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Abstract Ces3 is a lipolytic enzyme predominantly
present in liver and adipocytes, with recent reports of its
presence in skeletal muscles, as well. A cross-linking study
to understand the various interacting proteins involved in
bone-adipose axis could provide novel targets for drug
development. We explored the functional role of Ces3 in
osteoblasts and mesenchymal stem cells differentiating into
osteoblast lineage using in vitro models. We also
investigated the physiological functions of Ces3 by stable
gene knockdown of Ces3 and exogenous Ces3 induction,
and examined the interacting proteins by Co-IP and in-

silico analysis. Data from our study suggests that Ces3 is
highly expressed in osteoblasts and promotes proliferation
of the cells by increasing the expressions of osteogenic
marker proteins and genes. For the first time, our
mechanistic studies revealed that Ces3 interacts with
BMP11 protein for regulation of osteoblast differentiation
and activates the ALK2 and BMP type II receptors via
Smad 1/5/9 signaling pathways. In addition, we identified
the various partner proteins linked to Ces3 and BMP11
which are also involved in the metabolic network of
osteoblasts. In silico analysis revealed a direct and strong
interaction between Ces3 and BMP11 which influences the
growth and regulation of osteoblasts. Current data unveiled
a hitherto unknown mechanism of Ces3 and BMP11 in the
bone-adipose axis, shedding light on Ces3 as a pharmaco-
therapeutic target to treat metabolic disorders.

Keywords: osteoblasts, Ces3, BMP11, differentiation, Smad
1/5/9

1. Introduction

The bone has emerged as an endocrine organ with effects
on body weight control and glucose homeostasis through
the actions of several bone-derived factors. The cross-talk
between adipose tissue and the bone constitutes a homeostatic
feedback system with adipokines and molecules secreted
by osteoblasts and osteoclasts representing the links of an
active bone-adipose axis [1]. Several diseases including
type 2 diabetes mellitus and osteoporosis are reported to be
correlated with the fat-bone relationship [2], but the balanced
metabolism with reduced fat accumulation and increased
osteoblast differentiation resulted in effective way to combat
the diseases [3]. Osteoblasts are the primary cells involved
in osteogenic differentiation [4], while the pluripotent
mesenchymal stem cells (MSCs) have the ability to transform
into osteoblasts as well as adipocytes [5]. The differentiation
of osteoblastogenic and adipogenic programs are well
coordinated and established in a competitive manner [6].
The cell lineages of adipocytes and osteoblasts share a
degree of plasticity and several regulators contribute to
control their differentiation and function [7]. Among the
known transcriptional factors responsible for osteoblast
differentiation, Runt-related transcription factor 2 (Runx2),
alkaline phosphatase (ALP) and Osterix (Osx) are modulated
via phosphorylation of Smad 1/5/9 and play vital roles in
the formation of the bone matrix [8,9].

The bone morphogenetic protein 11 (BMP11), also known
as growth and differentiation factor 11 (GDF11) [10], is a
protein known to play a role in bone formation. BMP11
belongs to the superfamily of transforming growth factor-
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β (TGF-β) proteins [11], and has been implicated in several
diseases including cancer [12], aging [13], obesity, and
diabetes [14]. Interestingly, in our recent study we have
highlighted the unique role of BMP11 regulating
thermogenesis in white fat cells [15]. BMP11 has also been
linked with adipocyte lipolytic protein carboxylesterase 3
(Ces3 for rodents, CES3 for humans) in the regulation of
skeletal muscle [16].

Ces3, also known as Ces1d, belongs to the multigene
superfamily of enzymes responsible for catalyzing long and
short-chain glycerol, amide bonds and hydrolyzing esters
[17]. Other predominant functions include bioconversion
of prodrugs [18], and detoxification of drugs and xenobiotics
[19,20]. Among all the other isoforms [21], Ces3 is reported
as an important adipocyte lipase [22,23], and considered as
a triglycerol hydrolase (TGH) [24]. Previous studies have
demonstrated that loss of Ces3 impairs glucose metabolism
through accumulation of excess lipid and diminishing
mobility of cholesterol esters [25,26]. Other studies suggest
a role for Ces3 in the regulation of obesity [27], steatosis,
and hyperlipidemia [28,29]. The functional role of Ces3 in
adipogenesis, however, remains controversial [30]. For
example, studies have reported that Ces3 down-regulates
PPARγ signaling [31,32]. In our previous studies, we
established a significant role of Ces3, as well as BMP11 in
the regulation of white adipocytes by promoting browning
of white fat and energy homeostasis via mitochondrial
thermogenesis [33,15].

However, there are no reports on the physiological role
of Ces3 in bone. Therefore, in this study, we investigated
the effects of Ces3 in osteoblasts and mesenchymal stem
cells to elucidate the metabolic events regulated by Ces3.
This is the first report to identify the presence of Ces3 in
osteoblasts and its relation with other bone proteins involved
in the differentiation and proliferation of osteoblasts into
osteocytes, as well as role of BMP11 in regulating
osteodifferentiation.

2. Materials and Methods

2.1. Chemicals

LDN193189 (antagonist of ALK2/3) was purchased from
AdooQ (Irvine, CA, USA). Other chemicals used were of
analytical grade.

2.2. Cell culture and differentiation

The preosteoblasts MC-3T3-E1 cells (ATCC, Manassas,
VA, USA) were cultured in α-minimal essential medium
(α-MEM) (Gibco, Thermo Fisher Scientific Corp., Waltham,
MA, USA) without ascorbic acid, supplemented with 10%
fetal bovine serum (FBS, PAA Laboratories, Pashing,
Austria) at 37°C in a 5% CO2 incubator. The C3H10T1/2
mesenchymal stem cells were maintained in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS, PAA Laboratories, Pasching, Austria) at 37°C
in a 5% CO2 incubator. For osteogenic differentiation, the
cells were cultured with osteogenic medium, α-MEM
containing 50 µg/mL of ascorbic acid and 5 mM of β-
glycerophosphate for 10-20 days.

2.3. Subcellular fractionation

The 100% confluent preosteoblasts cells were subjected to
osteogenic media and cultured for 10-12 days (with change
of media every 2/3 days). Freshly scrapped cells were used
for subcellular fractionation following the protocol reported
by Dimauro et al. (2012) [34]. The fractionation of the
samples were validated by western blotting.

2.4. Real-time qRT-PCR

Total RNA was extracted from cells using the total RNA
isolation kit (RNA-spin, iNtRON Biotechnology, Seongnam,
Korea) according to the manufacturer’s instructions. The
quantitative and qualitative ratio metric analysis of RNA
was performed using a microplate reader (Tecan Infinite

Table 1. List of primers used for real-time qRT-PCR

Gene Forward Reverse

Acvr1 ATGGTAGTCGTCCAAGGAGC GGCTTGGCTTTACACAGACG

Acvr2a TGGTCCCATGAACTTGCACT GGGTCAGAAGCGATGTTTTCA

Acvr2b AGGCCTCTCTCTCATCGTCC AGGCAAGGGCTTAAAGGAGTC

Alp GGGCCTGCTCTGTTTCTTCA CTGAGATTCGTCCCTCGCTG

Bmp11 AACCATACCTCAGCAGTGGC CGGTCAGGCTTCAGTTCAGT

Bmpr2 AGGCTTGCTGTAAAATGGTGC AGTGTGTGCTGACTCTATTGC

Bglap CCCAGACCTAGCAGACACCA CCTGCTTGGACATGAAGGCT

Ces3 GCCAACTTTGCTCGGAATGG GCCTGAGTTGAGGCACCAAT

Runx2 CGCCTCACAAACAACCACAG GAGCACTCACTGACTCGGTT

Sp7 AGAGTGAGCTGGCCTGAGAGAG CGCCATCCTCGAGCTGGGTA

Tgfβ3 GGACTTCGGCCACATCAAGA ATAGGGGACGTGGGTCATCA
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M200 Pro, Männedorf, Switzerland). cDNA was synthesized
from RNA (1 μg) by applying the Maxime RT premix
(iNtRON Biotechnology). Power SYBR Green (Roche
Diagnostics Gmbh, Mannheim, Germany) was used to
quantitatively determine the transcript levels of genes with
RT-PCR (Roche LightCycler® 96). PCR reactions were
run in duplicate for each sample, and transcript levels of
each gene were normalized to β-actin. Table 1 lists the
sequences of primer sets used in this study.

2.5. Gene silencing

Commercially available siRNA specific for Ces3 (a pool of
three target-specific 21 nucleotides siRNA designed to
knockdown gene expression) and siRNA specific for Bmp11

(Thermo Fisher Scientific Corp.) was used for gene silencing
in both MC-3T3-E1 and C3H10T1/2 cells (siRNA sequences
are listed in Table S1). Post confluent MC-3T3-E1 and
C3H10T1/2 cells in six-well culture dishes were washed
twice with transfection medium overlaid by using a
previously prepared mixture of siRNA and transfection
reagent (Roche Diagnostics). The transfection process was
continued for 48 h in case of MC-3T3-E1 cells and 24 h for
C3H10T1/2 cells, respectively, after which the differentiation
medium was added. After 10 days, mature cells were
collected for further experiments.

2.6. Treatment of recombinant proteins

Recombinant mouse Ces3 protein (rCes3) with a His tag with
96% purity of Ces3 was purchased from Sino Biological
Inc. (Wayne, PA, USA) and recombinant BMP11 (rBMP11)
protein was purchased from PreproTech (Rocky Hill, NJ,
USA). MC-3T3-E1 and C3H10T1/2 cells were seeded at
0.8 × 105 cells/well in 6-well plates after trypsinization and
grown to 70% and 100% confluence for one or three days,
respectively, then treated with 10 ng/mL of rCes3 and
20 ng/mL of rBMP11 during differentiation for 10 days.

2.7. ALP staining

MC-3T3-E1 and C3H10T1/2 cells were cultured with
silenced Ces3 or Bmp11, as well as with rCES3 for 10 days
and the mineralization was analyzed by ALP staining. The
cultured cells were rinsed with PBS followed by fixation
with 20% formalin solution for less than 2 min and then
treated with a BCIP®/NBT solution (Sigma Aldrich) for
20 min. The stained cultures were visualized using an
inverted microscope and the intensity of fold change was
measured by using the ImageJ software (NIH).

2.8. Co-Immunoprecipitation (Co-IP)

To identify the interaction between Ces3 and BMP11 as
well the interacting partner proteins, Co-IP using anti-Ces3
(Santa Cruz Biotechnology Inc., Dallas, TX, USA) and

anti-BMP11 (Abcam, Cambridge, UK) were carried out
according to the method outlined by Bridges et al. (2012)
[35], followed by SDS-PAGE and silver staining. To
identify the proteins by peptide mass fingerprinting, the
protein bands were excised, digested with trypsin (Promega,
Madison, WI), mixed with α-cyano-4-hydroxycinamic acid
in 50% acetonitrile/0.1% TFA, and subjected to MALDI-
TOF analysis (Microflex LRF 20, Bruker Daltonics, Billerica,
MA, USA). Peak list was generated using Flex analysis
3.0, followed by protein identification using the Mascot
search engine (Matrix Science Inc., Boston, MA, USA).
The identified proteins were analyzed using computational
tools to generate a protein interaction network.

2.9. Immunoblot analysis

Cell lysates were prepared by homogenization in RIPA
buffer (Sigma) followed by centrifugation at 13,000×g for
30 min. Cell extracts were then diluted in 5× sample buffer
(50 mM Tris at pH 6.8, 2% SDS, 10% glycerol, 5% β-
mercaptoethanol, and 0.1% bromophenol blue) and heated
at 95°C for 5 min before 8, 10, or 12% SDS-polyacrylamide
gel electrophoresis (PAGE). Following electrophoresis,
samples were transferred onto a polyvinylidene difluoride
membrane (PVDF, ATTO Technology, Amherst, NY,
USA) and then blocked for 1 h with TBS-T (10 mM Tris-
HCl, 150 mM NaCl, and 0.1% Tween 20) containing 5%
skim milk (Sigma) or BSA (Rocky Mountain Biologicals,
Missoula, MT, USA). The membrane was subsequently
rinsed three times consecutively with TBS-T buffer followed
by incubation at room temperature for 1 h with 1:1,000
diluted primary polyclonal antibodies, including anti-ALK2,
anti-ALP, anti-β-actin, anti-BMPRII, anti-Ces3, anti-OSX,
anti-Smad 2/3, anti-Smad4, anti-TGFβ3 (Santa Cruz
Biotechnology, Inc.), anti-p-Smad 2/3, anti-p-Smad1/5/9
(Cell Signaling Technology, Danvers, MA, USA), anti-
RUNX2, anti-BMP11 (Abcam, Cambridge, UK), and anti-
Smad 1/5/9 (Elabscience, Houston, TX, USA), in TBS-T
buffer containing 1% skim milk or BSA. After three washes,
the membrane was incubated with horseradish peroxidase-
conjugated anti-goat IgG, anti-rabbit IgG or anti-mouse
IgG secondary antibody (1:1000, Santa Cruz Biotechnology)
in TBS-T buffer containing 1% skim milk or BSA at room
temperature for 1 h. Next, immunoblots were developed
with enhanced chemiluminescence and captured using an
ImageQuant LAS500 system (GE Healthcare Life Sciences,
Marlborough, MA, USA). Band intensities were quantified
with the ImageJ software (NIH, Bethesda, MD, USA).

2.10. Immunofluorescence

Immunocytochemistry was performed on 4% formaldehyde-
fixed cells. These cells were incubated with anti-Ces3
(dilution 1:1000, Santa Cruz Biotechnology) primary
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antibody at 4ºC overnight followed by incubation with
appropriate FITC goat anti-mouse secondary antibody at
room temperature for 4 h. For staining of mitochondria,
MitoTracker®Red (1 mM, Cell Signaling Technology) was
directly added to PBB-T (PBS + 1% BSA and 0.1% Tween
20) at a concentration of 200 nM. Cells were then incubated
at 37ºC for 2 h. After incubation, tissues were washed with
PBS and subjected to immunostaining. Morphological
findings were observed using a light microscope at X10
magnification.

2.11. Network analysis

Computational analysis was performed using STRING
(version 11.0), a biological database and web resource of
known and predicted protein-protein interactions. The
threshold confidence was set between high to medium
(0.700-0.150), network edges were set based on evidence,
experiment and molecular interactions. Maximum number
of interactors for the 1st shell with no more than 5 and for
2nd shell with no more than 10 interactions.

2.12. Molecular docking analysis

The protein targets used in this study, Ces3 (uniprot ID:
Q8VCT4) and BMP11 (uniprot ID: Q9Z1W4) were
selected based on the results obtained from Mascot search
engine and confirmed for the isoform types in the Uniprot
protein database (www.uniprot.org). The 3D structures
were retrieved from the Swiss-model database (https://
swissmodel.expasy.org). The structure models were refined
at resolutions < 4.2 Å, with 80.60% sequence identity and
0.56 sequence similarity for Ces3 (oligo-state of homo-3-
mer) and 67.47% sequence identity and 0.52 sequence
similarity in case of BMP11 (oligo-state of homo-2-mer).
Molecular docking was performed using the PatchDock
online docking server with Beta 1.3 version. The pdb files
for protein structures were uploaded to the server with
default rigid molecular docking setting to generate up to 10
binding confirmations. This software uses the molecular
docking algorithm based on shape complementarity principles
and predicts the approximate interface area of the complex
[36], as well as the atomic contact energy [37] to identify
the free binding energies.

2.13. Statistical analysis

All data are presented as the means ± SD of at least three
independent experiments. Statistical significance among
multiple groups was determined by one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test or
two-tailed Student’s t-test using the Statistical Package of
Social Science (SPSS) software version 17.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance was indicated
as either p < 0.05 or p < 0.01.

3. Results

3.1. Expression of Ces3 in osteoblasts

We examined the differentiation of osteoblasts by analyzing
the expression of osteogenic differentiation marker proteins
for MC-3T3-E1 cells (Fig. 1A) in a day-dependent manner
and in C3H10T1/2 cells after induction of osteogenic
media (Fig. S1A). The expression of all the marker proteins
elevated day-dependently upto day 10, indicating successful
differentiation of preosteoblasts and mesenchymal stem
cells into mature osteoblasts. The expression for BMP11
and Ces3 proteins was observed to be very similar to the
expression for the osteogenic differentiation marker proteins.
Similarly, we determined the gene expressions of the
transcription factors responsible for osteoblast differentiation
such as Runx2, Sp7, and Alp along with Ces3, which
showed increased expression day-dependently in MC-3T3-
E1 cells (Fig. 1B) and C3H10T1/2 cells (Fig. S1A). In
addition, to ascertain the location of Ces3 in osteoblast cells,
we performed the subcellular fractionation for MC-3T3-E1
cells and determined the presence of Ces3 in cytosol and
partly in nucleus (Fig. 1C), after comparing with the
standard protein markers: β-actin (cytosol), COXIV
(mitochondria) and Lamin (nuclei). Finally, to confirm our
results for expression of Ces3, we validated the intensity of
florescence at cellular level by immunocytochemistry
(Fig. 1D), where the intensity of Ces3 significantly increased
at day 6 and day 10, and indicating presence of Ces3
protein in MC-3T3-E1 osteoblasts.

3.2. Ces3 promotes proliferation of osteoblasts

To study the functional role of Ces3 in osteoblasts, initially we
treated the MC-3T3-E1 cells with rCes3 in a concentration-
dependent manner (Fig. 2A) and optimized the concentration
of 10 nM. Then, we examined the expression of osteogenic
genes (Fig. 2B), which showed elevated expression levels
in rCes3-treated cells. We also determined the protein
markers of differentiation for osteoblasts (Fig. 2C), as well
as in C3H10T1/2 cells (Fig. S1B) along with gene
expressions (Fig. S1C) and observed higher expression
levels in rCes3-treated cells. Next, we determined the
effect of Ces3 depletion on osteoblasts by silencing Ces3

using transfection of the cells with 600 pM of Ces3 siRNA.
Expression of Ces3 was significantly impeded by nearly
60% in cells transfected with siRNA targeting Ces3, as
compared to the wild-type cells. This indicates that the
knockdown cell model was successfully constructed and
could be used in subsequent experiments. Remarkably, not
only all the osteogenic protein markers showed reduced
expression in MC-3T3-E1 cells (Fig. 2D), but also the
genetic factors involved in differentiation of osteoblasts
reduced in the Ces3 deficient state (Fig. 2E). Consecutively,
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Fig. 1. Expression of Ces3 in osteoblasts. Day-dependent expression of osteoblast differentiation marker proteins and Ces3 from day 0 to
day 10 (A) in MC-3T3-E1 cells. Day-dependent expression of genes encoding osteoblast differentiation between day 0 to day 10 (B) in
MC-3T3-E1 cells. Presence of Ces3 protein in osteoblast cells samples after subcellular fractionation (with 5 µg protein loaded in each
lane) (C). Immunocytochemistry for day-dependent expression of Ces3 protein in MC-3T3-E1 cells (D), where the immunofluorescent
images were captured at X10 magnifications. All data are presented as the mean ± S.D., of three independent experiments and
differences between groups were determined using ANNOVA by the Statistical Package of Social Science (SPSS, version 17.0; SPSS
Inc., Chicago, IL, USA) program, followed by Tukey’s post-hoc tests. Statistical significance s shown as *p < 0.05 or **p < 0.01. 
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Fig. 2. Ces3 promotes proliferation of osteoblasts. MC-3T3-E1 osteoblasts treated with recombinant Ces3 (rCes3) in a concentration-
dependent manner (A), optimizing a concentration of 10 nM rCes3 for further analysis of expressions for osteogenic genes (B) and
proteins (C). Silencing of Ces3 using transfection on MC-3T3-E1 cells with 600 pM siRNA to examine expressions of osteoblast
differentiation marker proteins (D) and genes (E). Determination of bone cell mineralization by ALP staining for rCes3-treated MC-3T3-
E1 cells (F) (X20 magnification; scale bar = 100 µm) and quantified fold changes (G). ALP staining for Ces3-deficient MC-3T3-E1 cells
(H) (X20 magnification; scale bar = 100 µm) and quantified fold changes (I). All data are presented as the mean ± S.D., of three
independent experiments and differences between groups were determined using ANNOVA by the Statistical Package of Social Science
(SPSS, version 17.0; SPSS Inc., Chicago, IL, USA) program, followed by Tukey’s post-hoc tests or Student’s t-test. Statistical
significance between control and rCes3-treated cells or Ces3 siRNA-transfected cells is shown as *p < 0.05 or **p < 0.01. 
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we observed similar results for differentiating C3H10T1/2
stem cells (Fig. S2A and B). To further clarify the
proliferation of the bone cells, we determined the initial
mineralization for the differentiating osteoblasts by ALP
staining after treatment with rCes3 (Fig. 2F), identifying
increased ALP activity with a higher fold change (Fig. 2G).
The deficiency of Ces3 in MC-3T3-E1 cells showed reduced
ALP activity determined by lower intensity of staining
(Fig. 2H and I). Similar results for ALP staining were
observed in differentiating stem cells (Fig. S1D and E and
Fig. S2C and D).

3.3. BMP11 regulates osteoblast differentiation

As previously shown in Fig. 2, the expression of BMP11

protein resembles expression pattern of Ces3 in osteoblasts,
due to which we investigated the role of BMP11 in
differentiation of osteoblasts. As expected, deficiency of
Bmp11 showed reduced expression of Ces3 as well as other
osteogenic marker proteins (Fig. 3A) and genes (Fig. 3B)
in MC-3T3-E1 cells. In addition, the loss of Bmp11 also
decreased the ALP activity in bone cells (Fig. 3C and D). The
results suggested an interconnection between BMP11 and
Ces3 for regulatory mechanism of osteoblast differentiation.

3.4. BMP11 interacts with Ces3 for regulating

osteodifferentiation

To examine the relation between Ces3 and BMP11 protein
in osteoblasts we conducted the co-immunoprecipitation

Fig. 3. Bmp11 regulates osteoblast differentiation. Silencing of Bmp11 in MC-3T3-E1 cells by siRNA transfection at a dose of 200 nM
to examine expressions of osteogenic differentiation marker proteins (A) and gene (B). Determination of bone cell mineralization by
ALP staining for Bmp11-deficient osteoblasts (C) and quantified fold changes (D). All data are presented as the mean ± S.D., of three
independent experiments and differences between groups were determined using ANNOVA by the Statistical Package of Social Science
(SPSS, version 17.0; SPSS Inc., Chicago, IL, USA) program, followed by Tukey’s post-hoc tests or Student’s t-test. Statistical
significance between control and Bmp11 siRNA-transfected cells is shown as *p < 0.05 or **p < 0.01.



8 Biotechnology and Bioprocess Engineering 27: 1-16 (2022)

(Co-IP) analysis and confirmed the direct interaction
between Ces3 and BMP11 in MC-3T3-E1 cells (Fig. 4A)
and C3H10T1/2 cells (Fig. 4B), which displayed the

expression of BMP11 protein in the rCes3-treated cells
while Ces3 expression was identified in rBMP11-treated
cells. Further, we used the other protein bands to identify

Fig. 4. BMP11 interacts with Ces3 for regulating osteodifferentiation. Co-IP analysis after treatment with rCes3 and rBMP11 to obtain
silver-stained images for MC-3T3-E1 cells (A) and C3H10T1/2 mesenchymal stem cells (B). Predicted STRING network of Ces3 and
BMP11 with various interacting proteins (displayed as gene names) identified by Co-IP analysis (C) and extended network with direct
interaction of Ces3 and BMP11 (D). 3D structure of Ces3 (E) and BMP11 (F) bound together after molecular docking (G). Molecular
docking generated by PatchDock software Beat 1.3 version.
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the partner proteins interacting with Ces3 and BMP11 in
osteoblasts by MALDI-TOF analysis (Table 2). Next, we
utilized the identified proteins to build a network using
STRING software for tracking the interactions between the
proteins based on confidence rate, existing evidence as
well as reported molecular interactions and generated a
widely connected network displaying the genes involved in
the network of Ces3 (represented as Ces1d) (Fig. 4C). In
addition, we used only Ces3 and BMP11 as input to
investigate the direct interaction and used an extended
nodes setup to predict the linked proteins (Fig. 4D).
Interestingly, BMP11 and Ces3 showed strong interaction
pattern with Tgfβ1 and Cyp2e1 among the other proteins
involved in the regulation of osteoblasts. Although we
observed an interaction between Smad 2/3 protein in the
extended network (Fig. 4D) with the BMP type 2 receptors,
our results suggest the activation of p-Smad 1/5/9 protein
only (Fig. 2). We also validated the results for interaction
between Ces3 (Fig. 4E) and BMP11 (Fig. 4F) by molecular
docking analysis, which resulted in a good binding score of
-64.01 kcal/mol or -267.81 kJ/mol, and lowest conformational
change as well as maximum surface area of binding
(Fig. 4G). All the predictions up to top 10 binding
confirmations are provided in Table S2. The in-silico

analysis revealed a direct and a strong interaction between
Ces3 and BMP11 which influences the growth and
regulation of the osteoblasts.

3.5. Ces3 regulates differentiation of osteoblasts by

activating Smad 1/5/9 pathway via ALK2 receptor 

To identify the Ces3-mediated signaling pathway for
osteogenic differentiation and other metabolic pathways,
we investigated the BMP type 2 receptor, after observing
no significant effect upon Ces3-lacking cells on p-Smad 2/
3 (Fig. 2D), while the expression of p-Smad 1/5/9 reduced
in Ces3-deficient cells and increased due to effect of rCes3.
The gene expression for the osteoblast receptors were
examined (Acvr1, Acvr2a, Acvr2b, and Bmpr2), and the
expressions were highly reduced in Ces3-deficient cells
(Fig. 5A), and showed increased expression in rCes3-
treated cells (Fig. 5B). To elucidate the Smad pathway
followed by Ces3, we treated the MC-3T3-E1 cells with
rCes3 in the presence and absence of ALK2/3 antagonist,
LDN193189 (1 µM) and determined the expression levels
of osteogenic marker proteins (Fig. 5C). The Ces3-induced
phosphorylation of Smad 1/5/9 was abolished subsequently
by LDN193189 and exposure to the ALK2/3 antagonist
suppressed the Ces3-induced osteogenic differentiation

Table 2. List of proteins identified in co-IP analysis and involved in STRING network

Protein name Gene name ID

Myosin-9 Myh9 Q8VDD5  

LIM and calponin homology domains-containing protein 1 Limch1 D3YU59 

Nesprin-1 Syne1 Q6ZWR6 

ATP-dependent RNA helicase DHX30 (Fragment) Dhx30 A0A0G2JGU3

Pro-neuregulin-2, membrane-bound isoform (Fragment) Nrg2 D3YZR3 

Canalicular multispecific organic anion transporter 1 Abcc2 Q3UNY3 

Activating signal cointegrator 1 complex subunit 3 (Fragment) Ascc3 A0A1W2P6I6 

Protein-tyrosine-phosphatase (Fragment) Ptprf F6S1X8

Granzyme E Gzme P08884 

Myosin-3 Myh3 P13541

Pumilio homolog 2 (Fragment) Pum2 E9Q4Q6

Microtubule-actin cross-linking factor 1 (Fragment) Macf1 F6XCT0

Non-specific serine/threonine protein kinase (Fragment) Araf B1AUN8

Zinc finger protein 932 Zfp932 D3Z5Z2

Histidine decarboxylase Hdc P23738

Zinc finger protein 431 Znf431 E9QAG8

Nicotinamide/nicotinic acid mononucleotide adenylyltransferase 1 Nmnat1 B0QZL2

DNA excision repair protein ERCC-1 (Fragment) Ercc1 H3BJX2 

E3 ubiquitin-protein ligase TRAF7 Traf7 Q922B6 

Runt-related transcription factor 2 Runx2 Q08775

Transcription factor Sp7 Sp7 Q8VI67

Alkaline phosphatase, tissue-nonspecific isozyme Alpl P09242

Carboxylesterase 1D Ces1d Q8VCT4

Growth/differentiation factor 11 Gdf11 Q9Z1W4
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marker proteins. This signified the involvement of Smad 1/
5/9 in the Ces3-induced osteogenic differentiation in MC-
3T3-E1 cells.

3.6. Ces3 regulates differentiation of MC-3T3-E1 cells

along with BMP11 protein following Smad 1/5/9

signaling pathway

To interpret the canonical pathway driving the effects of
Ces3 in osteoblasts, we examined the expression of
signaling molecules and receptors (BMPRII, ALK2, Smad

1/5/9), and key osteogenic marker proteins (Runx2, Osx,
and Alp) after treatment of rCes3 and silencing Bmp11 or
combination of both in MC-3T3-E1 cells (Fig. 6A). We
observed an upregulation in expression of proteins only in
rCes3-treated cells, while down regulation was seen only in
Bmp11-deficient cells. Notably, all the proteins were highly
upregulated in the Bmp11-deficient cells treated with
rCes3. Consequently, we determined the expression of the
same protein markers after silencing Ces3 and treatment
with rBMP11 together in the osteoblasts (Fig. 6B). Reduced

Fig. 5. Ces3 regulates differentiation of osteoblasts by activating Smad 1/5/9 pathway via ALK2 receptor. Quantified expression of BMP
type 2 receptor genes in Ces3-deficient osteoblasts (A) and rCes3-treated cells (B). Expression of osteogenic differentiation protein
markers after treatment of rCes3 in the presence or absence of ALK2/3 antagonist, LDN193189 (1 µM) in MC-3T3-E1 cells (C). All
data are presented as the mean ± S.D., of three independent experiments and differences between groups were determined using
ANNOVA by the Statistical Package of Social Science (SPSS, version 17.0; SPSS Inc., Chicago, IL, USA) program, followed by
Tukey’s post-hoc tests. Statistical significance between control and Bmp11 siRNA-transfected cells is shown as *p < 0.05 or **p < 0.01. 
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Fig. 6. Ces3 regulates differentiation of MC-3T3-E1 cells along with BMP11 protein following Smad 1/5/9 signaling pathway.
Expression levels of key proteins involved in osteoblast differentiation and Smad1/5/9 signaling pathway after combined treatment of
rCes3 and Bmp11 silencing in MC-3T3-E1 cells (A). Expression levels of key proteins involved in osteoblast differentiation and Smad 1/
5/9 signaling pathway after combined treatment of rBMP11 and Ces3 silencing in MC-3T3-E1 cells (B). All data are presented as the
mean ± S.D., of three independent experiments and differences between groups are determined by two-way ANOVA followed by
Tukey’s post-hoc tests using the Statistical Package of Social Science (SPSS, version 17.0; SPSS Inc, Chicago, IL, USA) program.
Statistical significance between control and rCes3-treated or Bmp11-transfected cells and significance between control and rBMP11-
treated or Ces3-transfected cells is shown as *p < 0.05 or **p < 0.01. 
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expression of these proteins was observed only in Ces3-

deficient cells, while upregulation of the proteins was
markedly increased only in rBMP11-treated cells. In contrast
to the previous observation (seen in Fig. 6A), none of the
proteins showed any robust increase in the absence of Ces3

after treatment with rBMP11. This indicates Ces3 as the
upstream regulator of BMP11 in the activation of Smad 1/
5/9 signaling pathway to promote osteoblast differentiation
(Fig. 7).

4. Discussion

Ces3 is a well-known lipase widely distributed in white
adipocytes [23,38], and contributes to thermogenesis by
activating browning mechanism in white fat [33,30].
However, the role of Ces3 in osteoblasts is largely unknown.
Although a recent study reported expression of Ces3 gene
in the skeletal muscle [16], to the best of our knowledge,
Ces3 expression in osteoblasts has never been reported
earlier. In this study, we not only identified Ces3 as a major
protein expressed in osteoblasts (MC-3T3-E1) and
differentiating stem cells (MC-3T3-E1) into osteoblast
progeny, we also determined the physiological functions of
Ces3 in promoting osteogenic differentiation in both these

cells.
With respect to bone-adipose axis, earlier research has

elucidated the impact of body weight on bone density and
the role of metabolic enzymes produced in bone cells to
regulate lipid metabolism [2,39]. Several studies have
regarded the differentiation and proliferation of preosteoblasts
as a complex but crucial process for the mineralization of
bone mass [40], carried out by the master transcriptional
regulators in a three step process through the activation of
Runx2 and Osx, followed by Tgfβ and ALP proteins
[41,42]. From our previous study, we have established a
successful method of inducing recombinant exogenous
protein in vitro for studying the effects and functions of the
overly expressed form of protein in the cells [39].
Accordingly, our data verified the activation of these genes
and proteins in the presence of rCes3 and reduced in Ces3

deficient osteoblasts. Although Ces3 is reported to be a
positive regulator in promoting adipogenesis [43], conflicting
reports also suggest down regulation of PPAR signaling in
adipocytes by Ces3 [31,32]. Hence, the possible involvement
of Ces3 in osteogenic proliferation cannot be ruled out.
Moreover, the formation of multilayered nodular structures
instead of a cell monolayer with ALP-positive stain in our
study, displayed the strong osteogenic lineage of the stem
cells after addition of exogenous Ces3, as described by Zhu
et al. (2009) [44].

Our very recent studies portrayed the functional role of
BMP11 as well Ces3 in regulating thermogenic activity of
white adipocytes [15,33]. The current study also reveals a
crosstalk between BMP11 and Ces3. BMP11 has been
reported to inhibit formation of bone by activation of Smad
2/3 pathways in stem cells [45]. A previous study reported
that BMP11 may be linked to fat mass and obesity-
associated protein (FTO) and PPARγ axis leading to inhibition
of bone formation [46]. In contrast, other foregoing studies
have demonstrated the protective effect of BMP11 in
osteoblastogenesis by inhibition of PPARγ [47] and its role
in promoting osteogenesis [48]. The results of the current
study suggest the positive role of BMP11 on osteoblast
differentiation in cells with a relatable expression of Ces3.

The differentiation of osteoblasts is regulated by numerous
factors interacting with BMPs, involving both canonical
and non-canonical pathways converging at the gene Runx2

for further control of transcription [49]. Most of the BMPs
activate the Smad-dependent pathways, predominantly,
either Smad 2/3 or Smad 1/5/9 [50]. Likewise, we observed
that Ces3 could phosphorylate Smad 1/5/9, while failing to
activate the phosphorylation of Smad 2/3 in osteoblasts.
Reportedly, Smad 1/5/9 forms a complex with other Smad
proteins to transcribe the expression of Runx2 for initiation
of osteogenic genes [51,52], which is in line with our results.

Apart from this, BMPs bind with two different types of

Fig. 7. Schematic diagram suggesting molecular mechanism of
Ces3-BMP11 induced differentiation of osteoblast and mesenchymal
stem cells.
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receptors, namely BMP type I receptor (BMPR-I) and type
II receptor (BMPR-II) [53] to activate the signaling
pathways [54,55]. In our study, BMPR-II was activated
upon induction of exogenous Ces3. However, data from
another study suggested the activation of Smad pathways
even after deletion of BMP type II receptor in mice models
[56]. 

The network analysis in the current study predicted a
widely distributed network of bone regulating proteins
interacting with Ces3 and BMP11. Earlier reports demon-
strated that some of these proteins, such as LIM and
calponin homology domains-containing protein 1(LIMCH1)
[57], nesprin [58], histidine decarboxylase [59], and
microtubule-actin cross-linking factor 1 [60,61] take active
part in the growth and differentiation of osteoblasts and
mesenchymal stem cells. The other proteins included in
our network comprised of some of the transcription factors
and activators of osteoblast specific genes including
various zinc finger proteins (Zfp932 and Znf431) [62] as
well as canalicular multispecific organic anion transporter
1 (OAT1) which were previously reported to play pivotal
roles in bone development, growth, and maintenance [63]
and showed a direct link with Ces3 in the network. Proteins
such as granzyme E showed direct links with BMP11 in
our network of osteoblast regulating genes. It has been
reported earlier that one isoform of granzyme (granzyme
B) promoted osteoblastic differentiation and calcification
with upregulated expression in bones [64], while another
isoform (granzyme A) was reported to induce inflammation
in other cell types [65]. 

Another protein of interest in our network analysis is
myosin. Myosin has been reported to promote osteoclasto-
genesis with bone resorbption [66], and an earlier study has
reported the role of myosin in regulating osteoblast
differentiation [67]. We have also identified protein tyrosine
phosphatase (encoded by Ptrf) from our generated network
with supporting evidence to suggest that this protein actively
remodels bone by resorbing osteoclasts and thereby affects
osteoblast regulation [68]. Other proteins of interest in our
network are non-specific serine/threonine protein kinase
which promotes osteoblast regulation [69] and nicotinamide/
nicotinic acid mononucleotide adenylyltransferase 1 (encoded
by Nampt1) which stimulates insulin receptors and various
related responses, including glucose uptake, proliferation
of osteoblasts and type I collagenase production [70].
Although controversial, the protein pumilio homolog 2
(PUM2) that is responsible for developing adipose lineage
in stem cells and is upregulated during osteogenesis [71],
showed a connection with E3 ubiquitin-protein ligase
TRAF7 in our network. In contrast, an earlier report had
demonstrated that TRAF7 played a role in regulation of
osteoblast metabolism [72]. Our network analysis also

detected certain proteins related to bone disorders such as
activating signal cointegrator 1 complex subunit 3 (ASCC3)
and DNA excision repair protein ERCC-1 [73,74]. However,
further studies are required to investigate in-depth, the
functional roles of these proteins, in relation to Ces3 and
BMP11.

Taken together, the results of this study indicate the
expression of Ces3 in osteoblasts and stem cells differen-
tiating into osteoblast lineage with a direct interaction of
BMP11 in the regulation of cell proliferation via BMP type
II receptor by activating the Smad 1/5/9 signaling pathway.
In addition, we identified various partner proteins of Ces3
and BMP11 involved in the metabolic network of osteoblasts.
In conclusion, current data unveiled a previously unknown
mechanism in the regulation of Ces3 and BMP11 in the
bone-adipose axis, shedding light on Ces3 as a pharma-
cotherapeutic target to treat metabolic disorders.
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