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Mitogen-inducible gene-6 partly mediates the
inhibitory effects of prenatal dexamethasone
exposure on endochondral ossification in long
bones of fetal rats
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BACKGROUND AND PURPOSE
Prenatal exposure to dexamethasone slows down fetal linear growth and bone mineralization but the regulatory mechanism
remains unknown. Here we assessed how dexamethasone regulates bone development in the fetus.

EXPERIMENTAL APPROACH
Dexamethasone (1 mg-kg~'-day ') was injected subcutaneously every morning in pregnant rats from gestational day (GD)9 to
GD20. Fetal femurs and tibias were harvested at GD20 for histological and gene expression analysis. Femurs of 12-week-old fe-

male offspring were harvested for microCT (uCT) measurement. Primary chondrocytes were treated with dexamethasone (10, 50,
250 and 1000 nM).

KEY RESULTS

Prenatal dexamethasone exposure resulted in accumulation of hypertrophic chondrocytes and delayed formation of the primary
ossification centre in fetal long bone. The retardation was accompanied by reduced maturation of hypertrophic chondrocytes,
decreased osteoclast number and down-regulated expression of osteocalcin and bone sialoprotein in long bone. In addition, the
mitogen-inducible gene-6 (Mig6) and osteoprotegerin (OPG) expression were stimulated, and the receptor activator of NF-xB
ligand (RANKL) expression was repressed. Moreover, dexamethasone activated OPG and repressed RANKL expression in both
primary chondrocytes and primary osteoblasts, and the knockdown of Migé abolished the effect of dexamethasone on OPG
expression. Further, pCT measurement showed loss of bone mass in femur of 12-week-old offspring with prenatal dexamethasone
exposure.

CONCLUSIONS AND IMPLICATIONS

Prenatal dexamethasone exposure delays endochondral ossification by suppressing chondrocyte maturation and osteoclast
differentiation, which may be partly mediated by Mig6 activation in bone. Bone development retardation in the fetus may be
associated with reduced bone mass in later life.

Abbreviations

BSP, bone sialoprotein; EGFR, EGF receptor; GD, gestational day; Mig6, mitogen-inducible gene-6; OPG, osteoprotegerin;
RANKL, receptor activator of NF-kB ligand; TRAP, tartrate-resistant acid phosphatase; pCT, microCT
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Introduction

Glucocorticoids, in particular dexamethasone, can cross the
placenta readily; therefore, they have been widely used as a
medication for several types of severe disorders of pregnancy,
including congenital adrenal hyperplasia, premature deliv-
ery, placenta previa and multiple pregnancies (Young et al.,
1980; Morales et al., 1986; Crowther et al., 2011; Maryniak
et al., 2014). Also, synthetic glucocorticoids are frequently
used in the prevention or treatment of pregnant women with
asthma (Tan and Thomson, 2000). However, prenatal dexa-
methasone treatment is associated with decreased birth
weight and size (Murphy et al., 2008, 2012). In addition, it
is known that fetal exposure to an excess of dexamethasone
slows down fetal linear growth and bone mineralization,
and this negative effect of dexamethasone treatment may re-
sult in continued neonatal modification of bone tissues, thus
diminishing bone quality and mechanical properties (Sliwa
et al., 2010). Despite the known negative effects of prenatal
dexamethasone treatment on bone development, the under-
lying mechanisms still remain to be elucidated. It is impor-
tant to recognize that reduced fetal growth and low birth
weight are associated with osteoporosis in later life (Godfrey
et al., 2011). Therefore, studying the underlying mechanism
of bone growth retardation induced by prenatal dexametha-
sone treatment will provide helpful clues to the early
prevention of osteoporosis with developmental origin.

Over the past several years, a number of studies have identi-
fied that the EGF receptor (EGFR) may be one of the major mod-
ulators of bone metabolism, as it can regulate the proliferation
and differentiation of osteoblasts and chondrocytes, and osteo-
clastogenesis (Schneider et al., 2009). EGFR belongs to the ErbB
receptor family; its ligands include EGF, amphiregulin, TGF-o,
heparin-binding EGF, betacellulin and epiregulin. Upon ligand
binding, EGFR either homodimerizes or heterodimerizes with
other EGFR family members. The tyrosine residues in the
intracellular domain of dimerized EGFR then undergo phos-
phorylation, thus activating downstream signal pathways
(mainly Ras/Raf/MAPK and PI3K/Akt pathways), regulating
cell proliferation, differentiation and migration (Citri and
Yarden, 2006). EGFR signalling in chondrocytes at the
chondro-osseous junction supports osteoclastogenesis via

stimulating the expression of receptor activator of NF-kB li-
gand (RANKL) and suppressing the expression of osteoproteg-
erin (OPG), a decoy receptor for RANKL. This signalling is
essential in the remodelling of growth plate cartilage extracel-
lular matrix into bone during endochondral ossification
(Zhang et al., 2011, 2013). EGFR-deficient mice have an ex-
panded area of hypertrophic cartilage in the growth plate
and fewer bony trabeculae because of defective osteoclast re-
cruitment (Wang et al., 2004). Taken together, these data
clearly indicate that EGFR signalling plays an important role
in primary endochondral ossification and that fine tuning of
EGFR signalling is required for the maintenance of bone
metabolism.

The mitogen-inducible gene-6 (Mig6) is a known negative
regulator of ErbB receptors. It can be recruited to and bind
with the kinase domain of ErbB receptors, thus blocking
phosphorylation of ErbB receptors and downstream signal-
ling (Anastasi et al., 2003). Loss of Mig6 induced abnormal
endochondral ossification along with enhanced EGFR signal-
ling. Whole-body knockout of Mig6 leads to the formation of
osteochondral nodules in the knee (Zhang et al., 2005;
Shepard et al., 2013). Target deletion of Mig6 in chondrocytes
results in excessive proliferative activities in articular carti-
lage, apart from the abnormally formed osteophytes (Pest
et al., 2014; Staal et al., 2014). Treatment with dexametha-
sone (10~ °M) up-regulated the expression of Mig6 (Xu et al.,
2005; Scheving et al., 2007), which in turn suppressed basal
and EGF-associated phosphorylation of EGFR and downstream
ERK and Akt, exerting a time-dependent and redundant inhib-
itory effect on cell proliferation (Scheving et al., 2007). Overall,
the above studies suggest that Mig6 might mediate the toxic
effect of dexamethasone exposure on bone development in
early stage.

In the present study, to examine the influences of prenatal
dexamethasone exposure on skeletal development during
morphogenesis, we treated pregnant rats with dexametha-
sone from gestational days (GD)9 to GD20. Using histological
analyses, immunohistochemistry and quantitative measure-
ment of gene expression, we studied whether prenatal dexa-
methasone up-regulates Mig6 expression, which in turn
down-regulates EGFR signalling in chondrocytes, leading to
delayed endochondral ossification and bone development.
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This study will be helpful to elucidate the mechanisms under-
lying the toxic effect of prenatal dexamethasone exposure on
fetal bone development.

Methods

Animals

All animal care and experimental procedures complied with
the Guidelines for the Care and Use of Laboratory Animals
in Wuhan University and were approved by the Animal
Welfare Committee in Wuhan University (No. 14016). This
study was approved by the National Science & Technology
Pillar Program of China and the National Natural Science
Foundation of China. Animal studies are reported in com-
pliance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath & Lilley, 2015). Pathogen-free Wistar rats at 3—4 months
of age weighing 180-220 g (female) or 260-300 g (male) were
obtained from the Experimental Centre of Medical Scientific
Academy of Hubei (No. 2006-0005, Hubei, China). Rats were
housed in temperature-controlled room (24 to 25°C with
40-60% humidity). Pregnant rats were housed individually
in cages (48 cm x 35 cm x 20 cm) with corn cob bedding. Food
and water were freely available.

General procedures

We used pregnant rats to study the underlying mechanism of
developmental toxicity of dexamethasone because animal
models have been widely used to conduct toxicity studies as
they provide strong evidence for the relationship between
early-life exposures and later-life diseases. Rodents, including
mice and rats, are useful models for investigating the biolog-
ical mechanisms of the developmental origins of health and
disease (McMullen and Mostyn, 2009). This study does not
have any implications for replacement, refinement or
reduction.

To reduce bias in animal experiments, rats were housed
and treated by a technician, whereas bone sample harvesting
and data analyses were all conducted by different co-authors.
Pregnant rats were randomly divided into a control group and
a prenatal dexamethasone-treated group. On GD20, 22 preg-
nant rats in each group were Kkilled, and their fetuses were re-
moved quickly from the uterus; two fetuses were selected
randomly from every litter. For the experiment on adult off-
spring, the remaining eight pregnant rats in each group were
maintained until normal delivery. After weaning, two female
offspring were selected randomly from every litter and
housed until 12 weeks old.

Experimental procedures

Preparation of animal models. Virgin female and male rats
were used in these experiments. Two female rats were
mated with one male rat overnight. The next day, the
occurrence of spermatozoa in the vaginal smear was
considered as GDO. As the distinct condensation of the
hindlimb bud in rodents appears around GD9 (Taher et al.,
2011), the pregnant rats were injected subcutaneously with
dexamethasone (1 mg-kg™' daily, n = 30) or saline as
control (n = 30) every morning (between 0800h and 0900h)
from GD9 to GD20. On GD20, the pregnant rats were
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anaesthetized with isoflurane and killed with decapitation,
and then the fetuses were removed quickly from the
uterus; their femurs and tibias were dissected free from
soft tissue for further analysis. The 12-week-old female
offspring rats were also killed by decapitation and their
femurs were dissected and fixed in 70% ethanol for
microCT (uCT) analysis.

Histology and immunohistochemistry. To study morphology
and calcification of hindlimb long bones in the fetus, femurs
were collected at GD20 (n = 22 per group). Femurs were fixed
in 4% paraformaldehyde overnight and then processed and
embedded in paraffin. Serial longitudinal sections (6 pm thick)
were cut. One out of six sections was stained with
haematoxylin and eosin (H&E) for quantification of the
length of the primary ossification centre and hypertrophic
zone. The neighbouring slices were then subjected to
histochemistry and immunohistochemistry staining as
described below. For von Kossa staining, sections were
deparaffinized and stained with 5% AgNO;z until they
become dark brown. The length of full femur and primary
ossification centre was measured on von Kossa-stained
sections at x50 magnification. For tartrate-resistant acid
phosphatase (TRAP) staining, sections were stained using a
leukocyte acid phosphatase kit. TRAP* cells at the chondro-
osseous junction and in the primary spongiosa were counted
at x100 magnification.

For immunohistochemistry analysis, sections were
deparaffinized and hydrated through a graded series of etha-
nol (100-70%). Antigen retrieval was achieved by boiling
the sections in 0.01 M sodium citrate buffer (pH 6.0) at about
95°C for 10-15 min. After antigen retrieval, the hydrated sec-
tions were then incubated in 3% H,O, for 15 min to quench
the endogenous peroxidase activity. Sections were then
blocked in blocking serum at room temperature for 1 h and
incubated with a primary antibody at 4°C overnight. The
following primary antibodies were used: rabbit anti-Runx2,
rabbit anti-Ki67, rabbit anti-P57, rabbit anti-Mig6 and rabbit
anti-phospho-EGFR. After washing with PBS, sections were
incubated with a biotinylated secondary antibody and then
with an avidin-biotinylated horseradish peroxidase complex
solution according to the manufacturer’s directions. Finally,
peroxidase activity was revealed by immersion in
diaminobenzidine (DAB). For negative controls in immuno-
histochemistry, immunostaining was performed on parallel
sections in which the primary antibody was replaced with
non-immune rabbit IgGs. Apoptosis detection was carried
out using the DeadEnd Colorimetric TUNEL System accord-
ing to the manufacturer’s directions. To quantify positive
stained cells, the intensity of immunostaining was deter-
mined by measuring the mean optical density in six sections
from different samples.

uCT measurement. The right femurs dissected from 12-week-old
female rat offspring were fixed with 70% ethanol and then
scanned and analysed with a pCT system (VivaCT 40;
Scanco, Basserdorf, Switzerland). To determine trabecular
bone volume per tissue volume, trabecular number,
trabecular separation and trabecular thickness, 0.5-5.5 mm
below the lowest point of growth plate was selected as the



region of interest; cross-sectional images were scanned at
21 pm resolution and analysed using 3D analysis.

Cell culture. Primary epiphyseal chondrocytes were isolated
from the distal femoral and proximal tibial condyles of 1- to
3-day-old Wistar rats. Briefly, epiphyseal condyles were
dissected, cleaned to remove connective tissue and digested
in type 2 collagenase solution (2.2 mg-mL™' in PBS) with
gentle agitation at 37°C for 30 min. The condyles were
collected and further digested for 4 h. The supernatant was
filtered and centrifuged to collect chondrocytes. Cells were
plated at a density of 4 x 10° cells per well in six-well plates
in chondrogenic medium (DMEM/F12 medium with 5%
fetal bovine serum, 50 rng~mL’1 L-ascorbic acid, 1%
glutamine, 100 mg-mL ' streptomycin and 100 U-mL '
penicillin). Two to three days later, when cells reached 90%
confluence, cultures were given fresh medium. On the next
day, the cells were treated with various concentrations of
dexamethasone (10, 50, 250 and 1000 nM) for 48 h based
on the effect of dexamethasone on chondrocytes (Cheng
et al., 2014) and then collected for further analysis.

Rat primary calvarial osteoprogenitors were obtained
from neonatal calvariae by sequential digestion with collage-
nase and trypsin as described previously (Shalhoub et al.,
1992). Briefly, calvariae were harvested from neonatal rat
pups and cleaned to remove surrounding soft tissue and then
digested in 2 mg-mL ™' collagenase A and 2.5 mg-mL ™" tryp-
sin solution for 20 min; the cells liberated during the first di-
gestion were discarded. Repeated digestion using fresh
collagenase A/trypsin solution for 90 min was used. The cells
liberated were then collected and plated at a density of 4 x 10°
cells per well in six-well plates in growth medium
[o-Minimum Essential Medium (MEM) with 10% fetal bovine
serum, 100 mgmL™' streptomycin and 100 U-mL™!
penicillin]. When the cells reached 80% confluence, growth
medium was switched to osteogenic differentiation medium
(a-MEM medium with 10% fetal bovine serum, 100 mg~mL’1
streptomycin, 100 U-mL ™" penicillin, 10 mM B-glycerophosphate
and 50 pg-mL_1 ascorbic acid); cells were then treated with
various concentrations of dexamethasone for 48 h and
harvested for analysis.

Gene expression. Tibias and femurs were dissected free of soft
tissue. Under a dissection microscope, the primary
ossification centre in each tibia and femur were carefully
dissected out from the cartilage. To obtain total RNA,
primary ossification centre tissue was homogenized in
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Total RNA
was isolated according to manufacturer’s instructions. The
Applied Biosystems TagMan Reverse Transcription reagents
kit was used to convert mRNA into cDNA. Then, qRT-PCR
was performed using a SYBR Green qPCR Master Mix Kit
and ABI StepOnePlus cycler (Applied Biosystems, Foster
City, CA, USA) with 40 cycles at 95°C for 15 s and 60°C for
30 s. Relative expression of gene was calculated for each
gene by the 2-**“" method with GAPDH for normalization.
The rat primer sequences for the genes used in this study
were as follows: GAPDH (forward, 5'-GCAAGTTCAA
CGGCACAG-3’; reverse, 5'-GCCAGTAGAC-TCCACGACA-3'),
osteocalcin  (forward, 5'-CAGACCTAGCAGACACCATG-3;
reverse, 5'-GCTTGGACATGAAGGCTTTG-3'), bone sialoprotein
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(BSP) (forward, 5’-ACGCTGGAAA-GTTGGAGTTAG-3’; reverse,
S'-TCCTCTTCCTCTTCCTCTTCC-3'), Mig6 (forward, 5'-CCTAC
AATCTGAACTCCCCTG-3’; reverse, S-AGCTTGACTITGGAG
ATGG-AC-3’), RANKL (forward, 5'-AAACAAGCCTTTCAAGG
GGC-3’; reverse, 5'-CACATCGAGCCACGAACCTT-3'), OPG
(forward, 5-TGTGTCCCTTGCCCTGACT-ACT-3’; reverse, 5'-TG
TTTCACGGTCTGCAGTTCC-3’), calcitonin receptor (Calcr)
(forward, 5’-CGTGCCGTCTACTACAACGA-3’; reverse, 5'-AG
AAGTTGACCACCAGAGCC-3'), cathepsin K (Ctsk) (forward,
5’-GACCCGTCTCTGTGTCCATC-3’; reverse, 5'-ACGGTCGCA
GTTTTCGTCAT-3’) and TRAP (forward, 5-GCTTCCACCCT
GAGATTCGT-3’; reverse, 5'-ATGATGAAGTCAGCGCCCAT-3').
For protein extraction, cells were washed twice with ice-cold
PBS and lysed in lysis buffer (10 mM HEPES, pH 7.5, 10 mM
KCl, 1.5 mM MgCl,, 0.5 mM EDTA, 1 mM NazVO,, 1 mM
PMSFE, 50 mM B-glycerophosphate and 1 mM dithiothreitol)
for 5 min on ice; the lysates were then collected. Equal
amounts of protein lysates (30 pg per lane) were resolved
by SDS-PAGE on 10% polyacrylamide gels, transferred to
polyvinylidene difluoride membranes and blotted with
rabbit anti-Mig6 or anti-phospho-EGFR antibody at 4°C
overnight. After incubation with horseradish peroxidase-
conjugated secondary antibody, signals were developed
using enhanced chemiluminescence. To normalize
quantitative RT-PCR (qRT-PCR) data, the expression
level of each target genes was normalized to the stably
expressed ‘housekeeping’ genes. For each gene, relative
expression of gene was calculated by the 2724¢7
methods with GAPDH for normalization.

siRNA  knockdown of Mig6 gene. To knockdown Mig6
expression, RNA interference technology was used. Three
pairs of designed siRNA oligonucleotides against rat Mig6
were purchased from Shanghai GenePharma Co. Ltd.
(Shanghai, China). The sequences of the Mig6 siRNA were
GCAGAUCUUAGCUGUGCAUTT and AUGCACAGCUAAG
AUCUGCTT. A pair of non-specific oligonucleotides
(nonsilencing control) was used as a negative control; the
sequences of the control siRNA were UUCUCCGAACG
UGUCACGUTT and ACGUGACACGUUCGGAGAATT. Prior
to transfection, primary chondrocyte was seeded in six-well
plates at a density of 4 x 10° cells per well. Twenty-four
hours later, cells were then transfected with 30 nM Mig6
siRNA or control oligonucleotides using Lipofectamine 2000
(Invitrogen) in Opti-MEM according to the manufacturer’s
protocol. Eight hours later, the medium was exchanged for a
fresh medium, and the cells were treated with 50 or 250 nM
dexamethasone. The mRNA of the cells was harvested after
48 h.

Data and statistical analysis

The data and statistical analysis comply with the recom-
mendations on experimental design and analysis in phar-
macology (Curtis et al., 2015). All data were expressed as
mean + SEM. Means between the control and prenatal
dexamethasone-treated groups were compared by indepen-
dent Student’s f-test or Mann-Whitney U-test. For cell
culture experiments, all results derived from experiments
were repeated independently at least six times; multiple
comparisons were assessed by the Kruskal-Wallis test to
identify significant differences among the groups. When
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the Kruskal-Wallis test indicated a significant difference, pairwise
comparisons were performed using the Mann-Whitney U-test to
determine which group differed from the control. A value of
P < 0.05 was considered statistically significant.

Materials

Dexamethasone (Shuanghe Pharmaceutical Company, Wuhan,
China), leukocyte acid phosphatase kit (Sigma-Aldrich, St. Louis,
MO, USA), rabbit anti-Runx2 (Santa Cruz Biotechnology,
Santa Cruz, Texas, USA), rabbit anti-Ki67, rabbit anti-P57, rabbit
anti-Mig6 (all from Proteintech, Wuhan, China), rabbit anti-
phospho-EGFR (Cell Signaling Technology Inc., Danvers, MA,
USA), avidin-biotinylated horseradish peroxidase complex
(Vectastain ABC Kit; Vector Laboratories, Burlingame, CA, USA)
and DAB (Dako, Glostrup, Denmark). Apoptosis detection was
carried out using the DeadEnd Colorimetric TUNEL System
(Cat. G7130; Promega, Madison, WI, USA), type 2 collagenase
(Invitrogen), Tri Reagent (Sigma-Aldrich), SYBR Green qPCR
Master Mix Kit (Takara Biotechnology Co., Ltd. Dalian, China)
and Lipofectamine 2000 (Invitrogen).

Results

Prenatal dexamethasone exposure retards
endochondral ossification

Prenatal dexamethasone exposure at a dose of 1 mg-kg ™ '-day
markedly affected the development of epiphyseal cartilage in
both femurs and tibias of fetuses, which was characterized by
shortened primary ossification centre and hypertrophic
chondrocyte accumulation (Figure 1A). In those fetuses treated
with prenatal dexamethasone, we observed an overall
1.65-fold increase in the length of the hypertrophic zone
(Figure 1B). The expansion of the hypertrophic zone also was
confirmed by Safranin O staining, which showed less staining
intensity in the hypertrophic zone than in the proliferative
zone (Figure 1A).

The expansion of the hypertrophic zone in fetuses with
dexamethasone treatment could be the result of increased
proliferation or altered differentiation of the chondrocyte
cell. To test the effect of prenatal dexamethasone treatment
on chondrocyte proliferation and early differentiation, we
performed immunostaining analysis of Ki67, a marker for
replicating cells, and pS7, a marker for cell cycle exit. We
found reduced chondrocyte proliferation, but no modifica-
tions in early differentiation (Figure 1C-E). The above results
further demonstrate that elongation of the hypertrophic
zone is the major side effect of dexamethasone on fetal long
bones.

Runx2 is an important transcription factor required for
chondrocyte maturation and highly expressed in chon-
drocytes proceeding toward terminal differentiation (Ueta
et al., 2001). Immunostaining of Runx2 revealed fewer
mature chondrocytes in hypertrophic zone of long bone of
prenatal dexamethasone-treated fetuses compared with
those of the control fetuses (Figure 1F, G). These results
suggest that prenatal dexamethasone exposure delays chon-
drocyte maturation.

Hypertrophic chondrocytes undergo cell death and are
gradually replaced by bone in the process of endochondral
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ossification. To investigate whether prenatal dexamethasone
treatment affects terminal differentiation and apoptosis of
chondrocyte, TUNEL staining was performed on fetal long
bones. In femur sections from control fetuses, 55% of
chondrocytes in the hypertrophic zone of epiphyseal carti-
lage were apoptotic. In contrast, only 35% of chondrocytes
in femoral cartilage from dexamethasone-treated fetuses were
TUNEL positive (Figure 1F, H), suggesting that prenatal
dexamethasone exposure delays terminal differentiation
and apoptosis of the chondrocytes.

Prenatal dexamethasone exposure impairs bone
formation in primary ossification centre

The metaphyseal bone is derived directly from the hypertrophic
zone through a bone-modelling process, leading to the forma-
tion of primary ossification centres. As shown in Figure 2A,
von Kossa staining and H&E staining showed a striking shortened
primary ossification centre in femur and significantly reduced
long bone length after prenatal dexamethasone exposure,
indicating that such exposure delayed primary ossification.
For fetuses in the control group, the primary ossification
centre was well developed with thick and long bone spicules
in mineralized area. However, for fetuses after prenatal
dexamethasone treatment, the mineralized area was much
smaller, and the trabecular spicules were much thinner and
shorter (Figure 2A). In addition, we observed a 32%
reduction in the length of femur; this was due mainly to
a striking 51% reduction in the length of the primary ossifica-
tion centre (Figure 2B). This result indicates that the bone
formation process in the fetus is delayed by prenatal dexa-
methasone exposure as well. To clarify the formation of
mature osteoblasts, we therefore assayed for the mRNA ex-
pression of osteocalcin and BSP using qRT-PCR. The results
showed that prenatal dexamethasone treatment suppressed
the expression of these bone marker genes in fetal bone
(Figure 2C). These data demonstrate that prenatal dexa-
methasone exposure impairs bone formation in the primary
ossification centres of fetal long bones.

Prenatal dexamethasone exposure delays
osteoclastogenesis

Genesis and recruitment of osteoclasts are key events in the
primary ossification of the hypertrophic cartilage anlage.
Osteoclast-deficient mice also exhibit accumulation of hyper-
trophic chondrocytes and delayed endochondral ossification
(Li et al., 2000). Formation of mature osteoclasts was evalu-
ated by TRAP staining (Figure 3A). The results showed that
the size of TRAP" cells in fetal bone with prenatal dexameth-
asone treatment was much smaller than those in the control
group. Quantification (Figure 3B) showed a significant de-
crease in the number of TRAP* cells at the chondro-osseous
junction in prenatal dexamethasone-treated fetus, compared
with those in control fetuses. In primary ossification centre,
the number of TRAP* cells of the prenatal dexamethasone-
treated fetuses was also significantly reduced compared with
that in control group. We further assessed the osteoclast
differentiation in primary ossification centres by qRT-PCR
analyses of the expression of osteoclast-specific function
genes including those for cathepsin K(Ctsk), for the calcito-
nin receptor (Calcr) and for TRAP. Results showed that the
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expression of Ctsk was not influenced, whereas the expres-
sion of Calcr and TRAP was significantly reduced in fetuses
with prenatal dexamethasone exposure (Figure 3C).

To understand how prenatal dexamethasone treatment
reduces the number of osteoclasts in the primary ossification
centre, we measured the mRNA expression of two major de-
terminants for osteoclastogenesis, RANKL and OPG, in the
primary ossification centre using qRT-PCR. There was a 52%

reduction in RANKL expression and 1.7-fold increment in
OPG expression in the fetuses with prenatal dexamethasone
exposure, which combined together resulted in an overall
69% decrease in the RANKL/OPG ratio in the primary ossifi-
cation centre of the prenatal dexamethasone-exposed fetuses
(Figure 3D). These results suggest that prenatal dexametha-
sone treatment down-regulates RANKL expression in bone,
which in turn reduces the osteoclastogenesis.
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Dexamethasone treatment regulates RANKL
and OPG expression in primary chondrocytes
and osteoblastic cells
As mature and hypertrophic chondrocytes, osteoblasts and
osteocytes are the main cells that co-express both RANKL
and OPG (Silvestrini et al., 2005), we next treated primary cul-
tures of chondrocytes with dexamethasone (10, 50, 250 and
1000 nM), to determine whether the down-regulation of
RANKL/OPG ratio is due to the direct effect of dexametha-
sone on these cells. The qRT-PCR results revealed that dexa-
methasone significantly repressed the mRNA expression of
RANKL, while enhancing the mRNA expression of OPG,
resulting in decreased RANKL/OPG ratio after 48 h of treat-
ment (Figure 4A). These results are consistent with the in vivo
result we described above (Figure 3D).

EGFRsignalling is important for expression of RANKL and
OPG in chondrocytes (Zhang et al., 2011, 2013). To investi-
gate whether dexamethasone affects the expression of
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RANKL and OPG by modulating EGFR signalling, we assessed
the mRNA expression of EGFR and its ligands in long bone by
qRT-PCR. Results showed that dexamethasone did not alter
the mRNA expression of EGFR and its ligands but it markedly
increased the expression of Mig6 (Figure 4B). Immunohisto-
chemical analysis of femur sections confirmed that the
protein levels of Mig6 in the hypertrophic chondrocytes of
fetuses with dexamethasone exposure were much higher than
that of the control fetuses (Figure 4C, D). Mig6 blocks the
formation of asymmetric EGFR dimers, thereby inhibiting
the activities of EGFR tyrosine kinases (Zhang et al., 2007).
We therefore investigated whether the up-regulation of Mig6
induced by dexamethasone exposure further affected EGFR
signalling, by analyzing EGFR phosphorylation in femur
sections. Prenatal dexamethasone treatment induced a
pronounced reduction in phosphorylation of the EGFR in
the long bone of fetuses (Figure 4C, E). Consistent with the
in vivo results mentioned above, dexamethasone treatment
concentration-dependently stimulated the mRNA expression
of Mig6 in primary chondrocytes (Figure 4F). These results
were further confirmed by the measurement of protein
expression of Mig6, which showed that dexamethasone treat-
ment induced significant increase in Mig6 expression and
decrease in EGFR phosphorylation in chondrocytes. In
contrast, knockdown of Mig6 by siRNA blocked the inhibitory
effect of dexamethasone on EGFR phosphorylation (Figure 4
G). These findings showed that prenatal dexamethasone treat-
ment suppressed EGFR activity by up-regulating Mig6 expres-
sion in fetal long bones.

To further understand whether Mig6 mediated the regu-
latory effect of dexamethasone on expression of RANKL and
OPG in chondrocytes, we treated primary chondrocytes
with dexamethasone (250 nM) and assayed gene expres-
sion using qRT-PCR. The results revealed that siRNA knock-
down of Mig6 completely abolished the up-regulation of OPG
expression in primary chondrocytes stimulated by dexameth-
asone (Figure 4H). This implies that prenatal dexamethasone
exposure regulates osteoclastogenesis partially via up-
regulating Mig6 expression.

Mature osteoblasts also produce RANKL and OPG, which
are the predominant factors regulating osteoclast differentia-
tion in the bone cavity (Khosla, 2001). We further assessed
the effect of dexamethasone on the expression of those
genes in primary osteoblasts. qRT-PCR results showed that
dexamethasone treatment concentration-dependently up-
regulated OPG expression and down-regulated RANKL ex-
pression (Figure SA). Interestingly, we also found that dexa-
methasone exposure could activate Mig6 expression in
osteoblasts (Figure SA). In addition, the immunohistochem-
istry results further demonstrated the up-regulation of Mig6
protein in fetal bone with prenatal dexamethasone exposure
(Figure 5B, C).

Low bone mass in adult offspring with prenatal
dexamethasone treatment

Accumulating evidence from animal studies and clinical data
has raised concerns regarding the long-term consequences of
prenatal dexamethasone treatment (Godfrey et al., 2011).
Next, we investigated whether prenatal dexamethasone
treatment had long-term effect on longitudinal bone growth
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and bone mass in 12-week-old rat offspring. Results showed
that there was no significant difference in the length of femur
between offspring with and without prenatal dexamethasone
treatment (data not shown). However, nCT imaging demon-
strated that bone mass in 12-week-old rat offspring after pre-
natal dexamethasone treatment was less than that present
in control offspring (Figure 6A). This was mainly due to a re-
duced trabecular number and an increased trabecular
separation (Figure 6B). These data indicate that prenatal
dexamethasone treatment may lead to less bone mass in the
adult offspring.

Discussion

Dexamethasone is used antenatally to accelerate the matura-
tion of fetal respiratory and cardiovascular systems when
there is a risk of preterm delivery, as well as to provide treat-
ment for asthma of pregnant women and congenital adrenal
hyperplasia of the fetus (Tan and Thomson, 2000; Maryniak
et al., 2014). We undertook this study to examine the effect
of prenatal dexamethasone exposure on fetal bone
development and clarify the underlying mechanisms. The
dose of dexamethasone used in human pregnancy varies
from 0.02 mg-kg~'-day ' for congenital adrenal hyperplasia
(Meyer-Bahlburg et al., 2004) to 0.1-0.5 mg-kg~'-day ' for in-
dicated preterm labour (Bloom et al., 2001; Peaceman et al.,
2005). In animal experiments, the lower therapeutic dose of
dexamethasone (0.03 mg-kg ' every second day) induced
loss of trabecular bone and retardation of bone growth in de-
velopmental piglets (Tomaszewska et al., 2013). Our previous
work found that prenatal dexamethasone treatment could
dose-dependently increase intrauterine growth retardation

rate in mice (Xu et al., 2011). Considering the dose conver-
sion between rat and human (conversion factor is 0.16)
(Reagen-Shaw et al., 2007), prenatal treatment with dexa-
methasone in rats at 1 mg-kg™" in this study is comparable
with that prescribed for pregnant women (0.2-0.3 mg-kg ™)
(Jobe and Soll, 2004). The present study indicated that
prenatal dexamethasone treatment at this therapeutic dose
(1 mg-kg '-day ') induced an adverse effect on long bone de-
velopment with enlarged hypertrophic zones of growth plate
in fetuses. Further, our data demonstrated that prenatal dexa-
methasone treatment can retard bone development and lead
to the reduction of bone mass in later life. From a clinical
point of view, it is important to use the proper dosage of
dexamethasone.

Dexamethasone exerts different effects on bone growth
at different developmental stages. In post-natal develop-
ment, dexamethasone treatment exerts growth-inhibiting ef-
fects systemically through down-regulation of the growth
hormone/insulin-like growth factor 1 axis (Nilsson et al., 2005)
and inhibition of chondrocyte proliferation, mineralization
and increment of apoptosis in growth plates (Nilsson et al.,
2005; Chagin et al., 2010; Zaman et al., 2014). In prenatal stages,
the negative effects of dexamethasone treatment on bone devel-
opment of human are substantial in the last trimester of preg-
nancy when maximal fetal growth occurs (Weiler et al., 1997;
So and Ng, 2005). Maternal treatment with dexamethasone
either continuously or on alternate days induced retarded
growth with an immature skeleton and shortened and less min-
eralized long bones in the fetus (Sliwa et al., 2010; Carbone et al.,
2012). In line with these studies, we have demonstrated that pre-
natal dexamethasone exposure at middle and late gestational
stages impaired skeleton development with shortened and less
mineralized long bones.
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group. Scale bar = 200 pm.

In the embryonic stage, the long bones of vertebrate skel-
etons are developed through endochondral ossification, dur-
ing which the mesenchymal cells initially undergo
condensation and chondrogenesis to form cartilage anlagen,
which is shaped like the prospective bone. Later, the cartilag-
inous anlagen is ossified, and the bone marrow is formed to
give rise to mature bones (Amizuka ef al., 2012). Bone growth
along the longitudinal axis relies on chondrocyte prolifera-
tion, hypertrophy and production of an extracellular matrix.
Accordingly, any interference in these processes would lead
to the shortening of the bone length (Rossi et al., 2002). Our
study demonstrated that prenatal dexamethasone exposure
slightly inhibited the proliferation of chondrocytes, whereas
it did not affect the expression level of p57, an early differen-
tiation marker. This indicated that the delayed endochondral
ossification induced by dexamethasone treatment was not
derived from the suppressed early differentiation of
chondrocytes. Further, we demonstrated that dexametha-
sone exposure significantly down-regulated the expression
of Runx2, a marker for chondrocyte maturation, and
inhibited chondrocyte apoptosis. Because the chondrocyte-

specific activity of Runx2 is essential for endochondral ossifi-
cation (Chen et al., 2011), our data strongly suggest that dexa-
methasone may delay endochondral ossification by
suppressing the terminal differentiation and apoptosis of
the hypertrophic chondrocytes.

Osteoclasts are critical and indispensable to the degrada-
tion of mineralized hypertrophic cartilage during endochon-
dral bone formation (Touaitahuata ef al., 2014). Mice lacking
osteoclasts such as RANK knockout mice have extended hy-
pertrophic cartilage zone (Li et al., 2000). Interestingly, our
data showed a decreased number of osteoclasts at the
chondro-osseous junction of fetal bone after prenatal dexa-
methasone exposure, indicating that the expansion of the
hypertrophic zone was due to the reduced osteoclastogenesis.
Hypertrophic chondrocytes are one of the major sources of
RANKL, controlling mineralized cartilage resorption at the
growth plate (Xiong et al., 2011). Therefore, the enlarged hy-
pertrophic zone we observed in long bones of fetuses after
prenatal dexamethasone exposure is because of the reduced
number of osteoclasts at the chondro-osseous junction. Our
in vivo and in vitro data further showed that dexamethasone
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Twelve-week-old offspring with prenatal dexamethasone (Dex)
treatment have reduced bone mass. (a) Representative uCT images
of femur from 12-week-old offspring with prenatal saline or dexa-
methasone treatment. (b) Quantitative pCT analysis of trabecular
bone microarchitecture. *P < 0.05 versus control; Student’s t-test;
n=12 per group. BV/TV, bone volume per tissue volume; Tb. N, tra-
becular number; Tb. Sp, trabecular separation; Tb. Th, trabecular
thickness.

exposure down-regulated RANKL expression and up-
regulated OPG expression in chondrocytes, and this corre-
lates well with the decreased number of osteoclasts at the
chondro-osseous junction. These results indicate that dexa-
methasone delays the endochondral ossification process by
suppressing osteoclastogenesis.

In addition to reduced osteoclastogenesis at chondro-
osseous junctions, we also found that prenatal dexametha-
sone exposure reduced osteoeoclast numbers in the bone
cavity, indicating decreased osteoclastogenesis in bone mar-
row. Osteoclasts have the unique ability to resorb mineralized
bone and this process is an important part of bone modelling
in early bone development stage (Crockett ef al., 2011). In the
bone cavity, osteoblast lineage cells produce RANKL and OPG
to control osteoclastogenesis (Martin and Sims et al., 2015).
We found that dexamethasone concentration-dependently
suppressed RANKL expression, whereas it activated OPG ex-
pression in primary osteoblasts, which may in turn delay
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the osteoclastogenesis. Our data also showed that the expres-
sion of bone formation marker osteocalcin and BSP was sig-
nificantly suppressed, indicating that dexamethasone
delayed bone modelling in the fetus.

EGFR and its ligands have previously been shown to be
highly expressed in the chondrocytes and regulate endo-
chondral ossification in growth plates (Zhang et al., 2011,
2013; Usmani et al., 2012). EGFR signalling supported the os-
teoclastogenesis at chondro-osseous junctions and promoted
the remodelling of growth plate cartilage extracellular matrix
into bone during endochondral ossification (Zhang et al.,
2011, 2013). Conversely, deficiency of Mig6 can induce ab-
normal endochondral ossification (Zhang et al.,, 2005;
Shepard et al., 2013). EGFR-specific tyrosine kinase inhibitors
and EGFR knockdown impaired the RANKL-mediated activa-
tion of osteoclastogenic signalling pathways and enlarged the
growth plates with expanded hypertrophic zones (Yi et al.,
2008; Zhangetal., 2011, 2013). Consistent with these reports,
we found that dexamethasone induced accumulation of
hypertrophic chondrocytes with delayed maturation and ter-
minal differentiation; this phenotype is similar to that in
EGFR-deficient rat and mice (Zhang et al., 2011, 2013). Inter-
estingly, dexamethasone has previously been shown to sup-
press EGFR signalling by up-regulating Mig6 in fibroblasts
(Xu et al., 2005). Our present study demonstrated that dexa-
methasone suppressed EGFR signalling in chondrocytes
through Migé6. It is possible that dexamethasone treatment
leads to the delayed osteoclastogenesis at chondro-osseous
junction by suppressing EGFR signalling. In supportof this
possibility, we found a decreased number of osteoclasts adja-
cent to chondrocytes at the junction. In vitro study further
showed that dexamethasone depressed the expression of
RANKL, whereas it enhanced the expression of OPG partly
by up-regulating Mig6 in chondrocytes. Our results suggest
that Mig6 is partly involved in mediating the toxic effect of
dexamethasone on bone development in utero.

In conclusion, we have performed in vivo and in vitro ex-
periments to clarify the mechanisms underlying bone devel-
opmental retardation in fetuses exposed to prenatal
dexamethasone. The results demonstrated that prenatal
dexamethasone exposure retarded endochondral ossification
by delaying the terminal differentiation and apoptosis of hy-
pertrophic chondrocytes and suppressing osteoclastogenesis.
Mig6 in chondrocytes and osteoblast may be partly involved
in the detrimental effect of dexamethasone on osteoclast dif-
ferentiation. To our knowledge, the detailed mechanism of
fetal bone growth retardation by maternal dexamethasone
treatment was not reported previously in any other studies.
This study will lead to a better understanding of the possible
long-term effect of dexamethasone on bone metabolism in
later life. In addition, this study also indicates that long-term
prenatal dexamethasone treatment may have serious clinical
consequences and the doses used should be optimized.
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