22q11.2del occur de novo, owing to the
presence of LCRs that result in nonallelic
homologous recombination. Several case re-
ports of patients with MM and 22q11.2del—
some de novo and some inherited—are con-
sistent with our findings (14, 33, 34). In con-
clusion, our findings identify the common
22q11.2del associated with risk of MM and
suggest mechanisms by which FA could miti-
gate MM risk in humans.
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