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In situ estrogen production by aromatase conversion from androgens plays an important role in
breast tumor promotion. Here, we show that 17�-estradiol (E2) can rapidly enhance aromatase
enzymatic activity through an increase of aromatase protein phosphorylation in breast cancer cell
lines. In vivo labeling experiments and site-directed mutagenesis studies demonstrated that phos-
phorylation of the 361-tyrosine residue is crucial in the up-regulation of aromatase activity under
E2 exposure. Our results demonstrated a direct involvement of nonreceptor tyrosine-kinase c-Src
in E2-stimulated aromatase activity because inhibition of its signaling abrogated the up-regula-
tory effects induced by E2 on aromatase activity as well as phosphorylation of aromatase protein.
In addition, from our data it emerges that aromatase is a target of cross talk between growth
factor receptors and estrogen receptor � signaling. These findings show, for the first time, that
tyrosine phosphorylation processes play a key role in the rapid changes induced by E2 in aromatase
enzymatic activity, revealing the existence of a short nongenomic autocrine loop between E2 and
aromatase in breast cancer cells. (Molecular Endocrinology 23: 1634–1645, 2009)

Estrogens play a crucial role in the development and
progression of breast cancer. The biosynthesis of es-

trogens from androgens is catalyzed by the enzyme com-
plex termed “aromatase,” which is composed of two
polypeptides, an ubiquitous nonspecific flavoprotein, re-
duced nicotinamide adenine dinucleotide phosphate-cy-
tochrome P450 reductase, and a specific microsomial
form of cytochrome P450arom encoded by the cytochrome
P450 (CYP)19 gene (1).

Aromatase expression in breast cancer tissue as well as
in breast cancer cell lines has been shown by enzyme
activity measurement, immunocytochemistry, and RT-
PCR analysis (2–4). Cell culture (5) and nude mouse ex-
periments (6) using aromatase-transfected MCF-7 cells
have shown that aromatase expressed in breast cancer
cells can promote tumor growth in both an autocrine and
a paracrine manner. In addition, overexpression of aro-
matase in mammary gland of transgenic mice causes pre-

malignant lesions, such as atypical ductal hyperplasia (7,
8). P450arom is found to be expressed at higher levels in
cancer than in normal breast tissue (9, 10). Thus, induc-
tion of aromatase within the breast tumor can result in
high levels of 17�-estradiol (E2) production that, in turn,
stimulate tumor growth. Indeed, intratumoral aromatase
of breast carcinoma has been extensively studied for its
potential clinical significance as a target for endocrine
therapy using aromatase inhibitors (11, 12).

It is well known that aromatase is regulated at the
transcriptional level through the alternative use of tissue-
specific promoters (13, 14), whereas posttranscriptional
regulation of this protein remains poorly understood.
Balthazart et al. (15, 16) demonstrated that phosphatases
modulate the activity of brain aromatase and that the
phosphorylation status of the enzyme is critical for its
activity. In addition, several studies have suggested that
aromatase activity could be modulated at the posttrans-
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lation level in different cell types upon the addition of
growth factors and kinase inhibitors (17–20). Recently,
Miller et al. (21) demonstrated that aromatase serine (S)
118 is a potential phosphorylation site in mammalian
cells, and mutation of S118 blocked phosphorylation and
increased aromatase activity.

The classic effects of estrogens are mediated through
binding to estrogen receptors (ER� and ER�) and stimu-
lation of transcription at nuclear levels. Recently, the non-
genomic actions of estrogens have been reported through
binding to membrane-associated ER (22, 23), which re-
sides in or near the cell membrane and cross talks with the
signal transduction pathways, including the c-Src/Ras/
MAPK and cAMP pathway (24–26). Signaling from
membrane ER induces posttranslational modification of
many proteins. This includes the phosphorylation and
regulation of enzymes, such as kinases or phosphatases,
that impact cell physiology (27).

In the present study we demonstrated, in estrogen-de-
pendent MCF-7 breast cancer epithelial cells, that 17�-
estradiol (E2) is able to rapidly up-regulate aromatase
enzymatic activity, and this may occur through an en-
hanced tyrosine phosphorylation levels of aromatase pro-
tein. Our results provide a new insight into the regulation
of aromatase through posttranscriptional modulation in
human breast cancer cells.

Results

Rapid increase of aromatase activity induced by
E2 treatment

We first aimed to evaluate the effects of estrogens on
aromatase activity by tritiated water assay in MCF-7 cells
incubated for 10 and 120 min in the presence of 0.1, 1,
and 10 nM of E2. As reported in Fig. 1A, E2 enhanced
enzymatic activity at both times and doses investigated,
even though to a higher extent under 1 and 10 nM E2. The
E2 induction was also observed in MCF-7 cells transiently
transfected with the aromatase gene (CYP19), that dis-
played a 6-fold increase in enzymatic activity (95.36 �
0.92 fmol/h � mg protein) compared with parental
MCF-7 cells (15.16 � 0.47 fmol/h � mg protein) (Fig. 1B).
To evaluate whether the E2 effects on aromatase activity
were transient, MCF-7 cells were treated with E2 1 nM for
different times (10 min; 6, 12, and 24 h; and 2, 4, and 6 d).
We found that aromatase activity doubled upon E2 expo-
sure ranging from 10 min to 12 h and remained moder-
ately high up to 6 d (data not shown). The ER antagonists,
ICI 182,780 (ICI) and tamoxifen (TAM) were able to
abrogate the up-regulation induced by E2, whereas these
treatments alone had no agonist activity (Fig. 1C). This

suggests that estrogens can increase aromatase activity by
binding to ERs.

It has been shown that the rapid actions of estrogen
could be mediated by membrane-associated ER (22, 23).
Thus, we cotransfected in ER-negative Chinese hamster
ovary (CHO) cells CYP19 vector with ER� wild-type (wt)
plasmid or membrane ER� (mER�) construct. The mER�

construct consists solely of the AF-2/ligand binding do-
main (E) of ER� cloned into the membrane-enhanced
cyan fluorescent protein (Mem-ECFP) vector that en-
codes a fusion protein called GAP-43 (N-terminal 20
amino acids of neuromodulin) containing a signal that
targets this portion of the receptor to the plasma mem-
brane (28, 29). This construct is a well-established mutant
ER� able to discriminate the nongenomic to the genomic
actions of E2. As reported by Razandi et al. (30), expres-
sion of the E domain of ER� to the plasma membrane
allowed the activation of ERK but did not result in the
transactivation of an estrogen response element/luciferase
reporter by E2 treatment. As revealed in Fig. 1D, 1 and 10
nM E2 for 10 min up-regulated enzymatic aromatase ac-
tivity in CHO ectopically expressing mER� as well as
ER� wt plasmids, suggesting that the expression of mER�

is sufficient for E2 induction.
We also evaluated the effects of E2 on aromatase ac-

tivity in ER-negative breast cancer cell line SKBR3 and in
R2C rat Leydig tumor cells that express ER� and high
levels of aromatase protein. No changes were observed in
SKBR3 parental cells whereas E2 treatment enhanced aro-
matase activity both in SKBR3, ectopically expressing
ER�, and in R2C cells (Fig. 1, E and F). R2C cells dis-
played an elevated aromatase activity that is 1 order of
magnitude higher than that detected in the other cell types
investigated. This may probably explain the lack of E2

dose-dependent stimulation of aromatase activity in the
E2 range concentration tested.

Because we observed an enhanced aromatase activity
under E2 treatment in a number of different cell lines, it
could suggest that this regulation may underlie a gen-
eral mechanism not related to cell specificity. However,
this effect assumes a great importance in breast cancer
cells, which are strongly dependent on estrogens for
their growth.

E2 increases tyrosine phosphorylation levels of
aromatase protein

One mechanism by which E2 might increase aromatase
activity would be an enhancement in the transcription of
aromatase mRNA and thus in the concentration of the
enzyme. We performed RT-PCR and Western blotting
analysis in MCF-7 cells treated with 1 nM E2 for 10 and
120 min. We did not observe any change on aromatase
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mRNA and protein level compared with the control (sup-
plemental Fig. 1, A and B, published as supplemental data
on The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). These results suggest that
rapid changes in E2-induced aromatase enzymatic activity
are due to ER� action at the nongenomic level.

It is well known that the activity of many enzymes can
be modulated rapidly by phosphorylation processes in-
ducing conformational changes in the enzyme molecule.
Previous analyses of the aromatase gene in a variety of
mammalian and avian species demonstrated several con-

sensus sites of phosphorylation on aro-
matase cDNA and deduced amino acid
sequence (31–33). Thus, to evaluate
the phosphorylation status of aro-
matase protein, we performed in vivo
labeling experiment in MCF-7 cells
transiently transfected with His6-
arom, a plasmid coding for the entire
human aromatase sequence with six
tandem histidine residues on the car-
boxyl terminus, as described in Mate-
rials and Methods. The His6-tagged
protein had the advantage to allow a
higher yield of purified aromatase due
to the specificity of Ni-NTA (nitrilotri-
acetic acid) agarose beads and avoid
interference with the band of 55 kDa
from heavy chains of antibodies used
for immunoprecipitation. MCF-7 cells
were transiently transfected with His6-
arom, metabolically labeled with ra-
dioactive orthophosphate and then
treated with 1 and 10 nM E2 for 10 min.
Equal amounts of proteins were incu-
bated with Ni-NTA agarose beads for
isolation of recombinant P450arom,
and the eluates were run on SDS-
PAGE. Autoradiography of the mem-
brane revealed that aromatase protein
was efficiently phosphorylated in vivo
upon E2 treatment (Fig. 2A). The mem-
brane then was probed with an anti-
aromatase antibody to visualize the in-
put levels of the samples.

To determine which type of amino
acid is phosphorylated, we performed
Western blotting analysis with antibod-
ies directed against phosphotyrosine
and phosphoserine residues using cell
lysates from MCF-7 cells transfected
with His6-arom and treated with 0.1,
1, and 10 nM E2 for 10 min. Our results

showed that E2 was able to increase phosphotyrosine lev-
els of purified aromatase protein, whereas no changes
were detectable on serine phosphorylation status (Fig.
2B). This enhancement on tyrosine phosphorylation of
aromatase was ER�-dependent because pretreatment
with ICI reduced the E2-associated tyrosine phosphoryla-
tion (Fig. 2C). We obtained similar results after pretreat-
ment with TAM (data not shown). Moreover, in the pres-
ence of a specific inhibitor of tyrosine phosphatases,
sodium orthovanadate, we observed an increase of aro-

FIG. 1. Rapid effects of E2 on aromatase activity. MCF-7 (A) or MCF-7 cells transiently
transfected with CYP19 vector (B) were treated with vehicle (-) or 0.1, 1, and 10 nM E2 for 10
and 120 min. Western blotting shows the expression of CYP19 vector used in the experiment.
C, MCF-7 cells were pretreated with 1 �M ICI 182,780 (ICI) and 1 �M TAM for 30 min and
then exposed or not to 1 nM E2 for 10 min. D, CHO cells were transiently transfected with
CYP19 vector and ER� wt or mER� or empty vector and treated with 1 and 10 nM E2 for 10
min. Western blotting shows the expression of CYP19 vector used in the experiment. E,
SKBR3 cells transiently transfected with ER� wt, and R2C cells (F) cells were treated as
reported. Aromatase activity was performed as described in Materials and Methods. Empty
vector: aromatase activity measured in cells transfected with pUC19 vector. The values
represent the means � SE of three different experiments, each performed with triplicate
samples. *, P � 0.01 compared with vehicle; **, P � 0.01 compared with E2-treated samples.
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matase enzymatic activity as well as enhanced phospho-
tyrosine levels of purified aromatase protein, which were
slightly increased by E2 cotreatment (data not show).

All these data indicate that E2 exposure is able to rap-
idly phosphorylate in vivo aromatase protein and increase
tyrosine phosphorylation status of the enzyme.

Identification of tyrosine residue involved in the
E2 activation

Consensus phosphorylation sites of human aromatase
protein were analyzed using the public domain software
(netphos 2.0 server) available on the web site of the Center
for Biological Sequence Analysis at http://www.cbs.dtu.dk.
Based on a deduced amino acid sequence and on a previ-
ously encoded database of potential phosphorylation

sites, this program identifies all serine, threonine, and
tyrosine residues in the protein that could potentially be
phosphorylated (34). The program also provides for each
residue a phosphorylation score ranging from 0 to 1.0 the
value of which was proportional to the probability that
the residue could, in fact, be phosphorylated in vivo. A
score equal or larger to 0.5 was considered to predict a
likely phosphorylation consensus site (35). The netphos
2.0 program identified four of the 17 tyrosine residues.
The residues located at positions 184 and 361 of the hu-
man aromatase sequence have the highest consensus
scores (0.992 and 0.976, respectively). The position at
361 corresponds to the residue present in the steroid-
binding domain, an important functional domain of hu-
man aromatase, and notably this residue and its immedi-

FIG. 2. Tyrosine phosphorylation levels of aromatase protein is enhanced by E2. A, MCF-7 cells were transiently transfected with His6-arom,
labeled with [32P]orthophosphate, and then treated with vehicle (-) or 1 and 10 nM E2 for 10 min. Aromatase was purified using Ni-NTA agarose
beads after which the complexes were resolved in SDS-PAGE. The top panel shows autoradiography of the SDS-PAGE, and the bottom panel
shows immunoblot analysis with antiaromatase antibody (P450arom) as a control for expressed protein. B, MCF-7 cells transiently transfected with
His6-arom were treated with vehicle (-) or 0.1, 1, and 10 nM E2 for 10 min. Aromatase was purified using Ni-NTA agarose beads after which the
complexes were resolved in SDS-PAGE. Immunoblotting was performed using the antiphosphotyrosine (pTyr) and antiphosphoserine (pSer)
antibodies. C, MCF-7 cells transiently transfected with His6-arom were pretreated with 1 �M ICI and then exposed or not to 1 nM E2 for 10 min. To
verify equal loading, the membrane was probed with antiaromatase antibody. Microsomal extracts from placenta (P) were used as positive control.
As negative controls we used the supernatant removed after incubation with Ni-NTA agarose beads (S) and vector-transfected MCF-7 cell lysates
incubated with Ni-NTA agarose beads (NC). The side histograms represent the means � SE of three separate experiments in which band intensities
were evaluated in terms of OD density arbitrary units and expressed as percentages of the control, which was assumed to be 100%. *, P � 0.01
compared with vehicle; **, P � 0.01 compared with E2-treated samples. kD, Kilodaltons.
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ate environment are well conserved across species (Fig.
3A). Thus, to address the location of the potential phos-
phorylation site within the aromatase protein, we mu-
tated the conserved tyrosine (Y) at residue 361 as well as
the one at 184 to phenylalanine (F) to create two different
constructs, Y184F and Y361F. These plasmids were used
in an aromatase enzymatic assay. We found that Y361F
and Y184F mutation didn’t affect the basal levels of aro-
matase activity. E2 increased aromatase activity in cells
transfected with Y184F mutant expression vector but had
no effect in the presence of Y361F expression plasmid
(Fig. 3B). To further confirm these results, we performed

an in vivo labeling experiment in MCF-7 cells transiently
transfected with either His6-arom or His6-Y361F con-
structs. We found that the His6-Y361F mutated construct
was not efficiently phosphorylated in vivo upon E2 treat-
ment (Fig. 3C). These data directly prove that phosphor-
ylation of the 361 tyrosine residue is crucial in the up-
regulation of aromatase activity and its phosphorylation
under E2 stimulation. This last result led us to question
which specific cellular kinase might be responsible for
phosphorylation of aromatase at the Y361 site. The re-
search for consensus sequences corresponding to the pro-
tein kinases pointed to the Y361 site as potentially phos-
phorylated by c-Src tyrosine kinase (with a consensus
score higher than the critical value of 0.5). Taking into
account that estrogen stimulation of breast cancer cells
led to an immediate tyrosine phosphorylation and activa-
tion of the c-Src kinase (26, 36), we sought to determine
whether c-Src might be the tyrosine kinase involved in the
E2 activation of aromatase protein. Thus, we performed
Western blot analysis using the c-Src inhibitor, 4-amino-
5-(4-chlorophenyl)-7-(t.butyl)pyrazolo(3,4-d)pyramidine
(PP2), and as shown in Fig. 4A, PP2 reduced the E2-associ-
ated tyrosine phosphorylation of the purified aromatase. In
addition, PP2 treatment was able to abrogate the E2-induced
increase on aromatase enzymatic activity (Fig. 4B).

To further support the crucial role of c-Src, we exam-
ined whether knockdown of the c-Src gene would simi-
larly reduce tyrosine aromatase phosphorylation. Trans-
fection with pool of two small interfering RNA (siRNA)
duplex specifically direct against human c-Src, reduced
the expression of this protein (Fig. 4C). As shown in Fig.
4D, silencing of c-Src significantly decreased tyrosine
phosphorylation of the purified aromatase induced by E2.

We next examined the physical association between
c-Src kinase and either wt or Y361F mutant aromatase
proteins. To test this possibility, we transiently trans-
fected MCF-7 cells with either His6-arom or His6-Y361F
constructs. Equal amounts of proteins were incubated
with Ni-NTA agarose beads for isolation of recombinant
P450arom proteins followed by immunoblot for c-Src and
P450arom. Results obtained showed that both wt and
Y361F mutant aromatase proteins were able to bind c-Src
tyrosine kinase (Fig. 4E). We confirmed the formation of
this protein complex by immunoprecipitation of c-Src
and then detection of aromatase on Western blotting
(data not shown).

Using in vitro recombinant c-Src kinase, we found that
wt aromatase was more efficiently phosphorylated than
Y361F mutant aromatase protein (Fig. 4F), addressing
the importance of this residue of aromatase protein as
phosphorylation substrate of c-Src.

FIG. 3. Specific tyrosine residue involved in aromatase activation. A,
Comparison of the amino acid sequences of steroid binding domain of
aromatase in human, chicken, quail, and zebra finch. B, MCF-7 cells
were transfected with CYP19 vector or Y184F or Y361F mutants,
treated with vehicle or 1 nM E2 for 10 min after which aromatase
activity was performed. The values represent the means � SE of three
different experiments, each performed with triplicate samples. *, P �
0.01 compared with vehicle. Western blotting shows the expression of
DNA vectors used in the experiments. C, MCF-7 cells were transiently
transfected with His6-arom or His6-Y361F, labeled with
[32P]orthophosphate, and then treated with vehicle (�) or 1 nM E2 for
10 min. Aromatase was purified using Ni-NTA agarose beads after
which the complexes were resolved in SDS-PAGE. The top panel shows
autoradiography of the SDS-PAGE, and the bottom panel shows
immunoblot analysis with antiaromatase antibody (P450arom) as a
control for expressed protein.
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FIG. 4. c-Src signaling mediates E2-induced aromatase activity. A, MCF-7 cells transiently transfected with His6-arom were treated with vehicle (-) or 1
nM E2 for 10 min, with or without pretreatment of PP2 (3 �M). The membrane was probed with antiphosphotyrosine (pTyr) antibody. To verify equal
loading, the membrane was probed with antiaromatase antibody. Microsomal extracts from placenta (P) were used as positive control. As negative
controls we used the supernatant removed after incubation with Ni-NTA agarose beads (S) and vector-transfected MCF-7 cell lysates incubated with Ni-
NTA agarose beads (NC). The histograms on the bottom represent the means � SE of three separate experiments in which band intensities were
evaluated in terms of OD arbitrary units and expressed as percentages of the control, which was assumed to be 100%. *, P � 0.01 compared with
vehicle; **, P � 0.01 compared with E2-treated cells. B, MCF-7 cells were pretreated with or without PP2 (3 �M) before E2 (1 nM) stimulation for 10 min,
after which aromatase activity was performed. The values represent the means � SE from triplicate assays. *, P � 0.01compared with vehicle; **, P �
0.01 compared with E2-treated samples. C, c-Src protein expression (evaluated by Western blotting) in MCF-7 cells not transfected (-) or transfected with
RNAi targeted human c-Src mRNA or with a stealth RNAi control as reported in Materials and Methods. Glyceraldehyde-3-phosphate dehydrogenase was
used as loading control. The histograms represent the means � SE of three separate experiments in which band intensities were evaluated in terms of OD
arbitrary units and expressed as percentages of the control, which was assumed to be 100%. D, MCF-7 cells were not transfected or transfected with
c-Src RNAi, then transfected with His6-arom, and exposed to 1 and 10 nM E2 for 10 min. The membrane was probed with antiphosphotyrosine (pTyr) or
anti-c-Src antibodies. To verify equal loading, the membrane was probed with antiaromatase antibody. Microsomal extracts from placenta (P) were used
as positive control. The histograms represent the means � SE of three separate experiments in which band intensities were evaluated in terms of OD
arbitrary units and expressed as percentages of the control, which was assumed to be 100%. *, P � 0.01 compared with vehicle; **, P � 0.01 compared
with E2-treated cells. E, MCF-7 cells were transfected with His6-arom or His6-Y361F vectors and then treated with E2. Aromatase protein was purified
using Ni-NTA agarose beads after which the complexes were resolved in SDS-PAGE. Immunoblotting was performed using the anti-c-Src and anti-
aromatase (P450arom) antibodies. F, MCF-7 cells were transfected with His6-arom or His6-Y361F vectors. In vitro c-Src kinase assay was performed on
aromatase protein purified using Ni-NTA agarose beads using recombinant full-length human Src kinase. Autoradiography is shown in the upper panel,
and input aromatase is shown in the bottom panel. kD, Kilodaltons.
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Evidence that ER�, growth factor receptors
(GF-Rs), c-Src, and aromatase interact in a
multiprotein complex

Studies in breast cancer culture have highlighted an
intimate cross talk between the endogenous membrane
ER and GF-Rs signaling pathways (37–39). This process
may involve the sequential activation of the cellular ty-
rosine kinase c-Src (26, 36, 40, 41). We wondered
whether the cross talk between ER� and GF-Rs, through
c-Src, could be involved in the rapid modulation of E2-
induced aromatase activity in breast cancer cells. To eval-
uate a direct protein-protein interaction among ER�,
epidermal growth factor (EGF) receptor (EGFR), and
aromatase, we performed coimmunoprecipitation
studies. Particularly, MCF-7 cells transiently trans-
fected with His6-arom were lysated after which protein
extracts were incubated with Ni-NTA agarose beads
for isolation of recombinant P450arom (Fig. 5A, left
panel). Equal amounts of the lysates were immunopre-
cipitated with ER�-specific antibody (Fig. 5A, right
panel). The membranes were probed with anti-ER�, anti-
EGFR, anti-c-Src, or antiaromatase antibodies. The re-
sults showed that ER�, EGFR, c-Src, and aromatase were
in a multiprotein complex. Notably, the presence of c-Src
is required for this complex formation because silencing
of c-Src reduced the interaction of aromatase with ER�

and EGFR (Fig. 5A).
Next, to determine whether EGFR stimulation leads to

an increased production of E2 via an up-regulation of
aromatase enzymatic activity, MCF-7 cells were treated
with 100 ng/ml EGF for 10 min. Our data demonstrated
that EGF is able to enhance aromatase enzymatic activity
as well as the tyrosine-phosphorylated status in the His6-
tagged purified aromatase protein to the same extent as
E2. Pretreatment with AG1478, a specific EGFR inhibi-
tor, or ICI completely abrogated these effects (Fig. 5, B
and C). The same results were obtained under treatment
with IGF and AG1024, a monoclonal antibody specific to
IGF-1R (data not shown).

These data indicate that the induction of aromatase
enzymatic activity may involve the cross talk between
E2/ER and GF-Rs signaling.

Discussion

In the present study we demonstrate that short exposure
to E2 induces an increase of aromatase enzymatic activity,
through an enhanced tyrosine phosphorylation level of
the enzyme, in estrogen-dependent MCF-7 breast cancer
epithelial cells.

Our results showed that the rapid effect induced by E2

in enhancing aromatase activity was specifically mediated

by the interaction of E2 with ER�, because it was abro-
gated in the presence of ER antagonists, such as TAM and
ICI. Moreover, when in ER-negative CHO cells overex-
pressing aromatase, we transfected the membrane ER�

construct yielding the ligand-binding domain of the re-
ceptor exclusively localized to the cytoplasmic face of the
membrane, we also reproduced the stimulatory effects of
E2 on aromatase activity. This underlines the ability of
membrane ER�, which is unable to generate genomic re-
sponse, in modulating aromatase activity. We also repro-
duced similar results in ER-negative breast cancer cells
SKBR3, ectopically expressing ER�, and in R2C rat
Leydig tumor cells, which display high aromatase expres-
sion. These latter results suggest that the rapid changes in
aromatase activity may represent a general mechanism
not related to cell specificity even though it assumes more
relevance in breast cancer in which growth and progres-
sion are strongly estrogen dependent. Our data appear
opposite to previous findings demonstrating that E2 treat-
ment reduced aromatase activity in breast cancer cells
(42, 43). However, it is worthwhile to point out that they
come from a different experimental design performed af-
ter a long-term E2 exposure of MCF-7 cells either cultured
long term in estrogen-deprived medium or stably trans-
fected with the aromatase gene (MCF-7aro). For instance,
Pasqualini and Chetrite (42) observed the maximal inhi-
bition in aromatase activity (evaluated by quantification
of 3H-estradiol from cell incubated with [3H]testoster-
one) at the nonphysiological dose of 50 �M in MCF-7aro.
Instead, in our study, we evaluated aromatase activity by
tritiated water release assay using as substrate [1�-3H]
androst-4-ene-3,17-dione (�4) in parental or transiently
expressing aromatase MCF-7 cells. We demonstrated the
maximal increase in aromatase enzymatic activity after a
short time of exposure with low physiological doses of E2.

The E2 induced up-regulation of aromatase activity in
MCF-7 cells was not correlated with any increase in the
levels of aromatase mRNA and protein content, suggest-
ing a posttranslational modulation of aromatase protein.

Posttranslational modification of enzymatic protein
has been demonstrated for different members of the P450
enzyme family in vertebrates. For instance, cAMP-depen-
dent protein kinase was essential for the activation of
human and rat cholesterol 7�-hydroxylase (CYP7A) (44)
as well as for phosphorylation of serine and threonine
residues in human P450c17 (CYP17) (45, 46). Bovine
P450scc (CYP11A1) has been identified as an active form
phosphorylated by a protein kinase C (47), and similar
activation of P450s through phosphorylation has been
found in human liver enzymes such as CYP2E1 and
CYP2B1 (48). Recently, phosphorylation of the cyto-
chrome P450 aromatase has been proposed, even though
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the specific kinases involved in this process are yet not
well specified (16, 21). We demonstrated in MCF-7 cells
that E2 up-regulatory effects on aromatase activity re-
sulted from a direct phosphorylation of enzymatic protein
itself. Indeed, our in vivo labeling experiments showed,
after E2 treatment, a significant increase in phosphoryla-
tion of aromatase protein purified by Ni-NTA agarose
beads. Particularly, we observed a specific enhancement
of tyrosine phosphorylation levels of aromatase protein
after E2 exposure, whereas serine phosphorylation status

remains unchanged. This suggests that the rapid non-
genomic effects of the hormone specifically target ty-
rosine residues.

Site-directed mutagenesis experiments revealed that
phosphorylation of the specific tyrosine residue, located
at position 361 in the steroid-binding domain of aro-
matase protein, is crucial in the up-regulation of enzy-
matic activity after E2 treatment. The 361-tyrosine resi-
due of aromatase sequence is well conserved across
species and represents a potential consensus site of

FIG. 5. Interaction between ER� and EGFR/c-Src in the aromatase activity induction. A, MCF-7 cells were not transfected (-) or transfected with
c-Src RNAi and then transfected with His6-arom vector. Aromatase protein was purified using Ni-NTA agarose beads after which the complexes
were resolved in SDS-PAGE. In another set of experiments the same amount of cell lysate was immunoprecipitated (IP) with ER� antibody.
Immunoblotting was performed using the anti-ER�, anti-EGFR, anti-c-Src, and antiaromatase antibodies. B, MCF-7 were pretreated with 10 �M

AG1478 or 1 �M ICI for 30 min and then exposed to 1 nM E2 or 100 ng/ml EGF. After 10 min, aromatase activity was performed. The values
represent the means � SE from triplicate assays. *, P � 0.01 compared with vehicle; **, P � 0.01 compared with E2- or EGF-treated samples. C,
MCF-7 cells transiently transfected with His6-arom were pretreated with or without 10 �M AG1478 or 1 �M ICI for 30 min and then exposed to 1
nM E2 or 100 ng/ml EGF for 10 min. The membrane was probed with antiphosphotyrosine (pTyr) antibody. To verify equal loading, the membrane
was probed with antiaromatase antibody. P, Microsomal extracts from placenta. As negative controls we used the supernatant removed after
incubation with Ni-NTA agarose beads (S) and vector-transfected MCF-7 cell lysates incubated with Ni-NTA agarose beads (NC). The histograms
represent the means � SE of three separate experiments in which band intensities were evaluated in terms of OD arbitrary units and expressed as
percentages of the control, which was assumed to be 100%. *, P � 0.01 compared with vehicle; **, P � 0.01 compared with E2- or EGF-treated
samples. kD, Kilodaltons.
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phosphorylation by an important nonreceptor tyrosine
kinase c-Src (with a consensus score higher than the
critical value of 0.5).

c-Src mediates signal transduction pathways impli-
cated in proliferation, survival, cell adhesion, and mi-
gration (49). This kinase can be activated by many cell
surface receptors and represents a crucial molecule
downstream of ER� triggering estrogen rapid action (26,
36). In our study we demonstrated a direct interaction
between c-Src and aromatase protein, and the involve-
ment of this kinase in E2-stimulated aromatase activity
because blockade of c-Src activity completely reversed the
E2-induced increase of aromatase activity as well as re-
duced tyrosine phosphorylation of aromatase purified
protein. Moreover, in vitro kinase activity assay using
pure c-Src protein demonstrated that this kinase directly
phosphorylates aromatase, and tyrosine located at the
361 site is involved in this event. Thus, we identified the
phosphorylation of the critical residue 361 by c-Src kinase
as a novel mechanism for regulating enzymatic activity
and function of aromatase.

It is well known that ER� and GF-Rs utilize signaling
pathways that intersect and directly interact at many lev-
els. Estrogens have been shown to activate IGF-I receptor
and EGFR (37–39), and it has been reported that E2 up-
regulates aromatase expression via cross talk between ER
and GF in breast cancer cells (17). A number of proteins,
such as c-Src, Fak (focal adhesion kinase) MNAR (50),
are reported to form a complex with ERs and to be in-
volved in extranuclear functions of ER�. Our study

shows the existence of a multipartite
complex involving ER�, EGFR, c-Src,
and aromatase. Silencing of c-Src by
siRNA reduced the interaction of ER�

and EGFR with aromatase, suggesting
a key role of kinase active c-Src in the
formation of this complex. In addition,
treatment of MCF-7 cells with IGF-I
and EGF increased, in a short time,
aromatase activity as well as the ty-
rosine phosphorylation status of aro-
matase protein. Treatments with spe-
cific tyrosine kinase inhibitors of
GF-Rs or with the antiestrogen ICI ab-
rogated the GFs as well as the E2 induc-
tion of aromatase activity. It has been
largely demonstrated that c-Src is crit-
ical component of the bidirectional
cross talk between ER� and GF-Rs (re-
viewed in Ref. 40). Thus, this may ex-
plain why, in the presence of antiestro-
gen or inhibitors of both GF-Rs tested,
the up-regulatory effects on aromatase

activity are not longer noticeable.
In summary, this study shows, for the first time, a new

molecular mechanism by which E2 rapidly increases aro-
matase activity through an enhanced tyrosine phosphor-
ylation of the enzyme. We hypothesized that E2, through
an enhanced cross talk between GF-Rs, c-Src, and ER
signaling, can phosphorylate and thus activate aro-
matase, resulting in a positive nongenomic autocrine loop
between E2 and aromatase in MCF-7 breast cancer cells
(Fig. 6). All these data demonstrate that aromatase may
be activated by different membrane cell signaling, which
should be targeted in the novel therapeutic strategies for
breast cancer treatment.

Materials and Methods

Cell cultures
MCF-7 and CHO cells were cultured in DMEM/F-12 me-

dium containing 5% calf serum or 10% fetal bovine serum
(FBS), respectively (Eurobio, Les Ullis Cedex, France). SKBR3
cells were cultured in RPMI 1640 medium supplemented with
10% FBS. R2C cells were cultured in Ham/F-10 supplemented
with 15% HS, 2.5% FBS.

His6-arom plasmid construction
His6-arom plasmid construct was used to express the C-termi-

nal 6�His-tagged form of human aromatase. The plasmid pUC19-
arom containing the full-length of human aromatase gene (CYP19)
was used as template. The 6�His epitope tag was inserted by two
PCRs using the following primers: forward (5�-ATATAAGCT-
TATGGTTTTGGAAATGCTGA-3�) and two reverse (5�-ATGAT-

FIG. 6. Hypothetical model of the potential signaling transductional pathways through
which E2 and GFs (growth factors) may rapidly enhance aromatase activity in MCF-7 breast
cancer cells. P, Placenta.
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GATGGTGTTCCAGACACCT-3�), (5�-ATATTCTAGACTAAT-
GATGATGATGATGATGGTGTTCCAGA-3�). PCR product was
subcloned into HindIII/XbaI sites of pcDNA3.1, and Hys6-
arom sequence was confirmed by nucleotide sequence analy-
sis. We proved that the enzymatic activity of polyhistidine-
containing recombinant protein was well preserved by
measuring aromatase activity in MCF-7 cells transiently
transfected with Hys6-arom vector.

Site-directed mutagenesis
This step was performed with the QuikChange Site-Directed

Mutagenesis kit (Stratagene, La Jolla, CA) according to manu-
facturer’s standard method. The templates and the specific oli-
gonucleotides used are summarized in Table 1.

Transient transfection
Transient transfection was performed using the FuGENE 6

(Roche, Indianapolis, IN) reagent with the mixture containing 1
�g/well of CYP19 or Y184F, Y361F mutants. A set of experi-
ments was performed cotransfecting 1 �g/well of CYP19 and 1
�g/well of the membrane ER� construct (mER�) or ER� wt.

Aromatase activity assay
The aromatase activity in subconfluent MCF-7, SKBR3,

CHO, and R2C cells culture medium was measured by the tri-
tiated water release assay using 0.5 �M [1�-3H]androst-4-ene-
3,17-dione as substrate (51). The incubations were performed at
37 C for 3 h under an air-CO2 (5%) atmosphere. The results
obtained were expressed as fentomoles per h (MCF-7, CHO,
and SKBR3) or picomoles per h (R2C) and normalized to mg of
protein.

RT-PCR assay
Total cellular RNA was extracted from MCF-7 cells using

TRIzol (Invitrogen, Carlsbad, CA). Aromatase mRNA was an-
alyzed by the RT-PCR method as previously described (52).

Immunoblotting and immunoprecipitation analysis
Whole-cell lysates were prepared in lysing buffer [50 mmol/

liter HEPES (pH 7.5), 150 mmol/liter NaCl, 1.5 mmol/liter
MgCl2, 1 mmol/liter EGTA, 10% glycerol, 1% Triton X-100,
protease inhibitors (Sigma, Italy)]. Equal amounts of total pro-
tein were resolved on 11% SDS-PAGE, transferred onto a ni-
trocellulose membrane, and probed with antiserum against the
human placental P450arom (Hauptman-Woodward Medical Re-
search Institute, Buffalo, NY) or glyceraldehyde-3-phosphate
dehydrogenase (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). For immunoprecipitation studies, 300 �g of protein ex-
tracts was incubated with 1 �g of anti-ER� antibody (Santa
Cruz) and 20 �l of protein A/G (Santa Cruz). The immunopre-

cipitated proteins were then subjected to Western blot analysis.
Whole-cell lysates were used as input controls.

Detection of His6-tagged aromatase protein by
immunoblotting analysis

MCF7 cells were transiently transfected with His6-arom or
His6-Y361F vectors and exposed to different treatments before
lysis. Cellular proteins (300 �g) were incubated with Ni-NTA
agarose beads (Invitrogen). Ni-NTA resin was used to isolate
P450 aromatase tagged with six tandem histidine residues from
cellular lysates. The beads containing bound proteins were
washed in PBS buffer added with a mixture of protease inhibi-
tors and analyzed by Western blot. Membrane was probed with
a antibodies against human cytochrome P450arom (Serotec, Ox-
ford, UK) or phosphotyrosine-containing proteins (pY99, Santa
Cruz) or phosphoserine-containing proteins. For coimmunopre-
cipitation studies, membranes were probed with ER�, EGFR,
and c-Src antibodies (Santa Cruz). Two set of controls were
done in parallel: surnatant removed after the first centrifugation
was added to one control and vector-transfected cell lysates plus
Ni-NTA agarose beads was included in the other control. Mi-
crosomal extracts from placenta were used as positive control.

In vivo phosphorylation experiments
MCF-7 cells were transiently transfected with His6-arom or

His6-Y361F construct, labeled for 2 h with [32P]orthophos-
phate (PerkinElmer, Boston, MA) (0.5 mCi/ml in Krebs Ringer
buffer, pH 7.4, containing 1% BSA), treated with E2, washed
with PBS, and immunoprecipitated with Ni-NTA agarose beads
as described above. The supernatants were resolved onto 10%
SDS-PAGE gel and transferred onto nitrocellulose membrane.
Phosphorylated aromatase-purified protein was detected by au-
toradiography, and the aromatase protein level was determined
by immunoblot of the same membrane with antiaromatase
antibody.

In vitro c-Src kinase activity assay
C-Src kinase activity was measured by phosphorylation of

aromatase protein specifically purified from lysates of MCF-7
cells transiently transfected with His6-arom or His6-Y361F con-
structs, as previously described. The washed Ni-NTA beads
containing bound aromatase proteins were incubated with re-
combinant full-length human Src kinase (Cell Signaling Tech-
nology, Danvers, MA) in the presence of 10 �Ci of [�-32P]ATP
and 10 nmol/liter ATP in 40 �l kinase buffer at 30 C for 30 min.
The reactions were stopped by the addition of sodium dodecyl
sulfate loading buffer, and the samples were resolved by 10%
SDS-PAGE. The phosphorylated aromatase protein bands were
visualized by autoradiography.

TABLE 1. Oligonucleotide Primers Used for Mutagenesis Studies

Mutant Template Primers Sequence
Y184F CYP19 Forward 5�-CCAATGAATCGGGCtttGTGGACGTGTTGACCC-3�

Reverse 5�-GGGTCAACACGTCCACaaaGCCCGATTCATTGG-3�
Y361F CYP19 Forward 5�-GAAAACTTCATTtttGAGAGCATGCGGTACCAGCCTGTCG-3�

Reverse 5�-CGACAGGCTGGTACCGCAGCTCTCaaaAATGAAGTTTTCC-3�
His6-Y361F His6-arom Forward 5�-GAAAACTTCATTtttGAGAGCATGCGGTACCAGCCTGTCG-3�

Reverse 5�-CGACAGGCTGGTACCGCAGCTCTCaaaAATGAAGTTTTCC-3�
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c-Src knockdown by siRNA
MCF-7 cells were transfected with validated stealth RNA

interference (RNAi) DuoPak (Invitrogen) targeted human c-Src
or with a stealth RNAi control to a final concentration of 100
nM using Lipofectamine 2000 (Invitrogen) as recommended by
the manufacturer. After 5 h the transfection medium was
changed with serum free medium, transfected with His6-arom
vector, and then exposed to E2. These transfected cells were used
to immunoblotting analysis.

Statistical analysis
Each datum point represents the mean � SE of three different

experiments. Statistical analysis was performed using ANOVA
followed by Newman-Keuls testing to determine differences in
means. P � 0.05 was considered as statistically significant.
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