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Glycerophospholipids, a primary component of cellular membranes, play
important structural and functional roles in cells. In the remodelling path-
way (Lands’ cycle), the concerted actions of phospholipase As and lyso-
phospholipid acyltransferases (LPLATSs) contribute to the incorporation of
diverse fatty acids in glycerophospholipids in an asymmetric manner, which
differ between cell types. In this study, the role of LPLATS in osteoblastic
differentiation of C2C12 cells was investigated. Gene and protein expres-
sion levels of lysophosphatidylcholine acyltransferase 2 (LPCAT?2), one of
the LPLATS, increased during osteoblastic differentiation in C2C12 cells.
LPCAT?2 knockdown in C2C12 cells downregulated the expression of oste-
oblastic differentiation markers and the number and size of lipid droplets
(LDs) and suppressed the phosphorylation of Smadl/5/9. In addition,
LPCAT?2 knockdown inhibited Snaill and the downstream target of Runx2
and vitamin D receptor (VDR). These results suggest that LPCAT2 modu-
lates osteoblastic differentiation in C2CI12 cells through the bone morpho-
genetic protein (BMP)/Smad signalling pathway.

Glycerophospholipids are important structural and func-
tional components of cell membranes. In addition, they
also serve as precursors of lipid mediators such as prosta-
glandins, leukotrienes, platelet-activating factor (PAF),
resolvin and lysophospholipids [1-3]. The contents of
glycerophospholipids, such as phosphatidic acid, phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylinositol (PI),
phosphatidylserine (PS), and cardiolipin (CL), and their
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fatty acid composition varies depending upon the type of
cell and tissue [3-5]. PC, a major mammalian phospho-
lipid in cell membranes [6], plays a crucial role in main-
taining appropriate intrinsic curvature and fluidity of
membranes [7-9].

Initially, various glycerophospholipids, such as PC,
PE, PG, CL, PI, and PS, are generated from glycerol-3-
phosphate via the de novo pathway [10]. The glycero-
phospholipid acyl chains are subsequently remodelled
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through the remodelling pathway (Lands’ cycle) [11]. In
the Lands’ cycle, concerted actions of phospholipases
As and lysophospholipid acyltransferases (LPLATS)
modify the fatty acid composition of glycerophospholi-
pids synthesised in the de novo pathway to generate a
mature membrane with asymmetry and diversity for cell
functions and morphology [1,4,8,9]. LPLATSs are widely
distributed in many tissues and have varying affinity for
their substrates, acyl-CoA and lysophospholipids [2,12].
However, to date, the function of LPLATS has not been
fully elucidated, although we have demonstrated that
the members of LPLATS are involved in the differentia-
tion of neurons [13] and chondrocytes [14].

Lysophospholipid acyltransferases are classified into
the  1l-acyl-glycerol-3-phosphate  O-acyltransferase
(AGPAT) family and the membrane-bound
O-acyltransferase (MBOAT) family [2,12]. Lysopho-
sphatidylcholine acyltransferases (LPCATSs) are also
classified into the AGPAT family and the MBOAT fam-
ily. LPCAT?2 (also called LPLAT9) [15] exhibits both
lyso-PAF acetyltransferase activity and LPCAT activity
in vitro and belongs to the AGPAT family [5,12].
LPCATI! (also called LPLATS8) and LPCAT4 (also
called LPLATI10) belong to the AGPAT family [15].
LPCAT3 (also called LPLATI2) belongs to the
MBOAT family [15]. LPCAT?2 converts lysophosphati-
dylcholine (LPC) to PC and recognises 20:4-CoA [5,12].
LPC is associated with the pathogenesis of various lung
disorders, including acute respiratory diseases [16].
LPCAT?2 expression is high in inflammatory cells, such
as macrophages and neutrophils; however, the cellular
functions of this enzyme remain unknown [5,12].

The C2C12 cell line is a subclone isolated from
healthy adult C3H mouse femoral muscle, which is
generally used to investigate in vitro differentiation of
skeletal muscles [17,18]. Lysophosphatidic acid acyl-
transferase 3 (LPAAT3, also called LPLAT3 and
AGPATS3) [15], one of the LPLATS, is known to be
involved in the maintenance of the skeletal muscle cell
membranes of C2CI12 cells [19]. Bone morphogenetic
protein 2 (BMP2) modulates the differentiation path-
way of C2C12 myoblasts to produce cells of the osteo-
blast lineage [20]. Therefore, C2CI12 cells are
commonly used to investigate osteoblastic differentia-
tion. In this study, the role of LPLATSs in osteoblastic
differentiation of C2C12 cells was examined. We found
that gene and protein expression levels of LPCAT?2 are
increased during osteoblastic differentiation. Further-
more, we found that LPCAT2 knockdown decreased
the expression of osteoblastic differentiation markers
and alkaline phosphatase (ALP) activity.

Lipid droplet (LD) formation is known to be medi-
ated by LPCAT?2 [21,22] and is involved in osteoblastic

Role of LPCAT2 in osteoblastic differentiation

differentiation [23]. We found that LDs were present
during osteoblastic differentiation of C2C12 cells. Fur-
thermore, LPCAT2 knockdown decreased the number
and size of LDs.

Phosphorylation of Smadl/5/9 inhibits myogenic
differentiation, thereby regulating the osteoblastic
differentiation of C2CI12 cells [24]. Snaill is necessary
for the first step of osteoblastic differentiation [25].
Knockdown of LPCAT?2 suppressed Smadl/5/9 phos-
phorylation. Furthermore, LPCAT2 knockdown inhib-
ited the expression of Snaill. These results suggest that
LPCAT2 plays a crucial role in the osteoblastic
differentiation of C2CI12 cells through the BMP/Smad
signalling pathway.

Materials and methods

Reagents

LPCAT?2 small interfering RNA (siRNA; ON-TARGET plus
mouse LPCAT?2: L-052470-01) was purchased from Horizon
Discovery (Cambridge, UK). Horseradish peroxidase
(HRP)-conjugated anti-mouse and anti-rabbit immunoglobu-
lin G (IgG) antibodies were purchased from GE Healthcare
(Pittsburgh, PA, USA). Anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) monoclonal antibody and control
siRNA (SC: 37007) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Bovine serum albumin (BSA)
and 0.25% trypsin-ethylenediaminetetraacetic acid were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and osteoblastic differentiation

C2C12 cells (RCB0987; Riken Bio Resource Center Cell
Bank, Ibaragi, Japan) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Wako, Osaka, Japan) supple-
mented with 5% fetal bovine serum (Sigma-Aldrich) and
1% penicillin-streptomycin mixed solution (Nacalai Tes-
que, Kyoto, Japan). Cells were incubated at 37 °C with
95% air and 5% CO,.

To induce osteoblastic differentiation [20], C2C12 cells were
plated in 6-well tissue culture plates at a density of 2.0 x 10°
cells per well and cultured in differentiation medium contain-
ing DMEM with 300 ngmL ™! human recombinant BMP2
(R&D Systems, Minneapolis, MN, USA).

Real-time quantitative PCR

Total RNA was extracted from the cells using the RNeasy
Mini Kit (QIAGEN, Valencia, CA, USA) according to the
manufacturer’s protocol. RNA was transcribed using the
ReverTra Aceq qPCR RT Kit (Toyobo, Osaka, Japan) and
the complementary DNA was amplified using the Program
Temp Control System (Astec, Fukuoka, Japan). Quantitative
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PCR was performed using the LightCycler®96 System (Nip-
pon Genetics, Tokyo, Japan) with FastStart Essential DNA
Green Master (Nippon Genetics). Messenger RNA (mRNA)
levels of target genes were normalised to those of GAPDH.
The primers used were: LPCATI1, 5-GTGCACGAGCTGC
GACT-3 (forward) and 5-GCTGCTCTGGCTCCTTATC
A-3’ (reverse); LPCAT2, 5-GTCCAGCAGACTACGATC
AGTG-3 (forward) and 5-CTTATTGGATGGGTCAGC
TTTTC-3 (reverse); LPCAT3, 5-TCAGGATACCTGATTT
GCTTCCA-3 (forward) and 5-GGATGGGTCTGTT
GCACCAAGTAG-3 (reverse); LPCAT4, 5-TTCGGTTT
CAGAGGATACGACAA-3 (forward) and 5-AATGTCT
GGATTGTCGGACTGAA-3 (reverse); ALP, 5-GGTAT
GGGCGTCTCCACAGT-3 (forward) and 5-GCCCGT
GTTGTGGTGTAGCT-3 (reverse); Coll, 5-GCTTCTTTT
CCTTGGGGTTC-3 (forward) and 5-GAGCGGAGAGT
ACTGGATCG-3 (reverse); Col2, 5¥-AAGTCACTGAAC
AACCAGATTGAGA-3 (forward) and 5-AAGTGCGAGC
AGGGTTCTTG-3 (reverse); Runx2, 5-GCCGAGCTCC
GAAATGC-3 (forward) and 5-AGATCGTTGAACCTGG
CTACTTG-3' (reverse); Osterix, 5-GGAGACCTTGCTCG
TAGATTTC-3 (forward) and 5-CAGAGAGACACCCAC
AGAAAC-3 (reverse); Sox9, 5-ACCCACCACTCCCAAAA
CC-3’ (forward) and 5-CGCCCCTCTCGCTTCAG-3
(reverse); aMHC, 5-CAAGACTGTCCGGAATGCA-3 (for-
ward) and 5-GGCTTCTTGTTGGACAGGAT-3 (reverse);
Snaill, - AACTATAGCGAGCTGCAGGA-3' (forward) and
5-GTACCAGGAGAGAGTCCCAGA-3' (reverse); VDR,
5-GCATCCAAAAGGTCATCGGC-3 (forward) and
5-AGCGCAACATGATCACCTCA-3" (reverse); GAPDH,
5-TGACAATGAATACGGCTACAGCA-3 (forward) and
5-CTCCTGTTATTATGGGGGTCTGG-3' (reverse).

ALP staining

C2C12 cells were fixed with 4% paraformaldehyde (Nacalai
Tesque) for 10 min on ice and stained with the ALP stain
solution (Wako) for 45 min at 37 °C.

ALP activity assay

Total protein was extracted using the cell lysis buffer (Cell
Signaling Technology, Beverly, MA, USA). Protein concen-
tration was measured using a DC protein assay kit (Bio-
Rad, Hercules, CA, USA) with BSA as a standard. ALP
activity was measured using Lab Assay ALP (Wako),
according to the manufacturer’s protocol, and was normal-
ised to the total protein concentration.

Western blot analysis

Total protein was extracted, and protein concentration was
measured as described in the ALP activity assay. Equiva-
lent amounts of total protein were resolved on 12.5% poly-
acrylamide gels. Separated proteins were transferred onto
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polyvinylidene difluoride membranes (Bio-Rad) and
blocked with Blocking One (Nacalai Tesque) for 1 h at
room temperature (RT). Membranes were incubated
overnight at 4 °C with the following primary antibodies:
anti-LPCAT2 (1000 : 1) [26], anti-Smadl (Cell Signalling
Technology, Danvers, MA, USA), anti-phosphorylated
Smadl1/5/9 (Cell Signalling Technology), and anti-GAPDH
(Santa Cruz). Then, the membranes were incubated with
HRP-conjugated anti-mouse or anti-rabbit IgG for 1 h at
RT. Chemiluminescence was achieved using the enhanced
chemiluminescence reagent (GE Healthcare), which was
detected digitally using a Multi Imager II ChemiBox (leda
Trading Corporation, Tokyo, Japan).

siRNA transfection

C2CI12 cells were seeded in 6-well tissue culture plates at a
density of 2.0 x 10° cells per well and cultured in DMEM
without antibiotics for 24 h at 37 °C. The cells were trans-
fected with 100 nm siRNAs using Lipofectamine RNAI-
MAX (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Control
siRNA, used as a negative control, comprised a scrambled
sequence having no effect on any cellular message or func-
tion. Thereafter, the cells were incubated for another 24 h
at 37 °C. Finally, prior to subsequent experiments, cells
were further cultured in DMEM with 300 ngmL~' of
BMP2 to induce osteoblastic differentiation at 37 °C.

Cell viability assays: trypan blue exclusion test
and WST-8 assay

Cell viability was evaluated by performing the trypan blue
dye exclusion test and WSTS assay. C2C12 cells were seeded
in 6-well tissue culture plates at a density of 2.0 x 10° cells
per well and cultured in DMEM without antibiotics at
37 °C. The next day, C2C12 cells were transfected with con-
trol siRNA or LPCAT2 siRNA. Twenty-four hours post-
transfection, cells were stained with trypan blue stain solu-
tion (Nacalai Tesque); stained cells were counted using a
haemocytometer (Erma, Tokyo, Japan). The WST-8 assay
was conducted using a Cell Counting kit-8 (Dojindo, Kuma-
moto, Japan), according to the manufacturer’s protocol. At
24 h post-transfection, cells were incubated with 10% WST-
8 reagent for 4 h at 37 °C. From each well, 100 uL of super-
natant was transferred to a fresh 96-well plate. Cell viability
was determined by measuring the absorbance at 450 nm
using an iMark™ Microplate Reader.

LPCAT enzymatic activity assay

C2C12 cells were scraped into 1 mL of ice-cold buffer con-
taining 20 mM Tris-hydrogen chloride (pH 7.4), 300 mm
sucrose, and Complete Protease Inhibitor Cocktail (Roche,
Basel, Switzerland). Cells were sonicated twice for 30 s each
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on ice, using a probe sonicator (Ohtaka Works, Tokyo,
Japan). The protein solutions were collected from the super-
natants and centrifuged at 800 g for 10 min. Protein concen-
tration was measured using the Bio-Rad Protein Assay kit
(Bio-Rad). LPCAT enzymatic assay was performed as previ-
ously described [27,28]. Briefly, proteins (0.1 pg) were mixed
with 25 um deuterium-labelled 16:0 LPC and 1 pum each of
16:0-, 18:1-, 18:2-, 20:4-, and 22:6-CoA (Avanti Polar Lipids,
Pelham, AL, USA) at 37 °C for 10 min.

Measurement of PC

Lipids were extracted using the method of Bligh and Dyer
[29] from proteins (1 pg) used for analysis of LPCAT
enzymatic activity. PC was measured by liquid
chromatography-selected reaction monitoring/mass spec-
trometry (LC-SRM-MS), as previously described [27,28]. A
Nexera ultra-high-performance liquid chromatography
system coupled to a triple quadrupole mass spectrometer,
LCMS-8050 (Shimadzu Corporation, Kyoto, Japan) was
used. An Acquity UPLC BEH C8 column (1.7 pm,
2.1 mm x 100 mm; Waters, Milford, MA, USA) was used
for the separation of PC; the column temperature was
47 °C. Solvent A was 5 mm ammonium bicarbonate
(Wako), solvent B was acetonitrile (Wako), and solvent C
was isopropanol (Wako). The LC solvent gradient was as
follows: 0 min (solvent A = 75%/solvent B = 20%/solvent
C=5%), 20min (20/75/5), 40 min (20/5/75), 45 min
(5/5/90), 50 min (5/5/90), 55 min (75/20/5). The flow rate
was 0.35 mL-min~', and 5 pL of sample was applied. PC
was identified by the precursor ion of m/z = 184.

Lipid droplet analysis and morphometric analysis

Lipid droplets were visualised using the fluorescent probe
Lipi-Green (Dojindo) according to the manufacturer’s proto-
col. Images were digitally captured in real-time and processed
using BZ-X810 imaging software (Keyence, Osaka, Japan).

Lipid droplet analysis was assessed using the Lipid drop-
let kit (Dojindo). C2C12 cells were incubated in the work-
ing solution at 37 °C with 95% air and 5% CO, for 2 h.
The cells were measured using iMark Microplate Reader
(Bio-Rad) according to the manufacturer’s protocol.

The number and size of LDs were measured in 6 random
fields of the well. The average of these numbers and the
diameter of the LDs are considered as the number and size
of LDs per well. These measurements were performed in 3
independent wells. The area of LDs staining less than 5 um
was defined as an LD.

Statistical analyses

All statistical analyses were performed using Microsoft Excel
(Microsoft Corp., Redmond, WA, USA). Data were
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expressed as the mean + standard deviation and analysed
using one-way or two-way analysis of variance (ANOVA),
followed by a post-hoc test (Bonferroni’s correction) for mul-
tiple comparisons. Statistical differences between two groups
were determined using a two-tailed unpaired Student’s #-test.
A P-value <0.05 was considered statistically significant.

Results

Gene and protein expression levels of LPCAT2
increase during the osteoblastic differentiation of
C2C12 cells

Major osteoblastic differentiation markers include
runt-related transcription factor 2 (Runx2), ALP, type
1 collagen (Coll), and Osterix [30-32]. Expression of
Runs?2 increased immediately after osteoblastic differ-
entiation and decreased subsequently (Fig. 1A). ALP,
Coll, and Osterix expression levels increased on day 7
of osteoblastic differentiation (Fig. 1A). Sox9 and
Col2 are chondrogenic differentiation markers [30,31],
whereas alpha myosin heavy chain (aMHC) is a myo-
genic differentiation marker [33]. Gene expression of
these markers showed no change during osteoblastic
differentiation (Fig. 1A). ALP staining, used to visual-
ise osteoblastic differentiation, demonstrated an
increase in ALP levels on day 7 of osteoblastic
differentiation (Fig. 1B). Furthermore, ALP activity
also increased on day 7 of osteoblastic differentia-
tion (Fig. 1C). These results confirmed the
differentiation of C2Cl12 cells into osteoblasts.
LPCAT?2 levels increased both at the mRNA level and
the protein levels during osteoblastic differentiation.
However, no changes were observed in the expression
levels of other LPLATS that were studied (Fig. 2A,B).
These results suggest that LPCAT2 might be involved
in osteoblastic differentiation of C2C12 cells.

LPCAT2 knockdown inhibits osteoblastic
differentiation of C2C12 cells

LPCAT2 knockdown decreased the expression of
LPCAT?2 without affecting the transcription levels of
LPCATI-3 (Fig. 3A) and cell viability at 24 h
post-transfection (Fig. 3B,C). LPCAT2 knockdown
also decreased the gene and protein expression of
LPCAT?2 on day 7 after transfection (Fig. 4A,B). ALP
and Coll expression levels increased significantly on
day 7 during osteoblastic differentiation of C2C12 cells
(Fig. 1A). Therefore, the effect of the LPCAT?2 knock-
down on osteoblastic differentiation was evaluated and
reported on day 7. LPCAT2 knockdown also
decreased the expression levels of ALP, Coll, and
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Osterix (Fig. 4C). However, no change was observed
in the expression levels of Runx2 (Fig. 4C), Sox9,
Col2, and aMHC (Fig. 4C). Furthermore, ALP activ-
ity was suppressed in LPCAT?2 knockdown cells com-
pared to that in control cells on day 7 after
transfection (Fig. 4D). These results suggest that
LPCAT?2 knockdown inhibits osteoblastic differentia-
tion of C2C12 cells.

1494

mean + SD, n = 3. *P < 0.05; Student's t
test was used to compare days 0 and 7.

The number and size of LDs and LPCAT2 are
correlatively induced during osteoblastic
differentiation of C2C12 cells

Lipid droplets are reported to play an important role
in osteoblastic differentiation [21,22], and LPCAT?2 is
reported to be localised to LDs [23], in addition to the
endoplasmic reticulum (ER) [34]. The formation of
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LDs during osteoblastic differentiation of C2C12 cells
was determined using Lipi-Green and was confirmed
by Lipid droplet analysis (Fig. 5A,B). LPCAT?2 knock-
down significantly decreased the number and size of
LDs on day 7 after transfection (Fig. 5C-E). These
results suggest that LPCAT2 may play an important
role in osteoblastic differentiation of C2C12 cells relat-
ing to or associated with LD production.

LPCAT2 knockdown inhibits osteoblastic
differentiation of C2C12 cells through the
BMP/Smad signalling pathway

BMP2 is known to induce osteoblastic differentiation
of C2C12 cells through the BMP/Smad signalling
pathway [24]. BMP/Smad signalling is initiated by the
phosphorylation of Smadl/5/9, which is regulated by
the binding of BMP2 to BMP receptors [24]. In order
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to examine the phosphorylation state, transfected cells
were stimulated with BMP2 for 60 min. LPCAT2
knockdown decreased the phosphorylation of
Smadl/5/9 (Fig. 6A).

Snaill is reported to regulate the bone mass by con-
trolling osteoblast differentiation [35]. VDR s
expressed in osteoblasts and is repressed in the presence
of activated Snaill [25]. The expression level of Snaill
increased on day 7, while that of VDR increased gradu-
ally from day 0 to 5. However, they returned to the
original levels on day 7 of osteoblastic differentiation
(Fig. 6B). LPCAT2 knockdown also decreased the
expression levels of Snaill. At the same time, no change
was observed in the expression levels of VDR (Fig. 6C).
These results suggest that LPCAT2 knockdown inhibits
osteoblastic differentiation of C2CI12 cells by modulat-
ing the signalling pathways, including the BMP/Smad
pathway and Snaill pathway.
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Cell count WST-8 assay (B) Cell viability was assessed using the
=~ 1.5 - 120 - trypan blue dye exclusion test 24 h post-
‘°_ ) ’\3 transfection. Cells were counted in three
N T < 100 - T wells, and the mean values were
- 1.0 - I ..? 80 - I calculated. Error bars represent
2 3 60 - mean + SD, n = 3. Student’s ttest was
8 ® used to compare Ctr si with LPCAT2 si.
o 0.5 - : 40 - (C) Cell viability was determined using the
re) ) 20 - WST8 assay 24 h post-transfection. Error
3 o bars represent mean + SD, n = 3.
> 0 ‘ 0 ‘ ‘ Student’s ttest was used to compare Ctr
Ctrsi LPCAT2 si Ctrsi LPCAT2si i with LPcAT2 si
Discussion

The expression pattern of each LPLAT depends on the
specific cell type during cell differentiation [5]. C2C12
cells can differentiate into either myoblasts or osteo-
blasts. Myoblast-like cells are remodelled from C2C12
cells, a fibroblast-like spindle cell [17,18]. It has been
previously shown that the gene and protein expression
levels of LPAATS3 increase during myoblastic differenti-
ation in C2C12 cells [19]. In this study, gene and pro-
tein expression levels of LPCAT2 increased during
osteoblastic differentiation of C2C12 cells.

Each LPLAT possesses a specific substrate prefer-
ence and enzymatic activity [5,9,36]. Differences in
substrate preference and enzymatic activity among the

LPLATs produce phospholipids with a characteristic
lipid composition [5,9,36]. LPCAT2 generates PC
using LPC and 20:4-CoA as substrates [5,12]. Here,
the fatty acid composition of PC species and LPCAT
activity showed no change during osteoblastic differen-
tiation of C2C12 cells (Figs S1 and S2). Given that the
expression levels of other known LPCATS, such as
LPCATI (also LPLATS), LPCAT3 (also LPLATI2),
and LPCAT41 (also LPLATI3) [15], showed no
change during osteoblastic differentiation of C2C12
cells (Fig. 2A), it is likely that the changes in LPCAT2
expression only have a minor contribution on global
LPCAT activity and PC composition. Therefore, the
global change in LPCAT enzymatic activity due to
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Fig. 4. Lysophosphatidylcholine
acyltransferase 2 (LPCAT2) knockdown
inhibits osteoblastic differentiation of
C2C12 cells. C2C12 cells were transfected
with control small interfering RNA (Ctr si)
or LPCATZ small interfering RNA (LPCAT2
si) for 24 h. Cells were further cultured in
Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 300 ng-mL~"
bone morphogenetic protein 2 (BMP2) for
7 days after transfection. (A) Gene
expression of LPCATZ2. The fold increase
in gene expression was calculated relative
to cells transfected with Ctr si (Ctr si, fold
change = 1, normalised to that of
GAPDH). Error bars represent mean + SD,
n= 3. **P <0.001, Student’s t-test was
used to compare Ctr si with LPCAT2 si.
(B) Protein expression levels of LPCAT2
and GAPDH, the internal control. (C) Gene
expression of osteoblastic differentiation
markers [alkaline phosphatase (ALP), runt-
related transcription factor 2 (Runx2), type
1 collagen (Col7), and Osterix] 7 days after
transfection. The fold increase in gene
expression was calculated relative to cells
transfected with Ctr si [Ctr si, fold

change = 1, normalised to that of
glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)]. Error bars
represent mean =+ standard deviation (SD),
n=3.*P<0.05; ***P < 0.001, Student's
ttest was used to compare Ctr si with
LPCAT2 si. (D) ALP activity on day 7 post-
transfection. Error bars represent

mean + SD, n= 3. *P < 0.05. Student's t
test was used to compare Ctr si and
LPCAT2 si. (E) Cells were further cultured
in DMEM with 300 ng-mL~" of BMP2 for
60 min after transfection. Protein
expression levels of Smad1,
phosphorylated Smad1/5/9, and GAPDH,
the internal control.
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the increased gene and protein expression of LPCAT2
remains unknown; further, changes in the expression
levels and activities of other enzymes that are yet to be
identified might be contributing to the global change
in LPCAT activity. Although other roles of LPLATS
may exist, they remain unknown. Furthermore, the
presence of other LPLATs may affect LPCAT activity,
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and it is conceivable that other enzymes may have
masked the effect of the changes in the expression of
LPCAT2.

It has been proposed that local arachidonate enrich-
ment in phospholipids by LPCAT3 assists the forma-
tion of a pool of triacylglycerols required for normal
triacylglycerol transfer and lipoprotein assembly in the
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liver and enterocytes. [27,37]. A unique molecular spe-
cies of phospholipids, 1-oleoyl-2-palmitoyl PC, loca-
lised at the protrusion tip of PCI12 cells after treatment
with nerve growth factor [38]. It is possible that
LPCAT?2 contributes to changes in local lipid composi-
tion in differentiating C2C12 cells.

Previously, LPCAT2 has been reported to demon-
strate lyso-PAF acetyltransferase activity [39]. Osteo-
blasts showed reduced lyso-PAF acetyltransferase
activity compared to that in the osteoclasts [40]. Fur-
thermore, osteoblasts expressed fewer PAF receptors
than osteoclasts [40]. In this study, we could not detect
lyso-PAF acetyltransferase activity during osteoblastic
differentiation of C2CI12 cells (data not shown). Knock-
down of LPCAT? also could not detect lyso-PAF acyl-
transferase acetyltransferase activity (data not shown).
These results suggest that lyso-PAF acetyltransferase
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*%

Fig. 5. Lysophosphatidylcholine
acyltransferase 2 (LPCAT2) knockdown
inhibits osteoblastic differentiation of
C2C12 cells through the BMP/Smad
pathway and Snail pathway. (A) C2C12
cells differentiate into osteoblasts.
Representative images of C2C12 cells
were stained for LDs on days 0 and 7. (B)
7 LDs assay was measured on days 0 and
7. Scale bar is 100 um. Error bars
represent mean + SD, n = 3. **P < 0.01.
Student’s t-test was used to compare
days 0 and 7. (C) C2C12 cells were
transfected with control small interfering
RNA (Ctr si) or LPCATZ2 small interfering
RNA (LPCAT2 si) for 24 h. Cells were
further cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented
with 300 ng-mL~" of BMP2 for 7 days
after transfection. Representative images
of C2C12 cells were transfected with Ctr
si and LPCAT2 si and were stained for
LDs. Scale bar is 20 um. (D, E) The
number and size of LDs were measured in
six random fields of the well. The average
number and the diameter of the LDs are
considered as the number and size of LDs
per well. These measurements were
performed in three independent wells. The
area of LDs staining more than 5 pm was
defined as an LD. Error bars represent
mean + SD, n= 3. **P < 0.01. Student’'s
t-test was used to compare Ctr si and
LPCAT2 si.

*%*

LPCAT2 si

activity of LPCAT2 during osteoblastic differentiation
of C2C12 cells is too weak to be detected. A previous
study reported a decrease in lyso-PAF acetyltransferase
activity and the absence of PAF in an LPCAT2 knock-
out mouse [41]. We need improvements in the sensitiv-
ity to measure lyso-PAF acetyltransferase activity to
elucidate potential roles of LPCAT2 in PAF production
during C2C12 cell differentiation.

We previously reported that LPCAT2 was mainly
localised to ER in Chinese hamster ovary-K1 cells [34].
LPCAT?2 has also been reported to be localised to lipid
droplets [21,22]. Further, LDs are reported to be impor-
tant for osteoblast differentiation [23]. Our results
showed that the number and size of LDs significantly
increased during osteoblastic differentiation; further, the
number and size of LDs decreased in LPCAT2 knock-
down cells compared to those in control cells on day 7
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Fig. 6. Lysophosphatidylcholine acyltransferase 2 (LPCATZ2) knockdown inhibits osteoblastic differentiation of C2C12 cells through the BMP/
Smad pathway and Snail1 pathway. (A) C2C12 cells were transfected with control small interfering RNA (Ctr si) or LPCATZ2 small interfering
RNA (LPCAT2 si) for 24 h. Cells were further cultured in DMEM with 300 ng-mL~" of bone morphogenetic protein 2 (BMP2) for 60 min
after transfection. Protein expression levels of Smad1, phosphorylated Smad1/5/9, and GAPDH, the internal control. (B) C2C12 cells
differentiate into osteoblasts. Gene expression of osteoblastic differentiation markers [Snaill and vitamin D receptor (VDR)]. The fold
increase in gene expression was calculated relative to day 0 (day 0= 1) and normalised to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Error bars represent mean =+ standard deviation (SD), n = 3. *P < 0.05; **P < 0.01, compared to day 0 with post-
hoc test (Bonferroni's correction) after one-way analysis of variance. (C) C2C12 cells were transfected with control small interfering RNA
(Ctr si) or LPCATZ2 small interfering RNA (LPCAT2 si) for 24 h. Cells were further cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 300 ng-mL™" of BMP2 for 7 days after transfection. Gene expression of LPCAT2. Gene expression of osteoblastic
differentiation markers [Snaill and VDR] 7 days after transfection. The fold increase in gene expression was calculated relative to cells
transfected with Ctr si [Ctr si, fold change = 1, normalised to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)]. Error bars
represent mean =+ standard deviation (SD), n = 3. **P < 0.01. Student's t-test was used to compare Ctr si with LPCAT2 si.

after transfection (Fig. 5A,B). Most phospholipids are
synthesised around ER [13]. Then, these phospholipids
would be transported to each specific subcellular region,
including the local cellular membrane and may affect
cellular morphology and function [13,14]. LPCAT2 may
also be transported to LD membranes. We could not
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detect the change in the fatty acid composition of PC
species from total whole-cell lysates. Despite mass spec-
trum data being highly reliable, liquid chromatography-
mass spectrum lacks spatial resolution. Therefore, imag-
ing mass spectrometry may be able to show the local
changes in the future.
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Local PC species with different fatty acid composi-
tions would allow the growth of LDs independent of a
physical connection to the ER or other routes of PC
species transport [21]. Considering the change in the
number and size of LDs related to the expression of
LPCAT2, LPCAT2 molecule may play a role in LDs
locally. We could not clarify this issue from a technical
point of view, so we would like to examine this issue
in a future study.

The transforming growth factor-p (TGF-B)-Smad3
signalling pathway regulates the expression of
LPCAT4 in mouse hepatocytes and human cells [42].
Therefore, it was presumed that the TGF-B-Smad3 sig-
nalling pathway might play an important role in other
LPLATs. BMP2, belonging to the TGF-B superfamily,
is known to play an important role in osteoblastic dif-
ferentiation through BMP/Smad signalling in C2CI12
cells [19,42]. Upon binding to the BMP receptor,
BMP2 activates and phosphorylates the downstream
molecules, Smad1/5/9 [43], in the BMP/SMAD signal-
ling pathway, leading to osteoblastic differentiation.
Our results showed that LPCAT2 knockdown
decreases the phosphorylation of Smadl/5/9 (Fig. 6A).
These results indicate that LPCAT2 knockdown
inhibits  osteoblastic differentiation through the
BMP/Smad signalling pathway. LPCAT?2, along with
LPCAT4, might also be involved in the signalling
transduction pathway.

Runx2 and Osterix are known to regulate osteoblastic
differentiation [31,43,44]. Among them, Runx2,
expressed in the early stage of osteoblastic differentia-
tion, is downregulated during osteoblastic differentia-
tion into mature osteoblasts [44,45]. On the other hand,
Osterix is expressed in the mature stage of osteoblast
differentiation [31,46], along with the expression of
mature osteoblast genes such as Coll [46]. In this study,
the expression of Runx2 peaked on day 3 and subse-
quently decreased until day 7 (Fig. 1A). Given that the
Runx2 levels were already reduced on day 7, it could
explain why LPCAT2 knockdown induced no change
in the mRNA expression of Runx2 on day 7 (Fig. 4C).
In addition, Coll expression level increased with an
increase in Osterix expression level during osteoblastic
differentiation Since the expression of LPCAT2
increased after day 3 in osteoblastic differentiation of
C2CI12 cells (Fig. 2A) and LPCAT2 knockdown
decreased the mRNA expression of Osterix on day 7,
LPCAT2 might be associated with late stage of osteo-
blastic differentiation.

Snaill is reported to regulate osteoblast differentia-
tion and activate the expression of the early differenti-
ation marker Coll while it inhibits Runx2 and VDR
[35]. The expression level of Snaill and Coll increased

S. Tabe et al.

on day 7, while that of Runx2 and VDR returned to
the original level on day 7 during osteoblastic differen-
tiation (Figs 1A and 6B). LPCAT2 knockdown also
decreased the expression levels of Snaill and Coll,
while no change was observed in the expression levels
of Runx2 and VDR (Figs 4C and 6C). These results
suggest that LPCAT?2 knockdown inhibits osteoblastic
differentiation of C2CI12 cells by modulating the
BMP/Smad pathway and Snaill pathway. However,
we are not exactly sure how LPCAT?2 is involved in
Snaill and lipid droplets. Therefore, we would like to
examine this issue in a future research project.

In conclusion, this study reported the possible
involvement of LPCAT?2 in the osteoblastic differentia-
tion of C2C12 cells.
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Fig. S1. Lysophosphatidylcholine acyltransferase
(LPCAT) activity in C2C12 cells measured with 18:2-
and 20:4-CoA as donors.

Fig. S2. Phospholipid composition of phosphocholine
(PC) in C2C12 cells.
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