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ABSTRACT

B-Estradiol induced «,,-adrenergic receptor desensitization in
U373 MG cells stably expressing «4,-adrenoceptors, as evi-
denced by a reduction in the adrenergic-mediated Ca®" mobili-
zation; desensitization was associated with receptor phosphory-
lation and internalization. These effects of B-estradiol were rapid
(taking place during 15 min) and were blocked by the estrogen
receptor antagonist ICI 182,780 (faslodex). Likewise, inhibitors of
phosphoinositide 3-kinase [wortmannin and 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one (LY294002)] and of protein ki-
nase C [staurosporine, 3-[1-[3-(amidinothio)propyl-1H-indol-3-
yl]-3-(1-methyl-1H-indol-3-yl) maleimide (Ro31-8220), and
rottlerin] blocked the desensitization and phosphorylation of

a4p-adrenoceptors induced by estradiol. The formation of a
complex was suggested by coimmunoprecipitation assays.
The regulatory and catalytic subunits of phosphoinositide 3-ki-
nase (p85 and p110) and protein kinase C & were associated
with a4,-adrenoceptors in the absence of stimulus, and such
association further increased in a dynamic fashion in response
to B-estradiol. In cells cotransfected with the estrogen receptor
«a and a4 ,-adrenoceptors, B-estradiol induced phosphorylation,
desensitization and internalization of the adrenergic receptors;
pretreatment with ICl 182,780 inhibited these effects. Our data
support the idea that estrogens modulate «,,-adrenergic ac-
tion through estrogen receptor «.

a;-Adrenoceptors (a;-ARs) mediate many of the actions of
the natural catecholamines adrenaline and noradrenaline in
the body’s cells, including those in the cardiovascular, geni-
tourinary and central nervous systems (Garcia-Sdinz et al.,
1999). Consequently, knowledge of the molecular events that
control their function is of major importance for the under-
standing of the marvelous physiological balance that we call
“health”. These receptors also participate in the pathogenesis
of diseases, such as hypertension or benign prostatic hyper-
trophy, and synthetic agonists and antagonists are currently
used in everyday medical practice.

a;,-ARs are members of the superfamily of the seven
transmembrane domain G-protein-coupled receptors. The
function of these receptors is regulated through many differ-
ent processes with different time frames. Receptor phosphor-
ylation seems to be a cardinal initial event in desensitization
of G protein-coupled receptor signaling. Two major types of
desensitization exist: homologous and heterologous desensi-
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tization. Homologous desensitization, in which receptors
occupied by agonists reduce their responsiveness, mainly
involves receptor phosphorylation by G protein-coupled re-
ceptor kinases. Heterologous desensitization, in which acti-
vation of nonadrenergic receptors desensitizes adrenergic re-
ceptors, mainly involves phosphorylation of receptors and
other signaling entities by second messenger-activated Kki-
nases, such as protein kinases A and C (Garcia-Sdinz et al.,
2000; Ferguson, 2001).

Receptor phosphorylation increases the affinity of recep-
tors for a family of cytoplasmic proteins known as arrestins.
Recruitment of arrestins desensitizes signaling by blocking
G-protein interaction with receptors. In addition, arrestins
act as adapters to facilitate the endocytosis of G protein-
coupled receptors mediated by clathrin-coated pits (Pitcher
et al., 1998; Penn et al., 2000). Internalized receptors are
ultimately dephosphorylated and recycled back to the plasma
membrane or ubiquitin-targeted for degradation (Pitcher et
al., 1995, 1998).

In organisms, cells are in contact with the internal milieu,
the composition of which is constantly changing to preserve
homeostasis. Under the action of hormones, neurotransmit-
ters, autocoids, and growth factors, cells modify their respon-
siveness to many stimuli. During the last few years, our
group has studied how the activation of a variety of nonad-

ABBREVIATIONS: AR, adrenergic receptor; PI3K, phosphoinositide 3-kinase; ER, estrogen receptor; LY294002, 2-(4-morpholinyl)-8-phenyl-4H-
1-benzopyran-4-one; Ro31-8220, 3-[1-[3-(amidinothio)propyl-1H-indol-3-yl]-3-(1-methyl-1H-indol-3-yl) maleimide; ICI 182,780, faslodex; HEK,
human embryonic kidney; EGFP, enhanced green fluorescent protein; TPA, 12-O-tetradecanoylphorbol-13-acetate.
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renergic receptors can induce «;;,-AR phosphorylation. Thus,
it has been observed that activation of seven transmembrane
domain receptors coupled to G/, (such as endothelin ET,
receptors or bradykinin B2 receptors) (Vazquez-Prado et al.,
1997; Medina et al., 1998) or G; (such as lysophosphatidic
acid receptors) (Casas-Gonzdlez et al., 2003) or receptors
with intrinsic tyrosine kinase activity (such as those for
epidermal growth factor, platelet-derived growth factor, and
insulin) (Medina et al., 2000; Garcia-Sdinz et al., 2004) can
induce a;,-AR phosphorylation and desensitization. Protein
kinase C and phosphoinositide 3-kinase (PI3K) are key par-
ticipants in these effects (reviewed by Garcia-Sdinz et al.,
2000).

Estrogen receptors are steroid hormone nuclear receptors
which, when bound to estrogens, modulate the transcrip-
tional activity of target genes. There are two estrogen recep-
tor isoforms that arise from different genes: ER-a and ER-
(Koike et al., 1987; Kuiper et al., 1996). Despite the clarity
with which the estrogen receptors have been shown to act as
transcriptional factors, many studies support the notion that
not all biological effects of estrogens, such as 17B-estradiol,
are accomplished via regulation of gene expression (Simon-
cini et al., 2000; Segars and Driggers, 2002). Estrogens in-
duce a rapid activation of diverse signal transduction path-
ways in a period (seconds to minutes) that is inconsistent
with the possibility of being mediated by synthesis of RNA or
protein; furthermore, these effects are usually insensitive to
inhibitors of RNA and protein synthesis (Lagrange et al.,
1997).

It was recently observed that ER-a directly associates with
the p85a regulatory subunit of PI3K in a hormone-dependent
manner leading to activation of the PI3K/Akt signaling path-
way (Lagrange et al., 1997; Simoncini et al., 2000; Segars and
Driggers, 2002). Because our previous work suggested a key
role for PI3K in «,,-AR phosphorylation and desensitization,
we tested whether 17B-estradiol had any effect. Our data
showed that activation of ER-« induced «;,-AR phosphoryla-
tion, desensitization and internalization; these effects seem
to involve the interaction of signaling entities such as recep-
tors and kinases forming a signaling complex (signalplex)
(Neve, 2005).

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium, fetal bovine se-
rum, and other reagents used for cell culture were obtained from
Invitrogen. Noradrenaline, phentolamine, 173-estradiol, wortman-
nin, LY294002, staurosporine, Ro31-8220, rottlerin, and protease
inhibitors were from Sigma Chemical Co (St. Louis, MO). ICI
182,780 was from Tocris Cookson Inc. (Ellisville, MO). Sepharose-
coupled protein A was from Upstate Biotechnology (Lake Placid,
NY). Nitrocellulose membranes were from Bio-Rad (Hercules, CA).
All primary antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA), except the anti-a;,-AR, which was generated in our lab-
oratory against carboxyl terminus decapeptide of the hamster
aq,-AR (Vazquez-Prado et al., 1997). This antiserum immunoprecipi-
tates a;,-ARs with high efficacy (~80% of photolabeled receptors)
and selectivity (Vazquez-Prado et al., 1997). Secondary antibodies
were from Zymed Laboratories (South San Francisco, CA) and the
chemiluminescence kits were obtained from Pierce (Rockford, IL).
[*?P]P; (8500-9120 Ci/mmol), [aryl-'?*I]azidoprazosin (2200 Ci/
mmol), and [*H]prazosin (78 Ci/mmol) were from PerkinElmer Life
and Analytical Sciences (Boston, MA).
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Cell Lines and Culture. HEK-293 transfected cells with human
a1,-AR-EGFP without or with human ER-a and U373 MG wild type
or transfected with the hamster a,,-AR were cultured in glutamine-
containing high-glucose Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 1% pyruvate, 1% nonessential
amino acids, 300 pug/ml neomycin analog G-418 sulfate, 100 pg/ml
streptomycin, 100 U/ml penicillin, and 0.25 pwg/ml amphotericin B at
37°C under a 95% air/5% CO, atmosphere. In all experiments, U373
MG wild type or transfected confluent cells were serum-deprived for
48 h in unsupplemented Dulbecco’s modified Eagle’s medium (with-
out phenol red), and HEK-293 transfected cells were serum-deprived
for 24 h under the same conditions.

Receptor Binding and Photoaffinity Labeling. Membranes
were prepared and radioligand binding and photoaffinity labeling
studies were performed as described previously (Vazquez-Prado et
al., 1997) (see Supplemental Data 1).

Intracellular Free Calcium Concentration ([Ca?*];) Mea-
surements. Determinations were made in cells loaded with Fura-2
acetoxymethyl ester using an Aminco-Bowman Series 2 Spectrome-
ter and [Ca®"]; was calculated as described previously (Grynkiewicz
et al., 1985) (see Supplemental Data 1).

Determination of a,,-AR Phosphorylation. Receptor phos-
phorylation studies were performed as described previously
(Vazquez-Prado et al., 1997) with some modifications (see Supple-
mental Data 1).

Western Blot and Akt Phosphorylation Assays. After treat-
ment with or without ICI 182,780, inhibitors, and/or 17B-estradiol,
cells were washed with ice-cold phosphate-buffered saline and lysed
for 1 h on ice as described previously (see Supplemental Data 1). Cell
lysates were centrifuged at 12,700g for 15 min, and proteins in
supernatants were quantified. In all immunoblot assays, equal
amounts of protein (70 ug) were separated by electrophoresis on 10%
SDS-polyacrylamide gel electrophoresis. Proteins were electrotrans-
ferred to nitrocellulose membranes, and immunoblotting was per-
formed. Incubation with ER-«, Akt, or p-Akt selective antibody was
for 12 h at 4°C and with the secondary antibody for 30 min at room
temperature. Super signal enhanced chemiluminescence kits were
used, exposing the membranes to X-Omat X-ray film.

Coimmunoprecipitation Studies. «;,-ARs were immunopre-
cipitated as described previously (Vazquez-Prado et al., 1997) with
minor modifications. In brief, after treatment with ICI 182,780,
inhibitors, and/or 17B-estradiol, cells were washed with ice-cold
phosphate-buffered saline and lysed for 1 h as described above. Cell
lysates were centrifuged at 12,700g for 15 min, and the supernatants
were incubated overnight at 4°C with the anti-a;,-AR or ER-«a anti-
serum (Vazquez-Prado et al., 1997) and protein A-Sepharose. After
two washes with 50 mM HEPES, 50 mM NaH,PO,, 100 mM NacCl,
pH 7.4, and 0.1% Nonidet P-40, the immune complexes were dena-
tured by boiling in SDS sample buffer containing 5% B-mercapto-
ethanol and subjected to 7.5% SDS-polyacrylamide gel electrophore-
sis. Proteins were electrotransferred to nitrocellulose membranes
and immunoblotting was performed. Incubation with the ay,-AR,
ER-a, PI3K 110«, PI3K 85, or protein kinase C isoenzyme-selective
antibodies was for 12 h at 4°C and with the secondary antibody for 30
min at room temperature. Super signal-enhanced chemilumines-
cence kits were used, exposing the membranes to X-Omat X-ray
films; all coimmunoprecipitations were assessed by densitometric
analysis.

Human «,,-AR Constructs and Expression in U373 MG and
HEK-293 Cells. The full-length cDNA encoding the human a;,-AR
[generously provided by Dr. Gozoh Tsujimoto (Department of
Genomic Drug Discovery Science, Faculty of Pharmaceutical
Sciences, Kyoto University, Kyoto, Japan)] was amplified and
its stop codon was removed by polymerase chain reaction before
insertion into BglII/ EcoRI sites of pEGFP-N1 vector (Clontech,
Mountain View, CA) to generate a receptor tagged at the C terminus
with the enhanced green fluorescent protein (EGFP). Primers
used were: a,5Bglll, 5’GGAAGATCTCCACCATGAATCCCGACCT-
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GGACACCG3’; and a;gEcoRI, 5'CCGGAATTCCAAACTGCCCGG-
GCGCCAGS3'. The presence of the correct nucleotide sequences was
verified by double-stranded DNA sequencing.

HEK-293 and U373 MG cells were transfected with the «;,-AR-
EGFP plasmid construction using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. As a control, U373 MG cells
were transfected with the pEGFP-N1 vector. Assays were made 48 h
after transfection.

Human ER-a Transfection in HEK-293 Cells. Cells were co-
transfected with plasmids containing the human «,,-AR-EGFP and
human ER-a using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol. ER-a ¢cDNA was inserted in pT7B vector
[generously provided by Dr. Fernando Larrea and Rocio Garcia (In-
stituto Nacional de Ciencias Médicas y Nutricion “Salvador Zubi-
ran”, Ciudad de México, México)].

Confocal Microscopy. Confocal images were obtained using a
MCR 1024 Bio-Rad confocal system interfaced to a TMD 300 Nikon
Diaphot inverted light microscope with a 100X/1.3 numeric aperture
glycerol-immersion objective. EGFP was excited using the 488-nm
line of a krypton/argon laser and the emitted fluorescence detected
with a band pass filter at 515 to 540 nm. All images were obtained
using a numeric aperture of 1.3 and the same laser percentage, iris
aperture, and gain. Operating the laser at a low power setting
(97-99% attenuation) substantially reduced photobleaching and
photodamage. Confocal images were viewed, processed, and con-
verted to TIFF format with Todd Clark’s program Confocal Assistant
4.2. Assays were made with cells growing on a coverglass-based
chamber. When stimuli were added, the solution was pipetted di-
rectly into the chamber.

Statistical Analysis. All data were analyzed by using a one-way
analysis of variance followed by Bonferroni’s post test. A value of p <
0.05 was considered statistically significant and it is so stated in the
figure legends. Prism (ver. 4; GraphPad Software, San Diego, CA)
was used for calculating probability values.

Results

ERa and «,,-AR Expression in U373 MG Cells. U373
MG is an astrocytoma cell line that constitutively expresses
ER-a (Fig. 1A). The expression of ER-B is either very low or
absent because it was not clearly detected by Western blot
analysis; T47D cells that express both receptors (ER-o/ER-B

ratio approximately 9:1) (Strom et al., 2004) were used for
comparison (Fig. 1A). It has been reported that U373 MG
cells express a low density of a;,-ARs that are coupled to
phosphoinositide hydrolysis and calcium mobilization (Arias-
Montanio et al., 1999). However, we observed that under our
culture conditions, only a few cells weakly responded to
a,,-AR stimulation. In the experiments with these cells, we
were essentially unable to detect a functional response or
receptor expression by photoaffinity labeling (Fig. 1C) or
radioligand binding studies (data not shown). Therefore, we
transfected these cells with the hamster «,,-AR, and a stable
cell line (U373 «,,,) was obtained that was used in all subse-
quent experiments. Radioligand binding, photoaffinity label-
ing, and Western blotting evidenced the stable expression of
these adrenoceptors. [*H]Prazosin binding saturation iso-
therms showed a saturable number of sites (B,,,. 229 *
13.87 fmol/mg of protein), and the Rosenthal (Scatchard)
transformation of the data showed a straight line consistent
with a homogenous population of «;,-ARs with high affinity
for the radioligand (K, 0.36 = 0.07 nM; means = SEM., n =
4). These levels of expression are within what has been
observed in cells that endogenously express these receptors.
Photoaffinity labeling using [aryl-*2*T]azidoprazosin allowed
the detection of a major band of ~80 to 85 kDa, correspond-
ing to the receptor, and a minor one of ~ 40 kDa, probably a
proteolytic product (Fig. 1C); the labeling of these bands was
specific as evidenced by competition by the «;-AR antagonist,
phentolamine (Fig. 1C). Data using membranes from rat-1
fibroblasts are presented for comparison (Fig. 1C) (Vazquez-
Prado et al., 1997).

Effect of 178-Estradiol on ¢;,,-AR Function and Roles
of PI3BK and Protein Kinase C. The functional effect of
a,,-ARs was next examined. It was observed that noradren-
aline (NA) increased the intracellular concentration of cal-
cium ([Ca®*];) ~ 2-fold almost immediately after addition to
the cells (Fig. 2A). The effect of noradrenaline was concen-
tration-dependent with an EC;, value of 0.58 uM (Fig. 2B). It
is noteworthy that cell treatment with 17B-estradiol for 15

vy

A

T47D U3T3IWT
22 250t
RE o.— (#8 S8 - 66 KDa ‘gg
Ea
§ g‘ 150+ £ Fig. 1. Endogenous ER-a and «a;,-AR transfection in U373
B E MG wild-type cells. A, T47D and U373 MG (U373 WT) cells
T47D U3T3WT S : -
e E 3 were lysed, proteins (70 pg) were separated by electro-
{ = BT phoresis, and the gels were electrotransferred for Western
RE [ — - - 55 KDa 5 Bound {fmolimg protsin) blot detection of ER-a and ER-B. B, representative binding
A . . saturation isotherm and the Rosenthal transformation of
~ 0.5 1.5 25 the data using membranes from U373 MG stably express-
[*H] Prazosin nM ing a;,-ARs (U373 a;,). C, photolabeling of «,,-ARs with
c D [aryl-'*?T]azidoprazosin (PZ) in the absence or presence of
phentolamine (Ph) in U373 WT cells, rat fibroblasts stably
Rat a4y U373WT U373 ay expressing a;,-ARs (Ratay,) and U373ay, cells. D, a;,-ARs
IPP: a,, -AR were immunoprecipitated from lysed Rat-1 cells express-
PZ PZ+Ph PZ PZ+Ph PZ PZ+Ph ing a;,-ARs and U373 «, cells and subjected to electro-
WB: o,,-AR f .
80 KD b phoresis, electrotransference, and Western blot analysis.
o " a In all cases, the data are representative of three or four
Rat a,, U373 a,, . DR
. experiments with similar results.
AR S S - 80 KDa
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min decreased in a concentration-dependent fashion the in-
crease in [Ca®"]; induced by a maximally effective concentra-
tion of noradrenaline (100 uM) (Fig. 2, A and C). The changes
in [Ca®"]; were not altered by yohimbine or propranolol, a,-
and B-adrenergic antagonists, respectively, but were com-
pletely blocked by phentolamine (Supplemental Data 2).
Treatment with 17B-estradiol diminished (~50-60%) the in-
crease in [Ca®"]; induced by noradrenaline (Fig. 2C) with an
EC;, value of 150 nM. The effect of 17p-estradiol treatment
(15 min) was abolished if cells were preincubated for 10 min
with 2 uM ICI 182,780, a selective estrogen receptor antag-
onist (Fig. 3A). ICI 182,780 did not block the small effect of
17B-estradiol and did not by itself induce any detectable
change in basal [Ca®*]; or alter the effect of noradrenaline
(Fig. 3A).

Protein kinase C and PI3K are key enzymes in a;,-AR
heterologous desensitization and phosphorylation (Vazquez-
Prado et al., 1997; Medina et al., 1998, 2000; Garcia-Sdinz et
al., 2004). The effect of different protein kinase C and PISK
inhibitors was tested to determine whether these enzymes
play a role in the «,,-AR desensitization induced by 17p3-
estradiol. The PI3K inhibitors wortmannin (100 nM) and
LY294002 (1 uM) blocked the effect of 17B-estradiol on ay-
AR-mediated increase in [Ca®];; similarly, the protein kinase
C inhibitors staurosporine, R031-8220, and rottlerin abol-
ished the effect of 17B-estradiol on the a4 -adrenergic action
(Fig. 3B). None of these inhibitors had any effect on the
increase in [Ca®*]; induced by noradrenaline (Supplemental
Data 3).

17B-Estradiol Induces «;,-AR Phosphorylation;
PI3K and Protein Kinase C Participate in This Event.
The possibility that the desensitization of «;,-ARs induced by
17B-estradiol could be related to receptor phosphorylation
was examined next. TPA and noradrenaline were used as

E2 (15 min)
NA NA

A\ N~

25 50 75 25 50 75 25 50 75
Time (s) Time (s) Time (s)

B ®+ C g“

E 8 £ 10

k3

T 3

5 5 ° 7
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ol = 5

= 2 el L]

g:g 1 L} ‘:{3 4L

= L..|_|_|_ = — |
9 7 5 9 7 5
Log [NA] M Log [E2] M

Fig. 2. Effect of different concentrations of noradrenaline (NA) and 173-
estradiol (E,) on intracellular free calcium concentration ([Ca®*];). U373
ay, cells were labeled with fura-2AM. A, representative tracings from
cells challenged with 1 uM E, (left), 100 uM noradrenaline (center) or E,
(15 min) + NA (right) are shown. B, cells were challenged with different
concentrations of NA. The maximum increase was considered as 100%. C,
cells were incubated with different concentrations of E, during 15 min
and then challenged with 100 uM NA. Mean values were plotted and
vertical lines represent the S.E.M. of five experiments performed with
different cell preparations.
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positive controls of a;,-ARs phosphorylation (Fig. 4A). As
shown in Fig. 4, 1 uM 17B-estradiol induced phosphorylation
of a;,-adrenergic receptors (~60% increase over basal phos-
phorylation) and ICI 182,780 (estrogen receptor antagonist)
blocked this effect. Inhibitors were used to determine
whether protein kinase C and PI3K participated in the a;,-
ARs phosphorylation induced by 17g-estradiol. Wortmannin
and LY294002 (inhibitors of PI3K) and staurosporine, Ro31-
8220, and rottlerin (inhibitors of protein kinase C) abolished
this effect (Fig. 4B). None of these inhibitors had any effect on
basal receptor phosphorylation (data not shown).

PI3K Activity Increases in Response to 178-Estra-
diol. Akt is one of the most important substrates of PI3K in
vivo. Therefore, the action of 17B-estradiol on the phosphor-
ylation state of Akt was tested. Immunoblot analysis demon-
strated that 17B-estradiol treatment led to significant in-
crease in p-Akt (2-fold over basal phosphorylation state) with
no change in total Akt levels (Fig. 5). It was also observed
that this increase in phosphorylation of Akt was mediated by
estrogen receptors (i.e., the effect was blocked by ICI
182,780) and involved PI3K (i.e., the effect was blocked by
LY294002 and wortmannin) (Fig. 5). Wortmannin consis-
tently decreased both basal and 17B-estradiol-stimulated p-
Akt/Akt ratio below the nonstimulated values (Fig. 5),
whereas the other inhibitors did not affect basal ratio (data
not shown).

PI3K and Protein Kinase C 6 Associate with «;,,-ARs
in a Dynamic Fashion. To get further insight on the mo-
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Fig. 3. Effect of 17B-estradiol (E,) and noradrenaline (NA) on intracellu-
lar calcium concentration ([Ca®'],). Roles of phosphoinositide-3-kinase
and protein kinase C. A, cells were challenged with 100 uM NA, 1 uM E,,
2 uM ICI 182,780, E, (15 min) + NA, ICI (10 min) + E,, ICI (10 min) +
NA and ICI (10 min) + E, (15 min) + NA. Phentolamine (Ph; 100 uM)
(a;-AR antagonist) was used to verify the specificity of the response to
NA. *, p = 0.05 versus all groups except ICI + E, + NA and ICI + NA.
## p = 0.05 versus all groups except E, and ICI + E,. B, cells were
challenged with 100 uM NA, 1 uM E, (15 min) + NA, 1 uM PI3K
inhibitors: LY294002 (LY) or wortmanin (W) + E, + NA, 100 nM protein
kinase C inhibitors: staurosporine (ST) or RO31-8220 (Ro) + E, + NA and
finally with 100 nM protein kinase C § inhibitor: rottlerin (Rott) + E, +
NA. Inhibitors were added 10 min before NA or E,. Plotted are the
means = S.E.M. of five experiments. #+%, p = 0.05 versus all groups.
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lecular events involved in these effects, associations of ;-
ARs with PI3K subunits and protein kinase Cd were studied
by coimmunoprecipitation. Association of «;,-ARs with
PI3K-p85 and PI3K-p110 was detected under basal condi-
tions and further increased after 17B-estradiol treatment
(Fig. 6, A and C); ICI 182,780 inhibited the effect (Fig. 6, B

A B

TPA NA

*
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=
O & &

B &2

B ICI LY W ST RO ROTT

TR RRER N

= N W
(==~ ]
=]

CL;,AR phosphorylation
(% of basal)

0Ly, AR phosphorylation
(% of basal)

Fig. 4. Phosphorylation of a,,-ARs induced by 17p-estradiol (E,), roles of
PI3K and protein kinase C. U373 «y, cells were metabolically labeled
with [*?P]Pi and preincubated with 1 uM TPA or 100 uM noradrenaline
(NA) (A) and without or with inhibitors (concentrations as in Fig. 3) (B)
for 10 min and then challenged with 1 uM 17B-estradiol (E,) for 30 min.
Plotted are the means = S.E.M. of five experiments. A representative
autoradiograph is shown. *, p = 0.05 versus all groups.
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Fig. 5. 17-B Estradiol (E,) effect on Akt phosphorylation. U373 ay,, cells
were preincubated without or with inhibitors (concentrations as in Fig. 3)
for 10 min and then challenged with 1 uM E, for 30 min. EGF (100 ng/ml)
for 2 min was used as a positive control. Cells were lysed, proteins (70 pg)
were separated by electrophoresis, electrotransferred and subjeted to
Western blot analysis for p-Akt and total Akt. Representative Western
blots for p-Akt and Akt are shown. Plotted are the means *= S.E.M. of the
p-Akt/Akt ratios of five experiments performed using different cell prep-
arations. *, p = 0.05 versus all groups.

and D). This action reached its maximum between 15 and 30
min after addition of estrogens. Consistent with other stud-
ies, ER-a and PI3K-p85 coimmunoprecipitated in the ab-
sence of stimulus, and this association further increased 5 to
30 min after 17B-estradiol treatment (Fig. 7A) (Simoncini et
al., 2000; Segars and Diggers, 2002). Such association was
inhibited by pretreatment with ICI 182,780 (Fig. 7B).

In agreement with previous data from our laboratory (Al-
cantara-Hernandez et al., 2001), a,,-ARs coimmunoprecipi-
tated with the «, §, and ¢ isoforms of protein kinase C under
nonstimulated conditions (data not shown). Interestingly,
the only isoform whose coimmunoprecipitation increased in
response to 17B-estradiol was protein kinase C §; such asso-
ciation reached its maximum 15 to 30 min after treatment
(Fig. 8A) and ICI 182,780 diminished the process (Fig. 8B).
Attempts to detect coimmunoprecipitation of protein kinase
C ¢ with a,,-adrenoceptors were unsuccessful, although this
isoform was easily detected in cell extracts (data not shown).
Western blotting of the immunoprecipitated «;,-ARs indi-
cated that loading did not vary in the coimmunoprecipitation
studies and that the treatments did not alter their level
(Supplemental Data 4).
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Fig. 6. Effect of 17B-estradiol (E,) on «,,-AR and PI3K association. U373
ayy, cells were incubated with 1 uM E, at different times (A and C) or
preincubated with or without 2 uM ICI for 10 min and then challenged
with E,, for 30 min (B and D). a,,-ARs were immunoprecipitated (IP) from
lysed U373 «, cells and separated by electrophoresis. Western blots
(WB) for PI3K p110 or PI3K p85 were carried out. Data are present as
percentage of basal. Plotted are the mean = S.E.M. of five experiments.
#, p = 0.05 versus all other times. **, p = 0.05 versus E, alone. Repre-
sentative blots are shown.
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Subcellular Localization of «,;,-ARs Changes in Re-
sponse to 17B-Estradiol. Current concepts indicate that
phosphorylation of G protein-coupled receptors is associated
with receptor internalization (Pitcher et al., 1998; Ferguson,
2001). Therefore, our next aim was to test whether 17p-
estradiol could affect the subcellular localization of these
adrenoceptors. To study this, U373 MG WT cells were trans-
fected with a plasmid that allowed the expression of human
a1,-ARs fused to the EGFP, and fluorescence confocal micros-
copy was used. Figure 9A showed that «;,-ARs-EGFP were
localized at the plasma membrane and to a lesser extent in
intracellular vesicles; in contrast, when the EGFP alone was
expressed it showed a homogenous cytoplasmic distribution.
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Fig. 7. Effect of 17B-estradiol (E,) on ER-a and PI3K p85 association.
U373 ay, cells were incubated with 1 uM E,, for the times indicated (A) or
preincubated with or without 2 uM ICI for 10 min and challenged with E,,
for 30 min (B). ER-a was immunoprecipitated (IP) from lysed U373 «ay,
cells. Immunoprecipitations were separated by electrophoresis and sub-
jected to Western blot analysis (WB) for PISK p85. Representative blots
are shown. Data are presented as percentage of basal. Plotted are the
mean * S.E.M. of five experiments. *, p = 0.05 versus all groups. #*, p =
0.05 versus E, alone.

A B

E2 E2
IP: PKC 5 ICI
— -—-m | PRCS A S PKC 5
IP: 0'.1b"'AR IP: l}.,b-AR
WB: PKC3
E WB: PKCd S
5 _ g
G 18 2518
28 og
Al _ 5214
£ k) 10 - £'6 *k
EE gx0 ]
E : ET
3 0 5 15 30 & E2 E2+ICI
Time (min) =

Fig. 8. Effect of 17p-estradiol (E,) on the association of «,,-ARs and
protein kinase C 8 (PKC$§). U373 ay,, cells were incubated with 1 uM E,
at different times (A) or preincubated with or without 2 uM ICI for 10 min
and challenged with E,, for 30 min (B). «;,-ARs were immunoprecipitated
(IP) from lysed U373 a;, cells. Immunoprecipitations were separated by
electrophoresis and subjected to Western blot analysis (WB) for protein
kinase C 8. Representative western blots are shown. Data are present as
percent of basal. Plotted are the mean = S.E.M. of five experiments. *,
p = 0.05 versus all groups. **, p =< 0.05 versus E, alone.
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Treatment with 17B-estradiol induced «;,-AR internaliza-
tion (Fig. 9A) and pretreatment with ICI 182,780 inhibited
the process; EGFP distribution did not change with 17B-
estradiol treatment (Fig. 9A). The internalization process
was visualized in real time (see Supplemental Data 5), show-
ing a relatively rapid effect of 173-estradiol (15 min).

To demonstrate that «;,-AR-EGFP was functional, the
[Ca®*]; response was tested. In cells transfected with the
a1,-ARs fused to the EGFP, noradrenaline clearly increased
[Ca®*]; and 17B-estradiol decreased the adrenergic effect in a
fashion similar to that observed in cells transfected with
a;,-ARs (Fig. 9B).

To confirm the intracellular localization of the adrenocep-
tors induced by 17B-estradiol, fluorescent markers were
used. Figure 10 shows that after 17B-estradiol treatment,
a;,-ARs were no longer colocalized with the FM-4-64 plasma
membrane marker (top) but clearly colocalized with the in-
tracellular membrane marker brefeldin A (bottom).

ER-a Induces Desensitization, Phosphorylation, and
Internalization of Human a,,-ARs. To further test that
the estrogen effects on desensitization and internalization
were due to activation of ER-a, HEK-293 cells were tran-
siently transfected with human «;,-ARs fused to the en-
hanced green fluorescent protein. HEK-293 cells endog-
enously express a low amount of ER-a and the amount of
ER-B was below detection level (Fig. 11, top). It is noteworthy
that, in these cells, 17B-estradiol did not alter the effect of
NA. Therefore, we cotransfected a,,-ARs with ER-«a to over-
express ER-a (Fig. 11, top). In cells cotransfected with both

o . . ]
o . . .
. . i

|—|

-
[=1]

[CaZ+]I (% of basal)
]

B E2 ICI+E2

Fig. 9. Effect of 17B-estradiol (E,) on «;,-AR internalization. U373 MG
cells were transitorily transfected with the EGFP or the o, AR-EGFP
construction. Cells were treated with 1 uM E, (15 min) or with 2 uM ICI
for 10 min and then challenged with E, for 15 min. A, EGFP was excited
using the 488 nm line of a krypton/argon laser and the emitted fluores-
cence detected with a band-pass filter at 515 to 540 nm. Images are
representative of three experiments using different cell preparations. B,
[Ca®"]; was determined in transfected cells loaded with fura 2-AM. Plot-
ted are the means = S.E.M. of three experiments. Data are present as
percent of basal [Ca®*],. *, p = 0.05 versus all groups.
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receptors, 17B-estradiol diminished (~40%) the rise in
[Ca®*]; induced by noradrenaline (Fig. 11 lower). The effect of
17B-estradiol treatment (15 min) was abolished if cells were
preincubated during 10 min with 2 uM ICI 182,780. In these
cells, treatment with 173-estradiol induced «;,,-AR phosphor-
ylation and internalization, and pretreatment with ICI
182,780 inhibited the process (Fig. 12).

Discussion

Phosphorylation and heterologous desensitization of «y-
ARs has been previously observed in response to hormones
and neurotransmitters acting though a variety of receptors;
protein kinase C and PI3K play cardinal roles in these effects
(Vazquez-Prado et al., 1997; Medina et al., 2000; Casas-
Gonzéilez et al., 2003; Garcia-Sainz et al., 2004). Shedding of
heparin binding-EGF and activation of EGF receptors seem
to play a connecting role in the actions of G protein-coupled
receptors. In the present article, phosphorylation and heter-
ologous desensitization of a;,-ARs by activation of an intra-
cellular receptor is presented. Our results suggest that es-
trogens stimulate PISK activity through ER-«, which leads to
activation of protein kinase C 8, phosphorylation of «,,-ARs,
and internalization of these adrenoceptors.

It has been known for some time that formation of protein
complexes is a central event in the signaling and regulation
of receptors with intrinsic tyrosine kinase activity (Schless-
inger, 2000). Nowadays, we know that this is a more general
process not limited to such receptors (Pawson and Scott,
1997). Formation of multimolecular complexes has been
shown to participate in the regulation of G protein-coupled
receptors, including the By-adrenoceptors (Malbon et al.,
2004) and the angiotensin AT; receptors (Olivares-Reyes et
al., 2005), among others. The term signalplex has been coined
to define such protein-protein complexes involved in signal-
ing and receptor modulation (Neve, 2005). Protein-protein
interactions are defining new connections in the signaling
pathways potentially capable of controlling spatial and tem-
poral responses in the cells (Pawson and Scott, 1997; Malbon
et al.,, 2004). Our present data strongly suggest that the
formation of a signalplex is involved in the modulation of
a,,-ARs by estrogens. Such signalplex may involve «;;,-ARs,
PI3K and protein kinase C 8. Whether such interaction may
occur directly or via anchoring or scaffolding proteins re-
mains unknown.

Defining how the actions of estrogens takes place is com-

Marker

plicated by the fact that these steroids bind to and activate
two intracellular receptors, and recent data have also shown
the existence of membrane G protein-coupled receptors
(GPR30) (Maggiolini et al., 2004; Revankar et al., 2005). Our
present data clearly show the participation of ER-« in the
modulation of «;,-ARs by 17B-estradiol. The barely detect-
able expression of ER-B in U373 «y,, cells and the absence of
detection in HEK-293 cells strongly suggests that this type of
estrogen receptor did not participate in the effects described
here. However, we cannot positively discard the participation
of these intracellular receptors or of G protein-coupled estro-
gen receptors.

Different studies indicate that the rapid effects of estrogen
are mediated by a subpopulation of the conventional estrogen
receptors associated with the plasma membrane (Russell et
al., 2000; Xu et al., 2003). ER-« fused to the green fluorescent
protein has been visualized in the plasma membrane of neu-
rites (Xu et al., 2003); in this work, ER-a was detected by
Western blot analysis in membranes obtained from U373
cells (Supplemental Data 6).

The nongenomic effects of estrogens can involve different
molecular mechanisms, among them the ER-a association to
the p85a regulatory subunit of PI3K and activation of the
PI3K/Akt signaling pathway (Lagrange et al., 1997; Simon-
cini et al., 2000; Segars and Driggers, 2002). Our results
indicate that this process is involved in the modulation of
a;,-ARs, which is consistent with previous findings from our
laboratory (Vazquez-Prado et al., 1997; Medina et al., 1998;
Casas-Gonzélez et al., 2003; Garcia-Sainz et al., 2004). The
dynamic association of PI3K with «;,-ARs in response to
17B-estradiol is consistent with a role in these effects. In
addition, the ability of PISK inhibitors to block the effects
further suggests a role for this kinase. We used two inhibitors
with different mechanisms of action; wortmannin is a potent
and selective noncompetitive inhibitor of PISK (Powis et al.,
1994), whereas LY 294002 is an inhibitor that competes at
the binding site for ATP of this kinase (Vlahos et al., 1994).
These inhibitors clearly and consistently block a;,-AR desen-
sitization and phosphorylation induced by 17B-estradiol.

PI3K is a modulator of protein kinase C activity through
the synthesis of 3-phosphorylated phosphoinositides. These
phospholipids can directly modulate the activity of protein
kinase C. In addition, they are important modulators of the
phosphoinositide-dependent protein kinase 1 (PDK-1), which
phosphorylates the activation loop of some protein kinase C
isoforms (Alessi et al., 1997; Le Good et al., 1998). In this

Merge

Fig. 10. «;,-AR intracellular localization. Fluorescent
markers were used to confirm «,,-AR intracellular local-
ization. a;,-AR-EGFP (green) localized in membrane was
internalized by 1 uM 17B-estradiol treatment (15 min)
(E,). Plasma membrane marker FM-4-64 (top red and
merge) and intracellular membrane systems marker
brefeldin A (bottom red and merge) were used.
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work, inhibitors of protein kinase C and PI3K block the effect
of 17B-estradiol on desensitization and phosphorylation. The
data suggest that these kinases may act in a sequence and
not through independent pathways to phosphorylate a;,-ARs
in response to 17B-estradiol. It is likely that activation of
PI3K precedes that of protein kinase C.

It should be mentioned that the action of PI3K in mediat-

A

' U373
HEK WT
HEK ERa
u373
HEK WT

1
I

ER « ER B

w

ap-AR  oqp - AR+ERao

* %

]
=

*%
—_ %

[Ca®']i (% of basal)
2 @

Fig. 11. Effect of ER-« activation on «,,-AR desensitization. A, lysates
from U373 MG cells and HEK-293 cells, wild type or transfected with
a;,-AR-EGFP and ER-a, were separated by electrophoresis, and the gels
were electrotransferred for Western blot detection of ER-a or ER-B. B,
HEK-293 cells were transiently transfected with «;,-ARs fused to the
enhanced green fluorescent protein and without or with human ER-«
(a;,-AR+ ER-a). [Ca?"]; was determined in transfected cells challenged
with 100 uM NA, 1 puM 17B-estradiol (E,) (15 min) + NA, 2 uM ICI
182,780 + E, (15 min)+ NA. #, p = 0.05 versus basal (B), #*, p = 0.05
versus all groups.

B TPA

E2 ICI+E2

® a,AR phosphorylation >
(% of basal)

ICI + E2

Fig. 12. Effect of ER-« activation on phosphorylation and internalization
of ay,-AR. A, HEK-293 cells transfected with ER-« and «,,-AR-EGFP
were metabolically labeled with [*2P]P; and incubated without any agent
(B) or with 1 uM TPA (5 min), 1 uM 17B-estradiol (E,) for 30 min or 2 uM
ICI 182,780 for 15 min followed by E, (30 min). Plotted are the means +
S.E.M. of five experiments. A representative autoradiograph is shown. *,
p = 0.05 versus B or E, + ICI. B, cells transfected with both receptors
were fixed after treatment without or with 1 uM E, (15 min) or with 2 uM
ICI for 10 min and then E, for 15 min. EGFP was excited using the 488
nm line of a krypton/argon laser and the emitted fluorescence detected
with a band pass filter at 515 to 540 nm. Images are representative of
three experiments.
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ing this effect might probably go beyond inducing protein
kinase C activation. In a very elegant study, Naga Prasad et
al. (2005) showed that PI3K plays a key role in B,-AR endo-
cytosis. PI3K is a dual kinase capable of phosphorylating
phosphoinositides and proteins. It is noteworthy that the
serine/threonine protein kinase activity of PI3K phosphory-
lates tropomyosin, and this action seems to be of cardinal
importance for receptor internalization (Naga Prasad et al.,
2005). It remains to be determined whether a similar role is
played for internalization of a;,-ARs.

Activation of protein kinase C is well known to block a;,-
adrenoceptor actions and induce «;,-AR phosphorylation
(Garcia-Sainz et al., 2000). Our group has observed that «, §,
and ¢ isoforms of protein kinase C coimmunoprecipitated
with a;,-ARs under basal conditions, and such association is
dynamically increased by cell treatment with hormones that
increase receptor phosphorylation (Alcantara-Hernédndez et
al., 2001). In the present work, protein kinase C isoforms «,
8, and & coimmunoprecipitate with «;,-adrenoceptors in the
basal state, but only protein kinase C § increased this asso-
ciation with a,,-adrenoceptor after 17p-estradiol treatment.
These data are consistent with the ability of rottlerin, a
selective inhibitor of protein kinase C 8, to block this effect.
The data suggest that ER-«, both subunits of PISK, and
protein kinase C 8 may form a signalplex with «;,-ARs to
induce regulation of this adrenoceptor.

Estrogens have been shown to modulate «;- and B-AR-
mediated effects in rat pinealocytes (Hernandez-Diaz et al.,
2001). In that work, 17p-estradiol treatment decreased Ca®*
mobilization induced by activation of «;,-AR with noradren-
aline, and the estrogen receptor antagonist ICI 182,780 abol-
ished this effect. Although there is some similarity with our
findings, these actions are probably unrelated, because these
authors observed the effect only after a latency of 48 h, which
suggests a genomic action of 173-estradiol. Nevertheless, the
data hint at the possibility that some genomic and non-
genomic actions of estrogen lead to the same functional ef-
fect. Kelly and coworkers (Kelly and Wagner, 1999; Kelly et
al., 2002) have shown that estrogen receptors can modulate
the action of G protein-coupled receptors, such as the p-opi-
oid and GABA-B receptors, by uncoupling the receptor to the
rectifying K* channels through protein kinase A and protein
kinase C.

The cardiovascular system is an important target tissue of
estrogens and catecholamines. Estrogens have both short-
and long-term effects protecting blood vessels by rapidly
stimulating vasodilation through NO action (Edwards, 2005).
Estrogens increase the expression of NO synthase and the
rapid activation of the enzyme through the PISK/Akt path-
way (Lagrange et al., 1997; Simoncini et al., 2000; Segars and
Driggers, 2002). One of the major actions of noradrenaline is
to induce smooth muscle contraction, which participates in
maintaining the vascular tone (Garcia-Sdinz et al., 1999). It
is possible that, through ER-«, 17B-estradiol, besides its role
in NO synthase action, could also regulate some of the phys-
iological actions of noradrenaline in the cardiovascular
systems.

We performed many of the present experiments using a
neural cell line because it is well known that estrogens have
neuroprotective properties (Lorenzo et al., 1992; Yu et al.,
2004). Addition of 17B-estradiol increased the viability, sur-
vival, and differentiation of primary neuronal cultures. It has
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been reported that estrogen-mediated neuroprotection in the
retina involves the PISK/Akt signal transduction pathway
(Yu et al., 2004). Such neuroprotection might involve atten-
uation of receptor sensitivity as observed in the present
work.

In summary, the present data show that, through ER-q,
17B-estradiol induces «;,-AR phosphorylation, desensitiza-
tion, and internalization. These results suggest the following
working model: activated estrogen receptors associate with
and stimulate PI3K activity; this leads to activation of pro-
tein kinase C 8, which phosphorylates and desensitizes a,-
ARs. This process is accompanied by formation of a signal-
plex and receptor endocytosis.
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