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Mitochondrial dysfunction resulting from the down-regulation of
bone morphogenetic protein 5 may cause microtia
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Background: Bone morphogenetic protein 5 (BMP5) has been identified as one of the important risk
factors for microtia; however, the link between them has yet to be clarified. In this study, we aimed to
demonstrate the relationship of BMP5 with mitochondrial function and investigate the specific role of
mitochondria in regulating microtia development.

Methods: BMP5 expression was measured in auricular cartilage tissues from patients with and without
microtia. The effects of BMP5 knockdown on cellular function and mitochondrial function were also
analyzed in vitro. Changes in genome-wide expression profiles were measured in BMP5-knockdown cells.
Finally, the specific impact of BMP5 down-regulation on mitochondrial fat oxidation was analyzed in vitro.
Results: BMP5 expression was down-regulated in the auricular cartilage tissues of microtia patients.
BMP5 down-regulation inhibited various cellular functions iz vitro, including cell proliferation, mobility,
and cytoactivity. The functional integrity of mitochondria was also damaged, accompanied by a decrease in
mitochondrial membrane potential, reactive oxygen species (ROS) neutralization, and reduced adenosine
triphosphate (ATP) production. Carnitine O-palmitoyltransferase 2 and diacylglycerol acyltransferase 2,
two of the key regulators of mitochondrial lipid oxidation, were also found to be decreased by BMP5 down-
regulation.

Conclusions: Down-regulation of BMP5 affects glycerolipid metabolism and fatty acid degradation,
leading to mitochondrial dysfunction, reduced ATP production, and changes in cell function, and ultimately
resulting in microtia. This research provides supporting evidence for an important role of BMP5 down-
regulation in affecting mitochondrial metabolism in cells, and sheds new light on the mechanisms underlying

the pathogenesis of microtia.
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Introduction

Microtia is one of the common congenital craniofacial
and extracranial anomalies in children, and has an
incidence rate of 0.83/10,000-17.40/10,000 (1-7). The
clinical manifestations of microtia range in severity from
mild structural abnormalities to the complete absence of
ears (anotia). Clinical observations and previous reports
have shown that microtia is mostly sporadic but cases of
familial aggregation have also been reported. According
to reports, the incidence of microtia multiple case family
(MMCF) is between 2.9% and 33.3% (2,3,8,9). Microtia
is associated with aural atresia and conduction deafness,
with approximately 90% of patients with microtia suffering
conductive hearing loss on the affected side (10-12).
Hearing loss may have a negative impact on an individual’s
speech development and communication ability (1-3), and
may even prove life-threatening in daily life. Although many
treatments exist for hearing loss, they produce different
results (13). The stigma associated with microtia and the
burden of undergoing multiple surgeries negatively impact
the psychological state of patients, which especially affects
their social life (4-7,14). Moreover, the considerable medical
costs associated with treating this disease and its associated
health issues place a burden not only on the patient’s family
but on the public health system. Therefore, early diagnosis
and prevention of microtia are of great significance.
Existing data indicate that the occurrence of microtia
is affected by many factors including environmental and
genetic causes (8). Although the etiology of microtia
has not been confirmed, genetic variants have been
identified as an important risk factor for the disease (9).
As a member of the bone morphogenetic protein family,
bone morphogenetic protein 5 (BMP5) is associated
with bone and cartilage morphogenesis, soft tissue
connection, and limb development in humans (10). The
homozygous recessive mutation of BMP5 in mice can
cause defective cartilage to affect the entire bone structure,
thereby shortening the outer ear and causing it to wrinkle
slightly (4). Previous studies have found that activation of
BMP5 and Wnt5a causes SMADs to enter the nucleus and
initiate cell proliferation and differentiation procedures (15).
The ligands of the BMP family bind to various transforming
growth factor (TGF)-B receptors, resulting in the
recruitment and activation of SMAD family transcription
factors that regulate gene expression. Exogenous TGF-B3
treatment attenuated mitochondria-mediated apoptosis
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resulted from serum deprivation under hypoxic conditions
in adipose-derived stem cells (ADSCs), via the upregulation
of poly ADP-ribose polymerase (PARP) (16). Thus, we
considered whether mitochondria play an important role
in the process of BMP5-regulated cell proliferation and
differentiation.

The mitochondrial system is perhaps the most
sophisticated and dynamic responsive eukaryotic
sensing system. It participates in the regulation of Ca2+
homeostasis, cytochrome c release, reactive oxygen
species (ROS) generation, and cellular signal transduction
(11-13,17-19). Mitochondrial dysfunction is observed
in many human diseases, including inherited genetic
disorders, degenerative diseases, inflammation, and cancer.
Mitochondrial dynamics are altered by physiological aging,
which affects stem cell homeostasis through coordinated
changes in BMP orthologue stemness signaling, niche
contact, and cellular metabolism (20). Moreover, the
existing literature indicates a close relationship between cell
differentiation and mitochondrial function. Establishment
of the mitochondrial network is the prerequisite for stem
cells to differentiate into a functional phenotype (21,22). A
previous study showed that interference with the expression
of BMP and activin membrane-binding inhibitor (BAMBI)
can promote the production of ROS in the cytoplasm and
mitochondria along with the DNA binding activity of C/
EBPB, to ultimately promote adipocyte differentiation
and adipogenesis (23). Collectively, these data suggest
that mitochondria may play a role in BMP5-regulated cell
proliferation and differentiation. Enhanced understanding
of the interplay between BMP5, mitochondrial function,
and cellular function integrity could provide novel
directions for the etiological study and prevention of
microtia. Although some studies have mentioned that
BMPS5 may be involved in the occurrence of microtia
(24,25), the research on its specific mechanism is still
not in-depth. Moreover, this study is the first to prove
that lipid metabolism disorders may cause microtia. In
this study, we investigated the relationship of BMP5 and
mitochondrial function by establishing 293T and ADSC
models of low BMP5 expression through transfection with
small interfering RNA (siRNA) in an effort to demonstrate
the relationship of BMP5 and mitochondrial function in
microtia development. We present the following article in
accordance with the MDAR reporting checklist (available at
http://dx.doi.org/10.21037/atm-21-831).
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Methods
Clinical specimens

Three patients with microtia and 3 otitis patients with
normal pinna were enrolled into the study. Surgically
resected auricular cartilage tissue specimens were obtained
from Sun Yat-sen Memorial Hospital of Sun Yat-sen
University. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Written
informed consent was obtained from all the subjects and
their parents involved in this study for participation in and
publication of this study, and all procedures were approved
by the Ethical Committee of Sun Yat-sen Memorial
Hospital of Sun Yat-sen University (No.: 2019-KY-024) and
were following the Declaration of Beijing.

Immunobistochemical staining of auricular cartilage

BMP5 expression was detected in the auricular cartilage
of healthy people and microtia patients using an
immunohistochemical staining method with specific
antibodies.

Cell culture

ADSCs (OriCell, USA) were cultured in human adipose-
derived mesenchymal stem cell medium (OriCell, USA)
with 10% fetal bovine serum (FBS; OriCell, USA), 1%
penicillin, and 1% L-glutamine at 37 °C with 5% CO,.
Culture of 293T cells was done in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, USA) containing 10% FBS
(Gibco, USA) at 37 °Cin a 5% CO, incubator.

Cell transfection

ADSCs and 293T cells were cultured to ~60-
70% confluence in culture medium without
penicillin or streptomycin. BMP5 siRNA-1 (sense:
GCAGCUGAAUUCCGGAUAUTT; antisense:
AUAUCCGGAAUUCAGCUGCTT), BMP5 siRNA-2
(sense: CCUCGUCGCAUACAGUUAUTT; antisense:
AUAACUGUAUGCGACGAGGTT), BMP5 siRNA-
3(sense: GCUGGGUUCUAGUGGGUUATT;
antisense: UAACCCACUAGAACCCAGCTT) and the
NC siRNA (Shanghai, China). ADSCs and 293T cells
were transfected with siRNA using a Lipofectamine 3000
Transfection Reagent Kit (Beyotime, China) according to
the manufacturer’ instructions.
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Colony formation assay

Cells were seeded in 6-well plates at 1,000/mL per well.
The culture media were not changed during the experiment.
Colonies were fixed with 4% paraformaldehyde and stained
with 0.5% crystal violet after a week of culture. Colonies
with 20-40 cells were counted.

Transwell assay

Cells (1x10° cells/well) were cultured in a Transwell
chamber (BD Biosciences, USA) containing FBS-free
medium in the upper chamber and 10% FBS in the lower
chamber at 37 °C with 5% CO,. After 24 hours of culture,
4% paraformaldehyde was used to fix the cells that had
migrated to the lower chamber, and 0.5% crystal violet
was used to stain the cells for 15 minutes. The cells were
photographed and counted under a microscope.

Cell viability assay

Cell Counting Kit (CCK)-8 kits (DOJINDO, Japan) were
used to detect cell viability. Cells were seeded in 96-well
plates at 37 °C for 24 hours. After treatment for 2 hours,
the absorbance was measured at 450 nm with a microplate
reader (Labsystems Dragon, Finland).

Measurement of mitochondrial transmembrane potential

The mitochondrial membrane potential was estimated by
monitoring fluorescence using JC-1 (Yeasen Biotechnology,
Shanghai). After treatment with specific siRMA, cells were
incubated with 1 pg/mL JC-1 for 20 minutes at 37 °C in
the dark. Finally, an Olympus BX63 microscope (Olympus,

Japan) was used to take the fluorescence images.

Detection of ROS

Cells were cultured in medium with 0.5 mM H,O,
for 24 hours. Following that, they were covered with
0.5 mM dihydroethidium and incubated in a light-protected
humidified chamber at 37 °C for 3 minutes. Images were
obtained with a fluorescence microscope (Olympus BX63,
Olympus, Japan).

Adenosine tripbosphate (ATP) measurement

ATP was measured using ATP assay kits (Beyotime,
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Figure 1 BMP5 expression is down-regulated in auricular cartilage tissues of microtia patients. (A) The expression and localization of

BMPS5 in the auricular cartilage tissue array were detected by immunohistochemical staining (MP: microtia auricular cartilage; NC: normal
auricular cartilage); (B) the number of stained cells is decreased by 31.5% in the MP group; (C) the stained area is decreased by 63.9% in the
MP group; (D) the dyeing degree is decreased by 79.7% in the MP group. *, P<0.05; **, P<0.01.

Shanghai, China). After being diluted with dilution buffer,
ATP detection reagent was added to a 96-well plate. After
homogenization followed by centrifugation at 12,000 g at
4 °C for 5 minutes, the samples were added into the wells
and mixed with the detection solution. Then, the levels
of ATP were measured with a SpectraMax M5 microplate
reader (Molecular Devices, San Jose, CA, USA). The ATP
content was normalized to the ATP protein content on the
basis of the standard curve.

RNA extraction and quantitative real-time PCR

After treatment for 48 hours with specific siRNA, TRIzol
TM reagent (ThermoFisher Scientific, China) was used
to extract total RNA from cells, which was then reverse-
transcribed with Takara RNA PCR kits (Takara, Tokyo,
Japan). Quantitative real-time PCR (qPCR) was performed
on an ABI Prism 7500 Sequence Detection System (Applied
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Biosystems, USA) using SYBR Green PCR supermixes
(Biorad, Hercules, California, USA). The relative expression
of the gene of interest was calculated with the 2* method.

Western blotting

Cells were lysed in lysis buffer (ThermoPlus, USA) with
a protease inhibitor cocktail (Kangcheng, Shanghai,
China). Protein samples were separated through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Burlington, MA, USA).
After being blocked with 5% BSA, the membranes were
incubated with primary antibodies to BMP5 (Abclonal,
China, Cat#: A8401), VDACI1 (Abclonal, China, Cat#:
A19707), CYCS (Abcam, USA, Cat#: ab133504), CPT2
(Affinity, China, Cat#: DF7089), DGAT?2 (Affinity, China,
Cat#: DF9442), and GAPDH (Abclonal, China, Cat#:
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ACO001) for 12 hours at 4 °C. After further incubation with
secondary antibodies (1:3,000) at room temperature for
1 hour, the immunoreactive bands were detected by
enhanced chemiluminescence (Millipore, Burlington, MA,
USA) and analyzed in Image] (NIH, USA). GAPDH served

as the internal control.

Statistical analysis

Statistical analyses were performed using SPSS 18.0 (IBM
Co., USA) and GraphPad Prism 7.0 (GraphPad Software,
USA). Data were analyzed by unpaired Student’s #-test. All
data were expressed as the mean = standard error of the
mean (SEM) and were obtained from three independent
experiments. For all statistical analyses, a P value of <0.05
was considered statistically significant.

Results

BMPS expression was down-regulated in auricular
cartilage tissues from microtia patients

To evaluate the relationship between BMP5 expression and
microtia, we measured the levels of BMP5 expression in
auricular cartilage tissue specimens obtained from 3 microtia
patients with varying degrees of minor pinna deformity and
3 otitis patients with normal pinna. Immunohistochemical
(IHC) analysis demonstrated that microtia auricular
cartilage tissues were negative or weakly stained for BMP5.
Representative examples of BMPS5 immunostaining are
shown in Figure 14. We further quantified BMPS5 expression
by calculating the number of stained cells, stained area, and
dyeing degree, and found that compared with the normal
tissues, the microtia auricular cartilage tissues showed
decreases of 31.5% (Figure 1B), 63.9% (Figure 1C), and
79.7% (Figure 1D), respectively. These results indicated
that BMPS5, which was down-regulated in microtia auricular
cartilage tissue, might be a potential genetic risk factor for
microtia.

Down-regulation of BMPS inhbibited cellular function in
vitro

To explore the biological effects of reduced BMP5
expression in the 293T cells and ADSCs, control cells were
treated with BMPS5-specific siRNA in 3 different sequences.
The silencing potency of the siRNAs specific to BMP5
was verified by real-time PCR and western blotting. The
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results demonstrated that at 48 hours after transfection with
the second and third BMP5 siRNA sequences (siBMP5-2
and siBMP5-3), BMP5 mRNA expression in 293T cells
and ADSCs was down-regulated by more than 40%
(Figure 24,B). After 72 hours of transfection, the efficiency
of knock-down of BMP5 protein in the siBMP5-2 and
siBMP5-3 ADSCs was about 48%, while the knock-down
efficiency in siBMP5-2 and siBMP5-3 293T cells was
44% and 55%, respectively (Figure 2C,D). These results
showed that the second and third BMP5 siRNA sequences
performed well in down-regulating BMP5 expression
and that the BMPS5 expression levels of BMPS5 siRNA-
transfected control cells were comparable to those of
microtia auricular cartilage tissue.

Subsequently, the activity of cells treated with siRINAs
specific to BMPS was examined by performing colony
formation, Transwell migration, and CCK8 assays
(Figure 3). As shown in Figure 34 and B, the treated 293T
cells exhibited a significant decrease in the number of
colonies formed (a 51% decrement in siBMP5-2 group
and 55% decrement in siBMP5-3 group). After 48 hours
of transfection, compared to the non-sense siRNA-
treated cells, far fewer BMPS siRNA-treated 293T cells
were observed to have migrated through the Transwell
membranes (an approximate 60% decrement in both
siBMP5 groups, Figure 3C and F). Compared to non-
sense siRINA-treated cells, 293T cells with BMP5 silencing
showed lower cytoactivity according to the results of CCK-
8 assay, with a decrease of approximately 30% in relative
absorbance (Figure 3D). It was further confirmed that the
cell viability of ADSCs had decreased following the down-
regulation of BMP5 (Figure 3E). These findings verified that
the down-regulation of BMPS5 inhibited cellular function
in vitro, as shown by reductions in cell proliferation,

mobility, and cytoactivity.

BMPS down-regulation probably affected cellular lipid
metabolism

To further investigate cellular vulnerabilities caused by
BMPS5 deficiency, genome-wide expression profiling
was conducted. To identify the pathways responsible for
the sensitivity of 293T-siRNA cells to 293 T-NC cells, a
pathway analysis of genes that showed a more than 2-fold
increase or decrease in expression in 293T-siRNA cells
but not in 293T-NC cells after treatment with BMP5-
siRNA was performed (Figure 4). Among these genes,
pathways related to fatty acid degradation and glycerolipid

Ann Transl Med 2021;9(5):418 | http://dx.doi.org/10.21037/atm-21-831
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Figure 2 BMP5 mRNA and protein expression shows a significant decrease after the transfection of specific siRNAs. (A) BMP5 mRNA
expression in 293T cells is down-regulated by 60%, 44%, and 43 %, respectively, in 3 specific siRNAs; (B) BMP5 mRNA expression in
ADSCs is down-regulated by 32%, 56%, and 41%, respectively, in 3 specific siRINAs; (C) BMPS5 protein expression in siBMP5-2 and
siBMP5-3 293T cells is decreased by 44% and 55%, respectively, compared with the negative control group; (D) BMP5 protein expression
in siBMP5-2 and siBMP5-3 ADSCs is decreased by 48% compared with the negative control group. BMPS5, bone morphogenetic protein 5;
ADSC, adipose-derived stem cells; NC, normal control. *, P<0.05; **, P<0.01.

metabolism were significantly inhibited (P<0.001). Notably,
several key genes of lipid metabolism associated with
mitochondria, including CPT1A, CPT2, and DGAT?2, were
markedly down-regulated in 293 T-siBMP5 cells, but not in
293T-siNC cells. These results indicated that mitochondria
might play an important role in the process of cellular
function regulation following BMP5 down-regulation.

BMPS silencing altered the function of mitochondria

The above findings suggested that the functional integrity
of mitochondria was related to the regulation of cellular
function. Therefore, we next investigated the mitochondrial
function profiles between control and BMPS5 siRNA-treated
cells (Figure 5). The mitochondrial membrane potential,
which was examined using JC-1 staining, was diminished

(Figure SA,B) in BMPS5 siRNA-treated cells, which showed

© Annals of Translational Medicine. All rights reserved.

bright green fluorescence. Further characterization of
mitochondrial structural proteins suggested that the levels
of cytochrome C (CYCS) and voltage-dependent anion-
selective channel protein 1 (VDACI) were increased in
BMP5 siRNA-treated 293 T cells, which was confirmed
by western blotting (CYCS, a 36% and 34% increment in
siBMP5-2 and siBMP5-3 group respectively; and VDACI,
a 49% and 37% increment in siBMP5-2 and siBMP5-3
group respectively; Figure SE,F,GG). The destruction of
the mitochondrial membrane resulted in mitochondrial
dysfunction. Flow cytometry indicated that the ROS
neutralization capacity, which was examined using
dihydroethidium, was down-regulated by 10% in BMP5-
transduced 293T cells (Figure 5D). Fluorescence microscopy
also confirmed ROS elevation in ADSCs treated with BMP5
siRNA (Figure 5C,H). Also, compared to the control cells,
293T cells treated with BMPS5 siRNA contained less ATP

Ann Transl Med 2021;9(5):418 | http://dx.doi.org/10.21037/atm-21-831
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Figure 3 Knockdown of BMPS5 significantly damages the basic function of 293T cells and ADSCs. (A,B) Significant damage to the growth
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30% after BMP5 down-regulation. (E) Cell viability of ADSCs is decreased by 27% and 43% after BMP5 down-regulation. Cells were
stained with 0.5% crystal violet. BVIP5, bone morphogenetic protein 5; ADSC, adipose-derived stem cells; NC, normal control. *, P<0.05;
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at the basal level (a 30% and 20% decrement in siBMP5-2
and siBMP5-3 group respectively, Figure 5I). Collectively,
the presented results suggested that the down-regulation of
BMP5 induces the destruction of mitochondrial functional
integrity in 293T cells and ADSCs.

Down-regulation of BMPS attenuated mitochondrial lipid
oxidation and triglyceride syntbesis

According to the genome-wide expression analysis of cells
with BMPS5 down-regulation, some key enzymes in fat
oxidation were affected by the expression levels of BMPS5.
We monitored the expression of enzymes responsible for the
transportation of fatty acids to mitochondria and oxidation
by performing real-time PCR and Western blotting. The
expression of carnitine O-palmitoyltransferase 2 (CPT2)
was significantly reduced by BMP5 down-regulation at both
the mRNA and the protein level (Figure 64,B,C). CPT?2
catalyze one of the key step in the transportation of long-
chain acetyl coenzyme A (acyl-CoA) into mitochondria
for subsequent oxidation. Furthermore, the expression of

© Annals of Translational Medicine. All rights reserved.

diacylglycerol acyltransferase 2 (DGAT?2), a key protein
that catalyzes the synthesis of triglycerides (T'Gs), was
also significantly downregulated (Figure 6D,E,F,G), which
indicated the dysfunction of T'G synthesis.

Discussion

In recent years, members of the BMP signaling pathway,
including BMPS5, have been reported to be associated with
stem cell maintenance and self-renewal capacity in a number
of organisms (26). Homozygous recessive mutations of
BMPS5 in mice can result in shortened, due to damage to the
cartilage framework, which affects the external ear, causing
a slightly wrinkled appearance (27). However, the question
of how BMPS5 regulates the cellular functions which lead
to cartilage defects in patients with microtia remained
unanswered.

In this study, we established an iz vizro model of BMP5
down-regulation to clarify four key issues: (I) the impact
of BMP5 expression on cellular function in vitro; (II)
changes in genome-wide expression following BMP5 down-

Ann Transl Med 2021;9(5):418 | http://dx.doi.org/10.21037/atm-21-831
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Figure 5 Down-regulation of BMP5 inhibits the mitochondrial function of 293T and ADSC cells. (A) The results of JC-1 staining of
293T cells show that BMP5 deficiency significantly damaged the mitochondrial membrane potential, with brighter green fluorescence and
weaker red fluorescence. (B) The results of JC-1 staining performed on ADSCs also show that BMP5 deficiency significantly damaged the
mitochondrial membrane potential. (C,H) The ROS content of ADSCs treated with BMP5siRNA is increased. (D) ROS production in
293T cells was detected by flow cytometry, and a quantitative graph shows the results, expressed as means + SEMs. (E,F,G) Representative
blots of CYCS and VDACI from 293T cells transfected with control siRNA or BMP5-siRNA, and a quantitative graph shows the results of
western blot, expressed as means + SEMs. (H) DHE stain was used to check the ROS content of ADSCs treated with BMP35siRNA. (I) The
ATP level in 293T cells treated with BMP5 siRNA is decreased by approximately 30% in siBMP5-2 group and 20% in siBMP5-3 group
compared with that in the control group. *, P<0.05; **, P<0.01. BMP5, bone morphogenetic protein 5; ADSC, adipose-derived stem cells;
NG, normal control; CYCS, cytochrome C; VDACI, voltage-dependent anion-selective channel protein 1; ROS, reactive oxygen species;
DHE, dihydroethidium; CCCP, mitochondrial oxidative phosphorylation uncoupler; ATP, adenosine triphosphate.
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Figure 6 Down-regulation of BMP5 attenuates mitochondrial fat oxidation and triglyceride synthesis. (A) The expression of CPT2
mRNA in 293T cells treated with BMP5-siRNA shows a larger decrease than that in the siNC group. (B) The expression of CPT2 mRNA
in ADSCs treated with BMP5-siRNA decreased. (C) CPT2 protein expression in 293T cells treated with BMP5-siRNA shows a larger
decrease than that in the siNC group. (D) The expression of DGAT2 mRNA in 293T cells treated with BMP5-siRNA decreased. (E) The
expression of DGAT2 mRNA in ADSCs treated with BMP5-siRNA decreased. (F) DGAT?2 protein expression in 293T cells treated with
BMP5-siRINA decreased (G) Representative western blots of CPT2 and DGAT?2 enzymes in 3 groups of 293T cells. *, P<0.05; **, P<0.01.
BMPS5, bone morphogenetic protein 5; ADSC, adipose-derived stem cells; NC, normal control; CPT?2, carnitine O-palmitoyltransferase 2;
DGAT?2, diacylglycerol acyltransferase 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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regulation; (IIT) the phenotypic variation of mitochondria in
cells with BMP5 down-regulation; and, most importantly,
(IV) alterations in the specific pathways related to
mitochondrial function.

We demonstrated that BMPS5 was decreased in the
auricular cartilage tissues of microtia patients and that
BMP5 expression was reduced in 293T cells and ADSCs
following transfection with BMP5-specific siRNA, which
led to the inhibition of cell proliferation, mobility, and
cytoactivity. These novel findings indicate the mechanisms
underlying an important role of BMP5 in the biogenetic
process of microtia.

Existing data showed that intact mitochondrial
function is important for the maintenance of progenitor
cell function (28). Recent studies on mitochondrial
dynamics have indicated that cellular aging is influenced
by the fission and fusion of mitochondria through the
regulation of the cell cycle, mitochondrial metabolism,
redox signaling, and apoptosis (29,30). However, BMP5
down-regulation has not previously been reported to be
associated with mitochondrial dysregulation. Our finding
that BMP5 down-regulation in 293'T and ADSCs has an
association with mitochondrial dysfunction is consistent
with the outcomes of cellular function inhibition in these
cells. In the BMPS5 down-regulation model of 293T
cells, changes of mitochondrial membrane potential and
mitochondrial structural proteins were observed, suggesting
that BMP5 attenuates mitochondrial function. A loss of
mitochondrial membrane potential and the formation of
mitochondrial permeability transition pores are signs of
mitochondrial dysfunction (31). Voltage-dependent anion
channels (VDACs) are the most abundant proteins in the
mitochondrial outer membrane and regulate Ca™ influx,
metabolism, inflammasome activation, and cell death
(31-35). VDACI (the most abundant of the 3 VDAC
isoforms) was found to be increased in cells with BMP5
down-regulation, and it might be a contributor to the
permeability of mitochondrial outer membrane and the
increase in the release rate of CYCS. Previous studies have
demonstrated that mitochondrial ROS acts as a second
messenger to activate various downstream signaling cascades
(such as PKC and PI3K), and then continues to inhibit
the formation of mitochondrial permeability transition
pores (36,37). However, the excessive release of ROS can
have harmful effects on mitochondrial components (such
as mitochondrial DNA, mitochondrial membrane and
respiratory chain protein, and nuclear DNA), resulting in
impaired mitochondrial function (38). Cells with less BMP5
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expression exhibited higher levels of oxidative stress induced
by ROS overproduction, which was a critical factor in the
disruption of mitochondrial function and the resulting in
cell death signaling.

Following BMP5 transduction, we found that
mitochondrial lipid oxidation and TG synthesis were
inhibited. Previous research has demonstrated BMP
signaling to be a crucial molecular link in the coordination
of mitochondrial dynamics and lipid catabolism (39).
Several key molecules regulate lipid metabolism associated
with mitochondria, the dysregulation of which alters
mitochondrial function (35,40). As illustrated by western
blot, BMP5 down-regulation dramatically impaired the
expression levels of DGAT2 and CPT?2, which were the
master regulators of T'G synthesis and long-chain acyl-CoA
transportation of the subsequent oxidation in mitochondria.
Together, these results confirmed that the contribution of
reduced BMP5 expression to mitochondrial dysfunction
in vitro is closely related to lipid metabolism, especially in
aspect of long-chain acyl-CoA oxidation and TG synthesis.
However, the change of triglyceride content and the acyl-
CoA accumulation in BMPS5 down-regulated cells remained
to be further analyzed.

The results of this study suggested that the down-
regulation of BMPS5 led to inefficiency in mitochondrial
function, which subsequently impaired the integrity of
cellular functions, especially in the processes of long-chain
acyl-CoA oxidation and TG synthesis. However, the impact
of BMP5 expression levels during the biogenic process of
microtia in vivo demands further investigation.

Conclusions

Taken together, our findings have revealed for the first
time that down-regulation of BMPS5 affects glycerolipid
metabolism and fatty acid degradation, resulting in
mitochondrial dysfunction, reduced ATP production,
changes in cellular function (Figure 7), and, eventually,
microtia. This work provides supporting evidence of an
important role of BMPS5 down-regulation in mitochondrial
metabolism and sheds new light on the mechanisms
underlying the pathogenesis of microtia.
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Figure 7 Down-regulation of BMP5 reduces the expression of DGAT2 and CPT2, which mainly affects fatty acid conversion and

transfer, leading to mitochondrial dysfunction and reduced ATP production. TG, triglycerides; FAs, fatty acids; CPT2, carnitine

O-palmitoyltransferase 2; DGAT?2, diacylglycerol acyltransferase 2; TCA, tricarboxylic acid cycle; FAO, fatty acid oxidation.
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