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Secretory pathway calcium ATPase 1 (SPCA1) controls mouse
neural tube closure by regulating cytoskeletal dynamics
Joel M. Brown and Marıá J. Garcıá-Garcıá*

ABSTRACT
Neural tube closure relies on the apical constriction of neuroepithelial
cells. Research in frog and fly embryos has found links between the
levels of intracellular calcium, actomyosin dynamics and apical
constriction. However, genetic evidence for a role of calcium in apical
constriction during mammalian neurulation is still lacking. Secretory
pathway calcium ATPase (SPCA1) regulates calcium homeostasis by
pumping cytosolic calcium into the Golgi apparatus. Loss of function in
Spca1 causes cranial exencephaly and spinal cord defects in mice,
phenotypes previously ascribed to apoptosis. However, our
characterization of a novel allele of Spca1 revealed that neurulation
defects inSpca1mutants are not due to cell death, but rather to a failure
of neuroepithelial cells to apically constrict. We show that SPCA1
influences cell contractility by regulating myosin II localization.
Furthermore, we found that loss of Spca1 disrupts actin dynamics and
the localization of the actin remodeling protein cofilin 1. Taken together,
our results provide evidence that SPCA1 promotes neurulation by
regulating the cytoskeletal dynamics that promote apical constriction
and identify cofilin 1 as a downstream effector of SPCA1 function.

KEYWORDS: Atp2c1, Neural tube closure, Apical constriction, Ca2+,
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INTRODUCTION
The mammalian brain and spinal cord develop from the neural tube,
an embryonic structure that starts out as a flat epithelial sheet and
undergoes extensive morphogenetic rearrangements collectively
known as neurulation. During mammalian neurulation, the neural
plate epithelia first bends at the ventral midline, creating two neural
folds that elevate, further bend and eventually fuse at their dorsal
aspect to form the hollow neural tube (Jacobson and Tam, 1982).
Perturbation of this process in humans results in neural tube defects,
a class of birth disorders that are found in 1/2000 births in developed
countries and as frequently as 27.8/2000 births in developing areas
(Wallingford et al., 2013).
An important morphogenetic mechanism driving neural tube

closure is apical constriction (Haigo et al., 2003; Hildebrand and
Soriano, 1999). Apical constriction comprises a reduction in the
apical surface of a cell, causing an overall change in cell shape that
can ultimately result in the bending of epithelial sheets, the
delamination of mesenchymal cells, or wound healing, depending
on the particular setting (reviewed by Martin and Goldstein, 2014).
Research in cell culture, as well as in fly and vertebrate embryos, has

identified a common molecular machinery implicated in apical
constriction. This machinery involves the binding of non-muscle
myosin II motors to apically localized actin filaments and
their subsequent contraction, which is regulated through the
phosphorylation of the myosin light chain (pMLC) (Hildebrand,
2005; Martin et al., 2009; Mason et al., 2013). Links between
actomyosin dynamics, apical constriction and neural tube closure
are also supported by pharmacological interventions that interfere
with MLC phosphorylation and actomyosin remodeling (Escuin
et al., 2015; Kinoshita et al., 2008; Nishimura et al., 2012).

Evidence from studies in Drosophila supports a role for calcium
in the control of apical constriction in different settings. In wound-
healing assays, wounding of the cuticle epithelia elicits apical
constriction through a wave of actin enrichment and myosin
contractility that correlates with elevated levels of calcium near the
wound site (Antunes et al., 2013). Additionally, manipulation of
calcium levels during fly embryogenesis disrupts apical myosin
contractility and dorsal closure (Hunter et al., 2014). In vertebrates,
several lines of evidence support roles for calcium during
neurulation. First, rat and chicken embryos cultured in calcium-
free media, or in the presence of drugs that block calcium uptake,
develop neural tube defects (Ferreira and Hilfer, 1993; Lee and
Nagele, 1986; O’Shea, 1982; Smedley and Stanisstreet, 1985).
Conversely, treating chicken embryos with ionophores to increase
intracellular calcium causes an initial precocious bending of neural
folds (Ferreira and Hilfer, 1993) that later resolves into neural tube
closure arrest (Lee et al., 1978). Although these studies reveal that
intracellular calcium levels are crucial for neural tube closure, a
direct link between calcium and apical constriction during
neurulation has only recently been uncovered by two recent
studies using live imaging of frog embryos. These studies
revealed that apical constriction during neurulation involves cell-
autonomous and asynchronous pulsed apical contractions that are
preceded by flashes of calcium (Christodoulou and Skourides,
2015; Suzuki et al., 2017). These calcium pulses also correlate with
accumulation of F-actin in the medial region of neuroepithelial cells,
suggesting that calcium regulates apical constriction by influencing
actin dynamics and/or myosin contractility. Treating frog embryos
with thapsigargin, a drug that increases intracellular calcium,
disrupts calcium pulses, as well as the dynamics and spatial
distribution of constriction events, ultimately blocking neural
tube closure (Christodoulou and Skourides, 2015). This evidence
indicates that neuroepithelial cells must cycle through periods of
high and low calcium to enable pulsatile contractions and complete
neural tube closure. However, how calcium regulates apical
constriction and the mechanisms that control calcium homeostasis
in the neural tube remain unclear.

Genetic screens and targeted mutagenesis in mice have led to the
identification of more than 200 genes that are essential for neural tube
closure. The study of these mouse mutants has provided insight into
the processes that promote neurulation, revealing important roles forReceived 19 July 2018; Accepted 5 September 2018
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apoptosis, proliferation, cytoskeletal dynamics, cell signaling, planar
cell polarity and dorsoventral neural tube patterning (Harris and
Juriloff, 2010). In contrast, genetic evidence for a role of calcium in
neural tube closure is limited. Secretory pathway calcium ATPase 1
(SPCA1, also known as ATP2C1) is a P-type Ca2+ ATPase localized
to the trans-Golgi network, where it serves as the primary pump
responsible for pumping calcium into the Golgi apparatus
(Dode et al., 2005; Lissandron et al., 2010; Van Baelen et al.,
2003; Wootton et al., 2004). Targeted deletion of Spca1 in mice
results in exencephaly and embryonic lethality around embryonic
day (E) 11.5. Both neural tube defects and embryonic lethality in
Spca1mutants have been attributed to widespread apoptosis due to
Golgi stress (Okunade et al., 2007). Therefore, although Spca1
embryos provide support for a role of calcium during neurulation,
a link between calcium and apical constriction has not been
established in mammals.
Here, we describe the characterization of a novel N-ethyl-N-

nitrosourea (ENU)-induced mutation in Spca1. We show that the
neural tube defects of Spca1 mutants precede the onset of apoptosis,
demonstrating that cell death is not the primary cause for these
malformations. In-depth analysis of Spca1 embryos using molecular
markers revealed that loss of Spca1 disrupts apical constriction in the
neural tube. Similar to mutations in the actin-binding proteins shroom
family member 3 (SHROOM3) and cofilin 1 (CFL1), loss of SPCA1
function disrupts the organization of the apical actomyosin
cytoskeleton. We demonstrate that SPCA1 is required to regulate
myosin II localization, as well as actin dynamics, and identify CFL1
as a downstream effector of SPCA1 function. Together, these data
provide the first genetic evidence that perturbation of calcium
homeostasis impairs apical constriction during neural tube closure
and provide mechanistic insight into the role of SPCA1 in regulating
the cytoskeletal dynamics that execute apical constriction.

RESULTS
A mouse forward genetic screen identifies a novel allele
of Spca1
The 1D mutation was found during an ENU mutagenesis screen to
identify recessive lethal mutations affecting mouse embryonic
morphogenesis. Homozygote 1D mutants showed a characteristic
exencephalic phenotype, with an open neural tube extending from
the midbrain to the anterior spinal cord (Fig. 1A,B). This fully
penetrant phenotype was observed as early as E8.75 and was the
only discernible defect in 1D embryos until their developmental

arrest and embryonic lethality between E10.5 and E12.5. Analysis
of transverse embryonic sections at E9.5 revealed that the medial
hinge point at the floorplate of the neuroepithelia was similar in 1D
mutants and wild-type littermates (Fig. 1C-F, black arrowheads).
However, the neural folds failed to bend dorsolaterally in 1D
embryos, causing the neuroepithelia at the cranial region to remain
open, with an exposed convex surface (Fig. 1C,D). At the spinal
cord, the neural tube of 1D mutants also showed a convex surface,
but the non-neural epithelium was able to bridge over the dorsal
aspect of the neuroepithelia, avoiding the exposure of the neural
folds (Fig. 1E,F, unfilled arrowhead). In a small subset of 1D
embryos, the neural tube was fully exposed throughout the anterior-
posterior axis (craniorachischisis; 2/83 embryos). Together, these
phenotypes support the conclusion that the gene disrupted by the 1D
mutation is required for proper dorsolateral bending of the neural
tube throughout the anterior-posterior embryonic axis.

To identify the mutation responsible for the neural tube defects in
1Dmutants, we first used PCR amplification of short tandem repeat
polymorphisms to map the 1D mutation to the 2.65 Mbp region on
chromosome 9 defined by markers D9Mit24 and D9Mit310. Of the
23 genes in this region, the gene encoding secretory pathway Ca2+

ATPase 1 (Spca1) stood out as a good candidate because of the
similar exencephalic phenotype of 1D embryos and Spca1 null
mutants (Okunade et al., 2007). Sequencing of the Spca1 cDNA
from 1D embryos identified a single T-to-A transversion in the
coding region, which is predicted to result in a non-conservative
V183E amino acid substitution in SPCA1 (Fig. 2A,B). Alignment
of the mouse SPCA1 sequence with related Ca2+ ATPase pumps
revealed that the non-polar nature of V183 is conserved across
species (Fig. 2C), as well as within other mouse Ca2+ ATPase family
members (Fig. 2D), suggesting that this residue is important for
SPCA1 function. To determine whether the predicted V183E
mutation in 1D mutants represents a loss of function in Spca1, we
performed a genetic complementation test between the 1Dmutation
and a null allele of Spca1 obtained from the KOMP repository
(Spca1KO; clone EPD0858_4_C07; Skarnes et al., 2011). We found
that transheterozygote embryos carrying the 1D and Spca1 KO alleles
showed similar exencephaly and lethality to both homozygote 1D
mutants and Spca1KO embryos (Fig. 2E-H). Consequently, we
interpret the results from our genetic complementation test as
genetic evidence that the 1D mutation is a novel allele of Spca1,
and that the excencephalic phenotype in 1D embryos is due to loss
of SPCA1 function.

Fig. 1. The 1D mutation causes exencephaly and spinal cord
defects. (A,B) Lateral (left) and dorsal (right) views of E9.5 wild-
type and 1D mutant embryos obtained from micro computed
tomography (microCT) scans. Arrowheads in B demarcate the
extent of exencephaly in the 1D mutant. Lines indicate the level
of cross-sections shown in C-F. (C-F) Cross sections through the
hindbrain (C,D) and spinal cord (E,F) regions in E9.5 wild type and
1D mutants. Black arrowheads point to the medial hinge point.
Unfilled arrowhead in F points to the surface epithelia covering
the abnormally shaped neuroepithelia in 1D embryos. Scale bars:
300 µm (A,B); 100 µm (C-F).
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Calcium homeostasis is disrupted in Spca11D mutants
We next investigated how the 1Dmutation disrupts SPCA1. The 1D
mutation did not disrupt the localization of SPCA1 to the Golgi
apparatus, as shown by immunofluorescence staining of wild-type
and Spca1mutant mouse embryonic fibroblasts (MEFs) (Fig. 3A-F)

and neuroepithelial cells (Fig. S1). Based on the structural analysis
of the related sarco/endoplasmic reticulum Ca2+ ATPase pump
(SERCA; Toyoshima et al., 2000) and a homology-modeled protein
structure of SPCA1 (obtained through SWISS-MODEL; Schwede
et al., 2003), the 1D V183E mutation in SPCA1 is predicted to

Fig. 2. 1D mutants contain a non-conservative mutation in
SPCA1. (A,B) Sanger sequencing traces for the Spca1 coding region
in wild type and 1D mutants. 1D embryos contain a T-to-A nucleotide
difference (red and green shaded peaks), which is predicted to cause
a Val-to-Glu amino acid change at position 183 (highlighted in yellow).
Residue numbers are based on NP_778190 sequence. Note that
the Spca1 sequence shown contains a known silent polymorphism
between the FvB (wild-type) and C57J/B6 (1D mutant) strains (C-T
SNP, asterisks). (C,D) Protein sequence alignments showing the
conserved nature of the mouse SPCA1 V183 residue across species
(C) and in comparison with other mouse Ca2+ ATPases (D).
Conservation is indicated for identical residues (asterisks), for
residues with strong similar properties (double dot) and for residues
with weakly similar properties (dot). SPCA2, PMCA1, PMCA2,
SERCA1 and SERCA2 are also known as ATP2C2, ATP2B1,
ATP2B2, ATP2A1 and ATP2A2, respectively. (E-H) Lateral views of
E9.5 wild-type (E), Spca11D homozygotes (F), Spca11D/KO trans
heterozygote (G) and homozygote Spca1KO (H) embryos. Scale bars:
500 µm.

Fig. 3. Effects of the 1Dmutation on the localization and function of SPCA1. (A-F) Immunohistochemistry with SPCA1 (A,C,E, green) andGM130 (GOLGA2)
(B,D,F, magenta) antibodies in wild-type (A,B), Spca1KO (C,D) and Spca11D (E,F) MEFs. Scale bars: 20 µm. (G-J) Calcium clearance assays in wild-type
(black, n=9), Spca1KO (blue, n=6) and Spca11D (yellow, n=9) MEFs in the absence (G,H) or presence (I,J) of drug inhibitors. Drug treatments were as
follows: wild-type MEFs treated with 100 nM thapsigargin (Th; SERCA inhibitor, orange, n=8), Spca11D MEFs treated with 100 nM thapsigargin (green, n=7)
and Spca11D MEFs treated with sodium orthovanadate (violet, n=4). At time 0, cells were spiked with 2 mM Ca2+ (black dashed lines). Resting cytosolic
calcium levels 10 min after introduction of calcium (gray dashed lines) are quantified in H and J. Asterisks in G and I indicate measurements in resting conditions
before the addition of Ca2+. Error bars indicate s.e.m. ns, not significant; *P<0.05, **P<0.01.
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disrupt a β-sheet in the actuator domain, a region that undergoes
dramatic conformational changes essential for the calcium pumping
cycle (Toyoshima et al., 2000). Consequently, we hypothesized that
the 1D V183E mutation disrupts the ability of SPCA1 to pump
calcium. To test this hypothesis, we performed calcium clearance
assays in MEFs using the fluorescence-based cytosolic calcium
reporter GCaMP2 (Lissandron et al., 2010; Wang et al., 2008).
MEFs obtained from wild-type, Spca11D and Spca1KO embryos were
transfected with the cytosolic GCaMP2 reporter, then fluorescence
was monitored by live imaging in resting conditions (Ca2+-free
media) and upon addition of 2 mM Ca2+. We found that the initial
intracellular calcium levels in resting conditions were elevated in
Spca11D and Spca1KO cells compared with wild-typeMEFs (Fig. 3G,
asterisk), a result consistent with a role for SPCA1 inmaintaining low
cytosolic calcium levels. The addition of calcium to the culture media
triggered a sudden increase in cytosolic calcium in all MEFs,
regardless of their genotype (Fig. 3G,I). Although clearance of these
high calcium levels was initiated in both wild-type and Spca1mutant
cells, Spca11DMEFs failed to clear cytosolic calcium as efficiently as
wild-type cells, resulting in higher resting levels of cytosolic calcium
at the end of the experiment (Fig. 3G,H). Notably, calcium clearance
in Spca11D mutant cells followed a similar curve as in null Spca1KO

MEFs, demonstrating that the V183E mutation in 1D mutants
severely impairs the ability of SPCA1 to pump calcium. Together
with the similarities between the exencephalic phenotypes of
Spca11D and Spca1KO embryos, these results indicate that the 1D
allele represents a strong loss-of-function allele of Spca1.
Although Spca11D and Spca1KO MEFs were not able to clear

cytosolic calcium as efficiently as wild-type cells in our assays, they
still showed a remarkable ability to regulate calcium homeostasis, an
effect that we hypothesized was due to the activity of other calcium
pumps involved in calcium clearance. To understand further the
relative contribution of SPCA1 to calcium homeostasis, we
performed calcium clearance assays as described above, but using
drugs known to inhibit specific Ca2+ ATPases. In these experiments,
fluorescence from the cytosolic GCaMP2 reporter in wild-type and
Spca11DMEFs was measured in the absence or presence of 100 nM
thapsigargin, a selective inhibitor of the endoplasmic reticulum-
localized SERCA Ca2+ pumps (Lytton et al., 1991), and 100 µM
orthovanadate, which has been described to inhibit all Ca2+

ATPases (Barrabin et al., 1980). We found that inhibiting multiple
Ca2+ ATPases increased the severity of calcium clearance defects
(Fig. 3I,J), consistent with a collaborative role for all Ca2+ ATPases
in maintaining a low concentration of cytosolic calcium. Notably,
inhibition of SERCA pumps alone did not increase the resting levels
of cytosolic calcium to the levels seen in Spca1 mutants (Fig. 3I,
orange and yellow lines), suggesting that SPCA1 is particularly
important in maintaining low cytosolic calcium concentrations.
These findings, together with the fact that SPCA1 is one of the
predominant Ca2+ ATPases in neuroepithelial cells (Fig. S2;
Brunskill et al., 2014), suggest that calcium homeostasis during
neural tube closure relies on Spca1 function.

Neural tube defects precede apoptosis in Spca1 mutants
A previous study attributed the neural tube defects of Spca1
knockout embryos to widespread apoptosis (Okunade et al., 2007).
However, this study quantified apoptosis at a developmental stage
near the onset of embryonic lethality in Spca1 embryos, making it
unclear whether or not apoptosis was the primary cause of the neural
tube defects. To establish whether apoptosis precedes the
appearance of an open neural tube in Spca1 embryos, we first
performed dissections at different embryonic stages to determine

when morphological defects in the Spca1mutant neuroepithelia can
be first observed. We found that at E8.75, wild-type embryos
showed neural folds that were in close apposition (Fig. 4A). In
contrast, the neural tube was open in E8.75 Spca11D embryos, with
the dorsal-most aspects of the neuroepithelia remaining separate
from each other throughout the cranial region (Fig. 4B). At this early
developmental stage, the characteristic convex surface of the

Fig. 4. Apoptosis in Spca11D mutants. (A,B) MicroCT scans of E8.75
wild-type and Spca11D embryos (dorsal views). White arrowhead indicates
midbrain area, unfilled arrowhead hindbrain area. (C-H) Immunodetection of
activated caspase 3 (αCasp3) in wild-type and Spca11D embryos at E8.75
(C,D), E9.5 (E,F) and E10.5 (G,H). (I) Plot represents average apoptotic index
(activated caspase 3 foci/total number of nuclei) in wild-type and Spca11D

embryos at E8.75, E9.5 and E10.5 (n=10 sections from three biological
replicates for each stage and genotype). HM, head mesenchyme; NT, neural
tube. Error bars indicate s.e.m. Scale bars: 300 µm (A,B); 100 µm (C-H).
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Spca11D mutant neuroepithelia was observed in the hindbrain
(Fig. 4B, unfilled arrowhead), but not in the midbrain (Fig. 4B,
white arrowhead). However, by E9.5 the neuroepithelia surface was
convex at both cranial regions in all Spca11D embryos. Together,
these results indicate that neural tube defects in Spca1 mutants
develop between E8.5 and E9.5.
To determine whether apoptosis correlates with the appearance

of neural tube defects in Spca11D embryos, we used
immunofluorescence with activated caspase 3 (αCasp3) antibodies,
as well as terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays (Mirkes et al., 2001). The number of
apoptotic cells was quantified in transverse sections of wild type and
Spca11D mutants at three developmental stages: E8.75, E9.5 and
E10.5. Consistent with the onset of embryonic lethality in Spca11D

mutants, we found that the number of αCasp3-positive cells was
elevated in both the neural tube and surrounding head mesenchyme
of E10.5 Spca11D embryos (Fig. 4G-I). However, at E8.75 and E9.5,
when neural defects become morphologically evident in Spca11D

mutants, we found no significant difference in apoptosis with
respect to wild-type littermates (Fig. 4C-F,I). Experiments using
TUNEL assays confirmed these results (not shown). Therefore,
although our analysis showed that there is widespread apoptosis in
Spca11D embryos as they reach their stage of embryonic lethality,
our results demonstrate that neural tube defects in Spca11D mutants
precede the generalized apoptosis observed in Spca11D mutants,
indicating that the exencephalic phenotype of Spca11D embryos is
not caused by cell death.

SPCA1 is required for proper apical constriction in the
neuroepithelia
To investigate further the mechanisms underlying neural tube
defects in Spca1 mutants, we sought to establish parallels between
the phenotypes of Spca1 embryos and other mouse mutants with
neural tube defects. Spca1 embryos were similar to Shroom3 and
cofilin 1 (Cfl1) mouse mutants in several aspects, including a
predominantly cranial exencephaly, a closed, but convex-shaped
spinal cord, and low-penetrance craniorachischisis (Grego-Bessa
et al., 2015; Gurniak et al., 2005; Hildebrand and Soriano, 1999).
Because loss of function of Shroom3 and Cfl1 disrupts apical
constriction, we wondered whether SPCA1 also influences this

morphogenetic process. To explore whether neuroepithelial cells in
Spca1 embryos fail to apically constrict, we examined en face views
of E9.5 wild-type and Spca11D neuroepithelia at the hindbrain
region, using phalloidin staining to reveal F-actin enrichment at
the cell cortex. Images were digitally analyzed with ImageJ
(Eliceiri, 2017) to quantify the apical cell area of individual cells
(Fig. 5). This analysis revealed that the average apical cell area was
increased in Spca11D mutants compared with wild-type littermates
(Fig. 5E) and that the number of constricted cells in the Spca1
mutant neuroepithelia was dramatically reduced compared with
wild-type controls (Fig. 5C,D, maximally constricted cells shown in
deep blue and purple; see Fig. 5A′,B′ for representative examples of
wild-type and Spca11D embryos). These results demonstrate that
apical constriction is disrupted in Spca1 mutants. We also
investigated whether loss of SPCA1 function interferes with other
known morphogenetic processes involved in the closure of the
neural tube. However, our data indicates that loss of Spca1 does not
affect either proliferation (Fig. S3), Shh signaling and dorsoventral
neural tube identity (Fig. S4), planar cell polarity (Fig. S5) or the
polarity of the neuroepithelia (Fig. S6). Together, these findings
identify a specific requirement for SPCA1 in the apical constriction
of neuroepithelial cells during neural tube closure.

Spca1 is required for proper localization of myosin II motors
to actin filaments
Given the similarities between the phenotypes of Spca1 and
Shroom3 mutants, we investigated whether the lack of apical
constriction in these embryos has a common molecular basis.
Because SHROOM3 regulates apical constriction by influencing
actomyosin dynamics (Hildebrand, 2005; McGreevy et al., 2015),
we first analyzed the organization of actin and myosin II in Spca11D

mutants. To this end, we examined en face views of E9.5 wild-type
and Spca11D neuroepithelia at the hindbrain region using non-
muscle myosin heavy chain IIB (NMHCIIB; also known as
MYH10) antibodies and phalloidin staining (Fig. 6). Myosin II
and F-actin were enriched at apical cell junctions in wild-type E9.5
neuroepithelia (Fig. 6A,A′). However, in Spca11D embryos, we
found that NMHCIIB lost its sharp junctional localization and was
enriched in the cytoplasm of neuroepithelial cells (Fig. 6B,B′).
To corroborate this cytoplasmic enrichment, we used ImageJ

Fig. 5. Analysis of apical constriction in Spca11D mutants. (A,B) Phalloidin staining of F-actin in the anterior spinal cord region of whole-mount wild-type and
Spca11D embryos (en face view). (A′,B′) Semi-automated cell outlines generated in ImageJ and color coded based on size of apical area (see C,D). Scale bar:
20 µm. (C,D) Distribution of cell apical areas in wild-type and Spca11D neuroepithelia. (E) Box plot showing the apical area of cells in wild-type and Spca11D

neuroepithelia. Data in C-E corresponds to 834 cells from four wild-type embryos and 966 cells from four Spca11D mutant embryos. The line represents the
median, the box indicates the distance between the first and third quartile (interquartile range; IQR), whiskers represent ±1.5*IQR and points represent all
individual measurements. *P<0.001.
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to quantify the amount of medial and junctional NMHCIIB
accumulation in cells from wild-type and Spca11D embryos. This
analysis confirmed that the junctional-to-medial ratio of NMHCIIB
was reduced in Spca11D samples compared with wild-type littermates
(Fig. 6C, n>1000 cells from four embryos per genotype, P<0.001).
Western blot quantification of NMHCIIB in embryonic extracts
showed that Spca11D mutants have levels of NMHCIIB similar to
those of wild-type embryos (Fig. S7A,B), indicating that the
cytoplasmic enrichment in Spca1 mutants is not due to an
upregulation in the levels of NMHCIIB. Because the localization
of NMHCIIB at the junctional domain is crucial for the generation
of the contractile forces that promote apical constriction

(Hildebrand, 2005), our results suggest that Spca1 regulates
neural tube closure by regulating NMHCIIB localization in
neuroepithelial cells.

The effect of Spca1 loss of function on NMHCIIB junctional
localization is similar to that previously described for Shroom3
embryos (McGreevy et al., 2015), providing support for the
hypothesis that neural tube defects in these mutants might originate
through common molecular mechanisms. However, despite the
similarities between Spca1 and Shroom3 mutants, our results also
revealed important discrepancies. First, Shroom3 deficiency results in
diffuse and discontinuous junctional F-actin, with a concomitant
increase in cytoplasmic F-actin (McGreevy et al., 2015). In contrast,
en face views of the Spca11D neuroepithelia failed to detect any
visible alteration in F-actin localization (Figs 5A,B, 6A-B′, 7C′,D′
and Fig. S8A,B) and quantification of medial versus junctional actin
did not reveal any significant difference between Spca11D mutants
and wild-type littermates (Fig. S8F). Second, loss of Shroom3 has
been shown to cause a decrease in the levels of phosphorylated
myosin light chain 2 (Grego-Bessa et al., 2015; Nishimura and
Takeichi, 2008). However, quantification of pMLC2 using western
blotting indicated that pMLC2 levels were not significantly altered
between Spca11D mutants and littermate controls (Fig. S7A,B,
P=0.38). Furthermore, the levels of myosin light chain kinase
(MLCK1; also known as MYLK) and myosin targeting phosphatase
subunit 1 (MYPT1; PPP1R12A), which influence MLC2
phosphorylation (Somlyo and Somlyo, 2003) were unaffected by
loss of Spca1 (Fig. S7A,B). In addition to these differences, we
found that SHROOM3 was properly localized at the apical domain
of neuroepithelial cells in Spca11D mutants (Fig. S9). Therefore,
taken together, these results indicate that although SHROOM3
and SPCA1 have some common effects on the cytoskeletal
organization of the neuroepithelia, it is unlikely that SPCA1
regulates neurulation by influencing SHROOM3 function.
Instead, our data suggest that SPCA1 controls apical constriction
by directly influencing NMHCIIB localization.

Fig. 6. Myosin localization and phosphorylation in Spca11D mutants.
(A-B′) Immunodetection of NMHCIIB and F-actin in E9.5 wild-type (A,A′) and
Spca11D (B,B′) embryos. Scale bar: 5 µm. (C) Quantification of junctional (JN)
and medial (ME) NMHCIIB in E9.5 wild-type (white) and Spca11D (gray)
embryos (n>1000 cells from four embryos for each genotype). The line
represents the median, the box indicates the distance between the first and
third quartile (interquartile range; IQR), whiskers represent ±1.5 *IQR and
points indicate outliers.

Fig. 7. Cofilin 1 localization and actin dynamics in
Spca11D mutants. (A-B′) Immunodetection of CFL1
(magenta) and F-actin (green) in transverse sections of
the E9.5 wild-type and Spca11D neuroepithelia. Scale
bar: 20 µm. (A″-B‴) Magnified views of CFL1 and F-
actin localization in the boxed areas in A′ and B′. Scale
bar: 5 µm. (C-D′) En face views of CFL1 (magenta)
and F-actin (green) localization in E9.5 wild-type and
Spca11D embryos. Scale bar: 5 µm. (E) Western blot
of F- and G-actin fractions isolated from wild-type and
Spca11D embryos (right) and quantification of F/G actin
ratios (left, n=5). Error bars indicate s.e.m. *P<0.05.
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SPCA1 regulates CFL1 localization and actin dynamics
We also investigated the molecular basis for the similarities between
the neurulation and apical constriction defects of Spca1 and Cfl1
embryos. Interestingly, CFL1 has been shown to bind SPCA1 and to
influence its calcium-pumping activity (von Blume et al., 2011;
Kienzle et al., 2014), raising the possibility that loss of SPCA1
function contributes to the neurulation defects of CFL1mutants. We
wondered whether SPCA1 could reciprocally influence CFL1
function. To test this possibility, we analyzed CFL1 localization and
F-actin dynamics in Spca1 embryos.
As previously described (Grego-Bessa et al., 2015), we found

that CFL1 localized to both the apical and basal domains of the
neuroepithelia in wild-type E9.5 embryos (Fig. 7A). Our analysis of
Spca11D transverse sections did not detect any defect in CFL1
localization at the basal domain (Fig. 7A,B). However, we found
that CFL1 failed to colocalize with apical F-actin filaments in
Spca11D mutants and, instead, accumulated in cytoplasmic blebs at
the apical surface of the neuroepithelium (Fig. 7A″-B‴). We were
able to confirm the effects of Spca1 loss of function on apical CFL1
localization through en face analysis of the neuroepithelia. In wild-
type embryos, CFL1 was localized to punctate structures distributed
both at the medial cytoplasmic domain, as well as at cell junctions,
where it colocalized with actin (Fig. 7C,C′). In Spca11D mutants,
however, CFL1 localized exclusively at the medial domain and was
excluded from the junctional actin cytoskeleton (Fig. 7D,D′).
Together, these results provide evidence that SPCA1 activity is
required for the proper subcellular localization of CFL1 in the apical
domain of the neuroepithelia.
Because CFL1 regulates actin dynamics by binding to actin

filaments (Lappalainen et al., 1997), we hypothesized that SPCA1
might control neural tube closure by regulating actin dynamics
through CFL1. CFL1 controls actin dynamics by severing actin
filaments, thereby producing free barbed ends that can serve to
enhance actin polymerization or depolymerization depending on the
local concentration of several regulating factors (Bravo-Cordero
et al., 2013). Our analysis of Spca11D embryos did not reveal visible
alterations in the distribution of F-actin compared with wild-type
controls, in either transverse neural tube sections or through
en face analysis of the neuroepithelia (Fig. S8A-D). However,
quantification of pixel intensity from confocal images revealed that
apical F-actin was decreased in Spca11D mutants compared with
wild-type controls (Fig. S8G,H). Additionally, analysis of F-actin
and G-actin fractions fromwild-type and Spca11D embryos revealed
a decrease in the F-actin/G-actin ratio in Spca11Dmutants (Fig. 7E),
providing evidence that loss of SPCA1 function disrupts actin
dynamics. Taken together with our previous findings, our results
suggest that SPCA1 regulates apical constriction by influencing
CFL1 localization and activity.

DISCUSSION
In this study, we identify a new allele of Spca1 and demonstrate that,
contrary to previous reports, the neurulation defects caused by Spca1
loss of function are not due towidespread apoptosis.We show that loss
of Spca1 impairs the apical constriction of neuroepithelial cells, but
does not interfere with dorsoventral neural tube patterning, nor with
the integrity or polarity of the neural epithelia. We provide evidence
that SPCA1 is required to maintain low cytoplasmic calcium levels.
This finding, together with the fact that SPCA1 is a predominant
calcium ATPase in neural tissues, indicates that SPCA1 has an
important role regulating calcium dynamics in neuroepithelial cells.
Together, results from our characterization of Spca1 mutants
demonstrate that SPCA1 is crucial for the apical constriction of

neuroepithelial cells during mammalian neurulation, suggesting that
clearance of cytosolic calcium levels is important for this process.
Furthermore, our findings demonstrate that SPCA1 is required to
regulate the actomyosin dynamics that drive apical constriction and
identify CFL1 as an important downstream effector of SPCA1
function during neural tube closure.

Molecular effectors of SPCA1 function
Spca1 embryos are remarkably similar to mutants in Shroom3 and
Cfl1, suggesting that apical constriction defects in these mutants
stem from a common molecular mechanism. We show that Spca1
embryos have defects in the localization of myosin II motors to
junctional actin filaments and the stability of the actin cytoskeleton.
Interestingly, the abnormal localization of myosin II to the medial
domain is similar in Spca1 and Shroom3 mutants, raising the
possibility that SHROOM3 may function as a downstream effector
of SPCA1. However, our results show that loss of SPCA1 has
different effects than loss of SHROOM3 function on F-actin
localization (Fig. S8; McGreevy et al., 2015) and MLC2
phosphorylation (Fig. S7; Grego-Bessa et al., 2015; Nishimura
and Takeichi, 2008), as well as on the stage of embryonic lethality
(E18.5 for Shroom3 and E11.5 for Spca1; Hildebrand and Soriano,
1999; Okunade et al., 2007). These differences, together with the
fact that we did not observe any abnormal localization of
SHROOM3 in the Spca1 neuroepithelia (Fig. S9), all suggest that
the neurulation and apical constriction defects in Spca1mutants are
not due to a loss of SHROOM3 function.

Our analysis of Spca1 embryos also revealed similarities and
differences with respect to Cfl1 mutants. One of the most striking
differences is in the effects of SPCA1 and CFL1 loss of function on
the basal domain of the neuroepithelia. CFL1 localizes at both the
apical and basal domains of neuroepithelial cells, and these different
domains have been proposed to have separate roles in regulating
cytoskeletal organization. At the basal domain, Cfl1 mutants show
ectopic localization of F-actin, MHCIIB and pMLC2, as well as
disruptions of the basement membrane that give the Cfl1
neuroepithelia a multilayered appearance (Grego-Bessa et al.,
2015). Our analysis of Spca1 mutants did not detect any of the
basal phenotypes characteristic of Cfl1 mutants, nor any
abnormality in the localization of the basal CFL1 pool. However,
we found that CFL1 failed to localize to actin filaments in the apical
domain, where CFL1 is required to regulate actomyosin dynamics
(Grego-Bessa et al., 2015). These findings, together with the fact
that SPCA1 localizes to the apical aspect of neuroepithelial cells,
suggest that SPCA1 regulates the apical, but not the basal, pool of
CFL1. Results from the analysis of embryos carrying Spca1 and
Cfl1 mutant alleles are consistent with SPCA1 and CFL1 having
cooperative effects during neural tube closure and embryonic
development (Fig. S11).

CFL1 localization and activity are regulated by phosphorylation.
In its unphosphorylated state, CFL1 can bind actin and promote its
polymerization/depolymerization, but phosphorylation at Ser3
renders CFL1 unable to bind and remodel actin filaments
(reviewed by Bravo-Cordero et al., 2013). The levels of CFL1
phosphorylation are regulated by the action of the LIM-domain
protein kinase (LIMK), which phosphorylates CFL1 upon being
activated by ROCK (Maekawa et al., 1999; Scott et al., 2010), as
well as by the slingshot protein phosphatase (Niwa et al., 2002).
Interestingly, SSH activity is regulated by the calcium-dependent
proteins calcineurin (Wang et al., 2005) and Ca2+/calmodulin-
dependent protein kinase II (Zhao et al., 2012), suggesting that the
levels of intracellular calcium are crucial for CFL1 activity. It will be
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interesting to address whether SPCA1 influences CFL1 localization
by regulating its phosphorylation, but western blot experiments
using embryonic extracts were unable to resolve whether the levels
of CFL1 phosphorylation and its regulators are significantly
disrupted in Spca1 mutants (Fig. S10). One possibility is that
CFL1 localization is regulated by SPCA1 through mechanisms
other than protein phosphorylation. Alternatively, loss of Spca1
activity might cause significant local differences in pCFL1 levels
that, although difficult to detect by western blotting, could
ultimately be responsible for the abnormal CFL1 localization we
observed in Spca1 mutants. As tools become available, it will be
important to investigate further whether the local activity of CFL1
and its regulators is disrupted at the neural tube epithelia of
Spca1 mutants.
The effects of Spca1 loss of function on CFL1 localization and

actin dynamics (Fig. 7) suggest that CFL1 is an important downstream
effector of SPCA1. However, complete loss of CFL1 leads to an
expansion of the apical F-actin domain, as well as to increased F-actin/
G-actin ratios (Grego-Bessa et al., 2015). In contrast, we observed a
small decrease in F-actin accumulation at the apical domain of the
Spca1 neuroepithelia (Fig. S8G,H), as well as a decrease in F-actin/
G-actin ratios in Spca1 embryos compared with wild-type littermate
controls (Fig. 7E). Furthermore, loss of Cfl1 causes a decrease in
pMLC2 levels (Grego-Bessa et al., 2015), whereas the levels of
pMLC2 were unaffected in Spca1 embryos. Therefore, although
abnormal localization of apical CFL1 to F-actin in Spca1 mutants
strongly suggests a role for CFL1 as a downstream effector of SPCA1,
the differences between Spca1 and Cfl1 mutants argue that apical
constriction defects in the Spca1 neuroepithelia cannot be exclusively
explained by a loss of CFL1 function. We speculate that CFL1 might
not be the only downstream effector of SPCA1, and that the different
effects of SPCA1 and CFL1 loss of function on actin dynamics and
MLC2 phosphorylation could be due to collateral effects of SPCA1
activity on additional actin remodelers, as well as other regulators of
myosin contractility. In the future, it will be interesting to explore
further themolecular basis for the links between calcium homeostasis,
CFL1 and actin dynamics in Spca1 mutants.

Evidence for a conserved role for calcium in the control of
apical constriction
Research in cell culture, fly and vertebrate embryos has identified
actin filaments and myosin II motors as a common machinery
required for apical constriction. However, the organization of these
cytoskeletal components differs between organisms and
developmental contexts (Martin and Goldstein, 2014). For instance,
studies during Drosophila gastrulation and frog neurulation indicate
that the forces that promote apical constriction depend on bothmedial
and junctional actomyosin networks (Coravos and Martin, 2016;
Martin et al., 2009;Mason et al., 2013; Solon et al., 2009). In contrast,
the analysis of chicken andmouse embryos (Nishimura and Takeichi,
2008; Schroeder, 1970), as well as our own observations, indicate that
actomyosin complexes are localized at cell junctions during neural
tube closure. These differences question whether contractile forces
for apical constriction are regulated through similar mechanisms
across different organisms and developmental contexts, and whether
findings in one model system can be extrapolated to other settings. In
this respect, our finding that SPCA1 is required for apical constriction
and neural tube closure in mice adds to the growing body of evidence
from flies and frogs providing links between calcium and apical
constriction.
During frog neurulation, calcium flashes and actin remodeling

precede contractile activity (Christodoulou and Skourides, 2015).

Therefore, it is tempting to speculate that, despite differences in
cytoskeletal organization between frog and mice neuroepithelia,
calcium pulses might also take place in mammals and that the
duration and/or frequency of these pulses could be controlled by
SPCA1. Additional studies will be required to uncover whether this
is the case. Nonetheless, by providing genetic evidence that SPCA1
is required to control apical constriction during mammalian
neurulation, our results not only indicate that a role for calcium in
apical constriction has been conserved through evolution, but also
implicate SPCA1 as an important player in the control of
intracellular calcium levels during neural tube closure.

Biological oscillations often involve a delayed negative-feedback
mechanism (Cao et al., 2016). In this respect, our findings, together
with data from the literature, support a mutual regulatory
relationship between SPCA1 and CFL1. CFL1 has been shown
to be regulated by calcium levels through the activities of
Ca2+/calmodulin-dependent kinase II (CaMKII) and Ca2+/calmodulin
dependent phosphatase (calcineurin) (Wang et al., 2005; Zhao et al.,
2012). Once active, cofilin remodels actin, influences myosin
contractility (Wiggan et al., 2012) and binds to SPCA1, stimulating
its calcium-pumping activity (von Blume et al., 2011; Kienzle et al.,
2014). We show that SPCA1 activity influences myosin II
contractility and CFL1 localization to actin filaments. Thus, it is
tempting to speculate that SPCA1 and CFL1 could be part of a
feedback loop mechanism, whereby a pulse of cytosolic calcium
initiates a cascade of events leading to CFL1 activation, actomyosin
remodeling and contractility, as well as calcium clearance by
SPCA1, preparing the cell for another pulse of cytosolic calcium
and subsequent contractile cycle. Although further experiments will
be required to test this model, by identifying CFL1 as an important
effector of SPCA1 during mouse neurulation, our results provide
important insight into the regulatory interactions that could
contribute to the coordination of calcium pulses and actomyosin
dynamics during neural tube closure.

Calcium and neural tube defects
Neural tube malformations continue to represent a large proportion
of birth defects in humans, in part due to their complex etiology,
involving both genetic and environmental factors (Wallingford
et al., 2013). Our results from the analysis of Spca1 mouse mutants
raise the question of whether environmental calcium may play a role
in the etiology of human neural tube defects. Epidemiological
studies have indicated that the incidence of neural tube defects is
lower in areas with high levels of calcium in the drinking water (hard
water) and higher in areas with little or no calcium (soft water)
(Lowe et al., 1971). Additionally, calcium levels were found to be
significantly lower in the amniotic fluid of fetuses with neural
defects compared with non-affected individuals (Dawson et al.,
1999). Intake of compounds known to influence calcium
homeostasis has also been linked to the development of neural
tube closure defects. For instance, caffeine, the neuro-stimulating
component in many popular beverages, stimulates the release of
calcium from the Golgi apparatus by binding to ryanodine receptors
(Lissandron et al., 2010) and has been shown to disrupt neural tube
closure in rat, mouse and chicken embryos (Ma et al., 2012; Marret
et al., 1997; Wilkinson and Pollard, 1994). Additionally, valproic
acid, a drug used to treat depression and other mood disorders,
affects calcium homeostasis (Ghodke-Puranik et al., 2013) and
increases the incidence of neural tube defects (Hughes et al., 2018).
Our results from the analysis of mouse Spca1mutants, together with
the growing body of evidence supporting a role for calcium in
neurulation, urges additional epidemiological and clinical studies to
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examine how calcium homeostasis influences neural tube closure in
humans, as well as whether counteracting dietary deficiencies
in elemental calcium during early pregnancy could reduce the
incidence of neural tube defects.

MATERIALS AND METHODS
ENU screen, mouse strains and genotyping
ENU mutagenesis was performed as previously described (Horner and
Caspary, 2011) onMus musculusC57BL/6J male mice (Jackson Laboratory
stock #000664). FVB/NJ females (Jackson Laboratory stock #001800) were
used to outcross mutagenized males and their progeny for more than ten
generations. All experiments involving mice were performed according to
standard operating procedures approved by Cornell’s Institutional Animal
Care and Use Committee. Animals and embryos were genotyped by PCR
using polymorphic microsatellite markers (see Table S1) on DNA from
proteinase K-treated tissue samples. Spca1 knockout mice were generated
from Knock Out Mouse Project clone EPD0858_4_C07 (Skarnes et al.,
2011). Chimeras with germline transmission were bred to Sox2-Cre mice
(Hayashi et al., 2002) to generate the Spca1 knockout allele (Spca1KO),
which was then maintained into a C57BL/6NJ background. Cfl1 knockout
mice (Gurniak et al., 2005) were obtained from Kathryn Anderson (Sloan
Kettering Institute, NY, USA) and raised in an FVB/NJ background.
See Table S1 for Spca1KO genotyping primers.

Linkage analysis and positional cloning
ENUmutants were mapped using a genome-wide selection of microsatellite
markers polymorphic between FVB/NJ and C57BL6/J (see Table S2 in
the supplementary material). The Spca1 coding region was PCR amplified
and sequenced from a cDNA library obtained from embryonic RNA (RNA-
STAT 60, Amsbio) using SuperScript III First-Strand (Invitrogen
18080051). See Table S1 for primer sequences.

Mouse embryo analysis
Matings were set up and monitored for vaginal plugs. Embryos of the
desired stage were dissected in cold PBS-BSA and fixed overnight in 4%
paraformaldehyde (PFA) at 4°C. After fixation, embryos were processed for
whole-mount in situ hybridization, whole-mount immunofluorescence
(en face views) or for immunofluorescence on 10 µm cryosections
(embedded in OCT compound). Whole-mount RNA in situ hybridization
was performed as previously described (Garcia-Garcia et al., 2008).
Immunofluorescence was performed following standard protocols (Nagy
et al., 2003) using the antibodies indicated in Table S1. Samples were
mounted in Fluoroshield Mounting Medium containing DAPI (Abcam,
ab104139) and imaged with a Zeiss LSM 710 Confocal using Plan-
Apochromat 63×/1.4 Oil DIC M27 or C-Apochromat 40×/1.2 W Corr M27
objectives (Cornell University BRC Imaging Facility). Gender did not affect
any of the embryonic phenotypes described.

For micro-computed tomography (microCT) imaging, E9.5 and E8.75
embryos were fixed in PFA, rinsed in PBS, dehydrated in methanol, then
stained in 1% iodine (I2)/100% methanol for 3 days at room temperature.
Samples were scanned at 2.7 µm resolution using a Zeiss Xradia Versa 520
XRM (Cornell University BRC Imaging Facility). 3D reconstructions of the
data were generated using OsiriX software (Pixmeo SARL).

Cell culture
Primary MEFs were obtained from whole E9.5 wild-type and mutant
embryos. All experiments were performed on primary MEFs maintained
in DMEM/10% fetal bovine serum for fewer than six passages.
Immunohistochemistry was performed following standard procedures
using the antibodies indicated in Table S1. For calcium imaging, MEFs
were grown on 35-mm glass-bottom dishes (Greiner Bio-One, 627860)
and transfected with pCMV-GCaMP2 (provided by Michael Kotlikoff,
Cornell University, NY, USA) using Lipofectamine 2000 (Thermo Fisher
Scientific, 11668027). Fluorescence levels upon calcium stimulation were
quantified 36-48 h after transfection as previously described (McCombs
and Palmer, 2008). Cells were equilibrated in Ca2+-free Kreb’s buffer
30-60 min prior to imaging. Confocal images were acquired every 5 s for

10 min on a Zeiss LSM710 confocal microscope equipped with a
humidified chamber at 37°C using a C-Apochromat 40×/1.2 W Corr M27
objective and definite autofocus (Cornell University BRC Imaging
Facility). Relative fluorescence intensity for each time point was
calculated as fluorescence intensity/(Rmax−Rmin)*100.

Immunoblotting and measurement of F/G-actin ratios
A pool of E9.5 wild-type embryos or individual E9.5 mutant embryos were
lysed in RIPA buffer containing protease and phosphatase inhibitors
(Thermo Fisher Scientific, A32961). Protein concentrations were measured
using a BCA protein assay (Thermo Fisher Scientific, 23227) and equal
amounts of wild-type and mutant protein were loaded in adjacent lanes.
Western blots were performed using standard protocols using HRP-
conjugated secondary antibodies (Jackson ImmunoResearch Laboratories,
115-035-044/87768) and Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific, 32106). Band intensity was quantified using the ImageJ
Gel Analyzer tool. GAPDH and αTubulin were used as loading controls.
F/G-actin fractions were quantified as previously described (Rasmussen
et al., 2010). Analysis of pCFL1 to CFL1 ratios was carried out by western
blotting of protein isolates from cranial neural tube extracts of E9.5 embryos
that were run on 12.5% SuperSep Phos-Tag gels (Wako Pure Chemical
Industries, 195-17991).

Fluorescence quantification and image processing
Apoptosis
ImageJ was used to draw regions of interest (ROIs) around the
neuroepithelium and head mesenchyme in confocal images of caspase
3- and DAPI-stained embryo sections. The total number of nuclei (DAPI
channel) was quantified using the ‘Image-based Tool for Counting Nuclei’
(ITCN) ImageJ plugin. Caspase 3 foci were manually counted in each
image. The apoptotic index was calculated as the number of apoptotic cells
divided by the total number of cells in the ROI.

Apical area
Maximum intensity projections of the apical region of phalloidin-stained en
face images were obtained. The ‘Tissue Cell Geometry Stats’ plugin (with
manual correction) in ImageJ was used to outline individual cells and
measure their apical area.

Myosin II localization
Maximum intensity projections of the apical region of en face actin stained
images were obtained. The ‘Tissue Cell Geometry Stats’ ImageJ plugin was
used to outline individual cells in the F-actin channel. Cell ROIs were copied
to the NMHCIIB channel. A custom script was used to expand each cell ROI
by 3 pixels/measure the fluorescence intensity (Total Intensity) and then
contract the ROI by 5 pixels/measure intensity (Medial Intensity).
Junctional intensity was calculated as total intensity minus medial
intensity. Data are reported as junctional/medial intensity ratio.

Planar cell polarity quantification
Quantification of the planar distribution of NMHCIIB was performed using a
method similar to that described by McGreevy et al. (2015). Using ImageJ,
segmented ROIs were drawn around individual junctions and the mean
fluorescence intensity was obtained for each junction. The images were
thresholded to consider only the top 50% of pixels. The fluorescence intensity
of each junction was normalized to the average fluorescence intensity of all
junctions in the same sample. The orientation of the junction relative to the
mediolateral axis was computed by measuring the angle of the major axis of
an ellipse fitted to each ROI.

Statistical analysis
Statistical analysis was performed using Excel or R software. P-values
were calculated using two-tailed unpaired Student’s t-tests unless
otherwise indicated.
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Figure S1. SPCA11D localization to Golgi in E9.5 neural epithelia. (A-B) Immunodetection of 

SPCA1 (red) and the cis-Golgi marker GM130 (green) in wild type (A) and Spca11D mutants (B). 

Cell nuclei are labelled with DAPI staining (blue). Scale bars = 10 µm.  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Figure S2. Relative abundance of calcium ATPases in neural epithelia. Graph showing 

normalized gene expression for calcium ATPases of the SERCA, PMCA and SPCA families in 

neural epithelia and head mesenchyme tissues dissected by laser-capture and analyzed by 

RNA-seq in {Brunskill:2014dj}.  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Figure S3. Cell proliferation in Spca11D mutants. (A-B, A’-B’) Immunodetection of the 

proliferative marker phospho-Histone3 (green) and F-actin (magenta) in E9.5 wild type and 

Spca11D embryonic sections. Scale bar = 200 µm. (C) Plot showing the average proliferative 

index (pH3 positive foci / total number of nuclei) in E9.5 wild type (n=12 sections from 4 

embryos) and Spca11D (n=10 sections from 3 embryos) neuroepithelia (pH3 positive foci / total 

number of nuclei). 
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Figure S4. Neural tube dorso-vental patterning in Spca11D mutants. In situ hybridizations for 

the notochord and floorplate marker Shh (A-B), the ventral neuronal marker Pax6 (C-D), and the 

dorsal marker Bmp6 (E-F) in E9.5 wild type and Spca11D mutants. Transverse sections at the 

hindbrain region are shown in A’-F’. Scale bars = 500 µm (whole-mount embryos) and 100 µm 

(sections). 
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Figure S5. Planar cell polarity in Spca11D mutants. En face view of an E8.5 wild type 
neuroepithelium stained with phalloidin (A) showing the orientation and position (red box) for 
images in B and C. Scale bar = 100 µm. A – anterior, P – posterior, L – lateral, M – medial. (B-C) 
Representative en face views of E8.5 wild type and Spca11D neuroepithelia immunostained with 
NMHCIIB. Both wild type and Spca11D neuroepithelia showed a preferential localization of 
NMHCIIB at junctions along the M-L axis (white arrowheads). Scale bar = 10 µm. (D) Diagram 
describing the bins used for quantification. Junctions oriented within 45o of the M-L axis were 
designated M-L junctions (bins 1 & 4, dark blue). Junctions oriented greater than 45o-90o from 
the M-L axis were designated A-P junctions (bins 2 & 3, light blue). (E-F) Quantification of 
NMHCIIB junctional fluorescence intensities. NMHCIIB was similarly enriched along M-L 
junctions in wild type and Spca11D neuroepithelia, arguing that loss of SPCA1 does not disrupt 
planar cell polarity in this tissue. Data corresponds to >400 total junctions from 3 different 
embryos per condition. Representative examples of the samples quantified in E-F are shown in 
B-C. Error bars indicate SEM. 
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Figure S6. Apico-basal polarity in Spca11D mutants. Immunodetection of markers of apico-

basal polarity in E9.5 wild type (A-A’’’) and Spca11D (B-B’’’) embryonic sections. Empty 

arrowheads point to the basal localization of laminin (LMN, magenta), the apical localization of 

the cilia marker ARL13B (green), and the apical accumulation of F-actin (blue). Scale bar = 20 

µm. 
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Figure S7. Analysis of myosin regulation in Spca11D mutants. Western blot experiments 

were used to quantify the levels of NMHCIIB, MLC2, pMLC2, MLCK1, MYPT1 and pMYPT1 (A) 

in E9.5 protein extracts from wild type and Spca11D embryos. Results are shown for 3 biological 

replicates. (B) Graphs represent the quantification of protein abundance, as normalized to 

αTubulin and relative to their wild type control. (C) Comparison of αTubulin and GAPDH levels 

in wild type and Spca11D embryos, confirming that the use of αTubulin as loading control should 

not affect the accuracy of protein quantification in Spca11D mutants. Error bars represent 

standard deviation. P-values were calculated using Student’s paired T-test. 
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Figure S8. F-actin localization in Spca11D mutants. En face views (A-B) and transverse 
sections (C-D) of E9.5 wild type and Spca11D neuroepithelia stained with phalloidin to reveal F-
actin. Scale bars = 10 µm. (E) Methodology for the establishment of regions of interest (ROI) 
used in the quantification of junctional and medial F-actin (panel F) and NMHCIIB (Figure 6C). 
(F) Quantification of junctional to medial actin ratios in E9.5 wild type and Spca11D embryos. 
Data corresponds to >1000 cells from 4 different embryos per condition. Representative 
examples of the samples quantified in D are shown in A-B. (G-H) Intensity plot showing F-actin 
accumulation at different levels of the neuroepithelia in E9.5 wild type and Spca11D mutants. 
Data was quantified from 8 wild type and 6 Spca11D images corresponding to 4 embryos per 
condition. The X axis indicates the position along the apico-basal axis as a % of the total height 
of each neuroepithelial sample. Arrows in G indicate F-actin fluorescence intensity at the two 
levels shown in panel H. Representative examples of the samples quantified in G and H are 
shown in C-D. P-values ns-not significant, * <0.05 
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Figure S9. SHROOM3 localization in Spca11D mutants. Immunodetection of SHROOM3 in 

transverse sections of E9.5 wild type and Spca11D neuroepithelia. Scale bars = 20 µm. 
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Figure S10. Analysis of CFL1 phosphorylation in Spca11D mutants. Western blot 
experiments were used to quantify the levels of (A) pCFL1, CFL, (B) ROCK1, (C) LIMK1, pLIMK 
and pSSH1 in E9.5 protein extracts from wild type and Spca11D embryos. Results are shown for 
4 (A) and 3 (B, C) biological replicates. Graphs represent the quantification of pCLF1 to CFL1 

ratio (A) and protein abundance as normalized to αTubulin and relative to their wild type control 
(D). We found that the pCFL1 to CFL1 ratio was elevated by an average of 26% in neural tube 
extracts from Spca11D mutants, although this difference was not statistically significant (A, 
p=0.066). The levels of ROCK1, pSSH1 and LIMK1 were not affected in Spca11D embryos (B-
D). However, we detected a small, but statistically significant increase in the levels of pLIMK1 in 
Spca11D mutants as compared to littermate controls (C-D, 7% increase, p=0.02). The 
interpretation of these experiments is limited by the shortcomings of analyzing protein levels 
through Western blotting in embryonic extracts. Nonetheless, these results raise the possibility 
that loss of Spca1 activity might cause significant local differences in pCFL1 and pLIMK1 levels 
that, although difficult to detect as significant through Western blotting experiments, could 
ultimately be responsible for the abnormal CFL1 localization we observed in Spca1 mutants. 
Error bars represent standard deviation. P-values were calculated using Student’s paired T-test.  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Figure S11. Phenotypic analysis of 
embryos carrying Spca1 and Cfl1 
mutant alleles. See figure legend in 
following page.  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Figure S11. Phenotypic analysis of embryos carrying Spca1 and Cfl1 mutant alleles.  
Lateral (A-E), dorsal (A’-E’) and frontal (A”-E”) views of double heterozygote for Spca11D/+ ; 
Cfl1KO/+ embryos (A-A”), homozygote Cfl1KO embryos (B-B”), homozygote Spca11D embryos (C-
C”), Spca11D mutants lacking one allele of Cfl1 (Spca11D ; Cfl1KO/+ embryos, D-D”) and double 
homozygote Spca11D ; Cfl1KO embryos (E-E”). We failed to detect any genetic interaction in 
double heterozygote Spca11D/+ ; Cfl1KO/+ embryos, which were undistinguishable from wild type 
controls (A-A”). However, we found that embryos mutant for Spca1 and lacking one dose of Cfl1 
showed forebrain exencephaly with high penetrance (9/10 embryos). Forebrain exencephaly is 
characteristic of Cfl1 mutants (B-B”), but is never observed in heterozygote Cfl1 embryos and 
only sporadically seen in homozygote Spca1 mutants (2/83). Therefore, the appearance of 
forebrain exencephaly in Spca11D ; Cfl1KO/+ embryos suggests that SPCA1 and CFL1 cooperate 
in promoting neural tube closure. Double homozygote Spca11D ; Cfl1KO embryos have an early 
developmental arrest that precedes that of both Cfl1 and Spca1 mutants, a result consistent 
with both mutations having additive effects on embryonic development. Note that the 
interpretation of these experiments is complicated by the fact that Cfl1 has known functions in 
tissues other than the neural tube, including neural crest and mesoderm (Gurniak et al., 2005). 
Conversely, Spca1 is ubiquitously expressed and also required in tissues other than the neural 
tube, as supported by the generalized apoptosis observed in Spca1 embryos (Okunade et al., 
2007 and Figure 4). Consequently, the genetic interactions observed could be due to additive 
effects of Spca1 and Cfl1 loss of function within the neural tube tissue or to additive non-
autonomous effects in other tissues known to influence neural tube closure (Chen and 
Behringer, 1995; Moury and Schoenwolf, 1995). Arrowheads indicate the extent of the 
exencephalic phenotype. Brackets highlight the forebrain region. Fractions in A-E indicate the 
number of embryos showing the phenotype shown. Scale bar = 500 µm 
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Table S1. Reagents, antibodies and primers used. 

Reagent IF Western blot 
(blocking)

rabbit anti-Actin (Cytoskeleton, Inc. AAN01) 1:1,000 (NFDM)
mouse anti-ARL13B (NeuroMab 75-287) 1:200
rabbit anti-Caspase 3 (Cell Signaling 9661) 1:500
rabbit anti-CFL (Sigma C8736) 1:1,000 1:24,000 (NFDM)
mouse anti-GAPDH (Thermo MA1-46101) 1:4,000 (NFDM)
mouse anti-GM130 (BD Biosciences 610822) 1:400
rabbit anti-Laminin (Sigma L9393) 1:50
rabbit anti-NMHCIIB (Covance PRB-445P) 1:400 1:24,000 (NFDM)
rabbit anti-pH3 (Ser10) (Upstate 06-570) 1:250
rabbit anti-LIMK1 (Cell Signaling 3842) 1:1,000 (NFDM)
rabbit anti-pLIMK1 (Thr508) (ECM Biosciences LP1891) 1:1,000 (BSA)
rabbit anti-MLC2 (Cell Signaling 3672) 1:1000 (BSA)
rabbit anti-pMLC2 (Ser19) (Cell Signaling 3671/Abcam 2480) 1:1,000 (BSA)
rabbit anti-MLCK (Abcam ab76092) 1:2,000 (BSA)
rabbit anti-MYPT1 (Cell Signaling 2634) 1:1,000 (BSA)
rabbit anti-pMYPT1 (Thr696) (Cell Signaling 5163) 1:1,000 (BSA)
rabbit anti-SHROOM3 (gift from Masatoshi Takeichi, Nishimura and Takeichi 2008) 1:400
rabbit anti-SPCA1 (gift from Tim Reinhardt, USDA ARS, Cross et al 2013) 1:100
mouse anti-αTUB (Sigma T6199) 1:24,000 (NFDM)
rabbit anti-ROCK1 (Bethyl Laboratories A300-457A) 1:5,000 (NFDM)
rabbit anti-pSSH1 (Ser978) (ECM Biosciences SP3901) 1:1,000 (BSA)
rat anti-ZO1 (Developmental Studies Hybridoma Bank R26.4C) 1:10
Alexa-Fluor conjugated goat secondary antibodies (ThermoFisher A11034/A11036) 1:200
AF488/AF568-Phalloidin (ThermoFisher A12379/A12380) 1:50

Primer name Primer sequence Experiment
Atp2c1-1F TCCTGCTCCTTCTCCTCGG Sequencing SPCA1 coding region
Atp2c1-1R GCCTGCCTCAACAATTCTGC Sequencing SPCA1 coding region
Atp2c1-2F CTGAGGTCACTGGAGTTGGC Sequencing SPCA1 coding region
Atp2c1-2R ATTGTCTCGAAGCTCTCGCC Sequencing SPCA1 coding region
Atp2c1-3F GCCTCGAAACTGGAAGGACA Sequencing SPCA1 coding region
Atp2c1-3R TGCCAATAACAGCCCTGAACT Sequencing SPCA1 coding region
D9Mit-310F AAATCTTTATCATGAAATAGGGATGC Genotyping Spca1-1D mice (distal marker)
D9Mit-310R CCCACCCCATGTGTATCAC Genotyping Spca1-1D mice (distal marker)
D9Mit-182F GTGAAATTGGTTATGTAAATGTCTGA Genotyping Spca1-1D mice (proximal marker)
D9Mit-182R GAGATGACTAGGGTGAACTGGG Genotyping Spca1-1D mice (proximal marker)
SKO-CSD-lacF GCTACCATTACCAGTTGGTCTGGTGTC Genotyping Spca1-KO mice
SKO-CSD-R GTAGAAGAGGAAGGGAAATGAAGAGC Genotyping Spca1-KO mice
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Table S2. Linkage analysis of mouse lines from our ENU mutagenesis screen 
Linkage analysis of mouse lines from our ENU mutagenesis screen was performed using 
PCR amplification of polymorphic microsatellite markers developed by MIT and available 
through MGI (www.informatics.jax.org/) and Ensembl databases (ensembl.org/mouse). The 
specific primers used were selected for the reliable detection of polymorphisms between the 
C57BL6/J and FvB/NJ strains in 4% agarose gels run for 1.5 hours.
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Click here to Download Table S2

http://www.biologists.com/DEV_Movies/DEV170019/TableS2.xlsx

