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Abstract. Background/Aim: Glycosphingolipids are known
to be involved in bone metabolism. However, their roles and
regulatory mechanisms in osteoblast proliferation are largely
unknown. In this study, we examined the effects of inhibitors
of glucosylceramide synthase (GCS), which is responsible for
the generation of all glycosphingolipids, on osteoblast
proliferation. Materials and Methods: We analyzed the
expression of glycosphingolipids and cell growth in MC3T3E1 mouse osteoblast cells treated with the GCS inhibitors
miglustat, D-PDMP and D-PPMP. We also conducted
microarray analysis and RNA interference to identify genes
involved in cell growth regulated by GCS. Results:
Glycosphingolipids GD1a and Gb4 expressed in MC3T3-E1
cells, were suppressed by GCS inhibitors. Furthermore, the
proliferation of MC3T3-E1 cells was suppressed by the
inhibitors. Using microarray analysis, we predicted nine
genes (Fndc1, Acta2, Igfbp5, Cox6a2, Cth, Mymk, Angptl6,
Mab21l2, and Igsf10) suppressed by all three inhibitors.
Furthermore, partial silencing of Angptl6 by RNA
interference reduced MC3T3-E1 cell growth. Conclusion:
These results show that GCS regulates proliferation through
Angptl6 in osteoblasts.

Glycosphingolipids consist of carbohydrate chains and
ceramides, comprising of fatty acids and long chain bases
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such as sphingosine, and are classified into four main series:
ganglio, globo, lacto and neolacto. These glycosphingolipids
are known to be involved in the maintenance of homeostasis
in organisms and the pathogenesis of various diseases (1-4).
Ganglio- and globo-series glycosphingolipids have also
been reported to be involved in the regulation of bone
metabolism. For example, deletion of ganglio-series GD3
synthase in mice results in the prevention of bone loss with
aging via the attenuation of bone resorption through the
reduction of osteoclast numbers (5). Ganglio-series GD1a
has been reported to be expressed in osteoblasts and
mesenchymal stem cells (MSCs) and to regulate
differentiation of MSCs to osteoblasts (6-8). Recently, we
reported that globo-series Gb4 is expressed in human and
mouse osteoblasts and demonstrated that deficiency of Gb4
in mice decreased bone mass through the suppression of
bone formation (9).
Glucosylceramide synthase (GCS), which is encoded by
the UDP-glucose ceramide glucosyltransferase gene (Ugcg),
transfers glucose to ceramide, resulting in glucosylceramide
production (10, 11). Since GCS catalyzes the initial step in
the biosynthesis of almost all glycosphingolipids (Figure
1A), inhibitors of GCS and mice with genetic deletion of
Ugcg have been used for the elucidation of the role of
glycoshingolipids in the development and function of various
tissues and organs. For example, forebrain neuron-specific
deletion of Ugcg in mice causes obesity, hypothermia, and
lower sympathetic activity (12), indicating that neuronal
expression of GCS is important for energy homeostasis (12).
As enterocytes in mice with enterocyte-specific deletion of
Ugcg lack brush borders, GCS has also been reported to be
important for intestinal endocytic function (13). Furthermore,
Ugcg expression is involved in the proliferation of mouse
embryonic stem cells (mESCs) and differentiation of mESCs
to neural cells (14). GCS was also reported to determine
differentiation of MSCs to osteoblasts or adipocytes (15). On
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Figure 1. Synthetic pathway of ganglio- and globo-series glycosphingolipids, and expression of glycosphingolipids GD1a and Gb4 in MC3T3-E1
cells. (A) Synthetic pathway of ganglio- and globo-series glycosphingolipids. (B) Expression of ganglio-series glycosphingolipid GD1a and globoseries glycosphingolipid Gb4 in MC3T3-E1 cells by flow cytometric analysis. Red line: presence of primary antibody (anti-GD1a or Gb4 monoclonal
antibody) and secondary antibody (FITC-conjugated anti-mouse IgM or anti-human IgM), gray line: absence of primary antibody and presence of
secondary antibody (FITC-conjugated anti-mouse IgM or anti-human IgM).
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Table I. Real-time PCR primers used in this study.
Target

Osteocalcin
Ugcg
Fndc1
Acta2
Igfbp5
Cox6a2
Cth
Mymk
Angptl6
Mab21I2
Igsf10
Mtg2
Nr4a1
Mapre2
Ahcyl1
Exoc6b
Traf6
Anxa3
Egr1
Egr2
Egr3
Gapdh

Forward primer

5’-CCGGGAGCAGTGTGAGCTTA-3’
5’- TCTTCTTCATGTGCCACTGC -3’
5’- CTGGTCATGGGGTTCTGACT -3’
5’- TGTGCTGGACTCTGGAGATG -3’
5’- GGTTTGCCTCAACGAAAAGA -3’
5’- GACCTTTGTGCTGGCTCTTC -3’
5’- TACTTCAGGAGGGTGGCATC -3’
5’- ACTGGCCGACTTTGATGAAC -3’
5’- AGACTCCCTCTCTTGGCACA -3’
5’-TGTGCCGTGCTCAAACTAAG-3’
5’- AGCACTCAAGGGACCTGCTA -3’
5’- AGGAGGAAAAGGCAATCGTT -3’
5’- CTTGAGTTCGGCAAGCCTAC -3’
5’- CAAGCAAAGTTGGAGCATGA -3’
5’- TTTCCATCACGGCTACAACA -3’
5’- TGAGGAACATGGACGATTCA -3’
5’- AAACCACGAAGAGGTCATGG -3’
5’- AGAACAAATGGGGCACAGAC -3’
5’- GAGTTATCCCAGCCAAACGA -3’
5’- AGGAGGTTCTCACGCTCTGA -3’
5’- AGACGTGGAGGCCATGTATC -3’
5’-TGCACCACCAACTGCTTAG-3’

the other hand, since glycosphingolipids are involved in the
pathogenesis of various diseases, it has been reported that
suppression of glycosphingolipids by GCS inhibitors results
in amelioration of the diseases. For example, GCS inhibitors
attenuate hepatic steatosis (16). Furthermore, GCS inhibitors
were reported to prolong life through the decrease of
glucosylceramide accumulation in a mouse model of type 2
Gaucher disease (17). However, there are no reports about
the role of GCS in osteoblast proliferation.
To evaluate the involvement of glycosphingolipids in the
proliferation of osteoblasts, we analyzed the effects of three
GCS inhibitors on cell growth. We also examined the effects
of the inhibitors on the expression of GD1a and Gb4 in
MC3T3-E1 mouse osteoblast cells by flow cytometry. To
identify regulatory molecule(s) of cell proliferation regulated
by GCS in MC3T3-E1 cells, we conducted genome-wide
microarray analysis. mRNA expression profiles were
evaluated in four groups of samples (control, miglustat
treatment, D-PDMP treatment and D-PPMP treatment),
showing that some genes are likely to be involved in the
proliferation of MC3T3-E1 cells. We employed RNA
interference to examine whether the predicted genes are
involved in the proliferation of osteoblasts. We found that
inhibition of GCS in osteoblasts results in the suppression of
proliferation. To the best of our knowledge, this is the first
study to show that GCS regulates the proliferation of
osteoblasts through a new proliferation regulatory molecule
identified by genome-wide microarray analysis.

Backward primer

5’-AGGCGGTCTTCAAGCCATACT-3’
5’- CCTGTAGCGACCAGTTCTCC -3’
5’- AGCTGGTGGTAGGCTGAAGA -3’
5’- ATCTCACGCTCGGCAGTAGT -3’
5’- CTGGGTCAGCTTCTTTCTGC -3’
5’- ATTGTGGAAAAGCGTGTGGT -3’
5’- TCCAATGTCAGCCAACTTCA -3’
5’- ATGCTCTTGTCGGGGTACAG -3’
5’- CAGTAGACCCCGTCCTGGTA -3’
5’-TAGTGTCGGCGATCATCTTG-3’
5’- AGCTTTGGGGAGGGTAGTGT -3’
5’- GGCTCGAAGGAGAGAGGATT -3’
5’- AGGCAGAGGAACAAGCTGAG -3’
5’- GATCGTACTCCTTCCCGTCA -3’
5’- AGTTCTGTCAGGTGGGCATC -3’
5’- CCGTCACCTGGTTTTTGAGT -3’
5’- GCGGGTAGAGACTTCACAGC -3’
5’- GAGTGTTCCTCGCACAATGA -3’
5’- GGCAGAGGAAGACGATGAAG -3’
5’- GCTTCCTTTCGTCACTCCTG -3’
5’- GGGAAAAGATTGCTGTCCAA -3’
5’-GGATGCAGGGATGATGTTC-3’

Materials and Methods

Cell culture. MC3T3-E1 mouse osteoblast cells were grown in αMinimum Essential Medium (α-MEM) (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) containing 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA) and antibiotics (100 U/mL
penicillin, 100 μg/mL streptomycin; Wako Pure Chemical
Industries, Ltd.) at 37˚C with 5% CO2 in a humidified incubator.

Antibodies. Anti-GD1a monoclonal antibody (mAb) D266 was
previously generated in Dr. Furukawa’s laboratory. Anti-Gb4 mAb
HIRO34 was kindly provided by Dr. Makoto Uchikawa of the
Japanese Red Cross Tokyo Blood Center (Tokyo, Japan). FITCconjugated anti-mouse IgM antibody was obtained from Affymetrix
eBioscience (San Diego, CA, USA) while FITC-conjugated antihuman IgM from BioLegend (San Diego, CA, USA).

Induction towards mature osteoblasts. Confluent MC3T3-E1 cells
were treated with 50 μg/mL ascorbic acid (Wako Pure Chemical
Industries, Ltd.) and 5 mM β-glycerophosphate (Sigma-Aldrich).
The medium was changed every other day. qPCR was conducted
after 7, 14 and 21 days in culture, and flow cytometry was
conducted after 14 days in culture. Osteocalcin was used as the
marker of osteoblast differentiation.
Flow cytometry. Cell surface expression of GD1a and Gb4 was
analyzed by Accuri™ C6 Flow Cytometer (BD Biosciences, San Jose,
CA, USA) using antibodies against GD1a (mouse IgM, D266) and
Gb4 (human IgM, HIRO34). The cells were incubated for 1 hour with
primary antibodies followed by incubation with FITC-conjugated
anti-mouse IgM or anti-human IgM for 45 min on ice. Control cells
for flow cytometry were used with the secondary antibody alone (9).
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Figure 2. Expression levels of GCS gene Ugcg, GD1a, and Gb4 after induction of osteoblastogenesis. (A) mRNA expression of Osteocalcin and
Ugcg in MC3T3-E1 cells on days 0, 7, 14 and 21 after induction of osteoblastogenesis (n=4). (B) Expression of GD1a in MC3T3-E1 cells on days
0 and 14 after induction of osteoblastogenesis by flow cytometric analysis (n=5). Gray line: in the absence of anti-GD1a antibody and in the
presence of FITC-conjugated anti-mouse IgM. Red line: in the presence of anti-GD1a antibody and FITC-conjugated anti-mouse IgM. The relative
expression level of GD1a was defined as the ratio of the fluorescence intensity in the red line to the fluorescence intensity in the gray line. (C)
Expression of Gb4 in MC3T3-E1 cells on days 0 and 14 after induction of osteoblastogenesis by flow cytometric analysis (n=5). Gray line: absence
of anti-Gb4 antibody and presence of FITC-conjugated anti-human IgM. Red line: presence of anti-Gb4 antibody and FITC-conjugated anti-human
IgM. The relative expression level of Gb4 was defined as the ratio of the fluorescence intensity corresponding to the red line vs. the intensity in the
gray line. (D) MC3T3-E1 cells before and after induction of osteoblastogenesis for 14 days were plated at 1.0×105 cells per 60-mm dish and
cultured for 2 days. After staining the cells with trypan blue, the number of live cells was counted using a hemacytometer (n=3). Data are expressed
as mean±standard deviation. **p<0.01.

Quantitative real-time PCR. The RNeasy Plus mini kit (Qiagen,
Germantown, MD, USA) was used for extraction of total RNA.
Reverse transcription was conducted with a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Carlsbad, CA,
USA) to produce cDNA. qPCR was then performed using a
TaKaRa Thermal Cycler Dice Real Time System III with the
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THUNDERBIRD SYBR qPCR mix kit (TOYOBO, Osaka, Japan).
Using the PCR primers listed in Table I, mRNA levels of
Osteocalcin, Ugcg, Fndc1, Acta2, Igfbp5, Cox6a2, Cth, Mymk,
Angptl6, Mab21l2, Igsf10, Mtg2, Nr4a1, Mapre2, Ahcyl1, Exoc6b,
Traf6, Anxa3, Egr1, Egr2 and Egr3 were determined, with Gapdh
as an internal control.
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Figure 3. Suppression of GD1a and Gb4 by miglustat, D-PDMP and D-PPMP in MC3T3-E1 cells. (A) Expression of GD1a and Gb4 in MC3T3-E1
cells on day 4 after treatment with miglustat (5, 10, 20 and 50 μM). (B) Expression of GD1a and Gb4 in MC3T3-E1 cells on day 4 after treatment
with D-PDMP (5, 10 and 20 μM). (C) Expression of GD1a and Gb4 in MC3T3-E1 cells on day 4 after treatment with D-PPMP (0.1, 0.5, 1.0 and
5.0 μM). Data are expressed as mean±standard deviation. *p<0.05 and **p<0.01, respectively.

Treatment with GCS inhibitors and assay for cellular proliferation
and death. After exposure to miglustat (5, 10, 20, and 50 μM; Wako
Pure Chemical Industries, Ltd.) for 4 days, or D-PDMP (5, 10, and

20 μM; Matreya LLC, State College, PA, USA) or D-PPMP (0.1,
0.5, 1.0, and 5.0 μM; Matreya LLC) for 3 days, the cells were
plated at 1.0×105 cells per 60-mm dish, and cultured for 2 days.
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Figure 4. Effects of miglustat, D-PDMP and D-PPMP on the proliferation and mortality rate of MC3T3-E1 cells. (A, B) After exposure to 5, 10,
20, and 50 μM miglustat for 4 days, the cells were plated at 1.0×105 cells per 60-mm dish and cultured for 2 days. After staining the cells with
trypan blue, the number of live (A) and dead (B) cells was counted using a hemacytometer. (C, D) After exposure to 5, 10 and 20 μM D-PDMP for
3 days, the cells were plated at 1.0×105 cells per 60-mm dish and cultured for 2 days. After staining the cells with trypan blue, the number of live
(C) and dead (D) cells was counted using a hemacytometer. (E, F) After exposure to 0.1, 0.5, 1.0 and 5.0 μM D-PPMP for 3 days, the cells were
plated at 1.0×105 cells per 60-mm dish and cultured for 2 days. After staining the cells with trypan blue, the number of live (E) and dead (F) cells
was counted using a hemacytometer. Data are expressed as mean±standard deviation. *p<0.05 and **p<0.01.

After staining with trypan blue, the number of live and dead cells
was counted using a hemacytometer.

Microarray analysis. Genome-wide expression analysis was
conducted using RNA from MC3T3-E1 cells (SurePrint G3 Mouse
GE microarray 8×60K Ver3.0; Agilent, Santa Clara, CA, USA).
Intensity values of each scanned feature were quantified using
Agilent’s feature extraction software version 12.1.1.1, which
performs background subtractions. We only used features which
were flagged as no errors (Detected flags) and excluded features
which were not positive, not significant, not uniform, not above
background, saturated and population outliers (not detected and
compromised flags). Normalization was performed using Agilent
GeneSpring software version 14.9.1 (per chip: normalization to 75
percentile shift). Heatmap and cluster analysis were performed with
sorted datasets by Pearson’s correlation on Average Method with
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selected probe sets. The four groups for the MC3T3-E1 cells (cells
were not treated with ascorbic acid and β-glycerophosphate) were
control, miglustat, D-PDMP and D-PPMP. The concentrations of
miglustat, D-PDMP and D-PPMP were 50, 10 and 1.0 μM,
respectively. Four days after treatment with the inhibitors, the cells
were plated at 2.5×105 cells per 60-mm dishes and cultured for 24
h before harvesting for microarray analysis. The microarray data
was deposited in NCBI GEO (accession number: GSE174323).

Knockdown of Angptl6, Cox6a2, Cth, and Fndc1 by siRNA.
MC3T3-E1 cells were treated with siRNA specific to Angptl6 (5’CUC AUA UUC UGG UAA CUG U-3’; Life Technologies),
Cox6a2 (5’-GCC CAG AGU UCA UCC CGU A-3’; Life
Technologies), Cth (5’-GGA UCG AAA CAC CCA CAA A-3’; Life
Technologies), and Fndc1 (5’-GGA CUA UGU UGU AUA CGA U3’; Life Technologies). As a non-specific control, a negative control

Mishima et al: Role of Glucosylceramide Synthase in Osteoblast Proliferation

Figure 5. Heatmaps showing the genes highly upregulated or suppressed by miglustat, D-PDMP and D-PPMP in MC3T3-E1 cells (cells were not
treated with ascorbic acid and β-glycerophosphate). (A) Genes that were suppressed by all three inhibitors, with fold change >1.5 and value of the
control sample in the raw data >50. (B) Genes that were upregulated by all three inhibitors, with fold change >1.5, and values of the inhibitors’
samples in the raw data >50.

siRNA (Silencer Select Negative Control #1; Life Technologies)
was used. Cells were transiently transfected with siRNA in OptiMEM I medium with Lipofectamine RNAiMAX (Life
Technologies). The efficiency of silencing was evaluated by qPCR
48 h after transfection. The cells were plated at 0.5×105 cells per
60-mm dish 48 h after transfection and cultured for 2 or 3 days.
After staining the cells with trypan blue, the number of live and
dead cells was counted using a hemacytometer.

Statistical analysis. All data are expressed as mean±standard
deviation (SD). For comparison between two samples, statistical
significance was evaluated using the Student’s t-test; for multiple
samples, one-way analysis of variance (ANOVA) followed by
Dunnett post-hoc test were used. Significance was set at p<0.05.
Single and double asterisks indicate p<0.05 and p<0.01, respectively.

Results

Expression of Ugcg, GD1a and Gb4 during osteoblast
differentiation, and suppression of proliferation by GCS
inhibitors in MC3T3-E1 cells. GD1a and Gb4 were expressed

in MC3T3-E1 cells (Figure 1B). After induction of MC3T3E1 cells to mature osteoblasts, the expression level of
Osteocalcin mRNA was significantly upregulated on days 14
and 21, while the expression level of Ugcg was significantly
downregulated on days 7, 14 and 21 (Figure 2A). Expression
levels of GD1a and Gb4 also significantly decreased after
induction of osteoblast maturation (Figure 2B, C). The
proliferation of mature osteoblasts was significantly lower
than that of immature MC3T3-E1 cells (Figure 2D). These
results suggest that GCS, which is essential for the expression
of GD1a and Gb4, may be involved in the proliferation of
osteoblasts. Administration of 50 μM miglustat to MC3T3E1 cells for 4 days significantly reduced expression of GD1a
and Gb4 (Figure 3A). Administration of 5-20 μM D-PDMP
for 4 days significantly decreased expression of GD1a and
Gb4 in a dose dependent manner (Figure 3B). Expression
levels of GD1a and Gb4 were significantly reduced by 0.15.0 and 0.5-5.0 μM D-PPMP administration for 4 days,
respectively (Figure 3C). The number of live cells was
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Figure 6. qPCR-based mRNA expression levels of candidate genes downregulated by miglustat, D-PDMP and D-PPMP in MC3T3-E1 cells. CN:
Control sample; M: miglustat-treated sample; PD: D-PDMP-treated sample; PP: D-PPMP-treated sample. (A) mRNA expression levels of Fndc1,
Acta2, Igfbp5, Cox6a2, Cth, Mymk, Angptl6, Mab21l2 and Igsf10 in MC3T3-E1 cells (cells were not treated with ascorbic acid and βglycerophosphate) treated with the inhibitors (n=5). (B) mRNA expression levels of Fndc1, Igfbp5, Cox6a2, Cth, and Angptl6 in MC3T3-E1 cells
on days 0, 7, 14 and 21 after induction of osteoblastogenesis (n=4). Data is expressed as mean±standard deviation. *p<0.05 and **p<0.01.

significantly reduced in response to 10-50 μM miglustat, 1020 μM D-PDMP and 0.5-5.0 μM D-PPMP (Figure 4A, C and
E). On the other hand, the inhibitors of GCS did not alter cell
mortality (Figure 4B, D and F).

Prediction of genes involved in the response to miglustat, DPDMP and D-PPMP in MC3T3-E1 cells. Genome-wide
mRNA expression analysis predicted genes upregulated or
downregulated by the three inhibitors (Figure 5). The analysis
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predicted nine downregulated genes [fibronectin type III
domain containing 1 (Fndc1), actin, alpha 2, smooth muscle,
aorta (Acta2), insulin-like growth factor binding protein 5
(Igfbp5), cytochrome c oxidase subunit 6A2 (Cox6a2),
cystathionase (Cth), myomaker, myoblast fusion factor
(Mymk), angiopoietin-like 6 (Angptl6), mab-21-like 2
(Mab21l2) and immunoglobulin superfamily, member 10
(Igsf10)] and 10 upregulated genes [mitochondrial ribosome
associated GTPase 2 (Mtg2), nuclear receptor subfamily 4,
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Figure 7. qPCR-based mRNA expression levels of candidate genes upregulated by miglustat, D-PDMP and D-PPMP in MC3T3-E1 cells. CN: Control
sample; M: miglustat-treated sample; PD: D-PDMP-treated sample; PP: D-PPMP-treated sample. (A) mRNA expression levels of Mtg2, Nr4a1,
Mapre2, Ahcyl1, Exoc6b, Traf6, Anxa3, Egr1, Egr2, and Egr3 in MC3T3-E1 cells (cells were not treated with ascorbic acid and β-glycerophosphate)
treated with the inhibitors (n=5). (B) mRNA expression levels of Nr4a1, Egr1, and Egr3 in MC3T3-E1 cells on days 0, 7, 14 and 21 after induction
of osteoblastogenesis (n=4). Data is expressed as mean±standard deviation. *p<0.05 and **p<0.01.

group A, member 1 (Nr4a1), microtubule-associated protein,
RP/EB family, member 2 (Mapre2), S-adenosylhomocysteine
hydrolase-like 1 (Ahcyl1), exocyst complex component 6B
(Exoc6b), TNF receptor-associated factor 6 (Traf6), annexin
A3 (Anxa3), early growth response 1 (Egr1), Egr2, and Egr3].

Genes upregulated or downregulated by miglustat, D-PDMP,
and D-PPMP in MC3T3-E1 cells. The expression levels of
mRNA predicted by microarray were confirmed by qPCR.

Among the nine predicted genes suppressed by the
inhibitors, mRNA expression levels of Fndc1, Igfbp5,
Cox6a2, Cth, and Angptl6 were suppressed by all three
(Figure 6A). Of note, Mymk mRNA was not detected in
MC3T3-E1 cells. mRNA expression levels of Fndc1,
Cox6a2, Cth, and Angptl6 were downregulated after
induction of osteoblast maturation, while Igfbp5 was
upregulated (Figure 6B). Among the 10 genes predicted to
be upregulated by the inhibitors, mRNA expression levels of
3119
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Figure 8. Effects of partial silencing of Angptl6, Cox6a2, Cth and Fndc1 on the proliferation of MC3T3-E1 cells. NC=Negative Control. (A)
Reduction of Angptl6 by siRNA treatment (n=3). (B) Suppression of cell growth by Angptl6 siRNA treatment (n=6). Cells were plated at 0.5×105
cells per 60-mm dish 48 h after transfection and cultured for 2 (left panel) or 3 (right panel) days. (C) Reduction of Cox6a2 by siRNA treatment
(n=3). (D) No change in cell growth by Cox6a2 siRNA treatment (n=6). Cells were plated at 0.5×105 cells per 60-mm dish 48 h after transfection
and cultured for 2 (left panel) or 3 (right panel) days. (E) Reduction of Cth by siRNA treatment (n=3). (F) No change in cell growth by Cth siRNA
treatment (n=6). Cells were plated at 0.5×105 cells per 60-mm dish 48 h after transfection and cultured for 2 (left panel) or 3 (right panel) days.
(G) Reduction of Fndc1 by siRNA treatment (n=3). (H) No change in cell growth by Fndc1 siRNA treatment (n=6). Cells were plated at 0.5×105
cells per 60-mm dish 48 h after transfection and cultured for 2 (left panel) or 3 (right panel) days. Data are expressed as mean±standard deviation.
*p<0.05 and **p<0.01, respectively.

Nr4a1, Egr1, and Egr3 were upregulated by all three (Figure
7A). mRNA expression levels of Nr4a1, Egr1, and Egr3
were upregulated at day 14 and downregulated at day 21
after induction of osteoblastogenesis (Figure 7B).

Decrease in proliferation of MC3T3-E1 cells by partial
silencing of Angptl6. To examine the involvement of Angtl6,
Cox6a2, Cth, and Fndc1 in proliferation of osteoblasts,
partial gene silencing was conducted using siRNA in
MC3T3-E1 cells. Proliferation was significantly reduced
after knockdown of Angpt6 (Figure 8A, B), whereas
3120

knockdown of Cox6a2, Cth, and Fndc1 did not affect the
proliferation activity (Figure 8C-H).

Discussion

This study demonstrated that GCS regulates the proliferation
of osteoblasts. GCS inhibition by miglustat, D-PDMP and DPPMP suppressed the expression of GD1a and Gb4 and the
proliferation of MC3T3-E1 cells. Genome-wide microarray
analysis predicted nine genes suppressed and 10 genes
upregulated by all three inhibitors. Among the nine suppressed
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Figure 9. Schematic illustration of the proposed regulation of the proliferation of osteoblasts via GCS-regulated Angptl6. In immature osteoblasts,
expression of Angptl6 is upregulated by the increase of GD1a and Gb4 via promotion of GCS, resulting in the increase in proliferation. On the
other hand, in mature osteoblasts, expression of Angptl6 is downregulated by the decrease of GD1a and Gb4 via suppression of GCS, resulting in
the decrease in proliferation.

genes, knockdown experiments by siRNA revealed that
Angptl6 regulates the proliferation of MC3T3-E1 cells.
Glycosphingolipids are expressed in osteoblasts (6-9, 18,
19). GD1a has been reported to be involved in the
differentiation of MSCs into osteoblasts (6-8). For instance,
treatment of GD1a in human MSCs increased the
phosphorylation level of epidermal growth factor receptors
(EGFRs), leading to the induction of human MSCs into
osteoblasts (6). Gb4 is expressed in mouse and human
osteoblasts. Since deletion of Gb4 in mice results in the
decrease of osteoblast numbers and suppression of
osteoblast differentiation markers such as Runx2, alkaline
phosphatase and osteocalcin (9), Gb4 expressed in
osteoblasts may regulate proliferation or differentiation.
However, the roles of these glycosphingolipids in
osteoblast proliferation are not well understood. Here,
administration of GCS inhibitors suppressed the expression
of both GD1a and Gb4 and the proliferation of MC3T3-E1
cells. These results suggest that GD1a and Gb4 are
involved in osteoblast proliferation. MC3T3-E1 cells,
which are immature osteoblasts, expressed Ugcg, GD1a and
Gb4, and their expression decreased in mature osteoblasts.
Furthermore, when immature osteoblasts differentiated into
mature ones, cell growth was suppressed. Collectively,
these results suggest that GD1a and Gb4 may promote the
proliferation of osteoblasts.

Microarray analysis predicted genes suppressed or
upregulated by all three inhibitors. Among the nine
predicted genes suppressed by the inhibitors, qPCR
confirmed that Fndc1, Igfbp5, Cox6a2, Cth, and Angptl6
were suppressed by all three inhibitors, which was
consistent with the microarray analysis. Furthermore, among
these five genes, the expression levels of Fndc1, Cox6a2,
Cth, and Angptl6 were suppressed by induction of osteoblast
maturation. The expression patterns of these genes were
similar to that of Ugcg, GD1a and Gb4. In order to examine
the involvement of these genes in osteoblast proliferation,
we conducted gene knockdown using individual siRNAs.
Knockdown of these genes revealed that Angptl6 is
involved in the promotion of osteoblast proliferation.
Collectively, these results show that GCS regulates
osteoblast proliferation through Angptl6.
Angptl6 belongs to the angiopoietin-like protein family,
which is itself classified into Angptl1-7 (20, 21). Angptls
possess both a coiled-coil domain at the N-terminal and a
fibrinogen-like domain at the C-terminal (20, 21). Angptl6
is known to be involved in angiogenesis and energy
metabolism (22-24) and has been reported to lead to
angiogenesis via the activation of ERK1/2-eNOS-NO
signaling (22, 24). Furthermore, deletion of this gene in mice
results in obesity and lipid accumulation in skeletal muscle
(23). Expression of Angptl6 was also reported to be
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regulated by leptin (25). Although there have been no reports
about the expression of Angplt6 in osteoblasts and its role in
osteoblast proliferation, Angptl6 was reported to promote the
proliferation of epidermal cells (26).
Among the 10 predicted genes upregulated by the
inhibitors, expression levels of Nr4a1, Egr1, and Egr3 were
upregulated by all three, which was consistent with the
microarray analysis. Furthermore, expression of these genes
increased 14 days and decreased 21 days after induction of
osteogenesis. Since these three genes were upregulated by
the inhibitors and showed increased expression after
induction of osteogenesis, they may be involved in osteoblast
differentiation. Indeed, among these genes, it was reported
that Egr1 promotes differentiation of osteoblasts via soluble
Klotho which is a type I transmembrane protein that is
involved in aging (27). Nevertheless, osteoblast-specific
deletion of Nr4a1 in mice showed that Nr4a1 is not involved
in bone homeostasis (28).
In order to further evaluate how glycosphingolipids
regulate the proliferation and differentiation of osteoblasts,
additional experiments are required. Firstly, although GCS
inhibition suppressed osteoblast proliferation, it will be
necessary to clarify which glycosphingolipids expressed in
osteoblasts are involved in proliferation. Secondly, GCS
promotes osteoblast proliferation through Angptl6, and the
expression of both Ugcg and Angptl6 decreases during
maturation of osteoblasts. Whether these observations
indicate that glycosphingolipids negatively regulate
osteoblast differentiation needs to be evaluated. Thirdly,
since Nr4a1, Egr1, and Egr3 were upregulated by the
inhibitors and increased with the decrease of
glycosphingolipids after the induction of osteoblast
maturation, the involvement of these molecules in
osteoblast differentiation requires further investigation.
Although the mechanism by which glycosphingolipids
regulate the proliferation and differentiation of osteoblasts
is not fully understood, this study provides the first
evidence of the regulatory mechanisms of GCS in
osteoblast proliferation. In summary, this study
demonstrated that GCS, which is essential for the
production of GD1a and Gb4, regulates the proliferation of
mouse osteoblasts via Angptl6 (Figure 9).
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