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Abstract
Upregulation of Nell-1 has been associated with craniosynostosis (CS) in humans, and validated in a mouse transgenic Nell-
1 overexpression model. Global Nell-1 inactivation in mice by N-ethyl-N-nitrosourea (ENU) mutagenesis results in neonatal
lethality with skeletal abnormalities including cleidocranial dysplasia (CCD)-like calvarial bone defects. This study further
defines the role of Nell-1 in craniofacial skeletogenesis by investigating specific inactivation of Nell-1 in Wnt1 expressing
cell lineages due to the importance of cranial neural crest cells (CNCCs) in craniofacial tissue development. Nell-1flox/flox;
Wnt1-Cre (Nell-1Wnt1 KO) mice were generated for comprehensive analysis, while the relevant reporter mice were created
for CNCC lineage tracing. Nell-1Wnt1 KO mice were born alive, but revealed significant frontonasal and mandibular bone
defects with complete penetrance. Immunostaining demonstrated that the affected craniofacial bones exhibited decreased
osteogenic and Wnt/β-catenin markers (Osteocalcin and active-β-catenin). Nell-1-deficient CNCCs demonstrated a
significant reduction in cell proliferation and osteogenic differentiation. Active-β-catenin levels were significantly low in
Nell-1-deficient CNCCs, but were rescued along with osteogenic capacity to a level close to that of wild-type (WT) cells via
exogenous Nell-1 protein. Surprisingly, 5.4% of young adult Nell-1Wnt1 KO mice developed hydrocephalus with premature
ossification of the intrasphenoidal synchondrosis and widened frontal, sagittal, and coronal sutures. Furthermore, the
epithelial cells of the choroid plexus and ependymal cells exhibited degenerative changes with misplaced expression of their
respective markers, transthyretin and vimentin, as well as dysregulated Pit-2 expression in hydrocephalic Nell-1Wnt1 KO
mice. Nell-1Wnt1 KO embryos at E9.5, 14.5, 17.5, and newborn mice did not exhibit hydrocephalic phenotypes grossly and/
or histologically. Collectively, Nell-1 is a pivotal modulator of CNCCs that is essential for normal development and growth
of the cranial vault and base, and mandibles partially via activating the Wnt/β-catenin pathway. Nell-1 may also be critically
involved in regulating cerebrospinal fluid homeostasis and in the pathogenesis of postnatal hydrocephalus.

Introduction

The Nell-1 gene was originally cloned from a chick
embryonic cDNA library as a binding complex to a nuclear
protein and was found to be highly conserved among mice
and humans [1, 2]. Clinically, human NELL-1 has been
linked to non-syndromic unilateral coronal craniosynostosis
(CS) due to its overexpression at premature fusing and
fused coronal sutures [3]. Global gain and loss of Nell-1
mouse models have demonstrated Nell-1′s major function
in the development of skeletal tissues, particularly for the
craniofacial skeleton [4, 5] and for the growth and main-
tenance of the appendicular bones [6, 7]. Currently, the data
suggested that Nell-1 promotes osteogenesis primarily by
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augmenting the Wnt/β-catenin signaling pathway through
interactions with its binding partner, β1, and/or its newly
identified receptor, contactin-associated protein-like 4
(Cntnap4), in osteoblasts [6, 8]. The manifestations of CS in
Nell-1 overexpression transgenic (CMV-Nell-1) neonatal
mice and cleidocranial dysplasia (CCD) like calvarial
defects in N-ethyl-N-nitrosourea (ENU)-induced Nell-1
deficient (END) neonatal mice have clearly revealed the
prominent role of Nell-1 in craniofacial skeletal develop-
ment [4, 9]. Unfortunately, the drawbacks of super-
physiological overexpression of Nell-1 driven by CMV
and the neonatal lethality of END mouse models have
precluded the study of Nell-1′s effects in more defined
conditions and at postnatal stages [4, 5]. Advances in mouse
genetic manipulation for highly-specific cell/tissue inacti-
vation of target genes and reliable in vivo reporter systems
enabled further delineation of Nell-1′s role in craniofacial
conditions [10, 11]. Due to the great importance of cranial
neural crest cells (CNCCs) in craniofacial tissue develop-
ment [12, 13], this study further defines the functionalities
of Nell-1 in the craniofacial skeleton originating
from CNCCs.

Notably, a variety of craniofacial tissues including the
nerves, ganglia, connective tissues, cartilage, and bones are
CNCC derivatives [14, 15]. It has been reported that CNCC
precursors arise at the lateral margin of the neural fold at the
boundary between the surface and neural ectoderm, and
migrate ventrolaterally as the cranial ganglia and skeleto-
genic neural crest cells and populate the branchial arches
[14, 16]. Multiple experimental approaches have validated
that CNCCs are derived and emigrated from Wnt1-
expressing precursor cells in the dorsal central nervous
system (CNS) during the early stage of embryogenesis
(E8.5–11.5) [16–19]. Consequently, upon confirmation of
Wnt1 as a faithful cell lineage marker of CNCCs, it
becomes possible to investigate the dynamic involvement of
CNCCs in the development and growth of the craniofacial
tissues [18, 20]. In particular, studies on the tissue origins of
the mouse skull vault and mandibular skeleton using Wnt1-
Cre and ROSA26R reporter mouse lines have provided
evidence that CNCCs contribute significantly to the devel-
opment of the craniofacial tissues [14, 21]. It is worth
noting that Wnt1-Cre has been widely used for specific gene
knockouts in CNCC lineages and has produced tremendous
amounts of valuable data in neuroscience and other relevant
fields [16, 22], although other CNCC lineage mouse lines
are also available [23, 24].

To further define the role and molecular mechanisms of
Nell-1 in CNCCs during craniofacial skeletal development
and postnatal growth, we have conditionally inactivated the
Nell-1 gene using the Cre/loxP recombination system [11].
Here we show that specific inactivation of the Nell-1 gene
in Wnt1 expressing cell lineages results in frontonasal and

mandibular bone (MB) hypoplasia and postnatal hydro-
cephalus with premature ossification of the synchondroses.

Materials and methods

Animals

All animals were cared for according to the institutional
guidelines set at the University of California, Los Angeles.
Nell-1flox/flox mice were generated by flanking Exon 1 con-
taining ATG site with loxP (Strain: B6.129Sv/Pas-Nell1tm
from EMMA-European Mouse Mutant Archive) and then
excising the FRT-flanked Neo cassette with FLPo-10 delete
mice (Stock# 011065 from Jackson Laboratory) in C57BL/6J
background (Fig. 1a). Nell-1flox/flox mice were mated with
either CMV-Cre (Stock# 006054) or Wnt1-Cre (Stock#
022501) mice to obtain Nell-1flox/flox;CMV-Cre (Nell-
1CMVKO) or Nell-1Wnt1KO mice as well as Cre negative lit-
termates (WT), respectively. Moreover, R26R (Stock#
003474) and R26R-tdTomato (Stock# 007909) mice were
used to yield Nell-1flox/flox; Wnt1-Cre; R26R (Nell-1Wnt1-R26R

KO) or Nell-1flox/flox; Wnt1-Cre; R26R-tdTomato (Nell-
1Wnt1-tdTomato KO) mice for cell lineage validation purpose.
Mating was carried out overnight and females were examined
for the presence of vaginal plugs and defined as 0.5 dpc (days
post coitum). Animal groups were of mixed gender unless
otherwise stated. The mutant and R26R mouse genotypes
were identified by PCR using primers listed in Supplementary
Table S1. Wnt1 expressing cell lineage validation was done
either by X-gal staining (see details in Supplementaryl Mate-
rial and Methods) or by fluorescent microscopy. Newborn
mice (P0) were sacrificed for CNCCs culture, histology, and
micro-CT analysis. In addition, mice (P21–48) with hydro-
cephalus were collected for histology and micro-CT analysis
along with age- and gender-matched control littermates.

Cell culture

Primary calvarial cells were isolated from neonatal mouse
calvarial bones following the established protocol reported
in previous studies [4, 25]. CNCCs were isolated from the
frontal and nasal bones of cranial vault only and expanded
in growth medium containing DMEM+ 10% heat-
inactivated fetal bovine serum (FBS)+ 100 U/ml peni-
cillin/streptomycin (P/S) at 37 °C, 5% CO2. Passage 2 cells
were used for all in vitro experiments of this study. Cells
were treated with Dickkopf-related protein 1 (DKK-1) or
PNU 74654 at the final concentration of 500 ng/ml and
10 μM, respectively, 1 h prior to adding Nell-1 protein at
1000 ng/ml [6, 7, 26]. The osteogenic induction was per-
formed in osteogenic differentiation (OD) medium containing
100 nmol/L dexamethasone, 10mmol/L β-glycerophosphate,
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and 0.05mmol/L L-ascorbic acid-2-phosphate in growth
medium.

Cell proliferation and apoptosis

To determine the effect of Nell-1 inactivation on the pro-
liferation of CNCCs, cells from Nell-1Wnt1KO and WT mice
were examined either by the Chick-iT EdU Alexa FluorTM

488 Image Kit (Thermo Fisher Scientific, Waltham, MA,
USA) and fluorescence microscopy (OLYMPUS BX51,
Japan) for direct visualization or by cell cycle analysis for
quantifying the percentage of S (DNA synthesis replication)

phase cells using flow cytometry [27]. For apoptosis ana-
lyses, the Annexin V and propidium iodide (PI) Kit (BD
Pharmingen, San Jose, CA, USA) was used for cell staining,
followed by flow cytometric analysis for quantifying the
percentage of cells at early and late apoptosis by the same
protocol as described previously [28].

Alkaline phosphatase (ALP) and mineralization
assays

Assays for CNCCs osteogenic differentiation were adapted
from our previous publications using the Leukocytes ALP

Fig. 1 Generation of Nell-1 conditional mutant mice. a Schematic
diagrams of the genetic construct for floxed Nell-1 generation, the
breeding strategy for Nell-1CMVKO mice, and genotyping (lower row);
b Nell-1 mRNA and protein levels vary among different organs in
Nell-1CMVKO newborn mice (P0); c Nell-1CMVKO newborn mice
exhibit significantly decreased Nell-1 in the calvarial bones; d 3D
reconstructions of the craniofacial skeleton of Nell-1CMVKO newborn

mice demonstrate visible hypoplasia and cranial suture widening.
Extreme deficits were also observed in the mandibular bones of Nell-
1CMVKO newborn mice, but less frequently (arrow in lower row); e)
Quantification of the craniofacial bones as measured by BV/TV,
BMD, bone thickness, and suture width confirm their hypoplastic
changes. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001; n= 3
for b and c; n= 6 for e
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Staining Kit (86R-1KT, Sigma-Aldrich Corp., St. Louis,
MO, USA). Alizarin Red S (ARS) staining was carried out
with 2% Alizarin Red stains (CM-0058, Lifeline, Frederick,
MD, USA). The staining intensity of ALP and ARS was
measured and quantified using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA).

Western blot and Real-time quantitative PCR (RT-
qPCR)

Western blot analysis was performed as previously described
[6, 29]. Nell-1 antibody (1:500) (GeneTex, Irvine, CA, USA),
active-β-catenin (1:1000) (Cell Signaling, USA), and GAPDH
(1:1000) (Cell Signaling, USA) primary antibodies were used
at different dilutions. Real-time PCR was performed using the
QuantStudioTM 3 real-time PCR System instrument (Applied
Biosystems, Foster City, CA, USA) as described previously
[6]. The primer sequences are summarized in Supplementary
Table S2. All data are representative of three experimental
sets of cells or the three mice tissue specimens with PCR
duplicates and are presented as the fold change.

High-resolution micro-CT analysis

High-resolution micro-CT scanning was performed on mice
crania (Skyscan 1176, Bruker-microCT, Kontich, Belgium) of
neonatal stage for the most samples, and postnatal stage when
hydrocephaly became apparent for some samples, respec-
tively. The images were scanned with the setting of 10 μm
pixel size, 50 kV Voltage, 500 μA current, 0.5 mm Al filter,
1000ms exposure time, 0.500 rotation step, and 3 frame
averaging. All resulting images were reconstructed by NRe-
con (Version 1.7.1.0, Bruker-microCT, Kontich, Belgium) as
described previously [6]. The detailed settings are described
in Supplementary Material and Methods. Quantitative data are
presented as the mean ± SD and were analyzed using the two-
tailed Student’s t test with p < 0.05 considered significant.

Histological analysis and immunohistochemistry

All craniofacial samples of embryonic, neonatal, and post-
natal stages were fixed in 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) for 24–48 h, then processed
for paraffin embedding. Hematoxylin and Eosin (H&E)
staining (H&E stain kit, abcam, Cambridge, England) was
used per standard protocols, while immunohistochemistry
and its semi-quantification were performed as described
previously [4, 9]. The working concentration of primary
antibodies was set at 2–5 µg/ml in general and the primary
antibodies are listed in Supplementary Table S3. Photo-
micrographs were acquired using Olympus BX 51 and IX
71 microscopes equipped with Cell Sense digital imaging
system (Olympus, Japan).

Statistical analysis

All quantifiable data were presented as mean ± SD. The gross
assessment was performed with 15 mice of each mutant and
wild type group, while the detailed micro-CT and histological
analyses were performed with 3 to 6 mice of each genotype
for the various parameters. All in vitro experiments were run
in triplicate. An unpaired two-tailed Student’s t test was used
to analyze the data. A value of p < 0.05 was considered to
indicate a statistically significant difference. The statistical
analyses were performed in consultation with the UCLA
Statistical Biomathematical Consulting Clinic.

Results

Nell-1 is validated to be a key factor for craniofacial
anomalies in new conditional Nell-1 knockout
mutants

Upon successful rederivation of the Nell-1flox/flox mouse
line, the complete deletion of the Neo cassette was achieved
with FLPo-10 deleter mice to eliminate the possible genetic
influences to the resultant floxed mutant mice [30]. CMV-
Cre [31] and Wnt1-Cre [32] transgenic mice were then used
to obtain Nell-1CMVKO mice for the initial screening or
Nell-1Wnt1KO mice for comprehensive analyses. Genotyp-
ing and Nell-1 gene and protein expression were performed
to confirm the knockout in the respective tissues (Fig. 1a–c).
Due to the neonatal lethality seen in ENU-induced Nell-1
deficient (END) mice [5, 9], we first selected CMV-Cre as a
global knockout strategy to evaluate the newly generated
floxed Nell-1 mice. Surprisingly, the majority of Nell-
1CMVKO mice were born alive but demonstrated various
degrees of hypoplastic craniofacial skeletal defects as
characterized by micro-CT scanning (Fig. 1d, e). Notably,
in the most severe form, newborn Nell-1 Nell-1CMVKO
mice were found still-born and exhibited extreme cranio-
facial malformations with grossly deficient or absent
mandibles, severe frontal and parietal bone defects, and
widened anterior fontanels as characterized by Micro-CT
analysis (Fig. 1d, bottom row). Thus, the phenotypical
changes in Nell-1CMVKO newborns once again indicate the
pivotal role of Nell-1 in craniofacial skeletal development,
and validates the floxed Nell-1 mouse model.

Nell-1 inactivation in CNCCs induces specific
craniofacial bone defects with high and consistent
penetrance

Given the importance of CNCCs to the development and
growth of the craniofacial tissues, Nell-1Wnt1KO mice were
used for comprehensive analyses. To confirm and trace the
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Nell-1 knockout in Wnt1 lineages, the R26R mouse [33]
was utilized to make Nell-1Wnt1-R26R KO mice for validation
in certain experiments. All Nell-1Wnt1KO and Nell-1Wnt1-R26R

KO mice were born alive without obvious visible

abnormalities. Genotyping, Nell-1 gene and protein expres-
sion analyses, and X-gal staining were performed to confirm
the CNCCs-derived tissue specific knockouts (Fig. 2a, b).
Grossly, there were no visible abnormalities of the
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appendicular and axial bones in Nell-1Wnt1-R26R KO new-
borns as compared with WT littermates (Fig. 2b, c). Detailed
analyses of the craniofacial bones (P0) were performed
with skeletal staining and micro-CT analyses (Fig. 2d).
Nell-1Wnt1KO mice had significantly reduced mineralization
and volume of the frontonasal bones (FB), while the
parietal bones and cranial base remained unaffected com-
pared to WT littermates. Notably, the size, bone volume
over tissue volume (BV/TV), and bone mineral density
(BMD) of the mandible of Nell-1Wnt1KO mice (P0) were
also significantly reduced (Fig. 2e). However, there is no
significant different in the comparative micro CT examina-
tion of the affected cranial vault vs. MB in Nell-1Wnt1

KO mice in terms of severity of skeletal hypoplasia
(Supplementary Fig. 1).

Expectedly, the frontonasal bones (FB) and MB
were specifically targeted for Nell-1 inactivation in Nell-
1Wnt1-tdTomato KO mice (P0) (Fig. 3a). Osteocalcin (OCN)
immunostaining clearly revealed decreased osteogenic
properties in both the frontonasal and MB of Nell-1Wnt1

KO mice (P0) (Fig. 3b, c). Interestingly, tartrate-resistant
acid phosphatase (TRAP) staining exhibited more positive
cells in both the frontonasal and MB of Nell-1Wnt1 KO
mice (Fig. 3b, c). Histomorphometric analysis demon-
strated a significant decrease in the number of osteoblasts
and an increase in the number of osteoclasts in affected
bones (Fig. 3b, c). In sharp contrast to WT littermates,
Nell-1Wnt1-R26RKO mice had significantly less Collagen
type II (Col2) in the X-gal positive-stained cartilaginous
wall and septum of the nasal cavity under the FB (P0)
(Fig. 3d). Overall, specific Nell-1 inactivation in CNCCs
consistently resulted in frontonasal skeletal hypoplasia
and micrognathia in newborn mice with complete
penetrance.

Nell-1Wnt1KO mice develop postnatal hydrocephalus
at significantly higher rates

In contrast to the neonatal lethality of END mice [5], the
majority of Nell-1Wnt1KO mice are born full-term, fertile,
and live to maturity without visible clinical manifestations
different from WT littermates. However, among Nell-
1Wnt1KO mice, 5.4% of young adult mice ranging from 21
to 48 days old developed classical domed head pheno-
types of hydrocephalus (Fig. 4a, b), a rate significantly
higher than the <0.01% prevalence of spontaneous
hydrocephalus in C57BL/6J mice (JAX Notes@
https://www.jax.org/news-and-insights/1991/april/sponta
neous-hydrocephalus-in-inbred-strains-of-mice) (**P <
0.01). Notably, hydrocephalic mice were characterized by
smaller and less mineralized FB with widened frontal,
sagittal, and coronal sutures on the calvarial vault along
with various degrees of premature ossification of intras-
phenoidal synchondrosis (ISS) and/or sphenoid-occipital
synchondrosis (SOS) (Fig. 4c, d). At the tissue level, pro-
found dilation of the brain ventricles along with compressed
and thinner brain cortex layers were observed, likely sec-
ondary to cerebrospinal fluid (CSF) accumulation (Fig. 4e).
Histology and OCN immunohistochemistry of the cranial
base supported premature fusion/ossification of the synch-
ondroses (Fig. 4f, g and Supplementary Fig. 2A). The
epithelial cells of the choroid plexus (CP) were enlarged
with rich cytoplasm, and the ependymal cells were flattened
with focal loss of apical structures (Fig. 4h). Vimentin, a
marker of ependymal cells [34], was undetectable in the
flattened ependymal cells and/or mis-expressed in some of
the enlarged CP epithelial cells, while the expression of
prealbumin/transthyretin (TTR), a specific marker of CP
epithelial cells [35], was significantly lower or even unde-
tectable in hydrocephalic Nell-1Wnt1KO mice (Fig. 4i and
Supplementary Fig. 2B). Next, a type III Na+-dependent
inorganic phosphate transporter, Pit-2, was explored due to
the fact that it was one of the phosphate transporters that
Nell-1 used to increase pre-osteoblast mineralization [36]
and its causative role in hydrocephalus in Pit-2 deficient
mice [37]. The intracellular protein level of Pit-2 was sig-
nificantly reduced in CP epithelial cells of the fourth ven-
tricle, but slightly elevated in both swollen CP epithelial
cells and flattened ependymal cells of the lateral ventricle in
hydrocephalic Nell-1Wnt1KO mice as compared with those
cells in WT mice (Fig. 4j and Supplementary Fig. 2C).
These results may reflect the functional properties and dis-
tinct pathological changes of CP epithelial and ependymal
cells at different locations of brain ventricular system under
hydrocephalic condition in Nell-1Wnt1KO mice.

To determine if hydrocephalus occurred as a congenital
condition, the embryos at E9.5, 14.5, and 17.5 were

Fig. 2 Nell-1 inactivation in CNCCs results in frontonasal bone
hypoplasia and micrognathia in Nell-1Wnt1KO newborn mice. a As a
result of Nell-1 inactivation in CNCCs, Nell-1 mRNA, and protein
expression decreased only in the frontonasal bones (Nell-1Wnt1KO (f)
and not in the parietal bones (Nell-1Wnt1KO P); b The craniofacial
tissues stained positive for X-gal, with the frontonasal and mandibular
bones being particularly targeted in Nell-1Wnt1-R26RKO mice; c gross
appearance and skeletal staining showed no visible defects of the
appendicular and axial bones in neonatal Nell-1Wnt1KO mice;
d detailed analyses of the cranial vault of newborn mice exhibited
significant hypoplasia of the frontonasal bones, while the synchon-
droses of the cranial base were unaffected as demonstrated by skeletal
staining, high resolution micro-CT imaging, and quantification as
measured by bone volume (BV/TV), bone mineral density (BMD),
frontal bone thickness and defect area, the suture width as well as the
anteroposterior length of calvarial vault; e Nell-1Wnt1KO mice exhib-
ited significantly smaller and shorter mandibles (micrognathia) with
decreased BV/TV and BMD. NS no significance; *P < 0.05; **P <
0.01; ***P < 0.005; ****P < 0.001; n= 3 for a; n= 6 for d and (e)
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Fig. 3 Nell-1Wnt1KO newborn mice demonstrate defective osteo-
chondrogenesis in CNCC-derived bones. a Cell lineage tracking in
Nell-1Wnt1-tdTomatoKO mice clearly showed red fluorescence (yellow
arrows) in the frontonasal bones (FB) and mandibular bones (MB)
which are derived from Wnt1 expressing CNCC lineages; b, c More
OCN positive cells were observed in the osteogenic front of the cal-
varial bone plate and mandibular bones in WT samples than in Nell-
1Wnt1KO samples. In contrast to OCN staining, TRAP positive staining

showed a drastic increase in both the frontonasal and mandibular
bones of Nell-1Wnt1KO mice. The distinct correlation of OCN and
TRAP staining in these bones was further revealed by quantitative
analyses between WT and Nell-1Wnt1KO mice; d The maturation of
CNCC-derived cartilaginous tissues was severely inhibited in Nell-
1Wnt1-R26RKO mice with evidence of extremely low levels of Collagen
type II matrix. *P < 0.05; **P < 0.01; ***P < 0.005; n= 3 for b–d
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subsequently collected and analyzed although we did not
observe noticeable hydrocephalic manifestations in any
newborn mice. Nell-1Wnt1-R26R KO embryos were stained
positive by X-gal to display areas of Nell-1 inactivation and
to assist lineage tracing (Supplementary Fig. 3A). Grossly,
there were no visible malformations of the craniofacial

tissues in either Wnt1 expressing cell lineage and other
origins in Nell-1Wnt1-R26R KO embryos. At the tissue level,
the embryonic and neonatal Nell-1Wnt1KO mice did not
demonstrate any pathological changes of the brain ven-
tricles, although Nell-1 inactivation did occur in CSF pro-
ducing cells from Nell-1Wnt1-tdTomato KO mice
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(Supplementary Fig. 3B, C). Micro-CT imaging exhibited
obvious delayed development of the MB and cranial vault
in E17.5 Nell-1Wnt1KO embryos (Supplementary Fig. 3D).
Immunostaining of OCN and TRAP staining clearly
demonstrated that inactivation of Nell-1 in CNCCs has a
significant impact on both osteoblastic and osteoclastic
activities, resulting in delayed formation and mineralization
of the MB even at E17.5 (Supplementary Fig. 3E).

Nell-1 is required for the full osteogenic
differentiation potential of CNCCs

Clearly, the osteogenic potential of primary calvarial cells
was significantly diminished in Nell-1 KO cells as evi-
denced by decreased expression of the osteogenic marker
genes, OCN, Osteopontin (OPN), and Runx2 (Supplemen-
tary Fig. 4A), lower ALP at day 5, and reduced intensity of
mineralization at day 21 using Alizarin red staining (Sup-
plementary Fig. 4B). The later stage inactivation of Nell-1
by adenoviral CMV-Cre delivery to Nell-1flox/flox calvarial
cells did not affect mineralization as compared with the
earlier stage (Day 9) inactivation (Supplementary Fig. 5).
Similarly, the CNCCs isolated from the FB of Nell-1Wnt1KO
mice also exhibited significant reduction of ALP activity at
day 7, and reduction of mineralization at day 21 compared
with CNCCs from WT mice (Fig. 5a). The quality control

of isolated CNCCs from non-cranial neural crest calvarial
cells was monitored at two steps: (1) during physical
separation, and (2) during Nell-1 gene expression profiling
(Fig. 2a). The gene expression of the major osteogenic
markers, ALP and OCN, but not Runx2, was significantly
downregulated in CNCCs of Nell-1Wnt1KO mice (Fig. 5b),
but not in the parietal bone-derived calvarial cells from
same batch of Nell-1Wnt1KO mice as compared with cells
from WT mice (Supplementary Fig. 6). The EdU cell pro-
liferation assay revealed that Nell-1Wnt1KO CNCCs had
significantly less proliferative potential (Fig. 5c), which was
supported with cell cycle analysis showing much lower
DNA synthesis replication phase (S phase) CNCCs in Nell-
1Wnt1KO mice (7.2 ± 0.66%) than in WT mice (11.8 ±
0.27%) (Fig. 5d). In contrast, the apoptotic cells were
slightly greater in Nell-1Wnt1KO CNCCs (9.0 ± 0.13%) over
those of the WT (8.5 ± 0.20%) (Fig. 5e), while the gating
strategies for flow cytometry analyses were strictly enforced
(Supplementary Fig. 7). Thus, Nell-1 significantly mod-
ulates the proliferation and osteogenic potential of CNCCs,
which correlate with the abnormal craniofacial skeletal
phenotypes observed in Nell-1Wnt1KO mice.

Wnt/β-catenin signaling is downregulated in Nell-1
deficient CNCCs and its craniofacial bone derivatives

Previously, Nell-1 has been reported as a novel agonist of
the canonical Wnt signaling pathway due to its pro-
osteogenic properties [29]. The critical impact of the Wnt
signaling pathway has also been identified in the develop-
ment and growth of the craniofacial skeletal tissues [38].
Therefore, it is meaningful to investigate the changes of
Wnt/β-catenin signaling in the context of CNCC specific
Nell-1 KO mice for craniofacial malformations. Apparently,
the inactivation of Nell-1 is responsible for the lower basal
level of active β-catenin and the gene expressions of Wnt/β-
catenin downstream targets, C-myc and Cyclin D, in CNCCs
from Nell-1Wnt1KO newborns (Fig. 6a). CNCCs from Nell-
1Wnt1KO mice exhibited significantly lower expression pat-
terns of Wnt signaling molecules and reduced osteogenic
markers, ALP and OCN, compared with those from WT
mice (Fig. 6b). Immunostaining of active β-catenin from
CNCCs-derived bone tissue sections further demonstrated
the significantly defective Wnt canonical signaling pathway
in Nell-1Wnt1KO mice (P0) (Fig. 6c). Significantly, recom-
binant Nell-1 protein can partially rescue not only the
defective Wnt signaling molecules, but also osteogenic dif-
ferentiation to a level close to that in WT CNCCs at 1000
ng/ml that was empirically determined with primary CNCCs
(Fig. 6b and Supplementary Fig. 8). Nevertheless, Nell-1
protein can also partially rescue osteogenic deficits and
elevate Wnt downstream targets of gene expression in WT
CNCCs that were treated with Wnt signaling inhibitor

Fig. 4 Nell-1Wnt1KO young adult mice develop postnatal hydro-
cephalus. a The gross appearance of the whole body and b skulls of
young adult WT and affected Nell-1Wnt1KO mice (P32) showed classic
dome-shaped heads in KO specimens. The skull length (Ante-
roposterior length, AP), skull height, and body length were measured,
showing significant features of hydrocephalus; c Micro-CT imaging
with color-coded bone density heat-maps showed distinct decreases in
the size and mineral density of the frontonasal bones, defects of the
frontal bones (*), widened cranial sutures, premature ossification of the
intraphenoidal synchondrosis (ISS, red arrow) and sphenoid-occipital
synchondrosis (SOS, yellow arrow) in hydrocephalic Nell-1Wnt1KO
mice compared with WT controls; d 2D coronal and sagittal X-ray
images demonstrated an enlarged hydrocephalic skull profile and
premature ossification/fusion of the synchondrosis in the cranial base
(arrows) in Nell-1Wnt1KO mice; (e) Histologically, the typical mor-
phological changes of the dilated brain ventricles (*) and the com-
pressed brain cortex in hydrocephalus were revealed from the sagittal
and coronal views. f At the cellular level, the composition of the
cartilaginous matrix corroborates the ossified synchondrosis observed
in hydrocephalic Nell-1Wnt1KO mice as compared to WT controls;
(g) stronger OCN immunostaining was observed in the hydrocephalic
samples over WT controls; h The swollen epithelial cells of the
choroid plexus were readily observed in hydrocephalic Nell-1Wnt1KO
specimens; i Immunohistochemistry of the markers of epithelial cell of
the choroid plexus, prealbumin, and the ependymal cells, vimentin,
were performed respectively. The misplaced expression pattern of
vimentin was observed in hydrocephalic Nell-1Wnt1KO specimens;
(j) Immunohistochemistry of Pit-2 exhibited dysregulation among CP
epithelial and ependymal cells of the dilated brain ventricle and the
fourth ventricle in hydrocephalic Nell-1Wnt1KO specimens. *P < 0.05;
****P < 0.001; n= 6 for a and b; n= 3 for i and j
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[39, 40], DKK-1 that interferes interaction of Wnt ligands
and receptors by binding to lrp5/6 and Kremen proteins, but
not in WT CNCCs being treated with PNU 74654, which
prevents Tcf from binding to β-catenin (Fig. 6d–f). As a

result, Nell-1 is a pivotal component of the canonical Wnt
pathway in regulating CNCC osteogenesis. However, it
remains unclear whether Nell-1 uses distinct mechanisms
from Wnt ligands in achieving its regulatory role.
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Discussion

With defined conditional knockout of Nell-1 in Wnt1
expressing cells, the CNCC-derived craniofacial skeletons
of the frontonasal and MB exhibited lower BMD and
reduced bone volume in embryonic and neonatal Nell-
1Wnt1KO mice at complete penetrance. The similar cranio-
facial skeletal hypoplasia phenotype was also identified in
the majority of Nell-1CMVKO mice except for some severe
cases. This further implicated the prominent role of Nell-1
in craniofacial skeletal tissues. Surprisingly, a relatively
high prevalence of hydrocephalus was identified in Nell-
1Wnt1KO mice at postnatal 30–40 days. This is the first
report demonstrating the association of Nell-1 with hydro-
cephalus, which has shown to be frequently associated with
abnormalities of the choroid plexus and ependymal cells as
well as corticogenesis in murine models [22, 41–43]. This
new finding may indicate possible functional impact by
Nell-1 on choroid plexus epithelial cells and ependymal
cells of the central nervous system in addition to its pro-
minent pro-osteochondral properties, thereby warranting
further investigation. The global deletion of Nell-1 in END
mice resulted in neonatal lethality with severe cartilage and
bone deformities including CCD-like phenotypes in cra-
niofacial tissues [5, 9]. In contrast, the majority of Nell-
1CMVKO mice survived at birth with various degrees of
craniofacial skeletal hypoplasia. The phenotypic dis-
crepancies between END and Nell-1CMVKO mice, as well
as among Nell-1CMVKO mice themselves, may be attribu-
table to different degrees of inactivation/diminishment of
the Nell-1 molecule because Cre activation and Cre-loxP
recombination are highly influenced by promotor activity of
the CMV driver mouse [5, 11, 44, 45]. Consequently, in
comparison to the CMV-Cre mouse line, the Wnt1-Cre line
has been shown to be a more reliable tool to study CNCC
specific knockouts [16, 22, 32].

The hypoplastic skeletal phenotype in CNCC deriva-
tives- frontonasal and MB, was readily noticeable at late
embryonic stages and became more significant in neonatal

Nell-1Wnt1KO mice as measured by micro-CT and histolo-
gical analyses. Similar to previous findings with primary
calvarial cells from END mice [9, 46], the osteogenic dif-
ferentiation and proliferation of CNCCs were impaired by
the cell specific knockout of Nell-1. Significantly, the
application of recombinant Nell-1 can compensate for the
loss of osteogenic differentiation of Nell-1Wnt1KO CNCCs.
Thus, Nell-1 is an essential player for the full osteogenic
potential of CNCCs and for normal bone formation during
craniofacial skeletal development. Mechanistically, Nell-1,
as a direct downstream target of Runx2 [47], has been
identified to involve multiple major signaling pathways
including MAPK (ERK/JNK) [46, 48, 49], Wnt/β-catenin
[6, 29], Integrin β1/FAK [50, 51], and IHH [52, 53] due to
its osteogenic role in various experimental settings [54, 55].
Since the inactivation of β-catenin in Wnt1 expressing cell
linages resulted in severe craniofacial skeletal defects [16],
the influence of Nell-1 inactivation on Wnt/β-catenin sig-
naling during osteogenic differentiation of CNCCs was
chosen as a primary focus of the mechanistic study. Nell-
1Wnt1KO CNCCs exhibited significantly reduced gene
expression of the downstream targets of Wnt/β-catenin. The
application of recombinant Nell-1 can compensate the
reduction of these genes’ expression not only in Nell-
1Wnt1KO CNCCs, but also in WT CNCCs treated with Wnt
inhibitors that act at two different points of the Wnt sig-
naling pathway [39, 40]. Clearly, our data indicate that the
major point/site of Nell-1 in activating Wnt/β-catenin sig-
naling would be downstream of Wnt receptor/co-receptors
in CNCCs. This is in agreement with the latest finding of
Cntnap4, a cell surface receptor of Nell-1, to be required for
Nell-1′s osteogenic effects in primary calvarial cells and
MC3T3-E1 cells. Specifically, Wnt/β-catenin signaling
activation and osteoblastic differentiation by Nell-1 stimu-
lation were attenuated in MC3T3-E1 cells with Cntnap4
knockdown [8]. Collectively, these data indicate that Nell-1
is not only a pivotal component of the canonical Wnt/β-
catenin signaling pathway, but also a novel agonist of Wnt
signaling [6, 29] through interacting with its specific
receptor and/or other potential binding partners including
integrin β1 in modulating the osteogenic potential of post-
migratory CNCCs during craniofacial skeletal development.
Apparently, a more complex mechanism is expected as a
result from possible crosstalk among the aforementioned
signaling pathways [55, 56]. Alternatively, Nell-1 may also
employ mechanisms involving β-catenin irrelevant to Wnt
signaling as suggested in the β-cateninWnt1 KO mice model
[16, 57].

Interestingly, Nell-1 inactivation in Wnt1 expressing cell
lineages was associated with postnatal hydrocephalus for
the first time. As defined by the International Hydro-
cephalus Working Group, hydrocephalus is “an active dis-
tension of the ventricular system resulting from inadequate

Fig. 5 Nell-1 inactivation reduces CNCCs osteogenic capacity and cell
proliferation. The CNCCs isolated from Nell-1Wnt1KO newborn mice
demonstrated significantly impaired osteogenic capacity as demon-
strated by a ALP staining and mineralization, and b gene expression of
the osteogenic markers ALP, OCN, and Runx2; c in vitro EdU
labeling exhibited significantly reduced positive cells from Nell-
1Wnt1KO mice, and d flow cytometry cell cycle analyses further con-
firmed the lower proliferative cell populations in Nell-1Wnt1KO mice.
Specifically, CNCCs in the DNA synthesis phase (S phase) of WT
mice (11.8 ± 0.27%) were significantly more than that of Nell-1Wnt1KO
(7.2 ± 0.66%). e While the rates of early apoptosis of CNCCs mea-
sured by flow cytometry from Nell-1Wnt1KO mice (9.0 ± 0.13%) was
slightly higher than that of WT mice (8.5 ± 0.20%), no statistically
significant difference was found. NS no significance; *P < 0.05;
***P < 0.005; ****P < 0.001
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passage of CSF from its point of production within the
cerebral ventricles to its point of absorption into the sys-
temic circulation” [58]. Thus, the inadequate production and
absorption of CSF or the abnormal passage of CSF

circulation may result in hydrocephalus. In agreement with
CNCCs being a multipotent mesenchymal stem cell popu-
lation for neural and craniofacial tissues [59], the choroid
plexus where CSF was produced and the ependymal cells
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which are the ciliated lining cells of the brain ventricles in
charge of directing CSF flow were reported to be derived
from Wnt1-expressing cell populations of the dorsal
midline [42, 60, 61] and experimentally verified using Nell-
1Wnt1-tdTomato KO mouse in this study. This led us to
examine whether these structures were affected in Nell-
1Wnt1KO mice that may account for the development of
hydrocephalus. Likely, the structural abnormalities and
misplaced expression of vimentin and pre-albumin/trans-
thyretin in the degenerative choroid plexus epithelial cells
and ependymal cells are part of the pathogenesis of
hydrocephalus in postnatal Nell-1Wnt1KO mice. The high
prevalence of premature ISS fusion in hydrocephalic Nell-
1Wnt1KO mice may implicate the considerable impacts of
skeletal deformities or abnormal mechanical forces on the
developing brain to hydrocephalus development as sug-
gested in other relevant studies [62, 63]. The seemingly
paradoxical results of premature ossification of the ISS with
overall cranial skeletal hypoplasia in hydrocephalic Nell-
1Wnt1KO mice need to be further investigated in future
studies. Furthermore, our data on the significant alterations
of Pit expression in hydrocephalic Nell-1Wnt1KO mice may
implicate that the dysregulation of phosphate import from
the CSF is a part of critical mechanisms in the pathogenesis
of hydrocephalus [37, 64]. Coincidentally, there were

several conditional gene inactivation models using Wnt1-
Cre resulting in hydrocephalus including Huntingtin protein
[22], Pax3 transcription factor [65], and RFX3 [41]. Likely,
this is due to the cumulative insults by inactivation of these
functional molecules to the subcommissural organ, epen-
dymal cells, and epithelial cells of the CP that originate
from early Wnt1 expressing neuroepithelial cells [20, 24].
Nevertheless, L1 cell adhesion molecule (L1cam) was
recognized as a highly affected gene for X-linked congenital
hydrocephalus in humans [66], and its underlying
mechanism was proposed as the loss of L1cam function
affecting radial migration in corticogenesis in a murine
model [43]. Therefore, the exact mechanism of the devel-
opment of hydrocephalus may be more complex than what
has been reported. It is significant that Nell-1 becomes a
newly identified factor in contributing to the pathogenesis
of postnatal hydrocephalus. The dual role of Nell-1 in
osteochondral and neural tissue development and growth as
evidenced in this study may provide a new research avenue
to the growing field of neuroskeletal biology [3, 54, 67–70].
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