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Signal transducer and activator of transcription 3 regulates
CCAAT-enhancer-binding homologous protein expression
in osteoblasts through upregulation of microRNA-205
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Abstract. The transcription factor, CCA AT-enhancer-binding
protein homologous protein (CHOP), is induced by endo-
plasmic reticulum-stress and mediates programmed cell
death. In osteoblasts, CHOP overexpression increases
the rate of apoptosis, leading to osteoblastic dysfunction.
However, the regulatory mechanisms underlying CHOP
expression remain unclear. In the present study, western blot
analysis was used to demonstrate that the activation of signal
transducer and activator of transcription 3 (STAT3) inhibited
the levels of the CHOP protein, whereas small interfering
RNA-mediated the knockdown of STAT3 upregulated
CHOP expression. Furthermore, STAT3 was shown to
increase the expression level of microRNA (miR)-205. A
luciferase reporter assay revealed that miR-205 was able to
directly target the 3'-untranslated region of the CHOP gene to
inhibit its protein expression. The miR-205 antisense largely
abolished the inhibitory effect of STAT3 activation on the
levels of CHOP protein. Therefore, the results demonstrated
a previously unknown STAT3/miR-205/CHOP signaling
pathway in osteoblasts, which may aid the understanding of
the pathogenic mechanisms of associated diseases, including
0steoporosis.

Introduction

Osteoblasts are derived from undifferentiated mesenchymal
stem cells and play a key role in bone formation (1). Therefore,
investigation into the expression levels and functions of
master regulators is essential in order to reveal the mecha-
nisms underlying osteoblast differentiation.
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CCAAT-enhancer-binding homologous protein (CHOP),
also known as growth arrest and DNA damage-inducible
gene 153 and DNA damage inducible transcript 3, is a
member of the basic leucine zipper family of transcription
factors (2). CHOP regulates mRNA transcription indirectly
by interacting with various nuclear proteins, including
CCAAT/enhancer-binding protein-f3, activating transcrip-
tion factor, cCAMP response element-binding protein and
Fos/Jun (3-5). CHOP is implicated in apoptosis, which may be
induced by cellular stress, including endoplasmic reticulum
(ER) stress (6,7). Transgenic mice overexpressing CHOP
have shown reduced trabecular bone volume due to decreased
bone formation, resulting in osteopenia (8). Furthermore, a
previous study demonstrated that hyperglycemia induced ER
stress-dependent CHOP expression in osteoblasts (9). CHOP
expression in osteoblasts obtained from diabetic rats or
cultured in a high-glucose medium is elevated (9), suggesting
that abnormal expression of CHOP may play an important
role in the pathogenesis of osteoporosis. However, the regu-
latory mechanisms underlying CHOP expression remain
largely unknown.

Signal transducer and activator of transcription 3
(STATS3) is a transcription factor that promotes cell survival
and differentiation (10,11). The aim of the present study was
to investigate the effects of STAT3 activation on the expres-
sion of CHOP protein in osteoblasts. In addition, the effect
of miRNA (miR)-205 was analyzed in order to determine
its role in the STAT3-mediated regulation of CHOP protein
expression. Potential miRNAs that were able to regulate
CHOP expression were analyzed by bioinformatic software
(data not shown) and (miR)-205 was selected for further
analysis.

Materials and methods

Cell culture. MC3T3-El cells were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China),
and were maintained in a modified Eagle's minimal essential
medium (Invitrogen Life Technologies, Carlsbad, CA, USA)
containing 100 U/ml penicillin and 100 pgg/ml streptomycin
(Invitrogen Life Technologies). Mouse bone marrow mesen-
chymal stem cells (MSCs) were prepared from the bone
marrow of femurs and tibias harvested from seven-week-old
male C57B/L6 mice (12). Interleukin (IL)-6 was purchased
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from Merck Sharpe & Dohme (Shanghai, China). The present
study was approved by the Ethics Committee of the Qingpu
Branch of Zhongshan Hospital, Fudan University (Shanghai,
China).

Small interfering RNA (siRNA) oligos and miRNA. siRNA
oligos targeting green fluorescent protein (GFP) or STAT3
were designed and synthesized by GenePharm, Inc. (Shanghai,
China). siRNA targeting GFP was used as a negative control
for STAT3 siRNA. The negative control for miR-205 mimics
and antisense was purchased from Guangzhou RiboBio Co.,
Ltd. (Guangdong, China).

Plasmids, transient transfections and luciferase assays. An
miR-205 promoter (420 bp) was amplified from the mouse
genomic DNA template and inserted into a pGL3 vector
(Promega Corporation, Madison, WI, USA). A mutant STAT3
binding site was generated using a polymerase chain reaction
(PCR) mutagenesis kit (Toyobo Co., Ltd., Osaka, Japan) with
the primer, 5'-GATTCAGGGACATAAAACCAATAC-3'
(mutation site, AAAA), and a reverse complementary primer.
Reporter vectors carrying the miR-205 target site were
constructed by synthesizing a 3'-untranslated region (UTR)
fragment containing the predicted target sites (miRWalk) (13)
for CHOP cDNA, and subsequently inserting the CHOP cDNA
fragment into the multiple cloning site of a pMIR-REPORT™
Iuciferase miRNA expression reporter vector (Ambion Life
Technologies, Carlsbad, CA, USA). Transient transfection
was performed using Lipofectamine® 2000 (Invitrogen Life
Technologies), according to the manufacturer's instructions.
For the luciferase reporter assay, MC3T3-El cells were
seeded in 24-well plates and transfected with the indicated
plasmids. Cells were harvested 36 h after transfection.
Luciferase activity was measured using the Dual-Luciferase®
Reporter Assay System (Promega Corporation).

RNA extraction, quantitative analysis and western blot anal-
ysis. Total RNA was isolated from the tissues or cells with
TRIzol reagent (Invitrogen Life Technologies), and reverse
transcription was performed using a Takara RNA PCR kit
(Takara Biotechnology Co., Ltd., Dalian, China), following
the manufacturer's instructions. In order to quantify the tran-
scripts of the genes of interest,quantitative PCR was performed
using SYBR Green Premix Ex Taq (Takara Bio, Inc., Otsu,
Japan) and a Light Cycler 480 (Roche Diagnostics, Basel,
Switzerland). The primer sequences for the CHOP gene were
as follows: forward 5'- AAGCCTGGTATGAGGATCTGC-3'
and reverse: 5'-TTCCTGGGGATGAGATAT AGGTG-3'".
The PCR conditions included an initial holding period at
94°C for 5 min, followed by a two-step PCR program of 94°C
for 10 sec and 60°C for 45 sec for 45 cycles. For western
blot analysis, tissues and cells were lysed in radioimmuno-
precipitation buffer containing 50 mM Tris-HCI, 150 mM
NaCl, 5 mM MgCl,, 2 mM EDTA, 1 mM NaF, 1% NP40
and 0.1% SDS. The antibodies used were monoclonal rabbit
anti-STAT3 (D3Z2G; 1:1,000; #12640; Cell Signaling
Technology, Inc., Danvers, MA, USA), monoclonal mouse
anti-CHOP (1:2,000; #ab11419; Abcam, Cambridge, UK) and
monoclonal mouse anti-GAPDH (1:5,000; #sc-365062; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA).
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Chromatin immunoprecipitation (ChIP) assays. ChIP assay
kits were purchased from Upstate Biotechnology, Inc. (New
York, NY, USA). MC3T3-El cells were fixed with formalde-
hyde. DNA was sheared into 200-1,000-bp fragments using
sonication. Chromatin was incubated and precipitated with
the STAT?3 antibody or IgG (Santa Cruz Biotechnology, Inc.).

Statistical analysis. Values are expressed as the mean + stan-
dard error of the mean. Statistical analyses were performed
with Graphpad software, version 5.0 (La Jolla, CA, USA).
The two-tailed Student's t-test was used to evaluate the statis-
tical significance of the differences between the two groups.
Values of "P<0.05, “P<0.01 or ““P<0.001 were considered to
indicate a statistically significant difference.

Results

IL-6 treatment and STAT3 overexpression downregulate
CHOP protein levels. To assess whether STAT3 regulated
CHOP expression, MC3T3-El cells were treated with IL-6,
a known STAT3 agonist. As shown in Fig. 1A, IL-6 treat-
ment did not affect CHOP mRNA expression. However, the
protein expression levels were notably reduced, accompanied
by enhanced phosphorylation of STAT3 (Fig. 1B). Similar
results were observed in the primary mouse bone marrow
MSCs (Fig. 1C and D). To rule out the potential non-specific
effects of IL-6, these two cell types were transfected
with lentiviruses containing an empty vector or constitu-
tively-activated (CA)-STAT3 (14). The results indicated that
CA-STAT3 also inhibited protein expression of CHOP, while
the mRNA expression levels remained unaffected (Fig. 2).

STAT3 inhibition by siRNA oligos increases CHOP expres-
sion. Endogenous STAT3 expression was inhibited by siRNA
oligos. Knockdown of STAT?3 increased CHOP protein levels
in the MC3T3-El and primary mouse bone marrow MSCs
(Fig. 3). These results demonstrated that STAT3 may be
a negative regulator in the control of CHOP expression in
osteoblasts.

Regulation of miR-205 by STAT3 activation. STAT3 activa-
tion was found to regulate CHOP protein expression, but not
mRNA expression. Thus, it was hypothesized that STAT3
regulates CHOP expression at a translational level. miRNAs
are known to recognize and bind to the target 3'-UTR of
mRNAs, which leads to mRNA degradation or translational
inhibition of the target mRNA and downregulation of target
gene expression (15,16). Using the miRWalk algorithm based
on seed recognition, a number of miRNAs were identified
that potentially interacted with the CHOP transcript (data
not shown). However, only miR-205 was notably elevated in
the MC3T3-El cells treated with IL-6 or transfected with
CA-STATS3 (Fig. 4A and B). Targeted knockdown of endog-
enous STAT3 also reduced miR-205 expression (Fig. 4C),
suggesting that STAT3 activation increases the levels of
miR-205.

In order to investigate whether STATS3 is a transcriptional
activator of miR-205, MC3T3-El cells were transfected with
areporter vector encoding luciferase, under the control of the
miR-205 promoter. Concurrent expression of CA-STAT3 with
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Figure 1. Downregulation of CHOP protein levels by IL-6. The mRNA and protein expression levels of CHOP were determined by quantitative polymerase
chain reaction and western blot analysis, respectively, in (A and B) MC3T3-El cells and (C and D) primary mouse BMCs treated with PBS or IL-6 (10 ng/ml)
for 24 and 48 h. CHOP, CCA AT-enhancer-binding homologous protein; STAT3, signal transducer and activator of transcription 3; P-STAT3, phosphory-
lated-STAT3; PBS, phosphate-buffered saline; IL-6, interleukin-6; BMC, bone marrow cell.
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Figure 2. STAT3 overexpression reduces CHOP protein content in osteoblasts. The mRNA and protein expression levels of CHOP were determined by
quantitative polymerase chain reaction and western blot analysis, respectively, in (A and B) MC3T3-El cells and (C and D) primary mouse BMCs transfected
with lentiviruses containing an EV or CA-STAT3 for 24 and 48 h. CHOP, CCA AT-enhancer-binding homologous protein; EV, empty vector; CA-STAT3,

constitutively active-signal transducer and activator of transcription 3; BMC, bone marrow cell.

A MC3T3-E1 Cells
siRNA NC Stat3
= Chop
= Stat3

- e GAPDH

B Primary BMC
siRNA NC Stat3

S — Chop

e Stat3

-_— > GCAPDH

Figure 3. Protein expression levels of CHOP and STAT3 were determined by quantitative polymerase chain reaction and western blot analysis in (A) MC3T3-E1
cells and (B) mouse primary BMCs transfected with siRNA oligos targeting STAT3 or NC. CHOP, CCA AT-enhancer-binding homologous protein; STAT3,
signal transducer and activator of transcription 3; NC, negative control; BMC, bone marrow cell.

the miR-205 reporter construct enhanced miR-205 promoter
activity (Fig. 4D), which was inhibited by mutation of the
STAT3 DNA-binding site in the miR-205 promoter (Fig. 4D).
In addition, ChIP assays were performed to assess whether
STAT3 directly binds to the miR-205 promoter. Levels of
STATS3 protein bound to the miR-205 promoter were signifi-
cantly increased in the MC3T3-El cells treated with IL-6
(Fig. 4E). Therefore, the results indicated that miR-205 may
be a transcriptional target of STAT3 in osteoblasts.

miR-205 directly targets the 3'-UTR of the CHOP gene in
osteoblasts. To confirm CHOP as the target gene of miR-205,
a fragment of the CHOP gene containing the binding sites
for miR-205 was engineered into a luciferase reporter vector
and luciferase reporter activity assays were conducted.

Transfection of miR-205 caused a substantial reduction in
luciferase activity in the luciferase expression constructs
carrying the target fragment (Fig. 5A). Furthermore, the
repressive effect of miR-205 on the CHOP 3'-UTR was inhib-
ited by point mutations in the miR-205-binding site region of
the CHOP 3'-UTR (Fig. 5A).

Ectopic expression of miR-205 decreased the protein
expression levels of CHOP in MC3T3-El and mouse primary
bone marrow cells (Fig. 5B and C), while the inhibition of
miR-205 was observed to upregulate CHOP protein levels
(Fig. 5D and E). Furthermore, miR-205 antisense negated
the inhibitory effect of STAT3 activation on CHOP protein
levels (Fig. 5F). Therefore, the results suggested that STAT3
negatively regulated CHOP protein expression through the
upregulation of miR-205 in osteoblasts.
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Figure 4. STAT3 activation transcriptionally regulates miR-205 expression. Quantitative polymerase chain reaction (PCR) analysis of miR-205 expression
in MC3T3-E1 cells treated with (A) PBS or IL-6 (10 ng/ml) for 12 h, (B) transfected with an EV or CA-STAT3 and (C) transfected with siRNA oligos
targeting STAT3 or NC. (D) Relative luciferase activity of MC3T3-El cells cotransfected with WT or Mut miR-205 promoters and EV or CA-STAT3.
(E) Quantitative PCR analysis of chromatin immunoprecipitation assays showing STAT3 binding to the miR-205 promoter. Chromatins were prepared from
miR-205 cells treated with PBS or IL-6 (10 ng/ml). ““P<0.001. miR, microRNA; siRNA, small interfering RNA; PBS, phosphate-buffered saline; IL-6,
interleukin-6; EV, empty vector; CA-STATS3, constitutively active-signal transducer and activator of transcription 3; NC, negative control; WT, wild type;
Mut, mutant.
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Figure 5. miR-205 negatively regulates CHOP protein expression through targeting its 3'-UTR. (A) Relative luciferase activity of WT or Mut CHOP 3'-UTR in
MC3T3-El1 cells transfected with NC or miR-205 mimics. Western blot analysis of CHOP protein expression in (B) MC3T3-EI cells and (C) mouse primary
BMCs transfected with NC or miR-205 mimics, (D) MC3T3-El and (E) mouse primary BMCs transfected with NC or miR-205 antisense and in (F) MC3T3-E1
and (G) mouse primary BMCs pretransfected with NC or miR-205 antisense for 24 h and then treated with PBS or IL-6 (10 ng/ml) for 24 h. “*P<0.001, vs. NC.
NC, negative control; miR, microRNA; UTR, untranslated region; CHOP, CCA AT-enhancer binding homologous protein; IL-6, interleukin-6; WT, wild type;
Mut, mutant; PBS, phosphate-buffered saline; BMC, bone marrow cell.
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Discussion

In the present study, STAT3 was shown to repress CHOP
protein expression in osteoblasts. At a molecular level,
miR-205 was found to be a transcriptional target of STAT3.
miR-205 directly targeted the CHOP 3'-UTR, suggesting that
CHORP is regulated by miR-205 in osteoblasts. Collectively,
the present observations indicate that activation of STAT3
may inhibit CHOP expression through upregulation of
miR-205. STAT3 activation has been reported to promote
osteoblast formation and protect against ethanol-induced
bone loss (17,18). Therefore, the present study proposes a
novel mechanism for the protective roles of STAT3 in osteo-
blasts.

A previous study showed that miR-205 negatively regu-
lates androgen receptors and is inversely correlated to the
occurrence of metastases and shortened overall survival in
prostate cancer patients (19). However, miR-205 expression
is significantly upregulated in human endometrial endome-
trioid carcinoma tissues, which promotes tumor proliferation
and invasion by targeting estrogen-related receptors (20).
Therefore, miR-205 may function as a tumor suppressor
or as an oncogene, depending on the cellular context.
Furthermore, miR-205 is expressed in a lineage-related
pattern in mesenchymal cell types and is regulated by
runt-related transcription factor-2, a master regulator of
osteoblast differentiation (21). Therefore, the function of
miR-205 in osteoblasts and bone formation should be inves-
tigated further in future studies.

Timofeeva e al (22) demonstrated that STAT3 suppresses
mRNA transcription of the CHOP gene (22). The authors
demonstrated that the STAT3-binding region of the CHOP
promoter was localized in the DNase I hypersensitive site of
chromatin in cancer cells, but not in non-transformed cells,
indicating that STAT3 binding and suppressive action may
be chromatin structure-dependent (22). In accordance with
these observations, the regulation of CHOP by STAT3 has
been hypothesized to be cell- or tissue-specific.

In summary, the current study demonstrated that STAT3
activation reduces CHOP protein levels in osteoblasts, which
is partly dependent on the upregulation of miR-205. Further
investigation into this osteoblast signaling pathway may aid
the understanding of the pathogenic mechanisms underlying
osteoblast-related diseases, including osteoporosis.
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