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Loss of ERE Binding Activity by Estrogen Receptor-a
Alters Basal and Estrogen-Stimulated Bone-Related
Gene Expression by Osteoblastic Cells
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Abstract Estrogen receptor (ER)-a can signal either via estrogen response element (ERE)-mediated pathways or via
alternate pathways involving protein–protein or membrane signaling. We previously demonstrated that, as compared to
wild type (WT) controls, mice expressing a mutant ER-a lacking the ability to bind EREs (non-classical estrogen receptor
knock-in (NERKI)) display significant impairments in the skeletal response to estrogen. To elucidate the mechanism(s)
underlying these in vivo deficits, we generated U2OS cells stably expressing either WT ER-a or the NERKI receptor.
Compared to cells transfected with the control vector, stable expression of ER-a, even in the absence of E2, resulted in an
increase in mRNA levels for alkaline phosphatase (AP, by 400%, P< 0.01) and a decrease in mRNA levels for insulin
growth factor-I (IGF-I) (by 65%, P< 0.001), with no effects on collagen I (col I) or osteocalcin (OCN) mRNA levels. By
contrast, stable expression of the NERKI receptor resulted in the suppression of mRNA levels for AP, col I, OCN, and IGF-I
(by 62, 89, 60, and 70%, P< 0.001). While E2 increased mRNA levels of AP, OCN, col I, and IGF-I in ER-a cells, E2 effects
in the NERKI cells on AP and OCN mRNA levels were attenuated, with a trend for E2 to inhibit col I mRNA levels. In
addition, E2 had no effects on IGF-I mRNA levels in NERKI cells. Collectively, these findings indicate that ERE signaling
plays a significant role in mediating effects of estrogen on osteoblastic differentiation markers and on IGF-I mRNA levels.
J. Cell. Biochem. 103: 896–907, 2008. � 2007 Wiley-Liss, Inc.
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Estrogen regulates a large number of physio-
logical processes and alters the expression of
various target genes [Norman and Litwack,
1987]. Estrogen target genes can be classified
into two categories: those that contain estrogen
response elements (EREs) and those that do not
contain EREs in their regulatory regions. For
the regulation of the first category of genes, the
liganded estrogen receptor (ER) binds directly
to the ERE followed by recruitment of coactiva-
tors or corepressors, along with the members

of general transcription apparatus [McKenna
et al., 1999]; this is often referred to as the
‘‘classical pathway’’ of ER action. For the regu-
lation of the second category of genes, the
liganded receptor does not interact directlywith
the DNA in the promoter of the target genes;
rather it interacts with other transcription fac-
tors bound to their respective response ele-
ments in these genes, or functions via putative
membrane-bound ERs which results in the
activation of MAP kinase signaling pathways
[Kushner et al., 2000; Fitzpatrick et al., 2002].
This is often referred to as the ‘‘non-classical’’
pathway of ER action. To begin to understand
the relative contributions of the classical versus
non-classical ER-a signaling pathways in vari-
ous tissues, Jakacka and colleagues introduced
two-pointmutations (E207A/G208A) in theDNA-
binding domain of the mouse ER-a [Jakacka
et al., 2001]. This mutant receptor, while tran-
scriptionally inactive on a consensus ERE ele-
ment, demonstrated significant transactivation
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from an AP-1 reporter, thus establishing the
ability of this receptor to selectively activate the
non-classical signaling pathway. This group
subsequently generated and characterized the
reproductive phenotype of mice in which one
allele of the endogenous ER-a was replaced by
the mutant ER-a (non-classical ER knock-in
(NERKI) mice) [Jakacka et al., 2002].
In addition to its central role in the reproduc-

tive system, estrogen also plays a significant
role in bone metabolism in both sexes [Riggs
et al., 2002]. Both ER isoforms (ER-a and ER-b)
are expressed in bone [Spelsberg et al., 1999],
although current evidence indicates that, of
the two ERs, ER-a is likely the dominant ER
regulating bone metabolism, at least in mice
[Sims et al., 2002]. In studies using female mice
in whom the only functional ERwas theNERKI
receptor (ER-a-/NERKI), we found that, in
contrast to their wild type (WT) littermates,
these mice gained cortical bone following ovar-
iectomy (OVX), and estrogen therapy suppress-
ed this increase in a dose-dependent manner
[Syed et al., 2005]. In addition, female ER-a-/
NERKI mice had an attenuated response to
estrogen in trabecular bone as compared to
WT mice [Syed et al., 2005]. We also recently
demonstrated that male ER-a-/NERKI mice
had both trabecular and cortical osteopenia
and reduced bone formation rates [Syed et al.,
2007]. Since osteoblasts possess ERs [Eriksen
et al., 1988; Arts et al., 1997; Bodine et al., 1998;
Rickard et al., 1999], the observed paradoxical
effects of OVXand estrogen on cortical bone and
attenuated response to estrogen in trabecular
bone in theER-a-/NERKImice could be due to an
alteration of the balance between the classical
and the non-classical signaling pathways of ER-
a in osteoblastic cells. Thus, we have sought to
develop cell-based models to distinguish the
effects of classical and non-classical signaling
pathways in these cells. Here, we report the
development and characterization of cell clones
generated by stably transfecting the U2OS
osteoblast-like osteosarcoma cell line, which
lacks any endogenous ER-a or ER-b [Monroe
et al., 2003] with either WT or NERKI (E207A/
G208A) ER-a cDNA expression constructs.

METHODS

Reagents

MouseWTER-a cDNA in the pMT2 vector was
obtained from Dr. Malcolm Parker (Molecular

Endocrinology Laboratory, Imperial Cancer
Research Fund, Lincoln’s Inn Fields, London,
UK). The cDNA was released from the pMT2
vector by digesting with EcoRI followed by
cloning into the pcDNA3.1 vector (Invitrogen,
Carlsbad, CA). Mouse mutant ER-a (E207A/
G208A) cDNA (henceforth will be designated
as NERKI cDNA) in the pcDNA3.1 vector was
obtained from the laboratory of Dr. J. Larry
Jameson, Northwestern University Medical
School, Chicago, IL. Generation of the ERE
(2X)-TK-luciferase vector (expressing firefly
luciferase in response to estrogen) has previ-
ously been described by our group [Harris et al.,
1995]. The pRL-TK vector (expressing Ranilla
luciferase) was purchased from Promega (Mad-
ison, WI). The pAP-1 (7X)-Luc plasmid was
obtained from Stratagene (La Jolla, CA). The
ER antagonist ICI 182,780 was purchased from
TOCRIS (Ballwin, MO). 17b-estradiol (E2) was
purchased from Sigma (St. Louis, MO) and
lipofectamine reagent was purchased from
Invitrogen. The rabbit polyclonal anti-mouse
ER-a antibody (MC20) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). ECL anti-rabbit IgG, horseradish perox-
idase-linked whole antibody from donkey and
the ECL Western blotting detection reagents
were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ).

Cell Culture

Human U2OS osteosarcoma cells were main-
tained in phenol-red free Dulbecco’s Modified
Eagle’s medium (DMEM/F12) containing 10%
(v/v) fetal bovine serum (FBS) supplemented
with 1� antibiotic (Penicillin and Streptomy-
cin)/antimycotic (Amphotericin B) (Invitrogen).
The U2OS stable transfectants containing
either pcDNA3.1, ER-a, or NERKI were cul-
tured in the same media supplemented with
0.7 mg/ml of geneticin. For the purpose of E2 or
ICI treatment, cells were placed in 5% triple-
stripped FBS medium for 96 h. To deplete the
medium of all residual sex steroids, charcoal-
stripped FBS from HyClone (Logan, UT) was
extracted twice with dextran-coated charcoal
(Sigma) followed by sterile filtration. At the end
of the incubation, cells were harvested and
replated into 6-well plates at a density of 3� 105

cells/well. Cells were allowed to attach and
treated with ICI or E2 at different concentra-
tions for 48 h in fresh 5% triple-stripped FBS
medium. Finally, cells were collected in RLT
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lysis buffer (QIAGEN Inc., Valencia, CA) and
stored at �808C until RNA and cDNA samples
were prepared.

Stable Transfections

The three constructs, pcDNA3.1, ER-a, and
NERKI were linearized using Pvu I. One
microgram of each linearized construct was
utilized for the transfection with the liposome
method. U2OS cells were grown to 50–80%
confluence in 6-well plates and then treated
with a mixture of DNA and lipofectamine
reagent in OPTI-MEM I medium. After 5 h of
transfection, an equal volume of medium con-
taining 20% (v/v) FBSwas added tomake a final
serum concentration of 10%. After 72 h, the
transfected cells were harvested and replated in
150 mm plates in a medium supplemented with
0.7 mg/ml of geneticin and cultured for 10 days
when individual colonies were visible. Several
neomycin-resistant colonieswere isolated using
ring cloning and expanded in media containing
1 mg/ml of geneticin. The colonies were tested
using Western blot analysis for the presence of
ER-a at the mRNA and protein levels.

Preparation of Whole Cell Extracts

After harvesting, the stably transfected cells
were extracted with a lysis buffer (50 mM Tris-
HCl (pH 7.5), 100 mM NaCl, 10 mM EDTA, 1%
(v/v) NP40, 1% (v/v) sodium deoxycholate, and
0.1% (v/v) SDS) containing a protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN).
The extracts were sonicated for 5 s followed by
centrifugation at 14,000 rpm inmicrocentrifuge
for 5 min. The protein concentration of the
supernatant was measured using the DC pro-
tein assay kit (Bio-Rad, Richmond, CA).

Western Blot Analysis

Equal amounts of protein from the whole cell
extracts were denatured at 958C for 5 min,
resolved ona10%SDS–polyacrylamide gel, and
electrotransferred onto an Immbilon-P mem-
brane (Millipore Corporation, Bedford, MA).
The membrane was then sequentially incu-
bated in blocking reagent (20 mMTris-buffered
saline (TBS) (pH 7.6) containing 0.1% (v/v)
Tween20and5% (v/v) non-fat drymilk powder),
in blocking reagent containing rabbit polyclonal
anti-ER-a antibody (MC20, raised against a
peptide mapping to the carboxy terminus of the
mouse ER-a), in blocking reagent containing
the secondary antibody, and anti-rabbit IgG

coupledwith horseradish peroxidase. Themem-
brane was washed three times each time
between the steps with TBS containing 0.1%
Tween 20. ER-a proteins were visualized by
chemiluminescence using the ECL kit following
the manufacturer’s protocol.

Transient Transfection and Luciferase Assay

Stably transfected cell lines, cultured for
4 days in phenol-red free estrogen depleted
medium (5% (v/v) triple-stripped FBS) were
plated in 12-well plates and grown to above 50%
confluence. The cells were then treated with a
mixture of DNA (500 ng of either ERE-TK-Luc
orAP-1-Luc reporter plasmidsand50ngof pRL-
TK plasmid) and FuGENE 6 transfection
reagent (Roche Diagnostics) in DMEM media
without serum using the manufacturer’s pro-
tocol. After 5 h, the transfection reagent was
removed, and each well was washed with
DMEM and then treated with either ethanol
vehicle, 10 nME2, 100 nM ICI, or a combination
of E2 and ICI in DMEM containing 0.1% (v/v)
BSA. After 48 h, each well was washed with 1�
PBS and the cells were extracted with 1�
Passive Lysis Buffer (Promega). Thirty micro-
liter of the extract was assayed using the Dual
Luciferase Reporter System (Promega) with a
Turner TD-20E luminometer (Sunnyvale, CA).
Promoter activity was quantified as a ratio of
firefly luciferase to Renilla luciferase.

MTS Proliferation Assay

Cell proliferation was studied using the
CellTiter 96 AQueous One Solution Cell Prolifer-
ation Assay (Promega). U2OS pcDNA, ER-a,
and NERKI cells were plated for 96 h in triple-
stripped FBS DMEM/F12 medium. The cells
were then replated for 24 h in the samemedia in
96-well plates, and then treated either with
vehicle (ethanol) or 10�8 M E2 for 72 h. At the
end of the incubation, MTS tetrazolium com-
pound was added and cells were incubated for
1 h at 378C. Dual wave absorbance (at 490 and
650 nm) was measured using the Spectra Max
Microplate Reader (Molecular Devices, Sunny-
vale, CA). Intensity of absorbance was propor-
tional to the number of live cells. The initial
(Day 0) level of proliferation, which was meas-
ured simultaneously in all studied cell lines
4 h after cells were plated, was subtracted to
account for the possible variations in initial cell
density.
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RNA Isolation and cDNA Synthesis

Total RNA was isolated from stably trans-
fected cells using the RNeasy Mini Kit (QIA-
GEN Inc.), according to the manufacturer’s
protocol. Two microgram of total RNA was then
used for the cDNAsynthesis using the iScriptTM

cDNA Synthesis Kit (Bio-Rad, Hercules, CA).

Polymerase Chain Reaction (PCR)

Conventional RT-PCR was used to initially
assess the presence of ER in the cell lines
developed and to assess the expression of
specific genes. A 25 ml reaction mix for PCR
contained 10 mM Tris-HCl (pH 8.3), 1.5 mM
MgCl2, 200 mM dNTPs, 10 pmol of each sense
andantisense primers, 2ml of cDNA, and0.5Uof
Taq DNA polymerase (Roche Diagnostics). The
template was initially denatured at 948C for
3 min. The PCR was performed for 35 cycles
with annealing at 558C for 1 min, elongation at
728C for 1 min, and denaturation at 948C for
1min.The followingprimerswereused forPCR:

. ER-a, sense primer: 50-GGCAAAGAGAGT-
GCCAGGCTTTG-30, antisense primer: 50-
CAGAAACGTGTACACTCCGGAATT-30;

. hTBP (TATA-box binding protein); sense
primer: 50-CCCCATGACTCCCATGACCC-30,
antisense primer: 50-CGTGGTTCGTGGCT-
CTCTTATC-30;

. hPR (progesterone receptor), sense primer:
50-GATCTATGCAGGACATGACAACA-30,anti-
sense primer: 50-ACACCATTAAGCTCATCC-
AAGAA-30;

. hpS2, sense primer: 50-CCCAGACAGAGA-
CGTGTACAG-30, antisense primer: 50-TAT-
TAGGATAGAAGCACCAGGG-30.

Real-Time PCR

In order to compare the level of the expression
of various endogenous genes between the differ-
ent clones or between the different treatment
groups, real-time PCRwas performed using the
iCycler (Bio-Rad Laboratories, Inc., Hercules,
CA). A 25 ml reaction mix contained 1� IqTM

SYBR Green Supermix (20 mM Tris-HCl (pH
8.4), 50 mM KCl, 0.2 mM of each dNTP
(dATP,dCTP,dGTP,dTTP), iTaq DNA polymer-
ase (0.625 U), 3 mM MgCl2, SYBR Green I,
10mMfluorescein) (Bio-Rad), the appropriately
diluted cDNA as template and 7.5 pmole of
each sense and antisense primers. After initial
denaturation for 3 min at 958C, the amplifica-

tion of each mRNA was carried out 45 cycles
with annealing at 628C for 10 s, extension at
728C for 20 s, and denaturation at 958C for 5 s.
The following human gene-specific primers
were used:

. TBP, sense primer: 50-AGTTGTACAGAAG-
TTGGGTTTTC-30, antisense primer: 50-AAC-
AATTCTGGGTTTGATCATTC-30;

. alkaline phosphatase (AP), sense primer: 50-
GGCCCTCTCCAAGACGTACAA-30, antisense
primer: 50-CAATGCCCACAGATTTCCCAGC-30;

. osteocalcin (OCN), sense primer: 50-GTCC-
AGCAAAGGTGCAGCCTT-30, antisense pri-
mer: 50-TG-GTCAGCCAACTCGTCACAGT-30;

. collagen Ia2 (col I), sense primer: 50 GAGAG-
GCTGGTACTGCTGGA 30, antisense primer:
50-GACCAGGTTCACCCACAGCA-30;

. insulin growth factor I (IGF-I), sense primer:
50-TGATTTCTTGAAGGTGAAGATGC-30,
antisense primer: 50-CCTGTGGGCTTGTTG-
AAATAAAAG-30.

The copynumber of the amplifiedproductwas
calculated from a standard curve (generated for
each run), obtained by plotting known input
concentrations of the specific product (prepared
previously) at log dilutions to thePCR threshold
cycle. Each treatment group had six replicates,
each of which were assayed in triplicates.

Statistical Analysis

All data are presented as mean values�SEM.
Multiple comparison analysis (2-way ANOVA)
was used to assess effects of genotypes and
treatments. Individual comparisons between
genotypes among treatments were analyzed
via unpaired t-tests. Differences were consid-
ered statistically significant for aP-value of less
than 0.05.

RESULTS

Development of WT and Mutant Mouse
ER-a Expressing Cell Lines

The U2OS cell line was stably transfected
eitherwith thepcDNA3.1vector,WT, orNERKI
ER-a expression constructs. Since the vector
contained a neomycin resistance gene, several
colonies were isolated based on neomycin
resistance. The presence of the ER was deter-
mined using both PCR and Western blot
analysis. Several positive clones for WT ER-a,
NERKI, and for vector alone were detected.
Figure 1A shows the receptor expression profile
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of one clone for the vector alone (pcDNA-1), one
clone for the WT (ER-a-10), and two clones for
the NERKI (NERKI-26 and NERKI-34) recep-
tors. The absence of expression of endogenous
ER-a by U2OS cells was confirmed, since PCR
analysis failed to amplify a band when cDNA
from the vector only clone (pcDNA-1) was used
as the template. However, a 302 bp band,
corresponding to ER-a, was amplified when
cDNAs from the clones ER-a-10, NERKI-26,
and NERKI-34 were used as the templates for
the RT-PCR. Western blot analysis was then
performed with the total protein isolated from
all the clones tested using an anti-ER-a anti-
body. The results in Figure 1B show that a
66 kDa protein was expressed in clones ER-a-
10, NERKI-26, and NERKI-34, but not in the
clone pcDNA-1. Of the two NERKI clones,

the level of expression of the 66-kDa protein in
the NERKI-26 clone was similar to that in the
ER-a-10 clone.Whilewe initially used theER-a-
10 clone, in some of the studies another ER-a
clone (ER-a-50) generated later was also used,
and Figure 1C shows another Western blot
wherein the level of expression of the ER in
ER-a-50 and NERKI-26 was also similar.

Characterization of the Stably
Transfected Cell Lines

The positive clones were initially tested in
transient reporter gene assays using a lucifer-
ase plasmid containing either an ERE response
element (ERE-TK-Luc) or AP-1 response ele-
ments (AP-1-Luc). Since previous studies
[Jakacka et al., 2001; Wang et al., 2004]
reported that the anti-estrogen, ICI 182,780
itself activates the AP-1 reporter in human
embryonic kidney or breast cancer cells trans-
fected with either the WT or NERKI receptor,
we examined effects of both E2 and ICI 182,780
in these cells. Figure 2A shows the results when
using the ERE reporter construct. As is evident,
there was almost no detectable basal luciferase
activity in thevector only clone (pcDNA-1)when
transfected with the reporter plasmid and
treated with vehicle, and the activity did not
change when the cells were treated with either
E2 or ICI. There was, however, detectable basal
luciferase activity in the clone ER-a-10 when
treated with vehicle, which was significantly
upregulated (7-fold) in response to E2 treat-
ment, but ICI 182,780 had no effect. As
expected, the two clones containing the NERKI
receptor failed to upregulate luciferase activity
in response to either E2 or ICI 182,780.

Figure 2B shows the comparable results with
the AP-1 reporter construct. While there was
some detectable basal luciferase activity in the
presence of vehicle in all the clones tested, the
basal activity of the AP-1-responsive reporter
was increased in both of theNERKI clones,with
NERKI-34, which expressed higher levels of the
mutant ER-a (Fig. 1), having a 5.6-fold greater
level of basal luciferase activity than the ER-a-
10 clone. E2 had a modest stimulatory effect
(1.8-fold) on the AP-1 reporter in the ER-a-10
clone. By contrast, E2 treatment of the NERKI
clones resulted in amarked suppression of AP-1
reporter activity. ICI 182,780 treatment had no
effect on AP-1 reporter activity in the ER-a-10
cells, but did upregulate AP-1 reporter activity
in both of the NERKI clones.

Fig. 1. Detection of the expression of estrogen receptor in the
stably transfected clones. The expression of the stably transfected
cDNAs were examined (A) at the mRNA level by RT-PCR using
cDNAs prepared from total RNAs isolated from pcDNA-1, ER-a-
10, NERKI-26, and NERKI-34 cells, and (B) at the protein level by
Western blot using 50 mg of total protein prepared from all the
aforementioned clones using the methods and antibodies as
described in the Methods section. Since in some of the studies a
separate clone, ER-a-50, was used,panel (C) shows a comparison
of ER-a levels in ER-a-50 and NERKI-26 cells. Shown is a
representative picture from two independent experiments.
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In addition to the transient reporter gene
assays, we also examined the expression of two
E2-responsive endogenous genes with known
EREs in their promoters using cDNAs prepared

from total RNA isolated from ER-a-10, NERKI-
26, and NERKI-34 clones after treatment with
vehicle or E2. Figure 2C demonstrates that the
progesterone receptor (PR) mRNA was induced
in the presence of E2 only in the ER-a-10 clone,
but not in the two NERKI clones. Although
there was some basal level of expression of the
pS2 gene in all the clones tested, its expression
was upregulated by E2 only in the clone ER-a-
10, but not in the NERKI clones. To confirm
these findings, quantitative, real-time RT-PCR
was also performed using the ER-a-50 and
NERKI-26 cell clones. As shown in Figure 2D,
E2 treatment upregulated (by 1.5-fold (P¼
0.002)) pS2 gene expression in the cells with
WT receptor but failed to do so in NERKI clone.

Effects of E2 on Cell Proliferation

Cell proliferation after 72 h of E2 treatment
wasmeasured based on the ability of viable cells
to reduce the MTS dye to the insoluble blue
formazan product that can be measured colori-
metrically. All four previously described cell
lines were treated either with vehicle or E2. As
shown in Figure 3, proliferation of the pcDNA
control vector cell line was not altered by E2
treatment. However, the ER-a-10 and both
NERKI clones showed a modest, but statisti-
cally significant, decrease in proliferation fol-
lowing E2 treatment. Of note, the basal level of
proliferation (defined here as in the absence of

Fig. 2. Demonstration of the classical and non-classical path-
ways in the stably transfected clones. Different clones were
transiently transfected with reporter plasmids. A: ERE-TK-Luc for
the demonstration of the classical pathway. B: AP-1-Luc for the
demonstration of non-classical signaling followed by treatment
with different ligands. Luciferase activity was measured as
described in the Methods section. C, D: Examination of endo-
genous gene expression to assess ER-a signaling. The ER-a-10,
ER-a-50, NERKI-26, and NERKI-34 clones were cultured in a
medium containing triple-stripped serum for 4 days followed by
48 h in DMEM containing 0.1% BSA and then treated with either
vehicle or E2 for 48 h in the same medium. cDNAs prepared from
the total RNA isolated from these treated clones were used as
templates for the amplification of endogenous genes by RT-PCR
(C) or quantitative, real-time RT-PCR (D). There were six
replicates for each treatment. *P<0.05, **P<0.005, and
***P<0.001 compared to the respective vehicle treatment.

Fig. 3. Effects of E2 treatment on proliferation of U2OS pcDNA-
1, ER-a-10, and NERKI cell lines. pcDNA-1, ER-a-10, NERKI-26,
and -34 clones were cultured in a medium containing triple-
stripped serum for 4 days followed by 24 h in the same type of
media and then treated with either vehicle or E2 for 48 h.
Proliferation activity was assessed by dual-wave colorimetric
spectrophotometry and described as a function of change in
absorbance that depends on the number of viable cells in culture.
Data are mean� SE from 10 replicates for each treatment and are
representative of three independent experiments. ***P<0.001
compared to the corresponding vehicle group;

{{{
P<0.001

compared to pcDNA cells treated with vehicle.
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exogenous estrogen) was significantly lower in
the ER-a-10 and both NERKI clones compared
to the control (pcDNA-1) clone.

Effects of Wild Type ER-a or the NERKI Receptor
on Basal Expression of Endogenous Bone-Related

Genes in the Absence of Estrogen

To determine the effects of the NERKI recep-
tor on the expression of estrogen-regulated
bone-related genes, we examined the expres-
sion of the endogenous genes, AP, OCN, and col
I, which are osteoblast differentiation markers
[Monroe et al., 2003], and also IGF-I, which
plays a critical role in both skeletal modeling
and remodeling [Yakar et al., 2002]. For these
studies, we chose the NERKI-26 clone and
initiated comparative studies with the ER-a-10
clones, which expressed similar levels of the ER
as the NERKI-26 clone (Fig. 1). However, since
the ER-a-10 clones appeared to lose responsive-
ness to E2 due to downregulation of expression
of the ER (data not shown), we selected another
developed clone with very similar ER-a expres-
sion at the mRNA and protein levels (ER-a-50,
Fig. 1C) as ER-a-10 for the additional studies.
Figure 4 displays the basal level of gene
expression in control (pcDNA-1-transfected),
ER-a-50, and NERKI-26 cells following culture
for 7 days in media free of estrogen (triple-
strippedFBS).As is evident, even in the absence
of estrogen, mRNA levels of AP were increased
by 5-fold in ER-a-50 cells compared to the
control cells (Fig. 4A), whereas mRNA levels
for col I (Fig. 4B) and OCN (Fig. 4C) remained
unchanged. By contrast, AP, col I, and OCN
mRNA levels weremarkedly reduced, by 62, 89,
and 60%, respectively, in the NERKI-26
compared to control cells (pcDNA-1), and by
93, 90, and 55%, respectively, in the NERKI-26
compared to ER-a-50 cells. Additionally, com-
pared to the control (pcDNA-1) cells, the
NERKI-26 cells showed a comparable reduction
in IGF-I mRNA levels (70%) as was present in
the ER-a-50 cells (65%) (Fig. 4D).

Effects of E2 on Bone-Related Gene Expression
in ER-a and NERKI Cell Lines

Figure 5 shows the dose response of E2
treatment for 48 h on mRNA levels of bone-
related genes in ER-a-50 and NERKI-26 cells.
In the ER-a-50 cells, E2 dose dependently
increased mRNA levels of AP (Fig. 5A) and
OCN (Fig. 5B), with a more variable increase in

mRNA levels for col I (Fig. 5C). The response of
these genes in the NERKI-26 cells appeared to
bemore complex, with low doses of E2 (0.01 nM)
suppressing AP mRNA levels while higher
doses increased AP levels, although the fold
increase over vehicle at the highest dose of E2
(10 nM) was only about half of that seen in the
ER-a-50 cells at that dose (Fig. 5A). There was a
similar, but non-significant, bi-phasic trend for
OCN mRNA levels in response to E2 in the
NERKI-26 cells (Fig. 5B). Col I mRNA levels,
which were already suppressed under basal
conditions in the NERKI-26 cells compared to
control (pcDNA-1) cells (Fig. 5B), were sup-
pressed even further by E2 treatment (Fig. 5C),
although due to the variability of the assay, the
changes following E2 treatment did not achi-
eve statistical significance. The results for the
formal 2-way ANOVA analysis of these effects
are indicated in the legend to Figure 5.

In order to assess the specificity of the effects
on gene expression, we performed studies using
the ER antagonist, ICI 182,780 and also
assessed E2 effects on IGF-I mRNA levels in
the ER-a-50 and NERKI-26 cells. Figure 6
shows that E2 at doses of 0.01 and 10 nM
increased mRNA levels for AP (Fig. 6A), OCN
(Fig. 6B), col I (Fig. 6C), and IGF-I (Fig. 6D). For

Fig. 4. Evaluation of basal level of endogenous gene expression
(A) AP, (B) col I, (C) OCN, and (D) IGF-1 in U2OS pcDNA-1,
ER-a-50, and NERKI-26 cell lines (normalized to TBP and to the
level of expression of the gene/TBP ratio in pcDNA-1 cells).
pcDNA-1, ER-a-50, and NERKI-26 clones were cultured in a
medium containing triple-stripped serum for 7 days. cDNA was
prepared and assayed in triplicates for each sample for an
RT-PCR reaction. All samples were run simultaneously for each
gene of interest to determine the difference in the level of mRNA
expression. Data are mean� SE for six replicates for each
treatment and are representative of three independent experi-
ments. **P<0.01 and ***P<0.001 compared to control vector
pcDNA-1 cell line; {{P< 0.005 and {{{P< 0.001 compared to
the ER-a-50 clone.
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the ICI 182,780 antagonism, we chose an E2
dose of 10 nM and a 10-fold excess of ICI
182,780. ICI alone had no effects, but was able
to prevent the effects of E2 on increases in
mRNA levels in these genes.
Figure 6 also shows the comparable study

with the NERKI-26 cells. In this experiment,
the 0.01 nM dose of E2 did not have the

suppressive effect on AP mRNA levels as
detected previously, but there were small, non-
significant increases in mRNA levels for AP
(Fig. 6A) and OCN (Fig. 6B) at the 10 nM dose,

Fig. 5. Evaluation of endogenous gene expression (A) AP,
(B) OCN, and (C) col I in U2OS ER-a-50 and NERKI-26 cell lines
following E2 treatment. ER-a-50 and NERKI-26 clones were
cultured in a medium containing 5% triple-stripped serum for
4 days followed by 24 h in the same type of media and then
treated with vehicle (ethanol) or different concentrations of E2 for
48 h. cDNA was extracted and assayed in triplicate for each
sample for gene analysis with RT-PCR reaction. All samples from
individual cell lines were run simultaneously for each gene of
interest to determine the difference in the level of mRNA
expression, and the levels for each gene are normalized to TBP
and to the level of expression of the gene/TBP ratio in vehicle-
treated cells. Using a 2-way ANOVA, we found a significant
effect of genotype for all three genes (P< 0.0001 for all); an E2
treatment effect for AP and OCN (P< 0.001 for both), but not for
col I, and a genotype� treatment interaction for AP (P¼0.03), a
borderline genotype� treatment interaction for OCN (P¼0.08),
but not for col I. Each value represents mean (� SE) of six
replicates for each treatment. *P< 0.05 and **P<0.005
compared to the respective vehicle treatment;

{
P<0.05 and

{{
P< 0.005 compared to the ER-a-50 clone.

Fig. 6. Effects of E2 and ICI 182,780 on mRNA levels for (A)
alkaline phosphatase (AP), (B) osteocalcin (OCN), (C) collagen
1a2 (col I), and (D) IGF-I in ER-a-50 and NERKI-26 cells. Cells
were cultured in a medium containing triple-stripped serum for
4 days followed by 24 h in the same media and then treated
with vehicle (ethanol) or different concentrations of E2, ICI, and
ICIþ E2 for 48 h. cDNA was extracted and assayed in triplicates
for each sample for gene analysis with RT-PCR. All samples from
individual cell lines were run simultaneously for each gene of
interest to determine the difference in the level of mRNA
expression, and the levels for each gene are normalized to
TBP and to the level of expression of the gene/TBP ratio in
vehicle-treated cells. Data are mean� SE for six replicates for
each treatment and are representative of three independent
experiments. *P< 0.05, **P<0.005, and ***P< 0.001 compared
to the respective vehicle treatment; {P< 0.05, {{P< 0.005, and
{{{P<0.005 compared to the ER-a-50 clone.
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withalso a trend for suppression of col I (Fig. 6C)
mRNA levels with both doses. In contrast to the
ER-a-50 cells, neither dose of E2 had any effects
on mRNA levels of IGF-I in the NERKI-26 cells
(Fig. 6D). For the ICI 182,780 antagonism
study, we were particularly interested in
assessing the apparent inhibitory effects of the
low dose of E2 (0.01 nM) on bone-related gene
expression noted in Figure 5. Thus, we used
a dose of 0.01 nM E2 and a 10-fold excess of
ICI, but neither E2 alone, ICI alone, nor the
combination, had any effect on the genes
assessed in the NERKI-26 cells.

DISCUSSION

We describe the generation and character-
ization of human osteoblast-like cells (U2OS)
expressing either the WT ER-a or a receptor
that cannot bind to classical EREs (NERKI).
U2OS cells have been used extensively to
characterize the regulation of osteoblastic genes
[Rickard et al., 2002; Monroe et al., 2003, 2005]
and since they lack any endogenous ER-a or b
[Monroe et al., 2003], they are a usefulmodel for
examining effects of transfected WT or mutant
ERs on endogenous gene expression.

TheER-a- orNERKI-transfected cells expres-
sed the mRNA and full-length protein for the
respective ERs. As expected, the WT, but not
NERKI, receptor induced transcription of a
transiently transfected ERE reporter gene and
increased mRNA levels of two endogenous
genes known to be regulated by classical EREs,
PR and pS2 [Berry et al., 1989; Barkhem et al.,
2002; Rickard et al., 2002; Krieg et al., 2004].
Using an AP-1-responsive reporter, we found
that basal activity of this promoter, even in the
absence of estrogen, was upregulated in the
NERKI clones. While E2 treatment modestly
increased AP-1 reporter activity in the ER-a-10
cells, E2 markedly suppressed the elevated
AP-1 reporter activity in the NERKI cells. By
contrast, while ICI 182,780 had no effect by
itself inER-a-10 cells, it significantly upregulat-
ed AP-1 reporter activity in the NERKI clones.

In contrast to our findings in osteoblastic cells
expressing the WT ER-a, where E2 resulted in
some increase in AP-1 reporter activity and ICI
182,780 had no effect, E2 was found to suppress
AP-1 reporter activity in 293A and TSA-201
human embryonic kidney cells [Jakacka et al.,
2001; Wang et al., 2004] and MCF-7 breast
cancer cells [Jakacka et al., 2001], with ICI

182,780 alone increasing AP-1 activity in these
cells. These findings suggest that the effects
of E2 on AP-1 activity are likely cell specific,
probably due to different concentrations of ER
coregulators and/or to the participation of the
steroid-membrane pathways. Thus, since net
AP-1 activity may be determined by direct
interactions of the ER with the c-jun/c-fos
complex, which has been shown to increase
AP-1 activity [Umayahara et al., 1994], as well
as inhibitory effects onAP-1 signalingmediated
viamembrane pathways [Kousteni et al., 2003],
the relative balance of these potentially oppos-
ing effects on AP-1 signalingmay be different in
different cell types. Our findings on the effects
of estrogen and the estrogen antagonist, ICI
182,780, in osteoblastic cells transfected with
the NERKI receptor, however, are similar to
what has previously been observed with recep-
tors lacking ERE signaling in embryonic kidney
or breast cancer cells [Jakacka et al., 2001;
Wang et al., 2004]. Thus, in all systems studied,
E2 represses, whereas ICI 182,780 increases,
AP-1 reporter activity in cells transfected with
the NERKI receptor.

Our findings also indicate that expression
of the ER itself in osteoblastic cells, even in
the absence of exogenous estrogen, appears to
modulate expression of a number of genes in a
ligand-independent manner, and that these
ligand-independent effects are different for the
WT ER-a compared to the NERKI receptor.
Thus, relative to non-transfected cells, the
introduction of ER-a led to a marked increase
in AP and decrease in IGF-I mRNA levels, with
no changes in col I or OCN mRNA levels. By
contrast, transfection of theNERKI receptor led
to a marked suppression of AP, col I, OCN, and
IGF-I mRNA levels in these cells. The observed
ligand-independent activation of ER-a is not
unprecedented, as Ciana et al. [Ciana et al.,
2003], using transgenic mice expressing a ERE-
luciferase reporter, found that skeletal tissues
appeared to have significant ERE-luciferase
activity even in the absence of ligand. It is also
known that ER-a can be phosphorylated and
activated in the absence of estrogen by other
agents, includingpeptidegrowth factors [Bunone
et al., 1996; Cenni and Picard, 1999], and
phosphorylation of ER-a increases ER-a–ERE
binding in vitro [Denton and Notides, 1992;
Weigel and Zhang, 1998]. In addition, Pak
et al. [Pak et al., 2006] have reported ligand-
independent regulation of the mouse GnRH
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promoter activity by ER-b through promoter
regions devoid of classical EREs.
Estrogen has been previously found to induce

markers of osteoblastic differentiation in U2OS
cells stably expressing ER-a and in other
systems [Spelsberg et al., 1999; Monroe et al.,
2005], andwe similarly found thatE2 treatment
of ER-a-transfected cells led to fairly consistent
increases in mRNAs for AP, OCN, and col I.
Effects of E2 on stimulating these genes in the
NERKI-transfected cells were attenuated (AP
and OCN), or even inhibitory (col I), suggesting
an important role for classical ERE signaling, or
the balance between ERE- and non-ERE path-
ways, in the effects of estrogen on inducing
osteoblast differentiation markers. In addition,
while estrogen clearly induced IGF-I mRNA
levels in the ER-a-transfected cells, and ICI
182,780 inhibited this induction, estrogen had
no effect on IGF-I mRNA levels in the NERKI-
transfected cells. These findings are somewhat
surprising, since previous studies with the
avian IGF-I promoter have demonstrated that
estrogen regulates IGF-I mRNA levels via an
AP-1 site [Umayaharaet al., 1994].Ourfindings
would suggest that ERE-mediated effects are
needed for the induction by estrogen of the IGF-
I mRNA in human osteoblastic cells, although
whether this involves direct binding of theER to
an ERE in the human IGF-I gene or regulation
of the latter by other ERE-regulated proteins
remains to be defined. Of note, consistent with
our findings in human osteoblastic cells, Hewitt
and colleagues have also recently found that
while estrogen induces IGF-I mRNA levels in
the uteri of WTmice, it fails to do so in the uteri
of ER-a knock out [Hewitt et al., 2003, 2005] or
ER-a-/NERKI (personal communication) mice,
suggesting fundamental differences in the
mechanism of estrogen actions on the avian
versus human and mouse IGF-I promoters.
Collectively, however, the attenuated stimula-
tion (or suppression) of osteoblastic genes and
the lack of stimulation of IGF-I mRNA levels in
the NERKI cells is consistent with the observed
in vivo osteopenic phenotype of the ER-a-/
NERKI mice that is also associated with
reduced indices of bone formation [Syed et al.,
2005, 2007].
Introduction of ER-a (WT or NERKI) itself, in

the absence of ligand, reduced proliferation of
U2OS cells, and estrogen treatment resulted in
a further decrease in proliferation of these cells.
The inhibition of proliferation of these cells by

estrogen is similar (although smaller in magni-
tude) to previous findings from our laboratories
in cells transfected with a tetracycline-inducible
WT ER-a [Monroe et al., 2005]. Nonetheless,
these data do indicate that ERE binding is not
required for effects of either the unliganded or
liganded ER on cell proliferation in this system.

We do recognize certain limitations of our
study. First, while we chose ER-a and NERKI
clones expressing similar levels of receptor by
Western blot, we did not quantitate the number
of ERs in these clones or place them in the
context of the number of ERs present in normal
osteoblasts. Nonetheless, our findings do reflect
the differing effects of E2 in cells expressing
roughly equal amounts of theWTorNERKIER-
a. Second, we examined certain bone marker
genes in our studies, but not other estrogen-
responsive cytokines (e.g., IL-6 and OPG),
which we plan to do in subsequent studies.
Finally, since we did not examine multiple
clones for each endpoint, we cannot exclude
the possibility that the site of integration of the
ER plasmid impacted our findings.

In summary, we describe the development
and characterization of osteoblastic cells stably
expressing either the WT or NERKI ER. Our
data indicate that both receptors appear to have
significant, ligand-independent effects on gene
expression in these cells. While classical, ERE-
mediated pathways are not needed for inhib-
ition of proliferation of these cells by estrogen,
the balance between ERE and non-ERE path-
ways, appears to be important for the induction
of markers of osteoblastic differentiation by
these cells. In contrast to previous studies using
the avian IGF-I promoter [Umayahara et al.,
1994], our data also indicate that ERE signaling
(directly or indirectly) is needed for induction of
IGF-I mRNA levels by estrogen in osteoblastic
cells. Further studies using these cell models
may help provide insights into the alterations
in the skeletal response to estrogen in theER-a-/
NERKI mice we previously observed [Syed
et al., 2005, 2007] and into the role of ERE
versus non-ERE pathways in the regulation of
osteoblastic differentiation and activity.
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