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Abstract Mutation of the MAPK7 gene was related to human scoliosis. Mapk7 regulated the
development of limb bones and skulls in mice. However, the role of MAPK7 in vertebral devel-
opment is still unclear. In this study, we constructed Col2a1-cre; Mapk7f/f transgenic mouse
model to delete Mapk7 in cartilage, which displayed kyphosis and osteopenia. Mechanistically,
Mapk7 loss decreased MEF2C expression and thus activated PTEN to oppose PI3K/AKT signaling
in vertebral growth plate chondrocytes, which impaired chondrocyte hypertrophy and attenu-
ated vertebral ossification. In vivo, systemic pharmacological activation of AKT rescued
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Osteopenia;
PI3K/AKT;
PTEN
impaired chondrocyte hypertrophy and alleviated mouse vertebral defects caused by Mapk7
deficiency. Our study firstly clarified the mechanism by which MAPK7 was involved in vertebral
development, which might contribute to understanding the pathology of spinal deformity and
provide a basis for the treatment of developmental disorders of the spine.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

The vertebra derives from the sclerotome, an embryonic
tissue differentiated from somite.1 The sclerotome is
composed of pluripotent and mesenchymal stem cells, which
organize to form the vertebral primordium and become the
vertebra through endochondral bone formation.2 In this
process, mesenchymal stem cells gather and differentiate
into primary chondrocytes to form the vertebral cartilage
template.3 Chondrocytes in the center of the cartilage
template proliferate, undergo hypertrophic differentiation,
and then form the vertebral growth plate, which includes
the resting zone, proliferating zone, and hypertrophic zone.4

Subsequently, blood vessels invade the hypertrophic zone
and promote the formation of primary spongiosa to extend
the vertebrae. Concurrently, the perichondrium surrounding
the primary spongiosa becomes periosteum and undergoes
intramembranous ossification to form the bone collar to
enlarge the vertebrae.5 The hypertrophic chondrocytes not
only secrete a calcified extracellular matrix to form a scaf-
fold for endochondral ossification5 but also trans-
differentiate into osteoblasts and are responsible for
trabecular bone formation.6e8 The vertebral growth rate is
primarily determined by hypertrophic chondrocytes.9

Therefore, dysfunction of chondrocyte hypertrophy might
lead to vertebral malformation.10

Mitogen-activated protein kinase 7 (MAPK7), also known
as extracellular signal-regulated kinase 5 (ERK5), encoded
by the MAPK7 gene,11 is essential in skeletal development
and maintaining bone homeostasis.12 Our previous studies
found that MAPK7 mutation was related to scoliosis in
humans, and Mapk7 null zebrafish displayed scoliosis and
kyphosis deformities.13,14 A recent study demonstrated that
the ablation of Mapk7 in mesenchymal cells disturbed
endochondral bone formation and attenuated the devel-
opment of limb bones.15 Our study further clarified that
Mapk7 loss in chondrocytes impaired the adaptation of
chondrocytes to hypoxia and thus caused defects of limb
bone development.16 Moreover, Mapk7 deletion in
LepR þ BMSC promoted osteoblast differentiation in adult
mice.17 However, the role of MAPK7 in vertebral develop-
ment is still unknown.

In this study, we generated Col2a1-Cre; Mapk7f/f mouse
model to delete Mapk7 in cartilage and found severe
vertebral defects, including kyphosis and osteopenia. Sub-
sequent analyses revealed that Mapk7 deletion impaired
chondrocyte hypertrophy of the vertebral growth plate via
inhibiting MEF2C/PTEN/AKT signaling. Our study provides
an experimental basis for the treatment of developmental
disorders of the spine.

Materials and methods

Animals and in vivo treatment

Mapk7f/f and Col2a1-Cre mouse strains were described in
our previous study.16 Mapk7f/f mice were crossed with
Col2a1-Cre mice to generate Col2a1-cre; Mapk7f/f (CKO)
and Mapk7f/f (WT) mice. The P1 CKO newborn mice were
injected with SC79 (0.04 mg/g; Selleck, S7863) intraperi-
toneally every day for 8 weeks, and the control littermates
were treated with equivalent volumes of the vehicle. All
mice were raised in an SPF environment. All animal ex-
periments were approved by the Institutional Animal Care
and Use Committee (IACUC) of Sun Yat-sen University
(Approval No. SYSU-IACUC-2022-001663).

Primary chondrocyte culture and hypertrophic
differentiation

Primary chondrocytes were isolated from the vertebral
growth plate of P7 WT and CKO newborn pups. After
removing the ligament and disc, we dissected the growth
plate tissue from the vertebrae under a stereo microscope.
The growth plate tissue was digested with 0.1% collagenase
type II (Sigma, V900892-100 MG) overnight at 37 �C. Primary
chondrocytes were obtained and seeded at a density of 2.5
� 104 cells/cm2 in a culture dish with DMEM/F-12 (1:1)
containing 10% fetal bovine serum (Gibco, 10099-141) and
1% penicillin-streptomycin (Gibco, 15140122). To induce
chondrocyte hypertrophy, we supplemented the above
culture medium with 1% ITS (Sigma, I3146) and 50 mg/mL
ascorbic acid (Sigma, A5960-100G).18 The cultures were
maintained in a 37 �C and 5% CO2 incubator.

Whole-mount skeletal staining

We collected the axial skeletons of CKO and WT newborn
mice at P0 and P7 for Alcian blue and Alizarin red staining
as described previously.19 Briefly, after removing the skin,
eyes, internal organs, adipose tissue, and limbs, we fixed
the specimens successively in 95% ethanol and acetone
overnight at room temperature. Subsequently, the samples
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were incubated in 0.03% Alcian blue solution (Solarbio,
China) overnight at room temperature. After being
destained with 70% alcohol, specimens were submerged in
95% alcohol overnight at room temperature and then in 1%
KOH solution. When the tissue appeared transparent, we
incubated the samples with Alizarin red solution (Solarbio,
China) for 12 h at room temperature. Finally, we trans-
ferred the specimens to a 50% glycerol: 50% (1%) KOH so-
lution until they were clear and then maintained them in
100% glycerol.

X-ray and micro-CT analysis

Eight-week-old CKO and WT mice were euthanized, and
radiographs of skeletons were performed using an X-ray
system (Siemens, German) at 50 kV and 300 mA for 10 s.
The kyphosis index (KI) was measured from the lateral
radiographs as described previously.20 Briefly, KI was
defined as the rate of AB and CD. The length of AB was
from the posterior edge of the last cervical vertebra to
the posterior edge of the sixth lumbar vertebra. The
length of CD was the vertical distance from the point of
greatest curvature to line AB. Subsequently, we removed
the soft tissues, harvested the spine, and fixed them in 1%
paraformaldehyde for 36 h. The spine was scanned
with Micro-CT (SkyScan1276, Bruker) at a 10-mm resolution
with a voltage of 70 kV and a current of 200 mA. The
bone parameters of bone volume per tissue volume (BV/
TV), trabeculae number (Tb.N.), trabecular thickness
(Tb.Th.), and trabecular separation (Tb.Sp.) were used to
quantify the trabecular region below the vertebral growth
plate.

Histological analysis

For hematoxylin-eosin (H&E) staining, spine tissues of P7
CKO and WT newborn mice were fixed in 4% para-
formaldehyde (PFA) for 36 h and decalcified in EDTA for
three weeks. The specimens were embedded in paraffin,
and 5-mm tissue sections were prepared. Sections were
deparaffinized in xylene and rehydrated in graded ethanol.
We stained the sections with hematoxylin for 10 min and
rinsed them with 1% acid alcohol solution for 2 s. Then, the
sections were washed with current water for 20 min and
stained with eosin for 5 min. For von Kossa staining, 6-mm
frozen slices of spine tissues from P0 mice were incubated
with 1% silver nitrate solution and irradiated under a 60 w
UV lamp for 1 h. Slices were then washed in distilled water
three times and incubated with 5% sodium hyposulfite for
5 min. 0.1% nuclear neutral red staining solution was used
to counterstain the nuclei for 5 min. For TRAP staining, 6-
mm frozen sections of spine tissues from P7 mice were
stained using the Acid Phosphatase, Leukocyte (TRAP) Kit
(Sigma, NO387A) according to the manufacturer’s in-
structions. All of the above sections were dehydrated,
cleared, and mounted.

Alizarin red staining

Primary chondrocytes were seeded at a density of 1 �
105 cells per well in a 24-well plate overnight and
transfected with plasmids using Lipofectamine 3000 (Invi-
trogen, L3000-015). The cultures were maintained in
DMEM/F-12 (1:1) containing 10% FBS, 1% ITS, and 50 mg/mL
of ascorbic acid for 21 days. After fixation with 4% PFA for
5 min, the cells were stained with Alizarin red solution for
30 min. An ImmunoSpot Analyser (CTL S6 Ultra, American)
was used to visualize the mineralized area.

Immunofluorescence assay

Spine tissues of P7 CKO and WT newborn mice were
collected, and 6-mm frozen sections were prepared. The
sections were permeabilized with 0.1% Triton X-100 for
5 min and blocked in 5% BSA for 30 min at room tempera-
ture. Then, sections were incubated with primary anti-
bodies against mouse MAPK7 (Cell Signaling Technology,
3372s; 1:200), COL10A1 (Abcam, ab49945; 1:500), RUNX2
(Abcam, ab192256; 1:400), MMP13 (Abcam, ab39012;
1:400), PTEN (Cell Signaling Technology, 9559s; 1:400), p-
AKT (Cell Signaling Technology, 9018s; 1:200), MEF2C (Cell
Signaling Technology, 5030s; 1:200), HIF1a (Cell Signaling
Technology, 36169s; 1:200), and Cre recombinase (Abcam,
ab216262; 1:500) overnight at 4 �C. The following incuba-
tion with the secondary antibody Alexa Fluor 594 goat anti-
rabbit IgG (Invitrogen, S11227; 1:1000) was performed at
room temperature for 1 h. Nuclei were labeled with DAPI
(Sigma, SLCJ8103) for 5 min. The immunofluorescence
staining images were captured with fluorescence micro-
scopy (Olympus, BX63, Japan) and quantified using Image J
software.

Proliferation and apoptosis analysis

For ethynyl deoxyuridine (EdU) assay, P7 CKO and WT
newborn mice were injected intraperitoneally with EdU
(ST067, Beyotime; 20 mg/g) and euthanized 4 h later. As
described previously, the spine tissues were fixed, and 6-
mm frozen sections were prepared. EdU was detected
using the BeyoClick� Cell Proliferation Kit with Alexa
Fluor 555 (C0075S, Beyotime) following the manufac-
turer’s instructions. For the TUNEL assay, we fixed spine
tissues of P7 CKO and WT mice and then prepared 6-mm
frozen slices. Following the manufacturer’s manual, we
detected apoptotic chondrocytes in the vertebra using the
TdT-mediated dUTP Nick-End Labelling kit (C1088, Beyo-
time). Briefly, slices were incubated with 20 mg/mL pro-
teinase K for 30 min at 37 �C and then transferred to
TUNEL detective solution for 1 h at 37 �C, followed by
counterstaining and mounting with DAPI (Sigma,
SLCJ8103). Fluorescence microscopy (Olympus, BX63,
Japan) was used to capture the immunofluorescence
staining images.

RNA-seq analysis

We isolated the vertebral growth plate cartilage from P7
CKO newborn mice (n Z 3) and WT littermates (n Z 3)
under a stereo microscope. Total RNA was extracted from
the growth plate using TRIzol regent (Invitrogen, Carlsbad,
CA). We constructed libraries using TruSeq Stranded mRNA
LTSample Prep Kit (Illumina, USA) and sequenced them on
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the Illumina sequencing platform according to the manu-
facturer’s instructions. Genes with a fold change of 2 and a
p-value less than 0.05 were considered significantly
differentially expressed. GO enrichment and KEGG pathway
enrichment of differentially expressed genes were
analyzed using the online tool of DAVID Bioinformatics Re-
sources 2021.21

Real-time quantitative PCR (RT-qPCR) analysis

Total RNA was extracted from the vertebral growth plate or
cultured cells using TRIzol regent (Invitrogen, Carlsbad,
CA). cDNA was synthesized using UnionScript First-strand
cDNA Synthesis Mix for qPCR (with dsDNase) (SR511, Gen-
esand, China) according to the manufacturer’s instructions.
Subsequently, RT-qPCR was performed on CFX 96 Real-Time
PCR System (Bio-Rad) using GS AntiQ qPCR SYBR Green
Master Mix (SQ412, Genesand, China). The specific primers
used for RT-qPCR were shown in Table S1. Gapdh was used
as the reference gene to normalize the transcript levels,
and relative gene expression was quantified by the 2�DDCt

method.

Western blot analysis

We extracted proteins from the vertebral growth plate
tissues or cultured cells using RIPA buffer (Epizyme, PC101)
supplemented with protease and phosphatase inhibitors. A
BCA protein assay kit (Epizyme, ZJ101) was used to quantify
the total proteins. Specific proteins were separated by 10%
SDS-PAGE and then transferred to PVDF membranes (Milli-
pore). We used 5% skim milk to block the membranes for 1 h
at room temperature and then incubated the membranes
with primary antibodies overnight at 4 �C and secondary
antibodies for 1 h at room temperature. We used an ECL kit
(Epizyme, SQ202) for chemiluminescence detection on a
ChemiDoc multiplex imaging system (Bio-Rad). Primary
antibodies used for Western blotting were rabbit anti-
MAPK7 (Cell Signaling Technology, 3372s; 1:1000), anti-
COL10A1 (Abcam, ab58632; 1:1000), anti-RUNX2 (Abcam,
ab192256: 1:1000), anti-MMP13 (Abcam, ab19013; 1:1000),
anti-Ki67 (Abcam, ab16667; 1:1000), anti-Bax (Abcam,
ab182733; 1:1000), anti-caspase 3 (Abcam, ab184787;
1:1000), anti-PTEN (Cell Signaling Technology, 9559s;
1:1000), anti-AKT (Cell Signaling Technology, 75692s;
1:1000), anti-p-AKT (Cell Signaling Technology, 9018s;
1:1000), anti-PI3K (Cell Signaling Technology, 4257t;
1:1000), anti-p-PI3K (Cell Signaling Technology, 4228t;
1:1000), anti-MEF2C (Cell Signaling Technology, 5030s,
1:1000), anti-phospho-MEF2C (Abcam, ab78888; 1:1000,
anti-HIF1a (Cell Signaling Technology, 36169s; 1:1000),
Anti-Osteopontin (Abcam, ab214050; 1:1000), Anti-Osteo-
calcin (Abcam, ab93876; 1:1000), and anti-GAPDH (Cell
Signaling Technology, 5174s; 1:2000).

Plasmid and transfection

SgRNA-Mapk7 and sgRNA-PTEN were constructed (Tsingke
Biotechnology, China) and cloned into pSpCas9(BB)-2A-GFP
(PX458) plasmid as described previously.22 The sgRNA se-
quences were listed in Table S2. The empty vector plasmid
was used as the negative control. The plasmid was trans-
fected into primary chondrocytes using Lipofectamine 3000
(Invitrogen, L3000015) reagent according to the manufac-
turer’s protocol. Briefly, primary chondrocytes were plated
at a density of 1 � 105 cells/cm2 in a 24-well (or 6-well)
culture plate overnight. Lipofectamine 3000 Reagent (1 mL)
was diluted with Opti-MEM� medium (25 mL) (Invitrogen,
31985088). We diluted DNA plasmid (0.5 mg) with Opti-
MEM� medium (25 mL) and P3000 Reagent (1 mL). The
diluted plasmid and Lipofectamine 3000 Reagent above
were mixed and incubated for 15 min at room temperature.
Plasmid-Lipofectamine 3000 complex was added to chon-
drocytes and maintained for 6 h. Subsequently, we cultured
the cells in a medium containing ITS and ascorbic acid, as
described previously, to induce hypertrophic differentia-
tion for 21 days and then performed alizarin red staining,
Western blotting, and RT-qPCR analysis.

Luciferase reporter assay

293T cells were seeded at a density of 2 � 105 cells/well in
a 24-well plate for 24 h and transfected with a luciferase
reporter plasmid containing PTEN promoter fragments and
renilla control plasmid along with MEF2C expressing plasmid
or negative control plasmid (NC), as indicated, using Lip-
ofectamine 3000 (Invitrogen, L3000-015) according to the
manufacturer’s protocol. After 48-h transfection, cells
were lysed, and luciferase and renilla activities were
measured using a Dual-Luciferase Reporter Gene Assay Kit
(Beyotime, China) on ELISA (Infinite F500, Tecan).

Statistical analysis

All experiments were repeated at least three times with
independent samples. The statistical analyses were per-
formed using GraphPad Prism 9.0 software. Two-tailed
paired Student’s t-test determined statistical significance
between two groups and one-way ANOVA with Tukey’s
multiple comparisons test between multiple groups. A P-
value < 0.05 was considered statistically significant. All
data were presented as the mean � standard deviation
(SD).

Results

Mapk7 deletion in chondrocytes caused kyphosis
and osteopenia in mice

To investigate the role of MAPK7 in vertebral development,
we constructed Col2a1-Cre; Mapk7f/f mice (conditional
knockout, CKO) by crossing Mapk7f/f mice (wild type, WT)
with Col2a1-Cre mice. The expression of Cre recombinase
was detected in the growth plate and nucleus pulposus of
P7 CKO pups and Mapk7 was efficiently deleted in these
tissues, which was confirmed by immunofluorescence
staining and Western blotting (Fig. S1AeC). The physical
size of P0 CKO mice with no obvious abnormality in
appearance was similar to their age-matched control WT
littermates (Fig. 1A, C). However, we observed that P7 CKO
mice exhibited kyphosis and decreased body length relative



Figure 1 Mapk7 deletion in chondrocytes caused vertebral defects in mice. (A, B) Gross appearance of WT and CKO newborn
pups at P0 (A) and P7 (B). Scale bar Z 1 cm. (C) Quantification of the body length of WT and CKO mice at indicated ages. (D, E)
Alizarin red and Alcian blue staining of the axial skeleton of P0 (D) and P7 (E) WT and CKO newborn mice. The red arrow indicates
the lack of Alizarin red staining in some caudal vertebrae of CKO newborns. Scale bar Z 1 mm. (F) Statistical analysis of the
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to the control WT pups (Fig. 1B, C). Whole-mount skeletal
staining of P0 newborn mice showed that the vertebral
ossification was delayed in CKO pups with some ossification
region of caudal vertebrae missing and a decline of verte-
bral height compared with the control littermates (Fig. 1D,
F). In addition, obvious kyphosis deformity with a reduction
of vertebral height, an increase of vertebral width, and
malformation of the vertebral arch, was exhibited in P7
CKO newborn mice (Fig. 1E). X-ray images showed that the
8-week-old CKO mice displayed more curved in the thoracic
region with a reduction in the kyphosis index (KI) compared
with the control WT mice (Fig. 1G, H). Furthermore, Micro-
CT was used to analyze the thoracic vertebrae of 8-week-
old CKO mice and their control WT mice. The three-
dimensional reconstruction of Micro-CT images showed a
wedge-shaped deformity of the twelfth and thirteenth
thoracic vertebra of CKO mice (Fig. 1I). Moreover, sagittal,
transverse, and coronal Micro-CT images showed that the
vertebrae of CKO mice were shorter and wider than those
of WT mice (Fig. 1J). Further analysis showed that the 8-
week-old CKO mice displayed osteopenia, as evidenced by
a decrease in bone volume per tissue volume (BV/TV),
trabecular number (Tb.N.), and trabecular thickness
(Tb.Th.) and an increase in trabecular separation (Tb.Sp.)
compared with the control WT mice (Fig. 1K). Collectively,
these results demonstrated that MAPK7 was required for
normal vertebral development.
Mapk7 deficiency impaired chondrocyte
proliferation and hypertrophy

As vertebral development and ossification are regulated by
the vertebral growth plate,23 we then performed a histo-
logical analysis of the vertebral body of CKO mice and WT
littermates to determine whether the vertebral defects in
CKO mice were related to dysplasia of the vertebral growth
plate. H&E staining showed that the height of the vertebral
growth plate of P7 CKO mice was shorter than that of the
control mice (Fig. 2A, B), especially the hypertrophic zone
(HZ), in which the number of hypertrophic cells was less
than that of WT littermates (Fig. 2C). In addition, the hy-
pertrophic chondrocytes were not observed in CKO mice
aged 4 weeks compared with the WT control mice (Fig. S2).
The narrower hypertrophic zone might result from
decreased proliferation, increased apoptosis, or reduced
hypertrophic differentiation of chondrocytes. Hence, we
first performed EdU and TUNEL assays to analyze the status
of chondrocyte proliferation and apoptosis in the vertebral
growth plate. We observed a significant reduction in the
percentage of EdU-positive cells in the vertebral growth
vertebral height of P0 WT and CKO newborns based on Alizarin red a
CKO mice. AB: distance from the posterior edge of the last cervical
vertical distance from the point of greatest curvature to line AB. S
mice according to X-ray images. Kyphosis index (KI)Z AB/CD. (I) Th
(Micro-CT) images of the spine of 8-week-old WT and CKO mice. Th
Scale bar Z 1 mm. (J) Sagittal, transverse, and coronal Micro-CT
parameters of Micro-CT, including bone volume per tissue volum
(Tb.Sp.), and trabecular thickness (Tb.Th.). Data were presented
significance.
plate of P7 CKO pups (Fig. 2D). Moreover, we isolated the
vertebral growth plate from P7 CKO and WT newborns and
found that the expression of Ki67, a marker of cell prolif-
eration, was significantly decreased in CKO mice (Fig. 2F,
G), which evidenced the depression of chondrocyte prolif-
eration. However, the number of TUNEL-positive cells in
the vertebra of CKO mice was similar to that of control WT
mice (Fig. 2E). The expression of Bax and caspase 3, two
apoptosis-related proteins, in the vertebral growth plate of
P7 CKO pups was comparable to that of WT littermates
(Fig. 2F, G), indicating that the apoptosis of chondrocytes
was not affected by Mapk7 deficiency. Subsequently, we
examined the status of chondrocyte hypertrophy in the
vertebral growth plate. The expression of Col10a1, Runx2,
and Mmp13, which are markers of hypertrophic, early-hy-
pertrophic, and late-hypertrophic chondrocytes, respec-
tively, was significantly decreased in the growth plate of
CKO mice relative to their control WT littermates, as evi-
denced by immunofluorescence staining (Fig. 2HeJ),
Western blotting (Fig. 2K), and RT-qPCR analysis (Fig. 2L).
To investigate whether bone formation in CKO mice was
impaired, we performed von Kossa staining of vertebrae.
The results showed that mineralization of the vertebral
cartilage matrix was decreased in P0 CKO newborn mice
(Fig. 2M). In addition, the expression of osteocalcin (OCN),
a marker of osteoblasts, was reduced in the vertebrae of
CKO mice (Fig. S3). The H&E staining showed that the
number of vertebral trabecular bones was significantly
reduced in CKO mice aged 8 weeks. To further examine the
hypertrophic differentiation potential of chondrocytes, we
isolated primary chondrocytes from CKO newborn pups and
WT littermates and cultured them as monolayers in a hy-
pertrophic differentiation medium for 21 days. The Alizarin
red-positive staining areas of chondrocytes from CKO mice
were less than those of WT mice, which suggested reduced
maturation of chondrocytes in CKO mice (Fig. 2N). These
results revealed that Mapk7 loss impaired the proliferation
and hypertrophy of chondrocytes in the vertebral growth
plate and delayed bone formation.
Mapk7 loss inhibited chondrocyte hypertrophy via
regulating PTEN/PI3K/AKT signaling

To examine the molecular mechanism of vertebral growth
plate defects induced by Mapk7 deletion in chondrocytes,
we isolated the vertebral growth plate cartilage from P7
CKO newborn pups and WT littermates and then performed
RNA-sequencing (RNA-seq) analysis (Fig. 3A). GO enrich-
ment analysis showed that the down-regulated genes in
CKO mice were mainly related to cartilage development
nd Alcian blue staining. (G) X-ray images of 8-week-old WT and
vertebra to the posterior edge of the sixth lumbar vertebra. CD:
cale bar Z 1 cm. (H) Quantification of kyphosis of 8-week-old
ree-dimensional reconstruction of micro-computed tomography
e white arrow indicates the 12th and 13th thoracic vertebrae.
images of the vertebrae. Scale bar Z 1 mm. (K) Quantitative
e (BV/TV), trabecular number (Tb.N.), trabecular separation
as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001. ns, no



Figure 2 Mapk7 loss impaired chondrocyte proliferation and hypertrophy. (A) HematoxylineEosin (H&E) staining of the vertebral
growth plate of P7 WT and CKO newborn mice. GP, growth plate. HZ, hypertrophic zone. Scale bar Z 100 mm. (B, C) Quantification
of the height of growth plate (B) and the number of hypertrophic cells in the hypertrophic zone (C) based on H&E staining of the
vertebral growth plate of P7 WT and CKO newborns. (D) EdU assay of the vertebral growth plate of P7 WT and CKO newborn mice
and quantification of EdU-positive cells (right panel). NP, nucleus pulposus. GP, growth plate. Scale bar Z 100 mm. (E) TUNEL assay
of the vertebra of P7 WT and CKO newborns and quantification of TUNEL-positive cells (right panel). Scale bar Z 100 mm. (F, G)
mRNA (F) and protein (G) levels of Ki67, Bax, and caspase 3 in the vertebral growth plate of P7 WT and CKO mice. (H, I, J)

Immunofluorescence staining and quantification (right panel) of Col10a1 (H), Runx2 (I), and Mmp13 (J) in the vertebral growth plate
of P7 WT and CKO mice. (K, L) Protein (K) and mRNA (L) levels of Col10a1, Runx2, and Mmp13 in the vertebral growth plate of P7 WT
and CKO mice. (M) Von Kossa staining of the vertebra of P0 WT and CKO newborns and quantification (right panel) of von Kossa
staining. Scale bar Z 100 mm. (N) Alizarin red staining (ARS) of primary chondrocytes cultured as monolayer in a hypertrophic
differentiation medium for 21 days. The right panel was the quantification of ARS. Data were shown as mean � SD. *P < 0.05,
**P < 0.01, ***P < 0.001. ns, no significance.
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Figure 3 Mapk7 deficiency inhibited chondrocyte hypertrophy by regulating PTEN/PI3K/AKT signaling. (A) Schematic of the
procedure for isolating vertebral growth plate cartilage for RNA-seq analysis. (B) GO enrichment analysis of the differentially
expressed genes for biological processes. (C) KEGG enrichment analysis of differentially expressed genes for signaling pathways.
(D) Immunofluorescence staining for localization of PTEN and p-AKT in the vertebral growth plate of P7 WT and CKO newborn mice.
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and ossification (Fig. 3B). KEGG pathway analysis revealed
significant enrichment of PI3K/AKT signaling (Fig. 3C). It
was reported that PI3K/AKT signaling plays an essential role
in maintaining chondrocyte hypertrophy during endochon-
dral bone formation.24 Hence, we hypothesized that the
impaired chondrocyte hypertrophy might result from the
down-regulation of PI3K/AKT signaling in CKO mice. To
elucidate this hypothesis, we first detected the expression
of PI3K, phospho-PI3K (p-PI3K), AKT, and phospho-AKT (p-
AKT) in the vertebral growth plate of P7 CKO and WT mice.
The expression of PI3K, p-PI3K, and AKT showed no signifi-
cant difference between WT and CKO mice, but the protein
level of p-AKT significantly declined in CKO mice (Fig. 3E,
F). Previous studies found that PTEN, a tumor suppressor,
opposed PI3K/AKT activation25 and regulated cartilage
development.26 We found that PTEN expression was
significantly increased in the growth plate of CKO mice,
which was confirmed by immunofluorescence staining
(Fig. 3D), Western blotting (Fig. 3E), and RT-qPCR (Fig. 3F).
Our in vitro study further identified that knockdown of
MAPK7 by Cas9/sgRNA-Mapk7 (sg-Mapk7) in primary chon-
drocytes led to up-regulation of PTEN and down-regulation
of p-AKT (Fig. 3G, H). These findings suggested that MAPK7
regulated PTEN/AKT signaling in chondrocytes.

To further determine whether MAPK7 regulated chon-
drocyte hypertrophy via PTEN/AKT signaling, we trans-
fected primary chondrocytes with a plasmid encoding Cas9/
sgRNA-Mapk7 (sg-Mapk7) to knockdown MAPK7 and then
stimulated these cells to hypertrophic differentiation for 21
days. The decreased expression of p-AKT, Col10a1, Runx2,
Mmp13, OPN, and OCN caused by Mapk7 deficiency was
significantly elevated by SC79 (4 mg/mL), an activator of
AKT (Fig. 3I, J; Fig. S4A, B). In addition, the knockdown of
PTEN by Cas9/sgRNA-PTEN (sg-PTEN) also considerably
rescued the down-regulation of p-AKT, Col10a1, Runx2, and
MMP13 in Mapk7-deficient chondrocytes (Fig. 3K, L).
Moreover, the impaired maturation of chondrocytes caused
by Mapk7 deficiency was reversed by AKT activation
(Fig. 3M) or PTEN knockdown (Fig. 3N), as evidenced by
increasing calcified nodules in alizarin red staining.
Accordingly, MAPK7 regulated chondrocyte hypertrophy via
PTEN/AKT signaling.

Activation of AKT alleviated vertebral defects in
Mapk7-deficient mice

To investigate whether activation of AKT was able to
attenuate the vertebral defects caused by Mapk7 deletion
in chondrocytes, we intraperitoneally injected P1 CKO
newborn mice with SC79 (40 mg/kg) every day to enhance
Scale bar Z 100 mm. (E) Western blot analyses of PTEN, PI3K, p-PI
CKO mice. (F) mRNA expression of PTEN, PI3K, and AKT in the ve
Protein levels of MAPK7, PTEN, PI3K, p-PI3K, AKT, and p-AKT (G) a
chondrocytes transfected with a plasmid expressing Cas9/sgRNA-Ma
chondrocytes with Mapk7 deficiency were treated with SC79 (4 mg
followed by Western blotting (I) for expression of MAPK7, p-AKT,
indicated mRNA levels (J). (K, L) Primary chondrocytes with MAPK7
sgRNA-PTEN (sg-PTEN), followed by Western blotting for expressio
mRNA levels (L). (M, N) Alizarin red staining (ARS) of primary chondr
of ARS (right panel). Data were expressed as mean � SD. *P < 0.0
the activity of AKT (Fig. 4A). The control littermates were
treated with the same dose of DMSO, a solvent of SC79.
H&E staining showed that the height of the vertebral
growth plate and the number of hypertrophic cells in P7
CKO mice were significantly increased after 6 times SC79
treatments compared with the control CKO littermates
(Fig. 4BeD). However, the reduced chondrocyte prolifera-
tion in CKO mice was not rescued by SC79 (Fig. 4E), which
was also confirmed by Western blotting (Fig. 4G) and RT-
qPCR analysis (Fig. 4H). Consistent with the previous in
vitro study results, the decreased expression of Col10a1,
Runx2, and Mmp13 in CKO mice was elevated by AKT acti-
vator, as certified by immunofluorescence staining
(Fig. 4F), Western blotting (Fig. 4G), and RT-qPCR analysis
(Fig. 4H). In addition, X-ray images showed that activation
of AKT partially alleviated the kyphosis deformity of 8-
week-old CKO mice, as evidenced by improvement of
kyphosis index (KI) by SC79 (Fig. 4I). Furthermore, Micro-CT
analysis of the thoracic vertebra revealed that the wedge-
shaped deformity of the T12 and T13 vertebra of 8-week-
old CKO mice was attenuated by SC79 (Fig. 4J, K). Further
analysis showed that the vertebral bone loss in CKO mice
was partially rescued by AKT activator (Fig. 4K), as CKO
mice treated with SC79 displayed an increase in bone vol-
ume bone per tissue volume (BV/TV), trabeculae number
(Tb.N.), and trabecular thickness (Tb.Th.) and a decrease
in trabecular separation (Tb.Sp.) (Fig. 4L). These results
suggested that activation of AKT partially alleviated the
impaired chondrocyte hypertrophy and vertebral defects
resulting from Mapk7 deletion in chondrocytes.

Mapk7 deficiency up-regulated PTEN expression by
inhibiting MEF2C activity in chondrocytes

Next, we investigated the mechanism by which MAPK7
regulated PTEN expression. MAPK7 was reported to trans-
activate MEF2C,27 a transcription factor essential for
endochondral bone formation.28 MEF2C mutant mice dis-
played defects in chondrocyte hypertrophy and ossifica-
tion,29 which was similar to the phenotype of CKO mice. In
addition, PTEN expression was reported to be inhibited by
c-JUN,25 a transcription factor positively regulated by
MEF2C.12 Hence, we deduced that MEF2C might be involved
in the up-regulation of PTEN caused by Mapk7 deletion in
chondrocytes. To elucidate this hypothesis, we first
detected the expression of MEF2C in the vertebral growth
plate of P7 CKO newborn mice and WT littermates. Immu-
nofluorescence staining showed that MEF2C expression
significantly decreased in the vertebral growth plate of CKO
mice relative to the control WT littermates (Fig. 5A).
3K, AKT, and p-AKT in the vertebral growth plate of P7 WT and
rtebral growth plate of P7 WT and CKO newborn mice. (G, H)
nd mRNA levels of MAPK7, PTEN, PI3K, and AKT (H) in primary
pk7 (sg-Mapk7) or negative control plasmid (NC). (I, J) Primary
/mL) and induced to hypertrophic differentiation for 21 days,
AKT, Col10a1, Runx2, and Mmp13 and RT-qPCR analyses for
knockdown were transfected with a plasmid expressing Cas9/
n of indicated proteins (K) and QT-PCR analyses for indicated
ocytes with indicated treatments for 21 days and quantification
5, **P < 0.01, ***P < 0.001. ns, no significance.



Figure 4 Activation of AKT alleviated vertebral defects caused by Mapk7 deficiency. (A) Schematic of the experimental pro-
cedure of CKO newborn mice with SC79 treatment. i.p., intraperitoneal injection. qd, every day. (B) H&E staining of the vertebra
of P7 WT newborns and CKO littermates with or without SC79 treatment. Scale bar Z 100 mm. (C, D) Quantification of the height of
the vertebral growth plate and the number of hypertrophic cells in the hypertrophic zone (D) based on H&E staining. (E) EdU
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Western blotting (Fig. 5B) and RT-qPCR analysis (Fig. 5C)
further confirmed that MEF2C phosphorylation and its
transcriptional activity was inhibited in CKO mice. Subse-
quently, to determine whether MEF2C regulated PTEN ac-
tivity, we transfected 293T cells with PTEN promotor-driven
luciferase reporter plasmid and MEF2C-expressing plasmid.
The luciferase activity was significantly down-regulated by
MEF2C overexpression, indicating that MEF2C inhibited the
activity of PTEN (Fig. 5D). To explore whether MEF2C
overexpression could alleviate the impaired chondrocyte
hypertrophy caused by Mapk7 deficiency, we transfected
primary chondrocytes with a plasmid encoding Cas9/sgRNA-
Mapk7 (sg-Mapk7) or negative control plasmid (NC) with and
without MEF2C-expressing plasmid and then induced these
cells to hypertrophic differentiation for 21 days. We found
that the increased expression of PTEN and decreased
expression of p-AKT, Col10a1, Runx2, and Mmp13 caused by
Mapk7 loss were significantly reversed by MEF2C over-
expression (Fig. 5E, F). Moreover, alizarin red staining
showed that the reduced maturation of Mapk7-deficient
chondrocytes was rescued by MEF2C overexpression
(Fig. 5G). These findings demonstrated that Mapk7 defi-
ciency up-regulated PTEN expression by inhibiting MEF2C
activity in chondrocytes, which down-regulated PI3K/AKT
signaling and thus impaired chondrocyte hypertrophy
(Fig. 5H).

Discussion

In this study, we first showed that MAPK7 is required for
vertebral development in mice. Ablation of Mapk7 in
chondrocytes resulted in remarkable vertebral develop-
mental dysplasia, including kyphosis and osteopenia. More
importantly, Mapk7 deficiency reduced chondrocyte hy-
pertrophy of the vertebral growth plate, which impaired
endochondral bone formation and thus caused vertebral
defects.

The kyphotic spine deformity in CKO mice was similar to
Scheuermann’s disease in humans. Scheuermann’s disease,
also known as juvenile kyphosis, is the most common cause
of kyphosis in adolescence,30 which is not apparent at birth
but develops gradually in adolescence. There are many
common characteristics between patients with Scheuer-
mann’s disease and CKO mice, such as wedge-shaped
deformity of vertebrae,30 abnormity of vertebral growth
plate,31 and juvenile osteoporosis.32 However, the etiopa-
thogenesis of Scheuermann’s disease has not been eluci-
dated. It was reported that genetic factors33 and
mechanical stress34 contributed to the pathophysiology of
this disease. It will be interesting to determine whether
MAPK7 is involved in the pathological process of
staining of the vertebral growth plate of P7 WT newborn pups and
fication of EdU staining (right panel). Scale bar Z 100 mm. (F) Imm
the vertebral growth plate and quantification of IF staining (right pa
were isolated from P7 WT newborns and CKO littermates with or wi
p-AKT, Ki67, Col10a1, Runx2, and Mmp13 (G) and indicated mRNA le
of kyphosis (right panel). Scale bar Z 1 cm. (J) Three-dimensiona
mice. Scale bar Z 1 mm. (K) Sagittal, transverse, and coronal Mic
tification of bone parameters of Micro-CT scanning, including BV/TV
*P < 0.05, **P < 0.01, ***P < 0.001. ns, no significance.
Scheuermann’s disease, which will be investigated in our
future study. This kyphotic spine deformity mouse might
provide an animal model to study the pathogenesis and
treatment of some human kyphotic disorders.

CKO newborn mice displayed delayed vertebral ossifi-
cation and these vertebral defects were associated with a
narrower zone of hypertrophic chondrocytes in the verte-
bral growth plate. It was likely that the impaired chon-
drocyte hypertrophy delayed the formation of ossification
and thus compromised vertebral development. Previous
studies have demonstrated that impaired chondrocyte hy-
pertrophy might result in vertebral deformities.29,35 In the
current study, AKT activator treatment significantly
ameliorated the impaired chondrocyte hypertrophy and
spinal deformity of the CKO mice, strongly indicating that
the impaired chondrocyte hypertrophy contributed to
kyphosis. Similar impaired chondrocyte hypertrophy was
also observed in mice with PI3K/AKT signaling inactivation,
which displayed defects in endochondral bone forma-
tion.24,36 Conversely, loss of PTEN in chondrocytes up-
regulated PI3K/AKT signaling and caused more extended
hypertrophic zones of the growth plate and increased
trabeculae.26,37 This was consistent with our findings that
activation of PI3K/AKT signaling rescued the impaired
chondrocyte hypertrophy in CKO mice. These studies sug-
gested that the impaired chondrocyte hypertrophy in CKO
mice might be attributed to the inactivation of PI3K/AKT
signaling. It seemed that the impaired chondrocyte hyper-
trophy caused by the down-regulation of PI3K/AKT signaling
was mediated by Runx2, a transcription factor regulating
chondrocyte hypertrophy and osteoblast differentiation.38

Runx2 mutant mice exhibited a slowdown of chondrocyte
hypertrophy and an absence of endochondral ossification,39

which was similar to the CKO mice. Moreover, PI3K/AKT
signaling promoted terminal chondrocyte differentiation by
enhancing the DNA-binding ability of Runx2.40 In our study,
Mapk7 deficiency decreased the expression of Runx2, which
was up-regulated by activation of PI3K/AKT signaling. Our
findings, combined with previous studies, suggested that
the down-regulation of PI3K/AKT signaling might cooperate
with Runx2 to inhibit the hypertrophic differentiation of
chondrocytes in mice with Mapk7 deletion.

It was reported that PTEN/AKT signaling regulates the
expression of HIF1a,26 a transcription factor mediating
hypoxia to maintain the adaptation of chondrocytes to
hypoxic conditions. Our previous study found that Mapk7
deletion in chondrocytes down-regulated HIF1a and thus
decreased chondrocyte proliferation and hypertrophy in
the growth plate of limb bones.16 In the current study,
chondrocyte proliferation in the vertebral growth plate was
also reduced. However, the expression of HIF1a in the
CKO littermates with or without SC79 treatment and quanti-
unofluorescence (IF) staining of Col10a1, Runx2, and Mmp13 in
nels). Scale barZ 100 mm. (G, H) Vertebral growth plate tissues
thout SC79 treatment and analyzed for protein levels of MAPK7,
vels (H). (I) X-ray images of 8-week-old mice and quantification
l reconstruction of Micro-CT images of the spine of 8-week-old
ro-CT images of the vertebrae. Scale bar Z 1 mm. (L) Quan-
, Tb.N., Tb.Sp., and Tb.Th. Data were expressed as mean � SD.



Figure 5 Mapk7 loss up-regulated PTEN expression via inhibiting MEF2C activity in chondrocytes. (A) Immunofluorescence (IF)
staining of MEF2C in the vertebral growth plate of P7 WT and CKO newborn mice and quantification of IF staining (right panel). Scale
bar Z 100 mm. (B, C) Vertebral growth plate tissues were isolated from P7 WT and CKO pups and analyzed for protein levels of
MEF2C and p-MEF2C (B) and mRNA levels of MEF2C (C). (D) Dual-Luciferase reporter analysis of the effect of MEF2C on PTEN
promotor activity in 293T cell line. (E, F) Primary chondrocytes with Mapk7 deletion were transfected with a plasmid expressing
MEF2C and induced to hypertrophic differentiation for 21 days, followed by Western blotting (E) for expression of MAPK7, MEF2C, p-
AKT, AKT, Col10a1, Runx2, and Mmp13 and RT-qPCR analyses for indicated mRNA levels (F). (G) Alizarin red staining (ARS) of
primary chondrocytes with indicated treatments for 21 days and quantification of ARS (right panel). (H) Schematic role of MAPK7 in
this study. In the vertebral growth plate, MAPK7 transactivated MEF2C to inhibit the activity of PTEN, which up-regulated PI3K/AKT
signaling and promoted chondrocyte hypertrophy. Data were shown as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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vertebral growth plate showed no significant difference
between WT and CKO mice (Fig. S5A, B). In addition, the
reduced proliferation of chondrocytes in CKO mice was not
rescued by the AKT activator. These results indicated that
the change in PTEN/AKT signaling might not contribute to
the decreased proliferation of chondrocytes and might not
regulate the expression of HIF1a in the vertebral growth
plate of CKO mice. Furthermore, a delay in endochondral
ossification was not observed in the long bones of Col2a1-
cre; Mapk7f/f mice.16 These results suggested that MAPK7
played different roles in the development of long bones and
vertebrae, which might be attributed to the fact that limb
bones were derived from somatic mesoderm and vertebrae
from somites, and both were regulated by different
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signaling pathways.2,41 Moreover, MEF2C was also a tran-
scription factor that positively regulated cell proliferation12

except for the negative regulation of PTEN expression in
our study. This might explain why activation of AKT by SC79
increased chondrocyte hypertrophy in CKO mice but did not
rescue the decreased proliferation of chondrocytes.
Further investigation is needed to determine whether other
signaling pathways might be involved in down-regulating
chondrocyte proliferation in CKO mice.

Nkx3.1-Cre; Mapk7f/f mice also displayed similar spinal
deformity and osteopenia.42 However, the loss of bone
mass in Nkx3.1-Cre; Mapk7f/f adult mice was associated
with increased bone resorption due to the deletion of
Mapk7 in osteoclast lineage precursors, which promoted
the formation of osteoclasts. This was different from our
CKO mice, in which the bone loss was mainly caused by
impaired endochondral bone formation with no change in
bone resorption (Fig. S6A, B). A recent study found that
LepR-Cre; Mapk7f/f mice displayed an increase in bone
formation,17 which was opposite to the phenotypes of
decreased bone mass in CKO mice. These inconsistent
phenotypes in Mapk7-deficient mice might be attributed to
the fact that osteoblasts mainly originated from chon-
drocytes of the growth plate in adolescence and then from
LepRþ BMSCs after adolescence.43 In our study, terminal
hypertrophic differentiation was significantly attenuated in
CKO mice, thus causing the decreased formation of osteo-
blasts from chondrocytes. Conversely, the loss of Mapk7 in
LepRþ BMSCs increased osteoblast formation in adult mice
and thus promoted bone formation.17 These studies sug-
gested that MAPK7 plays different roles in bone formation
at different ages. Nevertheless, the function of MAPK7 in
the transdifferentiation of chondrocytes into osteoblasts
remains to be determined in our future study.

Interestingly, there were many other phenotypes dis-
played in CKO mice that might not be explained by impaired
chondrocyte hypertrophy. First, the width of the vertebral
body and long bone16 of CKO mice was wider than that of WT
mice, which was similar to the phenotype of long bones of
prx1-cre; Mapk7f/f mice.15 Recently, cell lineage tracing
studies revealed that Col2-expressing skeletal stem cells in
the growth plate contributed to chondrocytes during endo-
chondral bone development.44,45 Skeletal stem cells were
similar to mesenchymal cells,46 in which Mapk7 deletion
increased chondrogenic differentiation.15,47 Hence, it is
possible that Mapk7might also be deleted in Col2-expressing
skeletal stem cells and thus promotes the formation of
chondrocytes to enlarge the vertebrae and long bones.
Second, kyphosis deformity was not observed in P0 CKO mice
but gradually appeared in one week. Likely, mechanical
stress might also be involved in this process. During bone
development, mechanical stimulation affects bone growth
by regulating the growth plate function.48,49 Furthermore, it
was reported that MAPK7 could be up-regulated in chon-
drocytes by mechanical stress to maintain the homeostasis
of cartilage. Considering that the mechanical stress in
newborn vertebrae might be different from that in fetal
mice, it could be that Mapk7 loss in chondrocytes might
decrease the adaptability of chondrocytes to mechanical
stimulation, which might affect the proliferation or hyper-
trophic differentiation of chondrocytes. Further studies are
needed to elucidate these hypotheses.
However, the possibility that the decreased proliferation
of chondrocytes in the vertebral growth plate might also
contribute to impaired chondrocyte hypertrophy could not
be ruled out, which requires further investigation.

In conclusion, the findings of this study demonstrated
that MAPK7 was essential for vertebral development.
Mapk7 deficiency in chondrocytes reduced chondrocyte
hypertrophy of the vertebral growth plate by down-regu-
lating MEF2C/PTEN/AKT signaling and thus impaired endo-
chondral bone formation. Our findings might contribute to
understanding the mechanism by which MAPK7 regulates
spinal deformities and osteopenia.
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