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Abstract: Hyperglycemia is one of the possible causes for osteoporosis and bone fracture in diabetes mellitus. Here
we modeled diabetes-induced osteoporosis in vitro using preosteoblastic cell line MC3T3-E1 and a diabetic mice
model for in vivo studies. We found that in addition to reducing osteoblast viability and differentiation (mineraliza-
tion), culture in elevated glucose down regulated microRNA-378 (miR-378) expression but ectopic miR-378 expres-
sion reversed the effects of high glucose. We identified caspase-3 (CASP3) as a target of miR-378 and showed that
miR-378 repressed CASP3 mRNA and protein expression under high glucose condition. We further showed that both
miR-378 expression and CASP3 silencing independently restored alkaline phosphatase (ALP) activity and the ex-
pression of osteoblastic differentiation markers Runt-related transcription factor 2 (Runx2), osteorix (Osx), collagen
| (Col 1), osteocalcin (OCN), and osteonectin (ON). We also found that under high glucose conditions miR-378 acti-
vated the PI3K/Akt signaling pathway and down regulated pro-apoptotic CytC, Apaf-1 and Bax proteins via the PI3K/
Akt pathway. Collectively, these results suggest that miR-378 overexpression attenuates high glucose-suppressed

osteogenic differentiation through targeting CASP3 and activating the PI3K/Akt pathway.
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Introduction

Diabetes mellitus is a chronic metabolic disor-
der characterized by high blood glucose levels
resulting from defects in insulin secretion (type
1 diabetes), insulin action (type 2 diabetes), or
both. One of the many organs affected by dia-
betes mellitus is bone. Type 1 diabetes may
result in diabetic osteoporosis whereas type 2
diabetes mellitus is more commonly associat-
ed with modest increases in bone mineral den-
sity. Despite this dichotomy, a growing body of
evidence supports the fact that the diabetic
state disturbs the formation of new bone as
well as the integrity of bone microarchitecture,
and thus bone quality, leading to an increased
risk for fragility fracture and inadequate bone
regeneration following injury [1].

Increasing evidence suggests that hyperglyce-
mia plays a role in the pathogenesis of diabetic

bone disease. Bone homeostasis is maintained
through a balance between bone resorption by
osteoclasts followed by bone formation by oste-
oblasts. The primary cause for altered bone
metabolism in diabetes appears to be a dec-
rease in the activity of the osteoblast [2, 3]. In
both animal models and humans with hypergly-
cemia, a decrease in osteoblast activity has
been reported [4]. Because the serum of dia-
betic patients not only shows an elevated glu-
cose concentration, but also alterations in insu-
lin or other hormones, free fatty acid, and ke-
tone bodies, all of which could impact osteo-
blast activity, cellular models are a useful in
vitro tool to study the effects of single compo-
nents associated with diabetes. The culture of
osteoblasts in high glucose concentrations affe-
cts both the capacity for osteoblastic differen-
tiation as well as cell viability. However, the pub-
lished literature reveals contradictory effe-
cts of hyperglycemia on the mineralization pro-
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cess in the different studies, some reporting
decreased mineralization [5-8] and others an
increased mineralization [9, 10], which may be
due to the differences in experimental condi-
tions, heterogeneous cell sources and different
glucose concentrations used.

Osteoblast differentiation involves a series of
stages, including proliferation, matrix develop-
ment and matrix mineralization. At the molecu-
lar level, osteoblast differentiation and bone
formation is driven by signaling molecules inc-
luding PI3K/Akt [11], Hedgehog [12, 13], TGF-B/
BMP [14-17], Wnt/beta-catenin [18] and p38
family members [19] and transcription factors
including Runt-related transcription factor (Run-
x2) [20], osteorix (Osx) [21], osteocalcin (OCN)
[22] and osteonectin (ON) [23]. Although high
glucose suppresses matrix mineralization in
mouse osteoblasts MC3T3-E1, the precise sta-
ges and differentiation programs affected by
hyper physiological glucose remain unclear.
High glucose has been shown to inhibit osteo-
genic differentiation by activating the cAMP/
PKA/ERK pathway [24], inhibiting the Wnt sig-
naling pathway [25] and up regulating c-Jun
[26]. High glucose induces apoptosis in MC3-
T3-E1 by activating p38MAPK signaling, which
when reduced by microRNA (miRNA) targeting
reverses the apoptotic effect of high glucose
[27].

MiRNAs function as gene silencers and are
emerging as important regulators of gene exp-
ression and biological processes. As opposed
to transcription factors, which initiate gene
expression, miRNAs normally repress gene exp-
ression. MiRNAs are single-stranded RNA of
~22-nt in length that post transcriptionally
silence target genes by partially complement-
ing with the 3’ untranslated region (UTR) of tar-
get mRNA. MiRNAs play key roles in diverse
regulatory pathways, including development,
cell differentiation, apoptosis and cell prolifera-
tion. Multiple miRNAs play a role in the sequen-
tial steps of osteogenesis [28, 29]. Recently it
was found that miR-378 suppresses osteoblast
differentiation by down regulating UDP-N-ace-
tyl-a-D-galactosamine: polypeptide N-acety-
Igalactosaminyltransferase 7 (GalNT-7), an en-
zyme known to glycosylate proteins, including
osteogenesis enhancer nephronectin [30]. MiR-
378 was also involved in the induction of osteo-
clast differentiation in mesenchymal progenitor
cells [31]. MiR-378 was originally identified as
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an oncogene promoting VEGF expression in
human nasopharyngeal carcinoma cell line
CNE [32]. The ability to silence caspase-3
(CASP3) in cultured glioma cells [33] and cardi-
ac myocytes [34] establishes miR-378 as a
suppressor of apoptosis.

In this study, the role of miR-378 in osteoblast
response to high glucose was evaluated th-
rough measurement of cell viability, apoptosis,
mineralization analysis and alkaline phospha-
tase (ALP) activity after ectopic expression of
miR-378. The target of miR-378, CASP3, was
identified, as well as the effect of CASP3 inhibi-
tion on osteoblast differentiation capacity in
high glucose conditions. Akt was a physiologi-
cal substrate of CASP3 [35], And PI3K/Akt
pathway was involved in the osteogenic differ-
entiation of MC3T3-E1 cells [11]. PI3K/Akt
pathway and related pro-apoptotic protein
expressions were also determined in vitro and
in vivo to explore the underlying molecular
mechanism.

Materials and methods
Cell culture

Mouse osteoblastic cell line MC3T3-E1 (Ame-
rican Type Culture Collection, USA ) was plated
at a density of 10° cells/cm? and incubated in
o-MEM (containing 5.5 mM glucose) supple-
mented with 10% FBS, 100 U/mL penicillin and
100 U/mL streptomycin, 37°C, 5% CO, with a
media change every 2-3 days. At 80% conflu-
ence MC3T3-E1 cells were cultured in a-MEM
containing normal glucose (5.5 mM) or high glu-
cose (15.5, 25.5 or 35.5 mM) for selected time
periods. For signal pathway studies, cells under
high glucose (25.5 mM) were treated with 20
MM PI3K inhibitor, LY294002 (Selleck, USA) for
the indicated time.

Lentivirus production and cell transfection

MCT3T3-E1 cells stably expressing miR-378
(MC3T3-E1/miR-378) or miR-con (MC3T3-E1/
miR-con) were generated as follows. The lentivi-
ral vector was prepared following a standard
protocol using the pre-miR-378 encoding seq-
uence subcloned into transfer vector pCDH-
CMV-MCS-EF1-copGFP. Empty vector was used
as the control. Virus packaging was performed
in HEK 293T cells after cotransfection of pCDH-
miR-378 vector or pCDH-miR-control with the
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packaging plasmid psPAX2 and envelope plas-
mid pMD2.G (Tronolab, Switzerland) using
Lipofectamine 2000 (Invitrogen, USA). After 72
h, lentivirus in the supernatant was harvested
and polybrene was added to the final concen-
tration 8 pg/mL. Lentivirus was transduced
into MC3T3-E1 cells with Polybrene (Sigma,
USA). The transduced cells were collected 48 h
post-infection for further experiments. For CAS-
P3 silencing, CASP3 short hairpin RNA (shRNA)
was designed (5-CGC GTC CCC TGA CAT CTC
GGT CTG GTA CTT CAA GAG ATA CCA GTG GAG
GCC GAC TTT TTT TGG AAA T-3’) and inserted
into pLVTHM plasmid (Tronolab, Switzerland).
Virus packaging and cell transfection were per-
formed as described before [36].

Cell viability assay

Cell viability was measured using a colorimetric
assay based on the ability of viable cells to con-
vert soluble 3-(4,5-dimethyl-thiazol-2yl)-2,5-di-
phenyl tetrazolium bromide (MTT; Sigma, USA)
into an insoluble dark blue formazan reaction
product. Briefly, cells plated in 96-well plates
were treated with 5 mg/mL MTT solution for 4
h. Dimethyl sulfoxide (Sigma, USA) was added
to all wells and mixed thoroughly to dissolve the
dark blue crystals. Plates were read at 570 nm
on a microplate reader. Every experiment was
repeated three times.

Cell apoptosis analysis

Cell apoptosis was examined by flow cytometry
through Annexin V-FITC/Propidium lodide (PI)
double staining assay. MC3T3-E1 cells were
harvested, washed with cold phosphate buff-
ered saline (PBS) and suspended in binding
buffer containing 10 mM HEPES/NaOH (pH
7.4), 140 mM NaCl, 2.5 mM CaCl, at a concen-
tration of 108 cells/mL. Then the cells were
stained with Annexin V-FITC and Pl followed and
analyzed on the flow cytometer to evaluate the
percentage of apoptotic cells. Experiment was
repeated three times and data were analyzed
with Cell Quest Software.

Analysis of mineralization

The extent of mineralization was determined
after 21 days by Alizarin Red S staining, which
detects calcium deposition [37]. After rinsing in
phosphate buffered saline and fixing in 70%
ice-cold ethanol, the cells were stained with 40
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mM Alizarin Red S (pH 4.2; Sigma, USA) for 20
min at room temperature. To quantify calcium
content, the amount of Alizarin Red S bound to
mineralizing nodules was measured as follows.
After staining, cultures were briefly washed in
PBS and extracted with 10% (w/V) cetylpyridini-
um chloride (Sigma, USA) in 10 mM sodium
phosphate pH 7.0 for 10 min at RT. Dye concen-
tration was determined by measuring the
absorbance at 550 nm. Each experiment was
conducted three times.

Measurement of ALP activity

ALP activity was measured by the colorimetric
conversion of p-nitrophenyl phosphate to
p-nitrophenol using reagents from an ALP
assay Kit (WAKO, Japan) according to manufac-
ture’s instruction [38]. MC3T3-E1 cells seeded
in triplicate at 103/cm? in a 6-well culture plate
were left to attach for 24 h. Cells were then
treated with 25.5 mM glucose for 14 days after
which the cells were collected and lysed by
ultrasound at 4°C. Protein concentration was
measured with the Bradford Assay (Bio-Rad,
CA). The absorbance of lysates was measured
with a microplate reader at 405 nm. ALP activ-
ity was calculated using p-nitrophenol as stan-
dard and denoted as nmol/min/ug protein.
Experiment was repeated three times.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

RNA was extracted with Trizol (Invitrogen, USA),
and the content was assessed by 260 nm
absorbance and the sample’s purity was
assessed by the A260/A280 ratio. Total RNA
was reverse transcribed (GoScript™ Reverse
Transcriptase, Promega, Beijing) and cDNA was
stored at -20°C at 10 ng/uL in nuclease-free
water. qRT-PCRs were performed using the
SYBR-Green detection method and run on Light
Cycling 480 (Roche, Switzerland). All primers
were synthesized by Sangon Biotech (Shanghai).
Reactions were run in triplicate and normalized
to the corresponding internal standard con-
trols. Primer sequences for miR-378, reverse
transcription primer, 5’-CTC AAC TGG TGT CGT
GGA GTC GGCAATTCAGTT GAG GCCTTCTG-3,
forward, 5-GCA CTG GAC TTG GAG TC-3’ and
reverse, 5-GTG CAG GGT CGA GGT-3’; and the
internal control snRNA U6, forward, 5’-CTC GCT
TCG GCA GCA CA-3’ and reverse, 5-AAC GCT
TCA CGA ATT TGC GT-3'. Primer sequences for
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Table 1. Primer sequence used for real-time RT-PCR. The primer se-
quences for target and reference genes, product size and accession

number are shown

cells stably expressing miR-
378 or miR control were
cotransfected with pGL3-

Name 5’-Sequence-3’

Product size Accession number

CASP3-3'UTR (wt) or pGL3-

CASP3 F TGGAACAAATGGACCTGTTGACC 365 bp

R AGGACTCAAATTCTGTTGCCACC

Runx2

GGGTAAGACTGGTCATAGG

Osx
GCCTTGGGCTTATAGACATC

CAGGCTGGTGTGATGGGATT 317 bp
AAACCTCTCTCGCCTCTTGC

Col |

AAATAGTGATACCGTAGATGCG

ON
TTGTCAGCCACCACCTCC

B-actin
TTTACGGATGTCAACGTCACAC

GTGGCCTTCAAGGTTGTAG 326 bp XM_006523547

CCCTTCTCAAGCACCAATG 500 bp XM_006520520

CTGCTCGCCTCTAAACCC 321 bp

F
R
F
R
F
R
OCN F TCTGACAAAGCCTTCATGTCC 199 bp
R
F
R
F TATGCTCTCCCTCACGCCA 369 bp
R

CASP3-3'UTR (mut) report-
er vector together with pRL-
TK using Lipofectamine
2000 (Invitrogen) according
to the manufacturer’'s pro-
tocol. Cells were lysed 24 h
after transfection, and lucif-

NM_009810

NM_007742 erase activities were mea-
sured using the Dual-Lucife-
NM_031368 rase® Reporter Assay Sys-
tem (Promega). The Renilla-
NM_009242 §|gqal was used for normal-
ization. Mean values and
S.E.M. were calculated in
NM_007393

triplicates.

genes were listed in Table 1. All samples were
analyzed in triplicate.

Western blot analysis

Cells were rinsed in ice-cold PBS and then
homogenized in RIPA buffer (Santa Cruz Biote-
chnology, USA). Homogenates were centrifuged
at 12,000 rpm for 20 min at 4°C. Protein con-
centrations were measured with a BCA-assay
kit (Pierce, USA). 10 ug proteins were separated
by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and then electro-
transferred to Hybond-polyvinylidenefluoride
membrane followed by blocking and incubation
with primary antibodies (anti-CASP3, anti-B-ac-
tin, anti-p-PI3K, anti-PI3K, anti-p-Akt, anti-Akt,
anti-Cyt C, anti-Apaf-1 and Bax; Abcam, UK) at
4°C overnight. After washing with Tris-buffered
saline with Tween 20 (TBST), membranes were
incubated in TBST containing horseradish per-
oxidase conjugated goat anti-rabbit IgG anti-
body (Abcam, UK) at room temperature for 2 h
followed by ECL detection. All samples were
analyzed in duplicate.

Luciferase reporter assay

The 3’ untranslated region (3'UTR) sequence of
CASP3, containing the putative miR-378 bind-
ing site or the mutated one, was cloned into the
region directly down-stream of the stop codon
in the luciferase gene in luciferase reporter
vector, which was named pGL3-CASP3-3'UTR
(wt) or pGL3-CASP3-3'UTR (mut). MC3T3-E1
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In vivo studies

Thirty male mice (8-week-old, 37.82 + 1.26 g)
were divided into normal control group (NG
group, n = 6) and diabetic model group (HG
group, n = 24). The diabetic model mice were
induced by intravenous administration of strep-
tozotocin (Sigma, USA) at a dose of 50 mg/kg/
day for 5 consecutive days [39-41]. Blood glu-
cose level was measured one week after the
induction, and mice with glucose concentration
greater than 16.7 mM were defined as diabetic
model mice. Sixteen diabetic mice were ran-
domized into 2 groups (n = 8 per group) and
mice were injected intraperitoneally with lentivi-
ral vectors expressing miR-con or miR-378 (10’
transducing units in 100 uL PBS per mouse) to
study the function of miR-378 under hypergly-
cemic condition [42]. Whole tibia was homoge-
nized into powder and lysed for gene expres-
sion analysis according to the method described
before [43].

Statistical analysis

All experiments were performed in triplicate.
Statistical analyses were performed using the
Student’s t test. P < 0.05 was considered to be
significant.

Results

Effect of glucose on osteoblast differentiation
and viability

To test the effect of hyper physiological glucose
on the mineralization process of osteoblastic
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Figure 1. High glucose inhibits cell growth and mineralization of MC3T3-E1 and down regulates miR-378. A. Mineralization of osteoblasts cultured in glucose (5.5-
35.5 mM) for 21 d depicted by Alizarin Red S staining. B. Alizarin Red S quantification by absorbance (at 550 nm) of osteoblasts cultured in Glucose (5.5-35.5
mM) for 21 d. C. Viability of osteoblasts cultured in glucose (5.5-35.5 mM) for 12-120 h represented by production of formazan in an MTT assay. D. Cell apoptosis
of MC3T3-E1 cells after incubation with the indicated concentration of glucose for 120 h was evaluated by flow cytometry using Annexin V/Pl-double staining. The
apoptosis rates were the values of Q2 quadrant (Annexin V+/PI+) plus Q4 quadrant (Annexin V+/PI-). E. Relative miR-378 levels assayed by qRT-PCR in MC3T3-E1
cells cultured in no glucose (NG), mannose (Man) or high glucose (HG, 25.5 mM) for 120 h. *P < 0.05, "*P < 0.01.
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Figure 2. MiR-378 overexpression improves cell viability and mineralization under high glucose. A. Relative gRT-PCR expression levels of miR-378 48 h after trans-
fection in MC3T3-E1, MC3T3-E1/miR-con and MC3T3-E1/miR-378 cells under high glucose (HG, 25.5 mM). B. Mineralization of osteoblasts cultured in HG for 21
d depicted by Alizarin Red S staining. C. Alizarin Red S quantification by absorbance (at 550 nm) of osteoblasts cultured in HG for 21 d. D. Viability of MC3T3-E1,
MC3T3-E1/miR-con and MC3T3-E1/miR-378 cells cultured in HG for 24-96 h represented by production of formazan in an MTT assay. E. Representative flow cyto-
metric analysis of apoptosis in MC3T3-E1 cells 48 h after transfection. The apoptosis rates were the values of Q2 quadrant plus Q4 quadrant. *P < 0.05, ""P < 0.01.
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Figure 3. MiR-378 post transcriptionally down-regulates CASP3 expression by targeting its 3'UTR. A. Sequence com-
plementarity between mmu-miR-378 and the seed region in the CASP3 3’UTR. Base pair mutations in the mutation-
bearing construct are underlined. Short vertical lines indicate complementary nucleotides. B. Relative luciferase
activity in MC3T3-E1 cells cultured in high glucose (HG, 25 mM) 24 h after co-transfection of miR-378 (Ambion) or
mock vector (miR-con) with wild-type (wt) or mutant (mut) CASP3 3’UTR-luciferase reporter vector. Measurements
from three biological replicates for each combination of constructs are shown along with SEM and *“indicate P <
0.01. C. CASP3 mRNA expression levels 48 h after transfection in MC3T3-E1, MC3T3-E1/miR-con and MC3T3-
E1/miR-378 and MC3T3-E1/shCASP3 cells cultured in HG. Relative mRNA expression was detected by qRT-RCR.
GADPH was used as an internal control. D. Western blot assays of CASP3 protein levels 48 h after transfection in
MC3T3-E1, MC3T3-E1/miR-con and MC3T3-E1/miR-378 and MC3T3-E1/shCASP3 cells cultured under HG. E. ALP
activity of MC3T3-E1, MC3T3-E1/miR-con and MC3T3-E1/miR-378 and MC3T3-E1/shCASP3 cells cultured in high
glucose (25.5 mM) for 14 days. "P < 0.05 and "*P < 0.01 compared to MC3T3-E1 cells cultured in HG; #P < 0.05
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and ##P < 0.01 compared to MC3T3-E1 cells cultured in 5.5 mM glucose. F. mRNA expression levels of osteogenic
marker genes in MC3T3-E1, MC3T3-E1/miR-con, MC3T3-E1/miR-378 and MC3T3-E1/shCASP3 cells cultured in
HG for 2 days “P < 0.05 and **P < 0.01 compared with MC3T3-E1 in HG; #P < 0.05 and ##P < 0.01 compared with

MC3T3-E1 cells in physiological levels of glucose (NG).
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Figure 4. MiR-378 down regulates expression of apoptosis-related proteins through the activation of the PI3K/Akt
pathway. (A) The expression of p-PI3K, p-Akt and (B) apoptosis proteins Cyt C, Apaf-1, and Bax detected by western
blotting of protein samples from high glucose (25.5 mM) cultures of MC3T3-E1/miR-378 cells treated (+) or not
treated (-) with PI3K inhibitor LY294002. B-actin was an internal control.

cells, MC3T3-E1 cells were cultured in 5.5-35.5
mM glucose for 21 d after which the presence
of mineralized calcium deposit was character-
ized using the Alizarin Red S dye. Cells incubat-
ed at physiological levels of glucose (5.5 mM)
showed extensive matrix calcification charac-
terized by a high proportion of stained matrix
(Figure 1A). However, cells cultured in non-
physiological glucose concentrations showed
decreased matrix calcification characterized by
a decreased Alizarin Red S dye-positive matrix.
In addition to this quantitative analysis, the
amount of calcium was quantified using an
absorbance-based assay (Figure 1B). The
amount of calcium was significantly decreased
when cells were cultured in all higher concen-
trations of glucose (15.5-35.5 mM). To deter-
mine whether hyper physiological glucose lev-
els decreased cell viability, we cultured oste-
oblasts in 5.5-35.5 mM glucose for 5 d and
subsequently determined cell viability at time
points between 12-120 h. After 3 d in culture,
osteoblasts in 25.5 and 35.5 mM glucose dis-
played reduced viability compared to 15.5 mM
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and physiological glucose (Figure 1C). Besides,
cell apoptosis rate was significantly increased
when cells were cultured in higher concentra-
tions of glucose (15.5-35.5 mM), which con-
firmed the effect of high glucose on cell viability
(Figure 1D).

High glucose concentrations repress miR-378
expression

To probe the function of miR-378 in osteoblast
response to glucose, we determined the levels
of miR-378 in osteoblasts cultured in physiolog-
ical and high glucose (25.5 mM) for 5 d along-
side those cultured in mannitol, to control for
the effects of osmosis, as higher levels of glu-
cose may suppress osteogenic development as
a result of changes in osmolarity [44]. We found
that miR-378 was significantly down regulated
in osteoblasts cultured in high glucose (Figure
1E). This suggests that the suppression of
osteoblast viability and differentiation by high
glucose may be a result of a miR-378 down
regulation and its downstream effects.
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(HG+miR-378 group). (B) Relative mRNA and protein expressions of CASP3 in rat tibias. (C) The expression of p-
PI3K, p-Akt and apoptosis proteins Cyt C, Apaf-1, and Bax (D) detected by western blotting of protein samples from
tibias of normal and diabetic mice injected with miR-con or miR-378. B-actin was an internal control. "P < 0.05
compared with normal mice (NG group); #P < 0.05 and ##P < 0.01 compared with diabetic mice (HG group).

Ectopic miR-378 enhances osteogenic differ-
entiation

We next explored the function of miR-378 in
osteoblast differentiation by stably expressing
miR-378 by lentiviral integration in MC3T3-E1
cells (Figure 2A). After differentiation in 25.5
mM glucose for 21 d, MC3T3-E1 cells stably
expressing miR-378 (MC3T3-E1/miR-378) dis-
played an increased proportion of stained
matrix as characterized by Alizarin Red S dye
staining (Figure 2B), and when measured quan-
titatively, a significantly increased amount of
calcium (Figure 2C) compared to MC3T3-E1
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cells alone or those stably expressing the con-
trol vector (MC3T3-E1/miR-con). In addition,
miR-378 expression restored cell viability
(Figure 2D) and reduced cell apoptosis (Figure
2E).

MiR-378 targets the CASP3 3’UTR

To explore the mechanism by which miR-378
reverses glucose-suppressed viability and dif-
ferentiation, we focused on its known target
CASP3 [33, 34]. To confirm the target sequence
of miR-378 in the 3'UTR of CASP3 (Figure 3A)
in osteoblasts, we integrated a fragment of the
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CASP3 3’UTR containing the target sequence,
or the fragment whose target sequence was
mutated (Figure 3A), into a luciferase reporter
vector. When co-transfected with miR-378 or
its negative control miR-con into MC3T3-E1
cells, luciferase activity was significantly rep-
ressed in the construct harboring the wild type
sequence compared with the control vector or
the vector harboring the mutated sequence
(Figure 3B), confirming CASP3 as a miR-378
target. MiRNA binding to a target sequence
results in either translational repression or a
degrading of the target mRNA. To determine
whether miR-378 down regulates CASP3 mRNA
and/or protein, we analyzed CASP3 mRNA and
protein expression in miR-378 expressing
MC3T3-E1 cells cultured in hyper physiological
glucose concentrations. Although CASP3 mRNA
levels dropped significantly they were not as
low as the knock down achieved by small hair-
pin RNA (shRNA) silencing of CASP3 (Figure
3C). In contrast, the drop in CASP3 protein lev-
els was as strong as that achieved by shRNA
silencing (Figure 3D).

Both caspase-3 depletion and ectopic MiR-378
expression counteract high glucose suppres-
sion of differentiation

To further explore the biological meaning of
CASP3 down regulation by miR-378, we deter-
mined whether a depletion of CASP3 would
ameliorate high glucose-suppressed osteobla-
st differentiation in the same way as achieved
by ectopic miR-378 expression. Osteoblasts
stably transfected with CASP3 shRNA (MC3-
T3-E1/shCASP3) significantly increased ALP
activity by the same amount attained by the
overexpression of miR-378 (Figure 3E). An
analysis of osteoblast specific gene expression
revealed a similar trend. Whereas hyperglyce-
mic conditions down regulated the expression
of Runx2, Osx, Col I, OCN and ON, both CASP3
depletion and miR-378 expression restored the
MRNA levels of osteogenic differentiation mark-
ers (Figure 3F).

Ectopic MiR-378 expression counteracts high
glucose suppression of differentiation through
activating the PI3K/Akt signaling pathway

To investigate whether miR-378 promotes
osteoblast differentiation by PI3K and Akt sig-
naling, we analyzed the expression levels of
phosphorylated PI3K and Akt and found that
ectopic miR-378 expression in MC3T3-E1 cells
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cultured in high glucose increases pPI3K and
pAkt levels (Figure 4A). Furthermore, miR-378
overexpression decreased pro-apoptotic CytC,
Apaf-1 and Bax protein levels (Figure 4B). This
down regulation was inhibited by LY294002.

MiR-378 supresses CASP3 and regulates
PIBK/Akt signaling pathway under hyperglyce-
mic condition in vivo

Finally, the effect of miR-378 on CASP3 and
PI3K/Akt signaling pathway was confirmed in
diabetic mice model injected with miR-con or
miR-378 plasmid. We found that the expression
level of miR-378 was downregulated in HG
group mice, and miR-378 plasmid injection
restored its expression (Figure 5A). Meanwhile,
ectopic miR-378 expression suppressed hyper-
glycemic condition induced the mRNA and pro-
tein expression level of miR-378 target CASP3
(Figure 5B). The levels of phosphorylated PI3K
and Akt in vivo, which were consistent with that
in high glucose cultured MC3T3-E1 cells, were
downregulated under hyperglycemic condition
compared to NG group mice, while ectopic miR-
378 expression under hyperglycemic condition
revered this effect (Figure 5C). In addition, miR-
378 overexpression suppressed hyperglyce-
mia-induced protein expressions of pro-apop-
totic CASP3, CytC, Apaf-1 and Bax (Figure 5D).

Discussion

Here we show that the reduced osteogenic dif-
ferentiation of osteoblast line MC3T3-E1 in
high glucose media is accompanied by a down
regulation of miR-378. When ectopically expre-
ssed, miR-378 restores osteoblast mineraliza-
tion and viability in high glucose conditions. We
show that this is likely to be due to the fact that
apoptosis executer CASP3, a target of miR-378,
promotes osteogenic differentiation. Both ecto-
pic miR-378 expression and silencing of CASP3
restore ALP activity and the expression of mark-
ers of osteoblast differentiation. We further
show that miR-378 activates the PI3K pathway
and in doing so, reduces the levels of more pro-
apoptotic proteins CytC, Apaf-1 and Bax. In addi-
tion, miR-378 negatively regulates CASP3 expre-
ssion and activates the PI3K pathway, decre-
ased pro-apoptotic proteins in diabetic model
mice.

We confirm previous in vitro studies showing
that high glucose concentrations decrease
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osteoblast viability and differentiation capacity
[5-8, 27, 45, 46]. It should be noted that the
reduced mineralization caused by miR-378
could be caused by reduced cell numbers. In
addition, whether reduced viability was caused
by increased apoptosis or a slowing of the cell
cycle was not investigated here.

Like a number of miRNAs, miR-378 has multi-
ple targets, thereby eliciting different events in
different cellular environments. Recently it was
shown that miR-378 overexpression represses
early osteoblast differentiation by silencing
osteogenesis enhancer nephronectin, but en-
hances later stages of osteoblast differentia-
tion because the binding to the nephronectin
3'UTR liberates another of its targets GalNT-7,
an enzyme known to glycosylate proteins, inc-
luding nephronectin [30], thereby allowing its
secretion and promotion of osteogenesis. Th-
erefore whether miR-378 functions in a pro- or
anti-osteogenic capacity may depend on the
presence and abundance of its targets. Our
finding that ectopic miR-378 restores the differ-
entiation and viability suppressed by hyper
physiological glucose concentrations, opens up
possibilities for further targets expressed with-
in a cell reacting to high glucose. Since miR-
378 also restored viability, apoptosis effector
CASP3 was a logical candidate to investigate
and we confirmed that CASP3 was a miR-378
target in a luciferase binding assay [33], and
showed that miR-378 expression in osteoblasts
reduced CASP3 mRNA and protein levels, indi-
cating that in osteoblasts, too, miR-378 targets
CASP3. Although we showed that miR-378 res-
tores viability in osteoblasts and that it targets
CASP3, it remains to be shown that miR-378
restores osteoblast viability specifically by tar-
geting CASP3, for example by measuring apop-
tosis rates in cultures with or without stable
miR-378 expression and co-expressing CASP3
with or without the seed region.

Culture in high glucose leads to the deregula-
tion of osteogenic transcription factors, which
underlies the defects in osteoblast maturation.
We investigated whether a depletion of CASP3
amounted to the same relief of glucose induced
transcriptional repression as an ectopic expres-
sion of miR-378 and found that both restored
the expression of differentiation markers rep-
ressed by glucose. This indicates that improved
survival (by CASP3 depletion) positively affects
matrix mineralization. This could simply reflect
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the fact that improved survival increases the
pool of cells available to undergo differentiation
and create a mineralized matrix.

The molecular mechanism by which miR-378
activates the PI3K/Akt pathway is unknown. It
is possible that miR-378 silences a gene which
inhibits the PI3K/Akt pathway. However, the
function of PI3K/Akt signaling in glucose indu-
ced suppression of differentiation and viability
appears to be multifaceted. Zhang and Yang
[47] previously showed that high glucose simul-
taneously suppressed osteogenic (but promot-
ed adipogenic) differentiation by activating the
PI3K/Akt pathway in primary rat osteoblasts. It
is therefore curious that ectopic expression of
osteogenesis promoting miR-378 under high
glucose condition further activates the PI3K
pathway yet restores osteogenesis.

High glucose condition appears to induce high
levels of pro-apoptotic proteins CytC, Apaf-1
and Bax, which lie upstream of CASP3. MiR-
378 expression reduced the levels of these
pro-apoptotic proteins. This implies that miR-
378 restores cell viability by two independent
pathways, first by targeting CASP3 mRNA and
second by reducing the levels of CytC, Apaf-1
and Bax. This might occur by miR-378 targeting
of the individual proteins or an upstream
activator.

We have revealed that high glucose culture of
osteoblasts represses miR-378 and have
shown that when ectopically expressed miR-
378 counteracts the suppression of viability
and differentiation caused by high glucose cul-
ture, and negatively regulates target gene
CASP3 and activiates PI3K/Akt pathway both in
high glucose cultured osteoblasts and diabetic
model mice. Our results indicate that miR-378
restores viability and osteogenic differentiation
by targeting CASP3 and inhibiting pro-apoptotic
CytC, Apaf-1 and Bax proteins via the PI3K/Akt
pathway. The positive effects of miR-378 on
osteogenesis make it an interesting candidate
to explore for therapeutic strategies.
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