
Roles of transactivating functions 1 and 2 of estrogen
receptor-α in bone
A. E. Börjessona, S. H. Windahla, M. K. Lagerquista, C. Engdahla, B. Frenkelb, S. Movérare-Skrtica, K. Sjögrena,
J. M. Kindbloma, A. Stubeliusa, U. Islandera, M. C. Antalc, A. Krustc, P. Chambonc, and C. Ohlssona,1

aCentre for Bone and Arthritis Research, Institute of Medicine, Sahlgrenska Academy, University of Gothenburg, S-41345 Gothenburg, Sweden; bDepartments
of Orthopaedic Surgery and Biochemistry and Molecular Biology, Keck School of Medicine, University of Southern California, Los Angeles, CA 90007; and
cInstitut de Génétique et de Biologie Moléculaire et Cellulaire, Centre National de la Recherche Scientifique, Institut National de la Santé et de la Recherche
Médicale, Université Louis Pasteur, Collège de France, 67404 Illkirch, Strasbourg, France

Edited* by Jan-Åke Gustafsson, Karolinska Institutet, Huddinge, Sweden, and approved March 5, 2011 (received for review January 12, 2011)

The bone-sparing effect of estrogen is primarily mediated via
estrogen receptor-α (ERα), which stimulates target gene transcrip-
tion through two activation functions (AFs), AF-1 in the N-terminal
and AF-2 in the ligand binding domain. To evaluate the role of ERα
AF-1 and ERα AF-2 for the effects of estrogen in bone in vivo, we
analyzed mouse models lacking the entire ERα protein (ERα−/−),
ERα AF-1 (ERαAF-10), or ERα AF-2 (ERαAF-20). Estradiol (E2) treat-
ment increased the amount of both trabecular and cortical bone in
ovariectomized (OVX) WT mice. Neither the trabecular nor the cor-
tical bone responded to E2 treatment in OVX ERα−/− or OVX ERαAF-
20 mice. OVX ERαAF-10 mice displayed a normal E2 response in
cortical bone but no E2 response in trabecular bone. Although E2
treatment increased the uterine and liver weights and reduced the
thymus weight in OVX WT mice, no effect was seen on these
parameters in OVX ERα−/− or OVX ERαAF-20 mice. The effect of
E2 in OVX ERαAF-10 mice was tissue-dependent, with no or weak
E2 response on thymus and uterine weights but a normal response
on liver weight. In conclusion, ERα AF-2 is required for the estro-
genic effects on all parameters evaluated, whereas the role of ERα
AF-1 is tissue-specific, with a crucial role in trabecular bone and
uterus but not cortical bone. Selective ER modulators stimulating
ERα with minimal activation of ERα AF-1 could retain beneficial
actions in cortical bone, constituting 80% of the skeleton, while
minimizing effects on reproductive organs.

Estrogen is the major sex hormone involved in the regulation of
bone mass in women, and several studies demonstrate that

estrogen is also of importance for the male skeleton (1–5).
However, estrogen treatment is associated with side effects such
as breast cancer and thromboembolism (6, 7). Thus, it would be
beneficial to develop a bone-specific estrogen treatment. To
achieve this, it will be crucial to characterize the signaling path-
ways of estrogen in bone versus other tissues.
The biological effects of estradiol (E2) are mainly mediated by

the nuclear estrogen receptors (ERs), ERα and ERβ, which in-
teract with several classes of coactivators/corepressors in a ligand-
dependent manner (5, 8). The bone-sparing effect of estrogen is
mediated primarily via ERα (5, 9, 10), although the effect of ERα
activation in bone might be slightly modulated by ERβ in female
mice (11–13). In addition, some in vitro studies suggest that the
membrane G protein-coupled receptor GPR30 is a functional
ER, but we recently demonstrated that the E2 response on bone
mass is independent of GPR30 (14).
The relative balance of receptors, coactivators, and corepressors

is a critical determinant of the ability of the nuclear receptors to
regulate gene transcription. As the relative concentrations of these
molecules are cell type-specific, estrogen can exert vastly different
effects in different tissues. Variation in the recruitment of cor-
egulatory molecules also appears to be a mechanism by which
selective ER modulators produce their tissue-specific effects (15).
In vitro studies have shown that the E2-induced transactivation is
mediated by AF-1 and/or AF-2 in ERα (Fig. 1A) and that this is
dependent on the cell type and promoter context (16–18) and
could depend on the cofactors found in the cell type evaluated.
Several cofactors bind to ERα AF-1 and ERα AF-2; some are

specific for either AF-1 or AF-2 and some cofactors bind to both
(19). It has also been shown that the full ligand-dependent tran-
scriptional activity of ERα is reached through a synergism between
AF-1 and AF-2 (16–18, 20–22). Full-length 66-kDa ERα stim-
ulates target gene transcription through AF-1 and AF-2, whereas
another physiologically expressed, but less abundant, 46-kDa ERα
isoform lacks the N-terminal A/B domains and is consequently
devoid of AF-1 (Fig. 1A). Although the E2-induced interactions
between AF-1 and AF-2 in ERα and coregulatory molecules are
characterized in vitro, very little is known about these interactions
in vivo. However, we recently developed a mouse model with a
specific inactivation of AF-1 in ERα and demonstrated that AF-1
is required for the effect of E2 in uterus although it is dispensable
for the vasculoprotective actions of E2 (23). The roles of AF-1 and
AF-2 in ERα for the effects of E2 in bone are unknown. To
evaluate the roles of ERα AF-1 and ERα AF-2 in vivo for the
effects of estrogen in bone and some other major estrogen re-
sponsive tissues, mouse models with inactivation of the entire
ERα protein (ERα−/−), ERα AF-1 (ERαAF-10), or ERα AF-2
(ERαAF-20) were analyzed.

Results
E2 Response on Total Body Areal Bone Mineral Density Is Absent in
ERαAF-20 and Attenuated in ERαAF-10 Mice. Dual energy X-ray
absorptiometry (DXA) measurements showed that ovariectomy
reduced total body areal bone mineral density (aBMD) in WT
mice and treatment of ovariectomized (OVX) WT mice with E2
increased this parameter (Fig. 2). Although ERα is crucial for
bone mass regulation, ovariectomy of ERα−/− mice reduced total
body aBMD (Fig. 2). This is consistent with previous studies that
demonstrated a preserved bone mass in gonadal-intact female
ERα−/− mice as a result of disturbed negative feedback regula-
tion of serum sex steroid levels, resulting in elevated levels of
ovarian-derived testosterone and estradiol, which in turn pre-
serve the bone mass via an activation of the androgen receptor
and/or ERβ (9, 10). Similarly, ovariectomy of ERαAF-20 and
ERαAF-10 mice resulted in a reduction of total body aBMD
(Fig. 2), suggesting that the negative feedback regulation might
also be disturbed in these two mouse models, resulting in an
androgen-mediated preservation of the bone mass in gonadal-
intact mice. To evaluate the negative feedback regulation in the
ERαAF-20 and ERαAF-10 mice, analyses of serum testosterone,
E2, and luteinizing hormone (LH) were performed. Not only fe-
male ERα−/− but also female ERαAF-20 and ERαAF-10 mice had
elevated serum levels of testosterone, E2, and LH (Table 1),
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compared with their corresponding WT mice (P < 0.05). As
the increased serum levels of testosterone are known to confound
the interpretation of data regarding bone mass in gonadal-intact
ERα−/− mice (9, 10) and probably also in ERαAF-20 and
ERαAF-10 mice, we focused our further analyses to the estro-
genic responses in OVX mice and, therefore, the sham groups of
the three KO mouse models were not further analyzed. As
expexted, E2 did not increase total body aBMD in OVX ERα−/−
mice. Similarly, E2 did not increase total body aBMD in OVX
ERαAF-20 mice (Fig. 2). In contrast, E2 significantly increased

total body aBMD in OVX ERαAF-10 mice, although this E2
response was smaller compared with the E2 response in WT
OVX mice (P < 0.01).

ERα AF-1 and ERα AF-2 Are Required for E2 Response in Trabecular
Bone Whereas only ERα AF-2 Is Required for E2 Response in Cortical
Bone. As the DXA technique cannot distinguish between the
cortical and trabecular bone compartments, detailed analyses
using peripheral quantitative CT (pQCT), micro-CT (μCT), and
histomorphometry were performed to further characterize the
intermediate estrogenic response seen on the total body aBMD
in the ERαAF-10 mice. Trabecular bone analyses using μCT of
L5 vertebrae demonstrated a clear estrogenic response in tra-
becular bone, reflected by increased bone volume/total volume
(BV/TV) ratio and trabecular number, in OVX WT mice (Figs.
3A and 4 A and C and Table S1). In contrast, no E2 effect was
seen on these trabecular bone parameters in OVX ERα−/−,
ERαAF-20, or ERαAF-10 mice. Histomorphometric analyses of
the trabecular bone in L4 vertebrae confirmed that E2 increased
the trabecular BV/TV and trabecular number in OVX WT but
not in OVX ERαAF-10 mice compared with vehicle-treated mice
(Table S2). There was a nonsignificant trend that E2 reduced the
number of osteoclasts on the bone surface of the trabecular bone
in L4 vertebrae in OVX WT mice but not in OVX ERαAF-10

mice, and E2-treated OVX WT mice had significantly lower
(−25%; P < 0.01) numbers of osteoclasts per bone surface than
E2-treated OVX ERαAF-10 mice (Table S2).
Cortical bone analyses showed that E2 treatment increased the

femoral cortical mineral content in OVX WT mice, which was
attributable to increased cortical bone area and cortical volu-
metric bone mineral density (vBMD; Table S1). The increased
cortical bone area was caused by an increased cortical thickness
as a result of reduced endosteal circumference but unchanged
periosteal circumference (Table S1 and Fig. 3B). As expected,
these cortical bone parameters were not influenced by E2 in OVX
ERα−/− mice (Table S1 and Fig. 3B). Similarly, the cortical bone
of ERαAF-20 mice was not responsive to E2 treatment (Table S1
and Fig. 3B). Remarkably, however, a normal E2 response was
seen on the cortical bone parameters in OVX ERαAF-10 mice
(Table S1 and Fig. 3B). Detailed analyses of cortical bone by using
μCT confirmed that a normal E2 effect on cortical bone thickness
was seen in OVX ERαAF-10 mice (94 ± 12% of the E2 response
inWTmice; Fig. 4B andD). Dynamic cortical histomorphometric
analysis of the endosteal surface of the femur diaphyseal cortex
demonstrated that E2 reduced the endosteal circumference by
increasing the endosteal mineralized surface/bone surface and
bone formation rate in OVXWT and OVXERαAF-10 mice (Fig.
4E and Table S2). Fig. 4F summarizes the compartment-specific
role of AF-1 in the skeletal effects of E2: the effect on trabecular
bone parameters (trabecular BV/TV and trabecular thickness) is
lost whereas the effect on cortical bone parameters (cortical
thickness and cortical vBMD) is essentially normal in OVX
ERαAF-10 mice. These findings demonstrate that both ERαAF-1
and ERα AF-2 are required for the E2 response in trabecular
bone, whereas only ERα AF-2 is required for the E2 response in
cortical bone. Gene expression analyses were performed to
evaluate the role of ERα AF-1 for the effect of E2 on expression
of genes previously known to be regulated by E2 in bone.We have
previously, in an extensive microarray analysis, identified the
leukemia inhibitory factor receptor (LIFR) and IL-1 receptor
antagonist (IL-1ra) mRNA levels to be significantly increased in
bone by both long-term and short-term treatment with E2 inOVX
mice (24). In addition, osteoprotegerin (OPG) mRNA levels are
increased by E2 treatment (25, 26). As expected, E2 treatment
increased the mRNA levels of LIFR, IL-1ra, and OPG in bone
from OVX WT mice (Fig. 5). No E2 effect on LIFR or IL-1ra
mRNA levels but a normal E2 response on OPG mRNA levels
was seen in OVX ERαAF-10 mice (Fig. 5), suggesting that the
role of ERα AF-1 for mediating the E2 effects was transcript-
dependent.
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Fig. 1. Schematic presentation of the ERα gene and proteins expressed in
WT mice, mice with specific inactivation of the ERα A/B domains (ERαAF-10),
and mice with specific inactivation of AF-2 in ERα (ERαAF-20). (A) Amino acids
2 to 148 are deleted in the ERαAF-10 mice and aa 543 to 549 are deleted in the
ERαAF-20 mice. Both the main protein initiated by the translational initiation
codon in exon 1 (ATG1) and the less abundantly expressed protein initiated
by the initiation codon in exon 2 (ATG2) are shown for each genotype. (B)
Western blot demonstrates ERα expression in uterus from ERαAF-20 but not
from ERα−/− mice.
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Fig. 2. Role of ERα AF-1 and ERα AF-2 in the effect of E2 on total body
aBMD. Total body aBMD as analyzed by DXA in ERα−/−, ERαAF-20, and ERαAF-
10 and their corresponding WT mice after sham operation plus vehicle
treatment (Sham), ovariectomy plus vehicle treatment (OVX), or ovariectomy
plus E2 treatment (OVX + E2) (*P < 0.05, Student t test vs. OVX; values are
means ± SEM; n = 7–12).
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Role of ERα AF-1 Is Tissue-Dependent. As the immune system is
involved in the regulation of bone metabolism, we evaluated the
role of ERα AF-1 and ERα AF-2 for the E2 response on immune
cells in bone marrow and thymus. In addition, as comparison, the
E2 responses on two other major E2-responsive nonbone
parameters, uterine and liver weights, were evaluated. As ex-
pected, E2 treatment resulted in a significant effect on estrogen-
responsive bone marrow parameters (reduced bone marrow
cellularity and frequency of B lymphocytes; P < 0.01) and non-
bone parameters (increased uterine weight and liver weight but
reduced thymus weight; P < 0.01) in WT mice (Table S3). No
effect of E2 on any of these parameters was seen in the OVX
ERα−/− mice, demonstrating that the E2 effects on all these
parameters are mediated via ERα (Table S3 and Fig. 6). Similarly,
no E2 response on any of these parameters was seen in OVX
ERαAF-20 mice, showing that an intact ERα AF-2 is required for
the effects of E2 on these parameters (Fig. 6). Interestingly, the
E2 response varied between the different parameters evaluated
in the ERαAF-10 mice. Similarly, as seen for trabecular bone
parameters, no significant E2 response was seen on thymus weight
(13± 7% of E2 response inWTmice), and similar to that seen for
cortical bone parameters, a normal E2 response was seen on liver
weight (109 ± 28% of E2 response in WTmice) in OVX ERαAF-
10 mice (Fig. 6). A clearly reduced and only minor E2 response
was seen for the uterine weight (23 ± 5% of E2 response in WT
mice; Fig. 6) and the bone marrow cellularity (30 ± 9% of E2
response in WT mice; Fig. 6), and an intermediate E2 response
was seen for the frequency of B lymphocytes in the bone marrow

(55 ± 7% of E2 response in WT mice; Fig. 6). Finally, we eval-
uated the effect of E2 on Ig secretion from bone marrow-derived
B cells as an indicator of B-cell activity. E2 treatment increased
IgG, IgM, and IgA secretion in OVXWTmice (Table S3). These
analyses were not available for the ERα−/− mice, but in the OVX
ERαAF-20 mice, no effect of E2 treatment on Ig secretion was
seen, demonstrating that ERα and its AF-2 are required for these
effects (Table S3). The E2 responses on IgG (43 ± 12% of E2
response in WT mice), IgM (45 ± 13% of E2 response in WT
mice), and IgA (40 ± 12% of E2 response in WT mice) secretion
were intermediate in OVX ERαAF-10 mice. In Fig. 6, a summary
of the role of ERα AF-1 and ERα AF-2 for the effect of E2 on
several different E2-responsive parameters is given, demonstrat-
ing that ERα AF-2 is required for all evaluated parameters,
whereas the role of ERαAF-1 is clearly tissue-dependent (Fig. 6).

Discussion
Characterization of estrogen signaling in bone versus other tissues
might identify tissue-specific targets and thereby contribute to the
development of a novel treatment of osteoporosis with minimal
side effects in nonbone tissues. The bone-sparing effect of estro-
gen is primarily mediated via ERα. As the roles of AF-1 and AF-2
in ERα previously have been evaluated only in vitro, we have
developed mouse models with specific deletions of AF-1 or AF-2
in ERα. These mouse models allowed us to determine the roles of
ERα AF-1 and AF-2 for several bone-related parameters and for
some other major estrogen-responsive parameters. Our main
findings in this study, focusing on bone parameters, are that AF-2
in ERα is required for the estrogenic responses on all parameters
evaluated whereas the role of AF-1 in ERα is tissue-specific, with
a crucial role in trabecular bone and uterus but not cortical bone.
ERα is essential for the negative feedback regulation of serum

sex steroids as reflected by elevated levels of testosterone, E2, and
LH in female ERα−/−mice (27, 28). In the present study, we made
the observation that not only female ERα−/− but also female
ERαAF-20 and ERαAF-10 mice had elevated serum levels of
testosterone, E2, and LH compared with their corresponding WT
mice, demonstrating that a normal negative feedback regulation
of serum sex steroids requires an intact AF-1 and an intact AF-2
in ERα. Although ERα is crucial for the effect of E2 on bone
mass, it has been shown that the bone mass in gonadal-intact
female ERα−/− mice is preserved as a result of their elevated
ovarian-derived testosterone and estradiol levels, which in turn
preserve the bone mass via an activation of the androgen receptor
and/or ERβ (9, 10). As the elevated serum levels of testosterone
and estradiol are known to confound the interpretation of data
regarding bone mass in gonadal-intact female ERα−/− mice (10),
and probably also in gonadal-intact female ERαAF-20 and
ERαAF-10 mice, the sham groups of the three KO mouse models
were not further analyzed.
As expected, E2 treatment increased the total body aBMD as

a result of increased amount of both trabecular and cortical bone
in OVX WT mice. The E2 effect in trabecular bone was mainly
caused by an increased number of trabeculae whereas the effect
in cortical bone was caused by an increased cortical thickness as
a result of increased endosteal bone formation. In contrast, no
E2 effect on any of these bone parameters was seen in OVX
ERα−/− mice with complete inactivation of the ERα protein,

Table 1. Role of ERα AF-1 and ERα AF-2 for the negative feedback regulation of serum sex
steroids

Steroid

ERα−/− ERαAF-20 ERαAF-10

WT KO WT KO WT KO

Testosterone (ng/mL) ND 0.87 ± 0.10* ND 0.33 ± 0.07* ND 0.25 ± 0.08*
Estradiol (pg/mL) 5.2 ± 1.1 42.7 ± 11.6* 11.3 ± 1.5 28.6 ± 5.4* 8.2 ± 2.0 17.8 ± 2.3*
LH (ng/mL) 0.15 ± 0.08 0.60 ± 0.10* 0.40 ± 0.08 1.18 ± 0.50* 0.28 ± 0.02 0.43 ± 0.04*

Measurements of testosterone, estradiol, and LH in ERα−/−, ERαAF-20 and ERαAF-10 mice. ND, not detectable.
*P < 0.05, Student t test vs WT mice (n = 5–13).
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Fig. 3. Role of ERα AF-1 and ERα AF-2 for the effect of E2 in trabecular and
cortical bone. OVX ERα−/−, ERαAF-20, and ERαAF-10 and their corresponding
WT mice were treated with vehicle or E2 for 4 wk. (A) Trabecular bone (i.e.,
BV/TV) in L5 vertebra analyzed by using μCT. (B) Cortical thickness in femur
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SEM; n = 8–12).
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confirming previous studies showing that ERα is the major ER
with an impact on adult bone homeostasis (9, 10). Similarly, no
effect on any of these bone parameters was seen in the OVX
ERαAF-20 mice, clearly demonstrating that AF-2 in ERα is
crucial for the effects of E2 on both the trabecular and cortical
bone compartments. Interestingly, an intermediate E2 response
on total body aBMD, as analyzed by DXA, was seen in the OVX
ERαAF-10 mice. It is of importance to note that the DXA
technique, although extremely useful clinically, cannot distin-

guish between the cortical and trabecular bone compartments.
Further detailed analyses using CT and histomorphometry
revealed a normal E2 response in cortical bone but no E2 re-
sponse in trabecular bone in the OVX ERαAF-10 mice. Thus,
AF-1 in ERα is dispensable for the effects of E2 in cortical but
not trabecular bone. Khosla and coworkers recently proposed
that the main physiological target for estrogen in bone is cortical
and not trabecular bone (1). This statement is based on a num-
ber of observations. First, detailed clinical investigations using
CT revealed that trabecular bone loss begins in sex hormone-
replete young adults of both sexes and might be the result of cell
autonomous age-related factors as suggested by Manolagas (1,
29). Second, the same studies, using CT, demonstrated that the
onset of cortical bone loss in humans is closely tied to estrogen
deficiency. Thus, for cortical bone, which comprises more than
80% of the skeleton and is likely the major contributor to overall
fracture risk, there are data supporting the view that estrogen
deficiency is the major cause of bone loss (1). The data in the
present study that the effect of E2 on cortical bone mass is ERα
AF-1–independent might, therefore, be useful for the de-
velopment of selective ER modulators with stimulation of ERα
with minimal activation of ERα AF-1, as such substances could
exert beneficial actions in cortical bone while minimizing the AF-
1–dependent effects on reproductive organs.
The mechanism behind the crucial role of ERα AF-1 in the

trabecular but not the cortical bone is unknown. It might include
different expression patterns of coregulators in trabecular versus
cortical bone. In vitro studies have revealed that the steroid re-
ceptor coactivator (SRC)-1 is cooperatively recruited by AF-1
and AF-2 in ERα and thereby mediates synergism between the
two AFs (30). Importantly, when OVX SRC-1 KO mice were
treated with E2, the normal estrogenic response was absent in
the trabecular bone and uterus whereas it was normal in cortical
bone (31). Thus, these estrogenic responses in the SRC-1 KO
mice show a similar pattern as our results for the ERαAF-10
mice, suggesting that SRC-1 might be involved in the AF-1–
dependent E2 effects in trabecular bone and uterus but not in the
AF-1–independent E2 effects in cortical bone in female mice.
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Fig. 4. Detailed bone analyses of the effect of E2 in ERαAF-10

mice. OVX ERαAF-10 mice and WT mice were treated with
vehicle or E2 for 4 wk. Analyses with μCT demonstrated that
the E2 response seen on trabecular number (A and C; μCT
analyses of L5 vertebra) was lost whereas the E2 response on
cortical bone (cortical thickness, B and D; μCT analyses of fe-
mur diaphysis) was normal in the OVX ERαAF-10 mice com-
pared with OVX WT mice (*P < 0.05, Student t test vs. OVX).
Representative μCT figures illustrating the E2 response in (A)
trabecular bone (L5 vertebra) and (B) cortical bone (femur
diaphysis) in OVX WT and OVX ERαAF-10 mice. (E) Dynamic
histomorphometric analyses of the endosteal surface of the
femur diaphysis demonstrated that E2 increased the miner-
alized surface/bone surface (MS/BS) in both OVX WT and
OVX ERαAF-10 mice. (F) The normal estrogenic responses for
some trabecular (BV/TV and trabecular number) and cortical
(cortical thickness and cortical vBMD) bone parameters in E2-
treated OVX WT mice is set to 100% and the bars represent
the E2 response for OVX ERαAF-10 mice in percent of E2 re-
sponse in OVX WT mice. Thus, 0% means no E2 response
whereas 100% is a normal E2 response. Values are means ±
SEM (n = 9–11).
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given as ratios versus 18S (n = 6–10)].

Börjesson et al. PNAS | April 12, 2011 | vol. 108 | no. 15 | 6291

PH
YS

IO
LO

G
Y



Recent studies using cell-specific ERα inactivation demonstrate
that osteoclast ERα is important for the bone-sparing effect of
estrogen in the trabecular but not the cortical bone compartment
(32, 33). In addition, it was recently demonstrated by Manolagas
and coworkers that deletion of ERα in mesenchymal progenitors
(using Prx1-Cre) or mature osteoblasts (using 2.3-kb Col1a1-Cre)
decreases cortical bone thickness and increases osteoblast apo-
ptosis, respectively, whereas the trabecular bone is unaffected in
these mice (34). These results suggest that estrogen acting through
the ERα exerts cell-autonomous effects on mesenchymal cells/
osteoblasts, and that these actions are responsible for the effects of
estrogens in the cortical bone compartment. Our present findings
that ERαAF-1 is crucial for the estrogenic effect in trabecular but
not cortical bone, together with the aforementioned findings,
suggest that estrogen preserves the trabecular bone via osteoclast
ERα involving AF-1 whereas it preserves the cortical bone via
osteoblast/mesenchymal ERα not involving AF-1 in ERα.
We performed gene expression analyses to evaluate the role of

ERα AF-1 for the effect of E2 on expression of genes previously
known to be regulated by E2 in bone. Two of three analyzed
transcripts were regulated by E2 in both OVX WT and OVX
ERαAF-10 mice, whereas a third transcript was regulated in
OVX WT mice but not in OVX ERαAF-10 mice, suggesting that
the role of AF-1 in ERα for mediating the E2 effects in bone
was transcript-dependent.
As it is proposed that the immune system is involved in the

regulation of bone metabolism, we evaluated the role of ERαAF-
1 and ERα AF-2 for the E2 response on immune cells in bone
marrow and thymus. ERα and AF-2 were crucial for the E2 effect
on all the evaluated immune-related parameters. Analyses of
OVX ERαAF-10 mice, demonstrated that the E2 responses on
the immune parameters were intermediate compared with the E2
response in WT mice. Thus, these E2 effects were facilitated by
AF-1, but AF-1 is not essential for these intermediary immune-
related effects. Finally, to identify estrogen signaling specific for
bone, the roles of the AF-1 and AF-2 in ERα for two other major
E2-responsive nonbone related parameters, uterine and liver
weights, were evaluated. Similar to the results we described ear-
lier, the normal E2-induced increase in uterine weight was de-
pendent on ERα AF-1 (23), and we demonstrated here that the
effect of E2 on uterine weight also required an intact AF-2. The

effect of E2 on liver weight required a functional AF-2 whereas
AF-1 was dispensable for the E2 effect on liver weight. In addi-
tion, we recently described that ERα AF-1 is dispensable for E2-
induced vascular protection (23). Thus, similar to what was seen
for the bone parameters, AF-2 in ERα is required for all evalu-
ated parameters whereas the role of AF-1 is tissue-dependent
(Fig. 6). This suggests that the transactivation via AF-2 is required
in all examined tissues, but, for some tissues, the full estrogenic
response is acquired only when both AF-2 and AF-1 are present.
The role of ERαAF-1 andERαAF-2 for othermajor E2-responsive
tissues should be assessed in future studies.
The respective roles of the full-length ERα66 (harboring both

AF-2 and AF-1) and the shorter, naturally occurring but less
expressed, AF-1 deficient ERα46 could be estimated by using the
ERαAF-10 mice. Our findings suggest that the effect of E2 in
cortical bone and on liver weight but not in trabecular bone or on
uterine weight could be mediated via ERα46. In addition, we
recently provided evidence that the vasculoprotective actions of
E2 could be mediated by ERα46 (23). Future work should de-
termine if ERα46 is differentially expressed in cortical versus
trabecular bone.
In vitro experiments have demonstrated that AF-1 in ERα has

the capacity to exert effects in a ligand-independent manner, and
we recently demonstrated in vivo, by using ERαAF-10 mice, that
AF-1 in ERα exerts an atheroprotective action independently of
the binding of E2 to ERα (23, 35). In the present study, we could,
by comparing OVX ERαAF-20 and OVX ERαAF-10 mice with
their respective OVX WT mice, evaluate the possible ligand-
independent roles in bone of AF-1 and AF-2 in ERα. However,
in the estrogen-deficient state, we did not see any significant
difference for any evaluated trabecular or cortical bone param-
eters, suggesting that ligand-independent ERα AF-1– or ERα
AF-2–mediated mechanisms are not crucial for adult bone
homeostasis.
In conclusion, a normal negative feedback regulation of serum

sex steroids requires both an intactAF-1 andAF-2 inERα. Ligand-
independent ERα AF-1– or ERα AF-2–mediated mechanisms
are not crucial for adult bone homeostasis. AF-2 in ERα is re-
quired for the estrogenic responses on all parameters evaluated,
whereas the role of AF-1 is tissue-specific, with a crucial role in
trabecular bone and uterus but not cortical bone. Selective
ER modulators stimulating ERα with minimal activation of ERα
AF-1 could retain beneficial actions in cortical bone, constituting
80% of the skeleton, and on vascular protection while minimizing
the effects on reproductive organs.

Materials and Methods
Generation of Mice. All experimental procedures involving animals were
approved by the ethics committee of Gothenburg University. The generation
of ERα−/− and ERαAF-10 mice has previously been described (23, 36). The
ERαAF-10 mice have a deletion of 441 bp of exon 1, corresponding to aa 2 to
148, with a preserved translational initiation codon in exon 1 (ATG1; Fig.
1A). The ERαAF-10 mice do not express any full-length 66-kDa protein (23).
Instead they express a truncated 49-kDa ERα protein that lacks AF-1 and also
the physiologically occurring but less abundantly expressed 46-kDa ERα
isoform initiated by a second translational initiation codon in exon 2 (ATG2;
Fig. 1A). ERαAF-20 mice were generated through the strategy outlined in Fig.
1A. Briefly, ERαAF-20 mice have a deletion of the AF-2 core, which resides
within exon 8 and corresponds to aa 543 to 549 (Fig. 1A). Western blot
analysis demonstrated that ERαAF-20 but not ERα−/− mice express proteins
initiated from the initiation codon in exon 1 (ATG1) and the initiation codon
in exon 2 (ATG2; Fig. 1B). The sizes of these proteins in ERαAF-20 mice are
slightly smaller (corresponding to the 7-aa truncation located in the AF-2
region) than the WT ERα proteins of 66 kDa and 46 kDa, respectively. Further
details are provided in SI Materials and Methods.

OVX or sham operation was performed on 12-wk-old female mice. The
OVX mice were treated with vehicle or E2 (167 ng/mouse/d) and the sham-
operated mice were treated with vehicle for 4 wk using slow-release pellets
inserted s.c. (Innovative Research of America).

Western Blot. Western Blot was essentially performed as described previously
(37). Further details are provided in SI Materials and Methods.
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Measurement of Serum Hormone Levels. Commercially available RIA kits were
used to assess serum concentrations of testosterone (ICN Biomedicals), E2
(Siemens Medical Solutions), and LH (Immunodiagnosticsystems).

X-Ray Analyses. DXA analyses of total body aBMD were performed using the
Lunar PIXImus mouse densitometer (Wipro GE Healthcare).

CT scans of the femur were performed by using pQCT XCT RESEARCH M
(version 4.5B; Norland) as described previously (13, 38). The μCT analyses
were performed on the distal femur and lumbar vertebra (L5) using a model
1072 scanner (Skyscan) (9, 39, 40). Further details are provided in SI Materials
and Methods.

Histomorphometric Analyses. Trabecular bone in L4 vertebrae and cortical
bone in the middiaphyseal region of femur were evaluated by using static
and dynamic histomorphometric analyses (41–43). Further details are pro-
vided in SI Materials and Methods.

Quantitative Real-Time PCR Analysis. Total RNA from whole humerus was
prepared for real-timePCRanalysis. Further details areprovided in SIMaterials
and Methods.

Bone Marrow and Thymus Cellularity and Cell Distribution. For flow cytometry
analyses, cells were stained with phycoerythrin-conjugated antibodies to

CD19 for detection of B lymphocytes. The cells were then subjected to FACS

analysis on a FACSCalibur device (BD Pharmingen). Further details are pro-

vided in SI Materials and Methods.

Enzyme-Linked Immunosorbent Spot Assay. Enumeration of IgM-, IgG-, and
IgA-secreting bone marrow cells was performed by using the enzyme-linked

immunosorbent spot technique (44). The number of Ig-secreting cells was

expressed as the frequency of spot-forming cells per 103 CD19+ cells. Further

details are provided in SI Materials and Methods.
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