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ADAM10 modulates SOX9 expression via N1ICD
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The cranial base is the foundation of the craniofacial structure, and any interruption of the cranial base can
lead to facial deformity. The cranial base develops from two synchondroses via endochondral ossification.
Chondrogenesis is an important step in endochondral ossification. A disintegrin and metalloprotease
(ADAM) 10 participates in the Notchl signalling pathway, which has been reported to regulate
chondrogenesis via a SOX9-dependent mechanism. However, little is known about the function of
ADAMI10 in chondrogenesis. In this study, adam10-conditional-knockout (cKO) mice exhibited sharper
naso-labial angles and flatter skulls than wild-type (WT) mice. In the sagittal plane, SOX9 was more
widespread in the cranial base in Adam10-cKO mice than in WT mice. For in vitro experiments, we used
the ATDCS5 cell line as a model to investigate the role of ADAM10 in chondrogenesis. Plasmid 129 was

] 5 designed to decrease the expression of Adaml0; the resulting downregulation of Adam10 reduced the
iii:g’ti% ?étiugctgéser 2018 production of N1ICD. Plasmid 129 increased the expression of SOX9 under chondrogenic induction, and
this increase could be inhibited by transfection with exogenous N1ICD. Collectively, these results show

DOI: 10.1039/cBra05609a that ADAM10 participates in chondrogenesis by negatively regulating SOX9 expression in an N1ICD-
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1. Introduction

The cranial base is the foundation of the cranial facial structure.
Abnormal cranial bases are related to a variety of diseases that
manifest specific facial appearances. In neurofibromatosis type
I patients, cranial base shortening, especially in the anterior
region, results in a short facial appearance and in mid-face
hypoplasia.* Apert syndrome, a developmental malformation-
related syndrome, is also characterized by mid-face hypoplasia
caused by early craniosynostosis of the cranial base.” Moreover,
both the length and angle of the cranial base have been proved
to be different in Class II and Class III malocclusion patients
from in individuals with normal occlusion.® Specifically, Class
III malocclusion patients manifest a reduced cranial base
length, while Class II malocclusion patients exhibit a prolonged
cranial base.
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dependent manner during cranial base development.

The bone structure of the cranial base develops through
endochondral ossification. Over the past few decades,
researchers have revealed numerous molecules related to
endochondral ossification. For example, Shh initiates chon-
drogenic differentiation;** Wnt, FGF and TGFf modulate
chondrogenic competence and matrix production;® and other
molecules, such as BMP, PKA, HIFla, and Notch, regulate
endochondral bone formation at different stages.”®

As a classical member of the ADAM family, ADAM10 acts as
an a-secretase enzyme on substrates that are widely distributed
in cells, including Notch, N-cadherin, APP and others. Adam10-
conditional-knockout (cKO) mice harbouring different Cre
enzymes exhibit perinatal fatality, seizures, altered spine
morphology and other pathologies,”'® and Adam10 deletion in
endothelial cells impairs blood vessels and the heart." In vivo
experiments using other models have produced similar results,
including dyspoiesis and circulatory system dysfunction.**

In a previous study, we explored the influence of ADAM10 on
intramembranous bone formation during maxillary and
mandibular development in mice."> ADAM10 has been found to
be highly expressed in the mouse cranial base during the
embryonic and youth periods. Furthermore, in the mouse
cranial base synchondroses, ADAM10 is mainly expressed in the
hypertrophic zones, with decreased expression in the prolifer-
ative zones and hardly any expression in the resting zones.™
However, the role of ADAM10 in chondrogenesis remains
unclear. In this study, a conditional-knockout mouse model was
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used to observe the changes caused by the absence of Adam10
expression. The ATDC5 cell line was also used as a model to
explore the role of ADAM10 in chondrogenesis.

2. Experimental
Mouse strains and genotyping

Wild-type (WT) mice of different growth stages were purchased
from Shanghai Laboratory Animal Company (SLAC). Transgenic
mice were raised in the specific pathogen-free (SPF) animal
laboratory of Shanghai Ninth People's Hospital. Both Adam10-
flox mice (a kind gift from Prof. Zhiqi Xiong) and Wnt1-Cre
mice (a kind gift from Prof. Leping Chen) were maintained on
a C57 background. All animal operations were approved by the
Animal Ethics Committee of Shanghai Ninth People's Hospital.
All methods were conducted in accordance with the approved
guidelines, and all animals were sacrificed in a humane
fashion.

In vivo experiments

Embryonic and neonatal mice were sacrificed on ice. Photos of
embryos were taken with a stereoscopic microscope (Nikon,
Japan).

After the bodies had been fixed in 4% paraformaldehyde for
over 24 h, they were dehydrated in a series of increasingly
concentrated sucrose solutions. Then, frozen sections were
generated according to a previously described protocol and
stored at —20 °C.* These sections were brought to room
temperature for the immunofluorescence analysis.

Immunofluorescence

Tissue sections and cell slices were permeabilized with 0.3% (v/
v) Triton and blocked with 5% (w/v) bovine serum albumin
(BSA) for 1 h on a shaker at room temperature. After blocking,
phosphate-buffered saline (PBS) was used to wash the samples 3
times, and then primary antibodies against SOX9 (Abcam, USA,
1: 500) and ADAM10 (Abcam, USA, 1 : 300) were incubated with
the samples at 4 °C. A secondary antibody (Invitrogen, USA,
1:1000) was then incubated with the samples for 1 h at room
temperature. Hoechst (Invitrogen, US, 1:5000) was used to
stain the cell nuclei 10 min at room temperature. After washing
with PBS 3 times, the sections and cell slices were mounted with
Fluoromount-G (Invitrogen, USA) and stored at —20 °C. Images
were obtained with a confocal microscope (Canon, Japan). Each
experiment was replicated 3 times.

Cell culture

The ATDCS5 cell line was cultured in F-12 medium/Dulbecco’s
modified Eagle's medium (DMEM) (HyClone, USA) containing
10% foetal bovine serum (FBS; Gibco, USA) and 1% penicillin-
streptomycin (HyClone, US) in a humidified atmosphere with
5% CO, at 37 °C. Insulin-Transferrin-Selenium (ITS) solution
(Gibco, US) was used to induce chondrogenesis in the ATDC5
cell line.
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Western blot assays

Protein quantification was performed via western blot assays.
Radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
China) was used to lyse cells on ice. After adding loading buffer
and heating the lysates to 95 °C for 10 min, the lysates were
resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels.
Then, the separated proteins were transferred from the gel to
a polyvinylidene fluoride (PVDF) membrane (Millipore, USA).
After blocking in 5% (w/v) skim milk (Becton, Dickinson and
Company, USA) for 1 h, the membrane was incubated with
primary antibodies against ADAM10 (Abcam, USA, 1 : 1000),
N1ICD (Cell Signaling Technology, USA, 1:1000), and SOX9
(Abcam, USA, 1 :1000) at 4 °C overnight. A horseradish perox-
idase (HRP)-conjugated secondary antibody (Cell Signaling
Technology, USA, 1 : 3000) was applied for development. Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, Invitrogen,
USA, 1:3000) was used as a loading control. Each experiment
was replicated 3 times.

Plasmid transfection

Plasmids were designed to knock down the expression of
Adam10; plasmid 129 was designed to target the sequence
coding the ADAM10 metalloproteinase structural domain, and
plasmid 132 was designed to target the sequence coding the
ADAM10 disintegrin domain. In addition, a full-length ADAM10
plasmid was designed to overexpress ADAM10, and an Nlicd
plasmid was designed to overexpress N1ICD. A scrambled
plasmid was transfected into cells as a control. All plasmids
were designed with a green fluorescence tag, and the FUGENE®
HD transfection reagent (Progema, USA) was used to transport
plasmids into the cells at selected ratios. Each experiment was
replicated 3 times.

Statistical analysis

The densities of the bands obtained from the western blot
assays were analysed with Image]J (NIH, USA), and the data were
processed with SPSS (SPSS, USA). A Pvalue of 0.05 was chosen as
the level of significance. Bar graphs were generated with Prism
(GraphPad, US).

3. Results and discussion

Adam10-conditional-knockout (¢cKO) mice exhibited a unique
morphology

Adam10-flox/flox mice were mated with Wnt1-Cre mice to
generate Adam10-cKO mice to study the effects of adam10 on
chondrogenesis in the mouse cranial base. None of the ¢KO
mice survived to birth. Adam10-cKO mice were still alive at
E15.5, so 3 Adam10-cKO mice and 3 WT mice at E15.5 were used
for experiments. The Adam10-cKO mice exhibited unique
characteristics. In addition to having a smaller body than WT
mice, Adam10-cKO mice had a relatively more acute naso-labial
angle, as indicated by the red line in Fig. 1a, b and e. Addi-
tionally, the cranium of Adam10-cKO mice was flatter than that
of WT mice (Fig. 1a and b). Immunofluorescence staining
showed that Adam10-cKO mice possessed shorter resting and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Changes in morphology and SOX9 expression during chondrogenesis in adam10-cKO mice. Images (a) and (b) show the morphology of
WT mice and Adam10-cKO mice (cKO). The red lines depict the naso-labial angles of the WT and Adam10-cKO mice. Images c and d depict the
changes in SOX9 expression and the structure of the synchondroses. The green fluorescence in images c and d shows the protein expression of
SOX9. In images (c) and (d), R represents the resting zone, P represents the proliferative zone and H represents the hypertrophic zone. Beneath
images (c) and (d), the red line indicates the length of the resting zone, the green line indicates the length of the proliferative zone, and the blue
line indicates the length of the hypertrophic zone. The areas surrounded by white frames in image (c) are amplified in images (e), (f), and (g) by
200x. The areas surrounded by white frames in image (d) are amplified in images (h), (i), and (j) by 200x. Graphs (k), (1), and (m) illustrate the
statistical results of the comparisons between WT and Adam10-cKO mice regarding the naso-labial angles, the percentage of the proliferation
zone and the percentage of the resting zone, respectively. * represents a significant difference between Adam10-cKO mice and WT mice. P <
0.05.
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proliferative zones than did WT mice (Fig. 1c, d, f and g). SOX9
was significantly expressed in the resting zone and proliferative
zone in Adam10-cKO mice, while it was hardly expressed in the
same zones in WT mice (Fig. 1c and d).

As the cranial base is the foundation of the hard craniofacial
tissue, its length and angle influence facial appearance in
mammals.” Understanding cranial base formation and the
involved regulatory mechanisms is thus important, and as
shown in previous studies, chondrogenesis is a vital step in
cranial base formation.*®

Because ADAM10 is highly expressed in the embryonic and
infant stages, Wnt1-Cre mice were mated with Adam10-flox/flox
mice to knock out Adam10. However, Adam10-cKO mice were
unable to survive to birth. Thus, caesarean delivery was per-
formed to obtain live Adam10-cKO mice. E15.5 was the latest
time point to which the Adam10-cKO mice survived. The signif-
icance of Adam10 in neural and cardiovascular development
might underlie the high mortality. Adam10-cKO mice showed
a special phenotype; the poorly developed flat cranium might be
a consequence of the cranial hypoplasia and obvious oedema.
Hypoplasia of the cranial base was an important potential reason
for the acute angle between the nose and rostrum. Confocal
immunofluorescence microscopy confirmed that the resting
zone and proliferating zone in the synchondroses of the Adam10-
cKO mice were much shorter than those of the WT mice. Addi-
tionally, abundant expression of SOX9 in the Adam10-cKO mice
indicated the advancement of chondrogenic differentiation.
Surprisingly, SOX9 was expressed in the resting zones and the
proliferative zones. Most previous studies have focused on the
changes in SOX9 expression in the cranial base during develop-
ment. In this study, the spatial expression of SOX9 in cranial base
synchondroses was revealed by immunofluorescence. B. Balc-
zerski, P. Francis-West et al. reported that in mice, the onset of
chondrogenesis occurs much later in the cranial base than in the
trunk, and they found that SOX9 mRNA could be detected until
E11.5." Moreover, Nie X. et al reported that SOX9 showed
a similar spatial expression pattern as that in our WT group by
E14."® In this study, the immunofluorescence images showed the
central area of the synchondroses without the extending hyper-
trophic zones; the expression of SOX9 might be lower in the
hypertrophic zones. Moreover, Col2alCre;Rosa™*"" mice have
been reported to exhibit decreased cell proliferation and
increased SOX9 expression in growth plates, which might help
explain the short cranial base in adam10-cKO mice,* since Notch
is an important substrate for the cleavage of ADAM10. Earlier
exhaustion of cells and insufficient proliferation in the resting
zone could have resulted in insufficient cells for differentiation,
causing a relatively shorter cranial base than normal. Further-
more, the length of the cranial base was not adequate to support
the development of the brain, which might have resulted in the
specific morphological characteristics and high mortality of the
Adam10-cKO mice.

Expression of ADAM10 in the ATDC5 cell line

To conveniently investigate the effects of ADAM10 on chon-
drogenesis, the ATDC5 cell line was used for in vitro research.
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The ATDCS cell line, which was first isolated from a differenti-
ating mouse teratocarcinoma, tends to undergo chondrogenic
differentiation in a chondrogenic induction environment, and
increasing numbers of researchers are using it as a model to
investigate the mechanisms of chondrogenesis.>** Chondro-
genic induction in the ATDC5 cell line was achieved through the
application of ITS.

Immunofluorescence analysis revealed the changing loca-
tion of ADAM10 and western blot assays revealed the changing
protein expression of ADAM10 during chondrogenic induction
in ATDC5 cells. As the immunofluorescence results showed,
ADAM10 was initially located in the cytoplasm and cell
membrane (Fig. 2a). ADAM10 became concentrated in the
nucleus soon after induction; then, it returned to the cytoplasm
and was evenly distributed 24 h after induction (Fig. 2a-f). A
previous study revealed that a cleaved fragment of ADAM10
might translocate into the nucleus to modulate gene expres-
sion,” which we intend to investigate further in future
experiments.

Western blot assays showed that under the influence of ITS,
the expression of premature ADAM10 increased for the first 7
days and decreased on day 9, while the expression of mature
ADAM10 continued to increase until day 9 (Fig. 2g-i). Chu-
binskaya S. reported that ADAM10 expression is high in infant
and adolescent stages and declines beginning in middle age.*
The expression pattern of ADAM10 in the ATDC5 cell line
exhibited a similar tendency during chondrogenic induction.

Down-regulation of Adam10 via plasmid transfection

FuGENE® HD transfection reagent was used to transfect ATDC5
cells with plasmids. Reagent : plasmid ratios from2:1to5:1
were tested for the green fluorescent protein (GFP)-tagged
plasmid transfection into ATDC5 cells, and a 3 : 1 was found
to be the most appropriate, as this ratio resulted in high
transfection efficiency without negative effects on cell
morphology (ESI figuret). Plasmids 129 and 132, which were
tagged with GFP, were designed to decrease the expression of
ADAM10. After these plasmids were transfected into the ATDC5
cells at a ratio of 3 : 1, the green fluorescence showed that over
90% of the cells were successfully transfected (Fig. 3a and b).
Western blot assays showed that both plasmid 129 and plasmid
132 decreased the synthesis of ADAM10 protein in the ATDC5
cell line. Moreover, plasmid 129 decreased ADAM10 expression
more efficiently than plasmid 132. Thus, plasmid 129 was
selected for further investigation (Fig. 3c-e).

ADAM10 is a typical proteolytic enzyme that cleaves mole-
cules to produce functional fragments or degrades the extra-
cellular matrix.**** ADAM10 has been proved to participate in
many biological and pathological processes. In vivo studies have
shown that ADAM10 participates in embryonic development;
embryonic stem cell migration is the first process in which
ADAM10 is involved.>” Moreover, ADAM10 is involved in the
development of the nervous system, small intestine, cardio-
vascular system and renal cortex.’***° In adults, ADAM10
regulates physical functions such as haematopoiesis and
secondary lymphoid tissue architecture maintenance.**?

This journal is © The Royal Society of Chemistry 2018
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Fig.2 ADAMI10 was expressed in the ATDCS5 cell line. Panels (a—f) illustrate the changing location of ADAM10 in the ATDC5 cell line immediately
after ITS was applied. The ADAM10 molecules are indicated by green fluorescence. Panel (g) shows the protein expression level of ADAM10 after
induction by ITS. Graph (h) shows the relative grey value of the premature ADAM10 protein bands, while graph (i) shows the relative grey value of
the mature ADAM10 protein bands. The data are presented as the means with standard deviations (SDs). * represents significant differences
between 0 d and the other time points. P < 0.05.

Abnormal ADAM10 expression may lead to serious conse- inflammation, resulting in damage to cartilage.**** Moreover,
quences. For example, excessive ADAM10 degrades the matrix extracellular matrix loss caused by ADAM10 overexpression
while synthesis is not sufficient. This imbalance exacerbates facilitates the metastasis of tumour cells.>**>*® In contrast, low
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Fig. 3 Knockdown of ADAM10 in the ATDCS5 cell line via plasmid transfection. Panel (a) shows ATDC5 cells under a light microscope. Panel (b)
shows the same visual field as that of panel (a) under a fluorescence microscope. The green fluorescence indicates the cells transfected with
plasmids. Panel (c) shows the protein level of ADAM10 after plasmid 129 and plasmid 132 transfection. Panel (d) and panel (e) show the relative
grey values of premature ADAM10 and mature ADAM10, respectively, normalized to the grey value of GAPDH. * represents significant differences
between the control group and the other groups. P < 0.05.

expression of ADAM10 induces the accumulation of amyloid- ADAM10 modulated SOX9 expression via the Notch1
B (AB), which leads to Alzheimer's disease.’” Thus, ADAM10 has intracellular domain (N1ICD)
been regarded as a meaningful therapeutic target for Alz-

; . Few studies have been performed to determine the role of
heimer's disease.*

ADAM10 in chondrogenic differentiation. Eun-Jung Jin reported
that ADAM10 inhibits cell proliferation in the mesenchymal
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Fig. 4 Knockdown of ADAM10 changed the expression of N1ICD and SOX9. Panel (a) shows the protein expression of N1ICD after plasmid 129
transfection. Panel (b) shows the relative grey value of the bands in panel (a). Panel (c) shows the protein expression of SOX9 under different
conditions. Panel (d) shows the relative grey value of the bands in panel (c). * represents a significant difference between the control group and
the other groups. # in panel (d) represents a significant difference between the ITS group and the 129 + ITS group. P < 0.05.
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Fig. 5 ADAMI10 regulated SOX9 expression via N1ICD. All the results were obtained after 4 days of induction. Panel (b) shows the statistical
analysis results for the data in image (a). The bars indicate the mean relative grey values with SDs. * indicates significant differences between the
scramble group and the other groups. # indicates significant differences between the group transfected with 0.1 pg of Nlicd + 0.2 ng of plasmid
129 and the groups transfected with 0.2 or 0.4 pg of Nlicd plasmid + 0.2 pug of plasmid 129.

bud during endochondral ossification.** Recently, Zhao R. et al.
reported that knocking down Adam10 in endothelial cells cau-
ses a lack of osteoclastogenesis in chondro-osseous junctions in
a Notch-dependent manner.*® In addition to exploring the direct
effects of ADAM10 on endochondral ossification, researchers
have also investigated the downstream effects of ADAM10
during hard tissue development. Watanabe N. et al. reported
that Notch1 suppresses the proliferation and differentiation of
early chondrogenic cells.** Additionally, Yoko Hosaka et al. re-
ported that Notch signalling modulates the terminal stage of
endochondral ossification via an RBPjk-dependent pathway,*
and Timothy J. Mead and Katherine E. Yutzey reported that
conditional loss of function of the Notch signalling pathway in
mice leads to deformity of the axial skeletal with overexpression
of SOX9 in the limbs.* To explore the influence of ADAM10 on
the Notch1 signalling pathway in the ATDC5 cell line, the
expression level of the cleavage product of ADAM10, N1ICD, was
detected via western blot assay. After transfection of cells with
plasmid 129, the protein expression of N1ICD was effectively
reduced (Fig. 4a and b).

SOX9 is important in chondrogenesis, as it is required for the
aggregation of mesenchymal cells, which initiates chondro-
genesis. SOX9 also participates in cell proliferation, migration
and differentiation together with SOX5 and SOX6.** In many
studies, SOX9 has been regarded as the most important
comprehensive marker for chondrogenesis. To determine the
influence of ADAM10 on SOX9 expression, scrambled control

This journal is © The Royal Society of Chemistry 2018

plasmid, plasmid 129 and ITS were applied to four groups: the
control group, the 129 group, the ITS group, and the 129 + ITS
group. SOX9 expression was low in the control group and the
129 group, and there was hardly any difference between the two
groups. This finding indicated that ADAM10 has no effect on
the ATDCS5 cell line under common culture conditions. The ITS
and 129 + ITS groups showed high levels of SOX9 expression,
with a much higher level in the latter group (Fig. 4c and d). After
ITS application, ATDCS5 cells appeared to favour chondrogenic
differentiation. Elevated SOX9 expression in the 129 + ITS group
indicated that silencing ADAM10 expression further enhanced
chondrogenic differentiation. In other words, SOX9 expression
might have been suppressed by ADAM10. However, it was still
unclear whether the modulatory effect of ADAM10 on SOX9 is
related to N1ICD.

ADAM10 has been identified as the a-secretase that activates
the Notch1 signalling pathway through cleavage.* The western
blot assay revealed that plasmid 129 could inhibit the produc-
tion of N1ICD by knocking down ADAM10. Additionally, Notch1
has been proven to be a vital modulator of chondrogenesis. To
investigate the relationship among ADAM10, Notch1 and SOX9,
we examined SOX9 expression in ADAM10-knockdown and
N1ICD-overexpressing ATDC5 cells. Transfection with the full-
length Adam10 (Adam10-FL) plasmid slightly increased SOX9
expression (Fig. 5), indicating that full-length ADAM10 was able
to promote the expression of SOX9. This contradictory result
might have been caused by the protein formation of ADAM10.

RSC Adv., 2018, 8, 38315-38323 | 38321
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During ADAM10 protein synthesis, some fragments are cleaved
from the full-length ADAM10, but few studies have been per-
formed to investigate the function of these fragments. Trans-
fection with the Nlicd plasmid slightly decreased the
expression of SOX9, and this result agreed with our original
hypothesis that N1ICD acts as a negative regulator of SOX9
expression. When Adam10 was knocked down by plasmid 129,
SOXO9 expression was not affected by treatment with 0.1 nug of the
Niicd plasmid. However, 0.2 pg of the Nlicd plasmid signifi-
cantly reduced SOX9 expression after transfection with plasmid
129. Treatment with 0.4 pg of the N1icd plasmid had a similar
effect as that of 0.2 pug of N1icd. This result directly showed that
the increase in SOX9 expression induced by ADAM10 inhibition
could be rescued by N1ICD. However, N1ICD overexpression did
not significantly decrease the expression of SOX9, possibly due
to some other bypass mechanism through which ADAM10 can
modulate SOX9 expression. Based on the above findings, we
propose that ADAM10 might modulate chondrogenesis via the
N1ICD-SOX9 pathway.

In this study, we focused on the influence of ADAM10 on the
ATDCS5 cell line during chondrogenic induction. Regarding
endochondral bone formation, vessel invasion is an associated
event that is closely related to perichondrial development.*
Because ADAM10 is strongly associated with vessel formation,*®
whether ADAM10 is involved in perichondrial development
warrants investigation. Regarding in vivo experiments, other
model mice, such as collagen-II-Cre mice, which specifically
express Cre in cartilage, might be more useful than the mice
used in this study. In the long term, there is still much more to
be explored in this field.
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