
17b-Estradiol inhibits ER stress-induced apoptosis
through promotion of TFII-I-dependent Grp78 induction
in osteoblasts
Yun-Shan Guo1,2,5, Zhen Sun1,5, Jie Ma3,5, Wei Cui4,5, Bo Gao1, Hong-Yang Zhang1, Yue-Hu Han1, Hui-Min Hu1,
Long Wang1, Jing Fan1, Liu Yang1, Juan Tang2 and Zhuo-Jing Luo1

Although many studies have suggested that estrogen prevents postmenopausal bone loss partially due to its
anti-apoptosis effects in osteoblasts, the underlying mechanism has not been fully elucidated. In the present study,
we found that 17b-estradiol (17b-E2), one of the primary estrogens, inhibited endoplasmic reticulum (ER) stress-induced
apoptosis in MC3T3-E1 cells and primary osteoblasts. Interestingly, 17b-E2-promoted Grp78 induction, but not CHOP
induction in response to ER stress. We further confirmed that Grp78-specific siRNA reversed the inhibition of 17b-E2 on
ER stress-induced apoptosis by activating caspase-12 and caspase-3. Moreover, we found that 17b-E2 markedly increased
the phosphorylated TFII-I levels and nuclear localization of TFII-I in ER stress conditions. 17b-E2 stimulated Grp78
promoter activity in a dose-dependent manner in the presence of TFII-I and enhanced the binding of TFII-I to the Grp78
promoter. In addition, 17b-E2 notably increased phosphorylated ERK1/2 levels and Ras kinase activity in MC3T3-E1
cells. The ERK1/2 activity-specific inhibitor U0126 remarkably blocked 17b-E2-induced TFII-I phosphorylation and Grp78
expression in response to ER stress. Together, 17b-E2 protected MC3T3-E1 cells against ER stress-induced apoptosis
by promoting Ras-ERK1/2-TFII-I signaling pathway-dependent Grp78 induction.
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Osteoporosis is a skeletal disease characterized by reduced
bone mass, reduced bone strength, deterioration in the
microarchitecture of bone tissue and an increased risk
of fracture. An imbalance between bone formation and
bone resorption is the predominant mechanism resulting
in osteoporosis.1–3 As new bone formation is primarily
dependent on osteoblasts, factors that act by increasing
apoptosis of osteoblasts can induce osteoporosis.4,5 Many
diseases are associated with an increase in apoptosis, but to
date, the active involvement of apoptosis during osteoporosis
pathogenesis is inconclusive.

Endoplasmic reticulum (ER) stress has received growing
attention because it is considered a cause of various diseases
through ER stress-induced apoptosis.6,7 The ER is a central

cellular organelle engaged in protein synthesis, folding,
and maturation in eukaryotic cells. Various physiopatho-
logical conditions, including hypoxia, protein misfolding,
nutritional deprivation, viral infection, Ca2þ overload,
and oxidative injury may affect ER function and result in
ER stress. Excessive or prolonged ER stress may result in
apoptosis via mitochondria-dependent or mitochondria-
independent mechanisms.8–10 To avoid ER stress-induced
apoptosis, eukaryotic cells suppress protein translation
and refold the unfolded proteins by the induction of
ER molecular chaperones.11 Glucose-regulated protein 78
(Grp78) is one of the most important ER molecular
chaperones. It is induced in response to ER stress and
serves to refolding of misfolded or incompletely assembled
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proteins.12,13 Grp78 is known to inhibit caspase-mediated cell
death by forming complexes with procaspases-7 and
procaspases-12. The expression of Grp78 protects against
various types of cell death induced by ER stress. If induction
of Grp78 fails, cells go into ER stress-induced apoptosis.14–16

Interestingly, ER stress is tightly regulated, particularly for
professional secretory cells such as collagen-secreting
osteoblasts, which have a well-developed ER to synthesize
large amounts of bone matrix proteins. Recent reports have
shown that several osteogenic cytokines, such as bone
morphogenetic protein-2 (BMP-2) could induce osteoblasts
ER stress during osteogenic differentiation.17,18 Some ER
stress-associated proteins have a significant role in bone
formation. For example, old astrocyte specifically induced
substance (OASIS), an ER stress transducer, has been
implicated to be involved in bone formation through the
transcription of COL1A1 and the secretion of bone matrix
proteins.19 Moreover, the ER stress-specific transcription
factor XBP1 could directly bind to the Runx2 promoter and
promote expression of Runx2, which is also an essential
transcription factor in bone formation.20 In addition, ATF4,
another fundamental transcription factor of ER stress
promotes bone formation by favoring collagen synthesis
and amino-acid import in osteoblasts.21 However, it has also
reported that ER molecular chaperones, such as Grp78 and
PDI (protein disulfide isomerase), are downregulated in
osteoblasts from osteoporosis patients.22 ER stress-associated
osteoblast apoptosis is one of the most predominant
pathogenesis of osteoporosis.23–26 Thus, an intriguing
question in osteoblasts is an outcome of survival in ER
stress. The balance between cell death responses and cell
survival responses may decide the occurrence and
development of osteoporosis. In stressed but surviving
osteoblasts, little is known about the molecular mechanism
that osteoblasts were protected from ER stress-induced
apoptosis. Therefore, a better understanding of ER stress-
induced apoptosis in osteoblasts can assist the development
of new prophylaxis and therapies for osteoporosis.

Estrogen deficiency is a major contributor to osteoporosis,
which gives rise to increased risk of bone mass loss after
menopause. Many studies have shown that apoptosis of
osteoblasts is increased in postmenopausal osteoporosis,
which leads to inevitable bone mass reduction.27,28 It has
been reported that 17b-estradiol (17b-E2), one of the
primary estrogens, increases cell survival and the viability
of various cells, including osteoblasts. Recent studies have
identified that 17b-E2 activates several survival signaling
pathways via estrogen receptors. 17b-E2 could prevent cells
against oxidative stress-induced apoptosis through activating
the MAPK pathway.29–31 In addition, the subsequent resear-
chers found that the anti-apoptotic effect of 17b-E2 is
dependent on estrogen receptors-mediated upregulation
of the expression of anti-apoptotic proteins Bcl-2 and
Bcl-xL.32–34 Although, the role of 17b-E2 in the
maintenance of cell survival is widely recognized, whether

17b-E2 is involved in ER stress-induced apoptosis during
osteoporosis pathogenesis is still inconclusive. In this study,
we found that by promoting TFII-I activity through
Ras-ERK1/2 pathway, 17b-E2 enhances induction of Grp78
and then inhibits activation of caspase-12 and caspase-3,
thus reducing cell apoptosis of MC3T3-E1 cells in response to
ER stress.

MATERIALS AND METHODS
Cell Culture
The mouse calvaria osteoblasts MC3T3-E1 were purchased
from American Type Culture Collection (ATCC) and cul-
tured in a-minimum essential medium (a-MEM) (Gibco,
Grand Island, USA) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100U/ml of penicillin G and
100 mg/ml of streptomycin) at 37 1C in a humidified atmo-
sphere of 5% CO2. Primary osteoblasts were isolated from
calvaria of newborn mice (purchased from the Laboratory
Animal Center of the Fourth Military Medical University).
Calvaria were gently digested at 37 1C for 10min four times
with 0.1% collagenase and 0.25% trypsin, and the last two
fractionated cells were collected. Cells were cultured in
a-MEM supplemented with 10% FBS, 100U/ml penicillin,
and 100mg/l streptomycin and kept at 37 1C in a humidified
atmosphere of 5% CO2. Culture medium was replaced
every 3 days thereafter. The experimental procedures in this
study were approved the Ethics Committee for Animal
Experimentation of the Fourth Military Medical University,
P.R. China.

Western Blot Analysis
Cells were lysed in 1% OG buffer (20mM Tris–HCl, pH 8.0,
150mM NaCl, 1% OG, 1mM EDTA, 10 mg/ml leupeptin,
2 mg/ml aprotinin and 1mM PMSF). A BCA Protein
Assay Kit (Pierce Biotechnology, Rockford, Illinois) was then
used to determine the total protein density, and equal
amounts of protein were separated by 10% SDS–PAGE
and transferred to a polyvinylidene fluoride (PVDF) micro-
porous membrane (Millipore Billerica, MA). After
being blocked with 5% non-fat milk, the membrane was
incubated for 2 h at room temperature with the designated
antibody. A Western-Light Chemiluminescent Detection
System (Applied Biosystems, Foster, CA) was used for
immunodetection.

Reverse Transcriptase Polymerase Chain Reaction
Total RNA was extracted from the cells with TRIzol reagents
(Invitrogen) and reversely transcribed into cDNA with the
ReverTra Ace qPCR RT Kit (Toyobo). The primers were synthe-
sized by Shanghai Sangon as follows: Grp78, forward primer
50-CACAGACGGGTCATTCC-30, reverse primer 50-CCTATG
TCGCCTTCACT-30; CHOP, forward primer 50-GACGCTT
CACTACTCTTGACCCTGCG-30, reverse primer 50-GGATGT
GCGTGTGACCTCTGT-30; GAPDH, forward primer 50-AAT
GTCACCGTTGTCCAGTTGC-30, reverse primer 50-CACCAT
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CTTAGGAGGAGGAGTAGC-30. GAPDH mRNAwas used as
an internal control. The PCR conditions were 1 cycle of 94 1C
for 5min; 35 cycles of 94 1C for 60 s, 57 1C for 40 s, and 72 1C
for 40 s; and finally 72 1C for 5min. PCR products were
electrophoresed on 1% agarose gels.

MTT Assay
Cell viability was determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After
treatment with Tg for 24 h, cultures were washed with
PBS. MTT (0.5mg/ml) was then added to each well and
the mixture was incubated for 4 h at 37 1C. Culture medium
was then replaced with an equal volume of DMSO to dissolve
formazan crystals. After the mixture was shaken at room
temperature for 30min, absorbance of each well was
determined at 550 nm.

TUNEL Assay
Apoptosis in osteoblasts and mice tibias sections were
detected using the DeadEnd Fluorometric TUNEL System
(Promega, WI, USA), which end-labels the DNA from the
fragmented apoptotic cells using a modified TUNEL staining
according to the manufacturer’s instructions. Briefly, samples
were fixed with 4% methanol-free formaldehyde solution,
rinsed with PBS twice, then end-labeled the fragmented
DNA of the apoptotic cells using the fluorescein-12-dUTP
and covered slides in DAPI to stain nuclei. Samples were
immediately analysed under a fluorescence microscope using
a standard fluorescein filter set (Olympus, Tokyo, Japan) to
view the green fluorescence of apoptotic cells at 520 nm and
blue DAPI-stained nuclei at 460 nm.

In Vivo Experiments
C57BL/6 J mice (age range: 4–6 weeks) were obtained from
the Laboratory Animal Center of the Fourth Military Medical
University. The animals were maintained under a 12/12 h
light–dark cycle and at 25 1C. The mice were randomly
divided into five groups (n¼ 10). Group A: blank control
group; Group B: mice with Tg treatment and supplemented
with vehicle group; Group C: mice with Tg treatment and
supplemented with 1 mg/kg 17b-E2 group; Group D: mice
with Tg treatment and supplemented with 10 mg/kg 17b-E2
group; and Group E: mice with Tg treatment and supple-
mented with 50 mg/kg 17b-E2 group. Tg treatment was
adopted by local injection of 10 nM Tg into tibias of mice.
Meanwhile, these mice received daily subcutaneous injection
of different doses of 17b-E2 (diluted in a sesame oil solution)
on the back of the neck for 2 weeks. Then mice were killed by
decapitation. Tibias of mice were dissected and placed in 4%
methanol-free formaldehyde solution for further TUNEL
analysis. The experimental procedures in this study were
approved by the Ethics Committee for Animal Experi-
mentation of the Fourth Military Medical University,
P.R. China.

Detection of Caspase-12 Activity
Caspase-12 activity was measured spectrophotometrically via
the detection of free AFC cleavage by caspase-12-specific
substrates. These experiments were completed using a
Caspase-12 Assay Kit (Biovision, San Francisco, CA, USA).
After the cell lysates were incubated with ATAD-AFC for 2 h
at 37 1C, the samples were read at 505 nm.

Detection of Caspase-3 Activity
Caspase-3 activity was measured spectrophotometrically
via the detection of pNA cleavage by caspase-3-specific sub-
strates. These experiments were completed using a Caspase-3
Assay Kit (Beyotime, Shanghai, China). After the cell lysates
were incubated with Ac-DEVD-pNA for 2 h at 37 1C, the
samples were read at 405 nm.

Gene Silencing
The sense sequences for Grp78 small interfering RNA
(siRNA) were 50-GGAGCGCAUUGAUACUAGA-30 (Ambion).
The cells were transfected with Grp78 siRNA using the
Lipofectamine 2000 reagent (Invitrogen, CA, USA) according
to the manufacturer’s instructions. Silencer negative control
siRNA (control siRNA) (Ambion) was used as a negative
control under similar conditions.

Annexin V/Propidium Iodide Double Staining
The number of apoptosis cells was determined by Annexin V/
propidium iodide (PI) double staining. Cells were exposed to
10 nM Tg for 24 h and then incubated with FITC-conjugated
Annexin V in binding buffer (0.01M HEPES, 0.14M NaCl
and 2.5mM CaCl2, pH 7.4) for 30min at 37 1C in the dark.
After incubation, the cells were washed and resuspended in
200 ml PBS with 1% FCS and additionally incubated with
10 ml of 1mg/ml PI solution. The Annexin V-positive cells
were detected using a FACSCalibur flow cytometer (BD
Biosciences, San Jose, USA), and the results were analyzed
using CellQuest software (BD Biosciences, San Jose, USA).
Annexin V-FITC conjugates were detected with the FL1
channel of the FACSCalibur machine. PI was read on the FL2
channel.

Nuclear and Cytoplasmic Protein Extraction
Nuclear and cytoplasmic protein extractions were performed
using a Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, Shanghai, China). Briefly, 2� 106 cells were
resuspended in 200 ml of cytoplasmic protein isolation solu-
tion A and homogenized on ice. Next, 10 ml cytoplasmic
protein isolation solution B was added, and the cells were
homogenized on ice. The homogenate was centrifuged at
10 000� g for 5min at 4 1C. The resulting supernatant was
the cytoplasmic protein fraction. The pellet was resuspended
in 50 ml nuclear protein isolation solution, homogenized on
ice and centrifuged at 10,000� g for 10min. The resulting
supernatant was the nuclear protein fraction.
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Plasmid Construction
The expression vector containing full-length TFII-I and
Grp78 promoter–reporter gene constructs were developed in
our lab.35 Briefly, full-length TFII-I was PCR-amplified using
an Advantage-GC Genomic PCR kit (Clontech, Palo Alto,
CA, USA), and the primers (synthesized by the Shanghai
Sangon) were designed as follows: forward primer, 50-TTG
GATCCCGCCCCCCCGCTTCCCCGCACGCGC-30 (BamHI)
and reverse primer, 50-GCTCTAGAAAACTATGCCGTCAC
AG-30 (XbaI). The products were confirmed by sequencing
(Shanghai Sangon, Shanghai, China) and then cloned into
the pcDNA3.1 vector (Promega, Madison, WI, USA). The
Grp78 promoter subregions (� 149/þ 7, which contains all
three ERSEs) was synthesized and cloned into the pGL3-Basic
vector (Promega, Madison, WI, USA) by Wolsen Biological
Technology.

Reporter Gene Assays
For the luciferase assay, cells were grown to 60–80%
confluence. Grp78 promoter–reporter gene constructs were
then co-transfected with or without the TFII-I vector using
Lipofectamine 2000 (Invitrogen) as recommended by the
manufacturer. The amount of total DNA was norma-
lized by the addition of an empty vector to the reaction
mixture. For stress induction, the cells were treated with
10 nM Tg in the absence or presence of 17b-E2 (10 nM)
for 24 h. The cells were then prepared for the luciferase
assays using the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI). The relative activity was defined
as the ratio of firefly luciferase activity to renilla luciferase
activity.

Chromatin Immunoprecipitation
Chromatin Immunoprecipitation (ChIP) assay was per-
formed using the ChIP-IT kit (Millipore, Billerica, MA)
according to the manufacturer’s protocol. Briefly, the cells
were exposed to 10 nM Tg in the absence or presence of
17b-E2 (10 nM) for 24 h. Cell lysates were incubated with
anti-immunoglobulin G (IgG) or anti-TFII-I antibody
(Abcam, British). The immunoprecipitated DNA was ampli-
fied by the Grp78 promoter-specific primers. The experi-
mental PCR reactions generated a 160-bp product from the
regulatory region of the Grp78 promoter containing three
ERSEs, whereas the negative control PCR reactions generated
a 160-bp product from a distal region without any ERSEs.
Grp78 ChIP primer: forward 50-GCGAAGCTTAGCCGCC
GCCGGTCGA-30, reverse 50-CGAGTAGGCGACGG TGAG
GT-30. Grp78 negative control primer: forward 50-TCTGTCT
AACTGG ATAACCCCACAA-30, reverse 50-TGCTCCTGTGC
TACGGC-30.

Statistical Analysis
Statistical analysis was performed using SPSS 13.0 statistical
software. The results were expressed as mean values±s.d.
And the Student’s t-test or one-way ANOVA were used to

evaluate the statistical significance in the groups. The
differences were considered significant when Po0.05.

RESULTS
17b-E2 Inhibits ER Stress-Induced Apoptosis in
Osteoblasts
Previous studies have shown that exposure of the cultures to
Thapsigargin (Tg), a inhibitor of Ca2þ ATPase in the ER,
causes osteoblasts ER stress.36 To investigate the protective
effect of 17b-E2 against ER stress in osteoblasts, mouse
calvaria osteoblasts MC3T3-E1 cells and primary osteoblasts
were incubated with 10 nM Tg for 24 h to induce ER stress.
DMSO was used as a negative control. The results showed
that Grp78 and C/EBP-homologous protein (CHOP) protein
levels were markedly increased in cells treated with Tg
compared with control cells (Po0.05, Figure 1a). In addi-
tion, the mRNA levels of Grp78 and CHOP were also
remarkably increased in Tg-treated cells compared with
control cells (Po0.05, Figure 1b). These findings support
previous work that treatment of osteoblasts with Tg causes
ER stress.36 ER stress might be a mediator of cell death, thus
the survival rate of MC3T3-E1 cells and primary osteoblasts
were examined by MTT survival assay after Tg treatments.
The results demonstrated that Tg treatment significantly
reduced the survival rate of MC3T3-E1 cells and primary
osteoblasts (Po0.05, Figure 1c). However, pretreatment with
increasing concentration of 17b-E2 remarkably reversed
survival rate inhibited by Tg and the effects plateaued at
10 nm (Po0.05, Figure 1c). These results suggested that
17b-E2 could inhibit ER stress-induced cell death. To
determine whether cell death was apoptotic like, TUNEL
assay was performed. Because the responses to 10 nM and
100 nM 17b-E2 were virtually identical, 10 nM 17b-E2
was thereafter employed. The statistic data showed that the
percentage of apoptotic cells increased after Tg treatment.
However, pretreated with 10 nM 17b-E2 reduced the
percentage of apoptotic cells induced by Tg (Po0.05,
Figure 1d and e). Activation of caspase-12 is associated
with ER stress-induced apoptosis of murine.37 Thus, the
effect of 17b-E2 on activation of caspase-12 was investigated.
We found that the activity of caspase-12 was significantly
increased after Tg treatment, but pretreated with 10 nM
17b-E2 markedly reduced the activity of caspase-12 induced
by Tg in MC3T3-E1 cells and primary osteoblasts (Po0.05,
Figure 1f). Caspase-3 (also named CPP32, apopain, and
YAMA) has been identified as a key mediator of apoptosis in
mammalian cells.38 We further assessed the activation of
caspase-3. The results showed that Tg treatment enhanced
caspase-3 activation, and the increase was blocked by 17b-E2
pretreatment in MC3T3-E1 cells and primary osteoblasts
(Po0.05, Figure 1g). To further validate the protective
effect of 17b-E2 against osteoblasts apoptosis in vivo, we
induce local osteoblasts apoptosis of tibias in mice by the
local injection of Tg into tibias of mice. Meanwhile, these
mice received daily subcutaneous injection of different doses
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of 17b-E2. Then mice were killed and osteoblasts apoptosis in
tibias were tested by TUNEL analysis. The results demon-
strate that Tg treatment significantly increased the apoptosis
of osteoblasts in tibias. However, treatment with increasing
concentration of 17b-E2 remarkably reversed apoptosis
induced by Tg (Po0.05, Figure 1h and i). Together, these
results suggest that 17b-E2 protects osteoblasts against ER
stress-induced apoptosis in vitro and vivo.

17b-E2 Promotes Grp78 Induction to Protect Osteoblasts
Cells from ER Stress-Induced Apoptosis
We examined the protein and mRNA levels of Grp78
and CHOP in ER stress condition. The results showed that
17b-E2 treatments increased Grp78 protein and mRNA
levels following Tg treatments in MC3T3-E1 cells and
primary osteoblasts (Figure 2a and b). However, 17b-E2
treatments were not able to alter CHOP protein and mRNA

Figure 1 17b-E2 protects osteoblasts from ER stress-induced apoptosis. The cultured MC3T3-E1 cells and primary osteoblasts were treated with or

without Tg (10 nM) for 24 h. (a) Western blot was used to examine the expression levels of Grp78 and CHOP in MC3T3-E1 cells and primary osteoblasts.

(b) Grp78 and CHOP mRNA levels were tested by RT–PCR in MC3T3-E1 cells and primary osteoblasts. (c) 17b-E2 was applied to the MC3T3-E1 cells and

primary osteoblasts at 0.1, 1, 10, or 100 nM (final concentration). After 12 h, the cultures were incubated with Tg (10 nM) for 24 h in the presence of

17b-E2 and then cell survival was determined by MTT assay. (d) The cultured MC3T3-E1 cells and primary osteoblasts were treated with Tg (10 nM) in

the absence or presence of 17b-E2 (10 nM) for 24 h. Cell apoptosis was quantified by TUNEL assay. Scale¼ 100mm. (e) Quantitation of cell apoptosis in

MC3T3-E1 cells and primary osteoblasts as indicated in panel d. (f) Caspase-12 activity was detected by caspase-12 assay kit in MC3T3-E1 cells and

primary osteoblasts that were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h. (g) Caspase-3 activity was detected by

caspase-3 assay kit in MC3T3-E1 cells and primary osteoblasts that were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h.

(h) The mice were randomly divided into five groups (n¼ 10). Group A: blank control group; Group B: mice with Tg treatment and supplemented with

vehicle group; Group C: mice with Tg treatment and supplemented with 1 mg/kg 17b-E2 group; Group D: mice with Tg treatment and supplemented

with 10 mg/kg 17b-E2 group; and Group E: mice with Tg treatment and supplemented with 50 mg/kg 17b-E2 group. Tg treatment was adopted by local

injection of 10 nM Tg into tibias of mice. Meanwhile these mice received daily subcutaneous injection of different doses of 17b-E2 for 2 weeks.

Then the mice were killed and osteoblast apoptosis in tibias was tested by TUNEL analysis. Scale¼ 100mm. (i) Quantitation of osteoblasts apoptosis

in vivo as indicated in panel h. Bars represent each sample performed in triplicate, and the error bars represent the s.d. *Po0.05, by ANOVA analysis or

Student’s t-test.
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levels following Tg treatments in MC3T3-E1 cells and
primary osteoblasts (Figure 2a and b). These results sug-
gested that 17b-E2 was involved in ER stress-induced Grp78
expression, but not involved in CHOP induction. To examine
whether the protective effect of 17b-E2 on ER stress-induced
apoptosis is dependent on Grp78, we used siRNA to knock
down Grp78 in MC3T3-E1 cells. Grp78 siRNA led to a
marked reduction of Grp78 protein and mRNA levels
(Figure 2c and d). When the cells were transfected with
Grp78 siRNA, 17b-E2 treatments did not decrease the
percentage of apoptotic cell compared with corresponding
control cells (P40.05, Figure 2e). To further validate this
finding, we examined the activities of caspase-12 and
caspase-3 in the condition that Grp78 induction was inhi-
bited with Grp78 siRNA. The results showed that 17b-E2
treatments decreased activities of caspase-12 and caspase-3
following control siRNA treatments (Po0.05, Figure 2f and
g). However, 17b-E2 treatments were not able to inhibit
activities of caspase-12 and caspase-3 following Grp78 siRNA
treatments (P40.05, Figure 2f and g). These results suggested
that 17b-E2 protects MC3T3-E1 cells from ER stress-induced
apoptosis by promoting Grp78 induction.

17b-E2 Induces Phosphorylation of TFII-I and the
Binding of TFII-I to the Grp78 Promoter to Increase
the Transcription of Grp78 in Response to ER Stress
Previous studies indicated that the Grp78 promoter con-
tained multiple copies of the ER stress response elements

(ERSEs). NF-Y, YY1, ATF6 and TFII-I are four key factors
that bind to the ERSEs of Grp78 promoter and subsequently
promote the expression of Bip.39,40 Therefore, we examined
the expression levels of NF-Y, YY1 and ATF6 in MC3T3-E1
cells treated with or without 17b-E2. Unexpectedly, 17b-E2
did not significantly change these proteins expression levels
following Tg treatment (Figure 3a). We then tested the
phosphorylation and expression levels of TFII-I. We observed
that 17b-E2 did not alter the TFII-I expression levels in
MC3T3-E1 cells. However, 17b-E2 markedly increased the
phosphorylated TFII-I levels after Tg treatment (Figure 3b).
These results indicate that 17b-E2 may induce phosphory-
lation of TFII-I in response to ER stress. To further detect
whether 17b-E2-promoted Grp78 induction was mediated
through TFII-I, a Grp78 (� 149/þ 7)/Luc promoter con-
struct was co-transfected with TFII-I expression plasmids
into MC3T3-E1 cells. We observed that 17b-E2 moderately
enhanced the Grp78 promoter activity in the absence of
TFII-I after Tg treatment. However, 17b-E2 could enhance
the Grp78 promoter activity in a dose-dependent manner in
the presence of TFII-I after Tg treatment (Figure 3c). The
results suggested that 17b-E2-promoted Grp78 induction is
predominantly mediated by TFII-I in ER stress condition.
Transcription factors might have roles via their translocation
from the cytoplasm to the nucleus. Thus, cytoplasmic and
nuclear proteins were extracted and analyzed. We observed
that TFII-I phosphorylation significantly increased in the
nucleus of 17b-E2-treated MC3T3-E1 cells after Tg treatment

Figure 1 Continued.
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(Figure 3d). To directly elucidate the effects of 17b-E2 on the
binding of TFII-I to the Grp78 promoter, ChIP assays were
performed in MC3T3-E1 cells after Tg treatment. We
observed that the binding activity of TFII-I to the Grp78
promoter was low in control cells, whereas the binding
activity of TFII-I to the Grp78 promoter was markedly
increased in 17b-E2-treated cells (Figure 3e). These results
suggested that 17b-E2 increased binding activity of TFII-I
to the Grp78 promoter of MC3T3-E1 cells in ER stress

condition. These results indicated that 17b-E2 induces TFII-I
nuclear localization and binding to Grp78 promoter in
response to ER stress in MC3T3-E1 cells.

17b-E2 Activates Ras-ERK1/2 Signaling Pathway to
Promote Grp78 Induction in Response to ER Stress
in MC3T3-E1 Cells
TFII-I is a multifunctional transcription factor that can be a
direct substrate for ERK1/2 and Src. It has been reported that

Figure 2 17b-E2 promotes Grp78 induction to protect osteoblasts from ER stress-induced apoptosis. The cells were treated with Tg (10 nM) in the

absence or presence of 17b-E2 (10 nM) for 24 h. (a) Western blot was used to examine the expression levels of Grp78 and CHOP in MC3T3-E1 cells and

primary osteoblasts. (b) Grp78 and CHOP mRNA levels were tested by RT–PCR in MC3T3-E1 cells and primary osteoblasts. (c) Western blot was

performed to examine Grp78 protein levels in MC3T3-E1 cells transduced with Grp78 siRNA. (d) RT–PCR was performed to examine Grp78 mRNA in

MC3T3-E1 cells transduced with Grp78 siRNA. (e) The MC3T3-E1 cells were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for

24 h after transfected with Grp78 siRNA. Annexin V/PI double staining was performed to detect the apoptotic cells. (f) Caspase-12 activity was detected

by Caspase-12 assay kit in MC3T3-E1 cells that were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h after transfected

with Grp78 siRNA. (g) Caspase-3 activity was detected by caspase-3 assay kit in MC3T3-E1 cells that were treated with Tg (10 nM) in the absence or

presence of 17b-E2 (10 nM) for 24 h after transfected with Grp78 siRNA. Bars represent each sample performed in triplicate, and the error bars represent

the s.d. *Po0.05, by Student’s t-test.

17b-E2 inhibits ER stress-induced apoptosis

Y-S Guo et al

912 Laboratory Investigation | Volume 94 August 2014 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


the ERK1/2 and Src regulate the activity of TFII-I by direct
phosphorylation.41,42 To identify whether ERK1/2 or Src was
involved in 17b-E2-induced TFII-I tyrosine phosphory-
lation, the phosphorylation and expression levels of ERK1/2
and Src were tested. Although, 17b-E2 did not alter the phos-
phorylation and expression levels of Src, 17b-E2 markedly
increased phosphorylated ERK1/2 levels in MC3T3-E1 cells
after Tg treatment (Figure 4a). In addition, we observed

that addition of 17b-E2 markedly promoted the Ras kinase
activity after Tg treatment (Figure 4b). These data indicated
that 17b-E2 may activate the Ras-ERK1/2 signaling path-
way of MC3T3-E1 cells in ER stress condition. To examine
whether 17b-E2-induced Grp78 induction was dependent on
the Ras-ERK1/2 signaling pathway, the ERK1/2 activity-
specific inhibitor U0126 was used. We observed that the
addition of ERK1/2 inhibitor U0126 significantly blocked the

Figure 3 17b-E2 induces phosphorylation of TFII-I and the binding of TFII-I to the Grp78 promoter to increase the transcription of Grp78 in response

to ER stress in MC3T3-E1 cells. The cultured MC3T3-E1 cells were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h.

(a) The expression levels of NY-F, YY1 and ATF6 were examined by western blot. (b) The phosphorylation levels and the expression levels of TFII-I were

examined by western blot. (c) Grp78 promoter–reporter gene constructs were co-transfected with or without the TFII-I vector into MC3T3-E1 cells.

Twelve hours after transfection, cells were then treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h, and the luciferase

activity was measured. (d) The TFII-I phosphorylation levels were tested in the nuclear and cytoplasmic fractions. Protein expression levels in the

nuclear and cytosolic fractions were normalized to Lamin B1 and b-actin, respectively. (e) ChIP assay using antibody against TFII-I was performed in

MC3T3-E1 cells that were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h. The normal IgG was used as a negative control

and input indicates 5% input DNA, a positive amplification control. The fragment was amplified by the Grp78 promoter-specific primers that contains

the TFII-I binding sequence, whereas the negative control PCR reactions generated a fragment that does not contain any TFII-I binding sequence.

Bars represent each sample performed in triplicate, and the error bars represent the s.d. *Po0.05, **Po0.01, by one-way ANOVA analysis.

Figure 4 17b-E2 activates Ras-ERK1/2 pathway to promote Grp78 induction in response to ER stress in MC3T3-E1 cells. The cultured MC3T3-E1 cells

were treated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h. (a) Western blot was used to examine the phosphorylation

and the expression levels of ERK1/2 and Src. (b) The activity and the expression levels of Ras were examined by western blot. The MC3T3-E1 cells

were pretreated with ERK1/2 inhibitor U0126 (100 nM) and then incubated with Tg (10 nM) in the absence or presence of 17b-E2 (10 nM) for 24 h.

(c) Western blot was performed to examine the phosphorylation level of TFII-I, expression levels of TFII-I and expression levels of Grp78 in MC3T3-E1

cells. (d) Grp78 mRNA levels were tested by RT–PCR in MC3T3-E1 cells.
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promotive effect of 17b-E2 on TFII-I phosphorylation and
Grp78 expression in MC3T3-E1 cells (Figure 4c). Moreover,
we confirmed that the addition of ERK1/2 inhibitor blocked
the promotive effect of 17b-E2 on Grp78 mRNA expression
in MC3T3-E1 cells (Figure 4d). These results suggested that
Ras-ERK1/2 signaling pathway is involved in 17b-E2-induced
Grp78 expression.

DISCUSSION
Osteoporosis is characterized by low bone mass resulting
from an imbalance between bone resorption by osteoclasts
and bone formation by osteoblasts. Therefore, decreased
bone formation by osteoblasts may cause the development
of osteoporosis, and the rate of osteoblast apoptosis is
responsible for the regulation of bone formation.1–5 ER stress
has been implicated as a crucial mechanism of apoptosis in
various cell death processes, including osteoblast apoptosis
during the development of osteoporosis.22–26 Protective
effects of estrogen on apoptosis of various cells have been
indicated.32–34 However, it is not entirely clear if estrogen can
protect osteoblasts against ER stress-induced apoptosis.
In this study, we examined the effects of 17b-E2, one of
the primary estrogens, on ER stress-induced apoptosis in
osteoblasts. We found that by promoting TFII-I activity
through Ras-ERK1/2 pathway, 17b-E2 enhances induction of
Grp78 and then inhibits activation of caspase-12 and caspase-
3, thus reducing cell apoptosis of osteoblasts in response
to ER stress.

ER stress has been reported to be involved in apoptosis
induction that occurs during various pathophysiological
progresses, including osteoporosis.22–26 The ER stress is
generally activated in response to various stressful conditions,
such as hypoxia, the accumulation of unfolded or misfolded
proteins, the alterations of calcium homeostasis, low glucose
levels and others.8–10 Recent reports have shown that ER
stress occurs during osteogenic differentiation.17–21 ER stress-
induced apoptosis of osteoblasts has also been implicated in
the pathogenesis of osteoporosis.22–26 Our study found that
the MC3T3-E1 cells, the mouse calvaria osteoblasts, were led
into the decrease of cellular viability in response to ER stress.
However, pretreatment with 17b-E2 can increase the viability
of osteoblasts in ER stress in a dose-dependent manner
between 0.1 nM and 100 nM and the effects plateaued at
10 nM. TUNEL assay further confirmed that 17b-E2
inhibited apoptosis of osteoblasts in ER stress. These results
demonstrated that 17b-E2 could protect osteoblasts from ER
stress-induced apoptosis.

Caspases are the primary mediators of apoptosis. It has
been demonstrated that activation of caspase-12 and caspase-
3 have key roles in ER stress-induced apoptosis.43,44 Caspase-
12 is a particular mediator of the ER stress-induced apoptosis
in skeletal tissue. It is reported that cells knockout of caspase-
12 are resistant to ER stress-induced apoptosis. Excessive ER
stress can trigger apoptosis through the activation of caspase-
12, which is cleaved and activated during ER stress.37

Caspase-12 triggers the activation of caspases-7, caspases-9,
and caspases-3 in a cytochrome c-independent manner.45

Caspase-3 is of particular interest as it appears to be a
common downstream apoptosis effector. It exists as pro-
enzyme in most cells, including osteoblasts, and is processed
and activated by caspase-8 and caspase-9 to the hetero-
dimeric form.38 In this study, we found that 17b-E2 was
shown to attenuate ER stress-induced activation of caspase-
12 and caspase-3. The results further confirmed that 17b-E2
could protect osteoblasts from ER stress-induced apoptosis
that was mediated by caspases.

ER stress-induced apoptosis is predominantly mediated
by upregulation of the CCAAT/enhancer binding protein
(C/EBP) family member CHOP, which is a major ER stress
pro-apoptotic transcription factor.45 CHOP mediates cell
death through the induction of various genes including
GADD34 and ERO1, which may tip the balance toward
apoptosis. In particular, CHOP is the first molecule identified
to mediate ERS-induced apoptosis. CHOP inhibits expres-
sion of Bcl-2, depletes glutathione, facilitates translocation of
pro-apoptotic protein Bax, thereby inducing apoptosis.46,47

Unexpectedly, we found that 17b-E2 did not alter CHOP
expression in responses to ER stress. In an attempt to
diminish ER stress-induced apoptosis, cells are known
to suppress general transcriptional activities and initiate
preferential translation of ER chaperone.11 Grp78, also
referred to as Bip, is a major ER chaperone and has
a critical role in protein folding and assembly, targeting
misfolded protein for degradation and controlling the
activation of transmembrane ER stress sensors. Grp78
upregulation is believed to increase the capacity to buffer
stressful insults initiating from the ER. Furthermore, due
to its anti-apoptotic property, expression of Grp78 represents
an important pro-survival response. Grp78 can alleviate
misfolded protein aggregation in the ER, thus reducing
cell apoptosis.12,13 In addition to its chaperoning function,
Grp78 can bind and specifically block the activation of
ER transmembrane signaling molecules such as ATF6, PERK
and IRE1 in non-stressed cells. Grp78 is known to inhibit
caspase-mediated cell death by forming complexes with
procaspases-7 and procaspases-12, and Grp78 disassociation
facilitates procaspase-12 activation. In support of this mecha-
nism, Grp78 co-precipitates with caspase-12 in vivo, and
recombinant Grp78 can suppress activation of caspase-12
and caspase-3.14–16 It has reported that Grp78 is down-
regulated in osteoblasts from osteoporosis patients.22 We
demonstrated that 17b-E2 increased Grp78 expression
in responses to ER stress. Furthermore, Grp78-specific
siRNA reversed the inhibition of 17b-E2 on apoptosis as
well as activation of caspase-12 and caspase-3 in ER stress,
suggesting that Grp78 expression is an obligatory event in
protective effect of 17b-E2 on ER stress-induced apoptosis.

The Grp78 promoter contains multiple copies of the
ERSEs.39 Previous reports observed that a protein exhibits
increased binding to the ERSEs of Grp78 promoters
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following Tg treatment. Subsequently, the protein binding to
the ERSEs of Grp78 promoters has been identified as the
multifunctional transcription factor TFII-I.48 It is reported
that ER stress results in a marked increase of TFII-I
phosphorylation and localization of phosphorylated TFII-I
to the nucleus. It is also reported that TFII-I is required
for optimal induction of Grp78 in ER stress. TFII-I was
discovered as a co-activator for ATF6. It can stabilize ATF6
binding to the ERSEs of Grp78 promoters, in cooperation
with other binding factors such as YY1 and NF-Y.39,40 We
found that 17b-E2 could promote TFII-I phosphorylation
and nuclear localization and enhance the Grp78 promoter
activity in a dose-dependent manner in the presence of TFII-I
in response to ER stress. ChIP analysis further revealed that
17b-E2 enhanced binding of TFII-I to the Grp78 promoter in
ER stress. These findings suggested that 17b-E2-promoted
Grp78 expression is dependent on TFII-I.

TFII-I is a multifunctional protein that appears to have
functions in both signal transduction and transcription, and
its activity is regulated by phosphorylation. One kinase that
regulates phosphorylated TFII-I is Src. It has been reported
that TFII-I undergoes a Src kinase-dependent phosphoryla-
tion and nuclear localization in response to growth factor
signaling.35,42 It has also been reported that ERK1/2, which is
a downstream target of Ras, regulates the activity of TFII-I by
direct phosphorylation. ERK1/2 forms an in vivo complex
with TFII-I and dominant-negative Ras abrogates this
interaction.41 Consistent with previous findings, we found
that 17b-E2-promoted Ras-ERK1/2 signal cascades activity.
In addition, our observations that the addition of ERK1/2
inhibitor U0126 significantly blocked the promotive effect of
17b-E2 on TFII-I phosphorylation and Grp78 expression
further confirmed that 17b-E2 activated Ras-ERK1/2 signal
cascades to promote TFII-I phosphorylation. The 17b-E2
signal is transmitted by binding with the estrogen receptors.34

Although recent studies have shown that estrogen receptors
contribute to various cell functions mediated by Ras-ERK1/2
cascade, the mechanism by which the estrogen receptors
activate Ras-ERK1/2 cascade is not entirely clear.49,50

In summary, our present results support that 17b-E2
protects osteoblasts against ER stress-induced apoptosis
through promoting Ras-ERK1/2 signaling pathway-depen-
dent TFII-I activity to enhance the induction of Grp78. ER
stress-induced apoptosis acts as a causative agent of osteo-
porosis.22–26 Our observations indicated that 17b-E2 may
contribute to protective effects on ER stress-induced apop-
tosis in osteoblasts. Osteoporosis is a highly prevalent
disease and results in massive costs both to the individual
and to the society through associated fragility fractures.2,3

Therefore, an understanding of the mechanism of protective
effects of estrogen in bone have very important implications
for the prevention and treatment of osteoporosis. These
findings may provide important information concerning
the effect of postmenopausal estrogen replacement therapy
for osteoporosis.
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