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Inhibitors of Growth 1b Suppresses Peroxisome
Proliferator-Activated Receptor-f/6 Expression
Through Downregulation of Hypoxia-Inducible Factor 1«
in Osteoblast Differentiation

Bo Qu"* Zhen Hong?” Kai Gong,' Jun Sheng, Hong-hua Wu, Shao-lin Deng;
Gang Huang, Ze-hui Ma/ and Xian-ming Pan’

Bone formation, a highly regulated developmental process, involves osteoblast differentiation, which is controlled
by different important transcription factors. Recent evidence has suggested possible negative regulation of in-
hibitors of growth (ING) 1b on the osteoblast marker expression. The aim of this study is to examine the detailed
mechanism by which the activity of ING1b inhibits osteoblast differentiation. In the current study, we investigated
the function and mechanism by which ING1b inhibits osteoblast differentiation using C3H10T1/2 mesenchymal
stem cells and MC3T3-E1 preosteoblasts. Real-time polymerase chain reaction and Western blotting showed that
INGI1b was decreased during osteoblast differentiation and ING1b overexpression markedly decreased alkaline
phosphatase (ALP) activity, runt-related transcription factor 2 (Runx2) expression, and collagen type 1 synthesis,
whereas ING1b silencing significantly upregulated ALP activity, Runx2 expression, and collagen type 1 synthesis.
Further studies indicated that ING1b suppressed the expression of peroxisome proliferator-activated receptor
(PPAR)-B/d in a hypoxia-inducible factor (HIF) la-dependent manner, while ING1b silencing significantly in-
creased the expression of PPAR-f/6 and HIF1a. Moreover, PPAR-B/0 or HIF1a silencing significantly inhibited
ALP activity, Runx2 expression, and collagen type 1 synthesis. These results demonstrated that ING1b is an
important regulator of osteoblast differentiation and suppresses PPAR-f/8. Our study may provide additional

insight into osteoblast differentiation and offer a potential new molecular target for osteoporosis.

Introduction

STEOPOROSIS, A REPRESENTATIVE age-associated hu-

man disease, is characterized by decreased quality and
density of the skeleton with aging (NIH Consensus Devel-
opment Panel on Osteoporosis Prevention, Diagnosis, and
Therapy, 2001). Evidence has suggested that the disturbed
regulation of the bone remodeling process is the main cause
of osteoporosis (Eriksen et al., 1994). Recently, osteoblasts
and osteocytes have been implicated in the regulation of
bone remodeling (Mullender et al., 1996; Chen et al., 2012).
The activities of different signaling pathways that affect the
osteoblast-specific gene expression may contribute to dif-
ferentiation of osteoblasts that originated from mesenchy-
mal stem cells (Park et al., 2010). A robust body of recent
literature showed that a number of transcription factors
controlled osteoblast differentiation and function, such as
runt-related transcription factor 2 (Runx2), Osterix, ATF4,
members of the AP1 family, CREB, and FOXO1 (Wei et al.,

2012). Moreover, some nuclear proteins, such as STATI1
(Kim et al., 2003) and Twist (Bialek et al., 2004), also affect
osteoblast differentiation through interaction with tran-
scription factors such as Runx?2.

The nature of the cellular and molecular mechanisms of
osteoblast differentiation remains poorly understood. A re-
cent study found that inhibitors of growth (ING) 1b may
decrease osteoblast marker expression, including Runx2
(Bigot et al., 2015). ING1, a member of the ING family, has
been described as a type II tumor suppressor that can reg-
ulate cell growth, apoptosis, chromatin remodeling, senes-
cence, cell cycle regulation, and DNA repair (Garkavtsev
et al., 1998; Guérillon et al., 2013). The human INGI gene
contains three exons and is located at chromosome 13g33-
34 (Garkavtsev et al., 1997; Feng et al., 2002). INGI1
has three isoforms: INGla (a 47-kDa protein), INGlb
(an alternatively spliced 33-kDa protein), and INGlc (a 24-
kDa protein from an internal initiation site) (Garkavtsev,
1999; Saito er al., 2000). It is now well established that
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overexpression of ING1b inhibits cell growth and promotes
apoptosis, and ING1b is upregulated during the apoptosis
process (Garkavtsev et al., 1996; Helbing et al., 1997;
Vieyra et al., 2002).

Bigot et al. (2015) showed that ING1b negatively regu-
lates hypoxia-inducible factor-1o (HIF1o) protein levels in
adipose-derived stromal cells. The transcription factor HIF1
consists of a heterodimer of HIF1a and HIF1f (Semenza,
2003). HIF1a is a major regulator of the cellular response to
hypoxia. Hypoxia can inhibit the bone-forming capacity,
growth, and differentiation of rat osteoblasts (Utting et al.,
2006). Hiraga et al. (2007) showed that HIF overexpression
by adenovirus significantly inhibited BMP2-induced osteo-
blast differentiation and osteocalcin mRNA expression in
C3H10T1/2 cells. Numerous studies have demonstrated that
HIF la facilitates recruitment and differentiation of multi-
potent human mesenchymal stromal cells (Wagegg et al.,
2012). Furthermore, HIF1a causes enhanced bone modeling
through activation of VEGF in endochondral ossification
(Wang et al., 2007). Because ING1b can inhibit HIFla
expression, we hypothesized that ING1b may participate
in osteoblast differentiation through regulation of the level
of HIFla. To approach this, we studied the effects of
INGIb in osteoblast proliferation and differentiation. Our
results indicate that osteoblast growth and differentiation are
inhibited by ING1b overexpression. ING1b inhibits peroxi-
some proliferator-activated receptor (PPAR)-f/d expression,
and this inhibition is dependent on the level of HIF1a. This
reveals a new molecular mechanism through which ING1b
inhibits differentiation in osteoblasts.

Materials and Methods
Cell culture

C3H10T1/2 mesenchymal stem cells and MC3T3-El
preosteoblasts were provided by ATCC and cultured as
described in Park et al., 2010. C3H10T1/2 mesenchymal
stem cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin.
MC3T3-E1 mouse preosteoblastic cells were maintained in
o-Minimal Essential Medium supplemented with FBS and
1% penicillin/streptomycin. Cells were all cultured in a
humidified atmosphere at 37°C. To induce osteoblast dif-
ferentiation, cells were transferred to a differentiation me-
dium that contained 10% FBS, 50 pg/mL ascorbic acid
(Sigma), and 10 mM B-glycerophosphate (Sigma). The dif-
ferentiation medium was replaced every 2 days.

Transfections

Stably transfected C3H10T1/2 mesenchymal stem cells
and MC3T3-El preosteoblasts were produced using the
empty pcDNA 3.1 vector and the pcDNA 3.1 ING1b vector
(encoding ING1b) according to the method described previ-
ously (Bigot et al., 2015) and were then selected with G418.

ING1b, PPAR-B/5, and HIFla silencing was performed
according to the method described previously (Bigot et al.,
2015). ING1b siRNA (Life Technologies), PPAR-B/d siR-
NA (Life Technologies), and HIFla siRNA (Santa Cruz
Biotechnology, CliniSciences) were used. Experiments were
performed with the Lipofectamine RNAIMAX Transfection
Reagent (Life Technologies) according to the manufactur-
er’s instructions.
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Measurements of alkaline phosphatase activity

After transfection with ING1b or HIFla, C3H10T1/2
mesenchymal stem cells and MC3T3-El preosteoblasts
were cultured in an osteogenic differentiation medium for 3,
5, 7, and 9 days. Cells were lysed using a commercial cell
lysis solution according to the manufacturer’s instructions.
The alkaline phosphatase (ALP) activity assay was per-
formed using a commercial Alkaline Phosphatase Detection
Kit (Nanjing Jiancheng Bioengineering Institute). Cell ly-
sates were incubated with ALP assay working solution
(containing 1 mM pNPP). The absorbance of the samples
was determined by using an ELISA plate reader at 405 nm
(Fung et al., 2014).

Quantitative real-time polymerase chain reaction

Total RNA was extracted using the RNeasy Kit (Qiagen)
according to the protocol provided by the manufacturer.
cDNA was synthesized using the Superscript II reverse
transcriptase (Life Technologies). The level of INGIb,
HIF1a, and PPAR-f5/6 gene expression was quantified using
SYBR Green Master Mix (Life Technologies). The relative
gene expression was normalized to B-actin.

Western blot analysis

Total proteins were extracted from MC3T3-El pre-
osteoblasts using the lysis buffer (50mM Tris, pH 7.5;
150 mM NacCl; 1% Tween 20; 0.2% Nonidet P-40; 1 mM
phenylmethylsulfonyl fluoride; 500mM NaF; 1mM
Na3;VOy; 10pg/mL aprotinin; 2 pug/mL pepstatin A; and
10 pg/mL leupeptin) (Park et al., 2010). Proteins were
separated by 12% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a poly-
vinylidene difluoride membrane (Millipore). Five percent
nonfat milk was used to block the membrane for 1 h at room
temperature. The membrane was then incubated overnight at
4°C with a rabbit anti-mouse ING1b polyclonal antibody
(dilution: 1:1000, catalog number: ABIN2486913; Anti-
bodies online.com), rabbit anti-mouse HIFlo polyclonal
antibody (dilution: 1:200, catalog number: sc-10790; Santa
Cruz Biotechnology, Inc.), rabbit anti-mouse PPAR-B/6
polyclonal antibody (dilution: 1:200, catalog number: sc-
7197; Santa Cruz Biotechnology, Inc.), rabbit anti-mouse
runx2 polyclonal antibody (dilution: 1:200, catalog number:
sc-10758; Santa Cruz Biotechnology, Inc.), or anti-B-actin
monoclonal antibody (dilution: 1:200, catalog number: sc-
130656; Santa Cruz Biotechnology, Inc.). HRP-conjugated
anti-rabbit IgG (Santa Cruz Biotechnology, Inc.) was added
to blots and incubated for 1h at room temperature. Bound
proteins were measured using an ECL Chemiluminescence
Kit (Santa Cruz Biotechnology, Inc.).

Measurement of collagen type 1

Collagen type 1 synthesis in MC3T3-E1 preosteoblasts
was determined according to the previously described
method (Reffitt et al., 2003). The synthesis of collagen type
1 was measured by quantification of the level of the
carboxy-terminal propeptide of type 1 procollagen (CICP)
in the culture medium using the Prolagen-C Kit (Metra
Biosystems Ltd.).
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Statistical analysis

For statistical analysis, data were processed by SPSS13.0
and analyzed by ANOVA followed by the Student’s r-test.
p <0.05 was considered statistically significant. All data are
shown as mean £ SD of five separate experiments.

Results

ING1b expression is reduced during osteoblast
differentiation

Initially, we aimed to evaluate the expression of ING1b in
C3H10T1/2 mesenchymal stem cells and MC3T3-E1 pre-
osteoblast cells after osteoblast differentiation. Quantitative
real-time polymerase chain reaction (QRT-PCR) and Wes-
tern blotting were used to detect the level of ING1b mRNA
and protein, respectively. ING1b expression was signifi-
cantly decreased after osteoblast differentiation (Fig. 1A, B),
suggesting that ING1b may play a vital function in osteo-
blast differentiation. The activity of differentiation marker
ALP was also determined, and the results indicated that
along with osteoblast differentiation, ALP activity was
significant increased compared with the control group
(Fig. 1C). To determine the function of ING1b in osteoblast
differentiation, we generated C3HI10T1/2 mesenchymal

QU ET AL.

stem cells and MC3T3-E1 preosteoblasts cells with over-
expressed or silenced ING1b using pcDNA 3.1 ING1b or
ING1b siRNA, respectively (Fig. 1D, E).

ING1b mediates ALP activity, Runx2 expression,
and collagen type 1 synthesis

To detect the effect of ING1Ib overexpression and si-
lencing on osteoblast differentiation, the activity of ALP
was measured. ING1b overexpression markedly inhibited
the ALP activity in both C3H10T1/2 mesenchymal stem
cells and MC3T3-El preosteoblast cells during osteoblast
differentiation, whereas INGIb silencing increased ALP
activity (Fig. 2A, B).

Runx2 and collagen type 1, two master regulators of
skeletogenesis, can regulate the expression of several
downstream genes associated with osteoblast differentiation
(Ducy et al., 1997; Komori et al., 1997). Thus, we next de-
termined the effect of ING1b overexpression or silencing on
the level of Runx2 and collagen type 1 in MC3T3-El1 cells.
Western blotting showed that ING1b overexpression inhibited
Runx?2 expression, whereas its silencing increased the level of
Runx2 (Fig. 2C). ING1b overexpression also upregulated the
synthesis of collagen type 1, and INGIb silencing down-
regulated the level of collagen type 1 (Fig. 2D).

_C3HIOTI2 _MC3T3-El
0 3 7 9 0 3 7 9 (days)
A B ING b C— o =33 K Da c 2.
© H
B o = z
&€ 2.8 3 day 0 =
< ¥ g 1o e day 3 g
Za g ! By
23 e = = day 7 ;5
o §2 o ey
22 g2 05
C g
e =
é 0.0 4 *
J <
& £
(:;ﬁ *‘.!\L-
C3HI0TI/2 MC3T3-El
-0 -
& &
& §
S e -
%, X P T SN, S\ o T,
FESFLFES £
D E F T FHFIEF S
5 INGID - - - e - o @ = = -33 KDa
= i £33 Control i '*““M'” KDa
B o4 = B2 PCDNA3,I
o gf_' g B3 PCDNA3.1-INGIb “2 $ 3 Control
z e 3 £ D SiMock £ B PCDNA3.I
E= , £ &3 SiINGIb 5 & 53 PCDNA31-INGIb
gE” £ 283 oD SiMock
E 0 = = @ SiNGIb
7] G
2 £ = 2
o 2
0 aZ
Qv N v
& ,\)fb B
) Foh B
B “— =
& \=~(’ & a A
P
& &
L‘,""% 4_‘!5,
FIG. 1. Establishment of cell lines transfected with pcDNA3.1-ING1b or ING1b siRNA. Analysis of ING1b mRNA and

protein expression during osteoblast differentiation of C3H10T1/2 mesenchymal stem cells (A) and MC3T3-E1 preosteoblasts
(B). Cells were cultured in an osteogenic differentiation medium, and ING1b expression was measured at days 0, 3, 7, and 9
after osteogenic differentiation induction. (C) ALP activity was measured during osteoblast differentiation of C3H10T1/2
mesenchymal stem cells and MC3T3-E1 preosteoblasts using an ALP activity kit. *p <0.05 versus day 0. Detection of ING1b
expression in cells transfected with pcDNA3.1-ING1b or ING1b siRNA by RT-PCR (D) and Western blotting (E). *p <0.05
versus control. ALP, alkaline phosphatase; ING, inhibitors of growth. RT-PCR, real-time polymerase chain reaction.
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FIG. 2. The role of ING1b in osteoblast differentiation. ALP activity was measured in pcDNA3.1-IG1b- or SiING1b-
transfected C3H10T1/2 mesenchymal stem cells (A) and MC3T3-E1 preosteoblasts (B) after osteoblast differentiation using
an ALP activity kit. (C) Western blotting was used to determine the level of Runx2 in MC3T3-El preosteoblasts after
osteoblast differentiation. (D) The synthesis of collagen type 1 in MC3T3-E1 preosteoblasts after osteoblast differentiation
was measured using the Prolagen-C kit. *p <0.05 versus control. Runx2, runt-related transcription factor 2.

ING1b regulates the expression of PPAR-f/0
in MC3T3-E1 cells in a HIF1x-dependent manner

PPAR activity is involved in osteoblastic differentiation
(Takano et al., 2012) and hypoxia modulation of HIF1o and
PPARs in human glioblastoma stems cells (Galzio et al.,
2012). Evidence has also suggested that ING1b negatively
regulates HIFlo protein levels in adipose-derived stromal
cells in a SUMOylation-dependent mechanism (Bigot ef al.,
2015). Thus, we hypothesized that ING1b regulates the ex-
pression of PPAR-B/6 in MC3T3-El cells in a HIFla-
dependent manner. RT-PCR and Western blotting were used
to measure the expression of HIFla and PPAR-B/S after
ING1b overexpression or silencing. ING1b silencing in-
creased the expression of PPAR-B/6 at the protein level,
whereas there was no significant change in the PPAR-B/d
mRNA level (Fig. 3A, B). ING1b overexpression signifi-
cantly downregulated the expression of PPAR-B/S at the
protein level, but not the mRNA level (Fig. 3A, B). The

mRNA and protein levels of HIFla were significantly
downregulated or increased by ING1b overexpression or in-
hibition, respectively (Fig. 3B, C). Furthermore, Western
blotting showed that HIF1a siRNA inhibited the expression of
PPAR-B/6 and HIF1a in ING1b-silenced cells (Fig. 3D). The
results also showed that ING1b silence cannot rescue the
expression of PPAR-/9 after suppression of HIF1a (Fig. 3D).
These results suggest that ING1b regulates the expression of
PPAR-f/6 in MC3T3-E1 cells in a HIF1a-dependent manner.

ING1b regulates osteoblast differentiation
by targeting PPAR-S/5 in a HIF 1a-dependent manner

To further study the mechanism of ING1b regulation of
osteoblast differentiation, we determined the effect of
PPAR-f/5 silencing on the ALP activity, Runx2 expression,
and collagen type 1 synthesis induced by ING1b silencing.
We first silenced the expression of PPAR-B/6 and HIF1a by
PPAR-f/6 siRNA and HIF1a siRNA, respectively (Figs. 3D
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FIG. 3. The effects of ING1b overexpression or silencing on the level of PPAR-B/6 and HIF1a.. The mRNA and protein
expression of PPAR-B/6 (A, B) and HIFla (B, C) was determined by RT-PCR and Western blotting, respectively. (D)
Western blotting was used to measure the protein expression of PPAR-B/3 and HIFla in SiHIF1-treated MC3T3-E1l
preosteoblasts following osteoblast differentiation. *p<0.05 versus control or SiMock group, *p<0.05 versus Si-
Mock+SiING1b group. HIF, hypoxia-inducible factor; PPAR, peroxisome proliferator-activated receptor.

and 4A). PPAR-f/d silencing blocked the effect of ING1b
silencing on the promotion of ALP activity (Fig. 4B).
ING1b silencing-induced collagen type 1 (Fig. 4C) and
Runx?2 (Fig. 4D) expression were also inhibited by PPAR-/
d silencing. To further demonstrate this effects is HIFla
dependence, the expression of Runx2 marker were also
determined in HIFla siRNA treated cell. As shown in
Figure 4E, ING1b silencing induced Runx2 expression was
also suppressed by HIFla silencing.

Discussion

The main findings in this study are as follows: (1) ING1b
is decreased during osteoblast differentiation; (2) INGI1b
overexpression markedly decreased osteoblast differentia-
tion, whereas ING1b silencing significantly promoted oste-
oblast differentiation; (3) ING1b can regulate the expression
of PPAR-f/8 in a HIF1a-dependent manner. Overexpression
of ING1b markedly decreased the HIFla level, which
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FIG. 4. The effects of PPAR-B/6 siRNA on INGIlb-mediated osteoblast differentiation. (A) The PPAR-B/3 level in
MC3T3-El cells was detected by RT-PCR. (B) ALP activity was measured using an ALP activity kit. (C) The synthesis of
collagen type 1 was measured using the Prolagen-C kit. (D, E) Runx2 expression was detected l%y Western blotting
in MC3T3-E1l preosteoblasts following osteoblast differentiation. *p <0.05 versus SiMock group, "p<0.05 versus Si-

Mock+SiING1b group.

resulted in a low level of PPAR-B/6 expression, while
INGI1b silencing significantly increased the expression of
PPAR-B/6 and HIFla; (4) silencing the expression of
PPAR-f/6 and/or HIFla significantly inhibited osteoblast
differentiation marker ALP activity and Runx2 and collagen
type 1 expression. Bone formation involves osteoblast dif-
ferentiation, which is controlled by different important
transcription factors. Our study was aimed to show the ef-
fects and mechanism of ING1b in osteoblast differentiation;
thus, our study was choosing the preosteoblast cell line
MC3T3-El and, before the study, cells were transferred to
the differentiation medium to induce MC3T3-E1 cell dif-
ferentiation. Our data demonstrate that ING1b is an im-
portant regulator of osteoblast differentiation.

Based on selection of gene fragments that can cause
transformation and block the activity of tumor suppressors,
INGI1 was identified as a candidate tumor suppressor (Gar-
kavtsev et al., 1996). INGI1 is well conserved and encodes
three protein isoforms: INGla, ING1b, and INGlc (Saito
et al., 2000; Chen et al., 2013). ING1b is the major isoform
expressed in human tissues and cells and plays an important
role in most functions of ING1 (Chen et al., 2013). ING1b
can stimulate cell cycle arrest, apoptosis, senescence, and
repair. ING1b overexpression results in cell cycle arrest at
the G1 phase with ensuing cell apoptosis, whereas ING1b
silencing increases cell growth in vitro and promotes tu-
morigenesis in vivo (Garkavtsev et al., 1996). More re-
cently, Bigot et al. (2015) showed that hypoxia-induced
downregulation of adipocyte differentiation was highly de-
pendent on ING1b expression during the early days of this
process. The authors indicated that ING1 silencing increased

BGLAP, RUNX2, and SP7 levels, as well as calcium de-
posits at 7 or 14 days (Bigot et al., 2015). In accordance
with these results, our data indicate that ING1b over-
expression markedly decreased osteoblast differentiation
marker ALP, Runx2, and collagen type 1 activity and ex-
pression, whereas ING1b silencing significantly increased
osteoblast differentiation. ING1b level and the effects of
ING1b on ALP activity in C3H10T1/2 mesenchymal stem
cells and MC3T3-E1 preosteoblasts were similar; thus, we
choose MC3T3-El preosteoblasts for further study. Our
study showed that overexpression of INGI1b is partly in-
hibited osteoblast differentiation and silencing its expression
accelerates osteoblast differentiation. There needs to be
further study to show overexpression of ING1b will stop the
osteoblast differentiation or just slow it down, and we will
do some experiments about this issue in our further studies.

Our data show that the function of ING1b in osteoblast
differentiation is associated with the level of PPAR-B/3.
PPARs play an important role in bone metabolism and may
be involved in the regulation of bone formation (Still ez al.,
2008). PPAR has three isotypes: PPAR-a, PPAR-B/8, and
PPAR-y. Agonists of PPAR-o increase bone mass and
promote osteoblast differentiation, whereas PPAR-y ago-
nists induce bone loss and inhibit osteoblast differentiation
(Mosti et al., 2014). PPAR-B/d agonists are known to in-
fluence skeletal muscle metabolism, and our study indicated
that ING1b silencing increased the level of PPAR and
promoted osteoblast differentiation.

Ample evidence indicates that ING1 can negatively reg-
ulate the level of HIF1 and that HIF1 can activate expres-
sion of a broad range of genes, including PPAR (Zhao et al.,
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2014; Bigot et al., 2015). Therefore, our study also mea-
sured the expression of HIF1o in MC3T3-E1 preosteoblast
cells after osteoblast differentiation. ING1 overexpression
significantly inhibited the level of HIFla, and its silence
markedly increased HIFlo expression. In addition, ING1b
silence cannot rescue the expression of PPAR-B/§ after
suppression of HIFla. Our study also showed that ING1b
regulates osteoblast differentiation by targeting PPAR-B/6
or HIFla. These results demonstrated that INGI1 affected
osteoblast differentiation through suppression of PPAR ex-
pression in a HIFI-dependent manner.

Conclusion

In summary, our data suggest that suppressing PPAR-B/d
expression with ING1b in a HIF1-dependent manner inhibits
osteoblast differentiation, while suppressing ING1b ex-
pression accelerates osteoblast differentiation, thus sug-
gesting that ING1b may be a potential new therapeutic
target for improving bone homeostasis.
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