
Journal of Steroid Biochemistry & Molecular Biology 96 (2005) 375–385

Difficulty demonstrating estradiol-mediated Erk1/2 phosphorylation
in MCF-7 cells

Stacey L. Browera, Jenny R. Robertsb, James M. Antoninib, Michael R. Millera,∗
a Department of Biochemistry and Molecular Pharmacology, Mary Babb Randolph Cancer Center, P.O. Box 9142, West Virginia University

Health Sciences Center, Morgantown, WV 26506-9142, USA
b Health Effects Laboratory Division, National Institute for Occupational Safety and Health, 1905 Willowdale Road, Morgantown,

WV 26505, USA

Received 17 August 2004; accepted 2 May 2005

Abstract

While some studies report that estradiol (E2) activates extracellular-signal regulated kinase (Erk1/2) in MCF-7 breast cancer cells, others
report E2 does not activate this signaling pathway. This study attempted to resolve the conflicting reports by investigating experimental
variables that could impact Erk1/2 activation using a high through-put assay that quantitatively assessed Erk1/2 phosphorylation. Variables
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ested included: cell staging and dosing regimes with and without charcoal-stripped serum, different MCF-7 cell sublines and cultur
nd several E2 formulations and solvents. Levels of phosphorylated Erk1/2 were normalized to cellular protein rather than to total Erk
ecause an antibody purported to recognize total Erk1/2 preferentially reacted with non-phosphorylated Erk1/2, potentially exagg
pparent level of Erk1/2 activation. Dosing MCF-7 cells with E2 containing small amounts of stripped serum induced Erk1/2 phosph
owever, this induction was largely attributed to serum factors. E2 administered in serum-free medium did not significantly alt
hosphorylation under any condition tested; immunocytochemistry corroborated this conclusion. While phosphatase inhibitors

ncreased Erk1/2 phosphorylation, they did not impact E2-altered Erk1/2 phosphorylation. It remains important to resolve th
onflicting reports regarding E2-induced Erk1/2 activation due to the potential importance of this pathway on breast cancer
rocesses.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Many effects of estradiol (E2) are attributed to the steroid
inding the estrogen receptor (ER) subtypes ER� and/or
R�, activating ERs as transcription factors that increase

he expression of specific genes[1–3]. E2 has also been
eported to have “non-genomic” effects, including acti-
ation of extracellular-signal regulated kinase (Erk1/2) in
he mitogen-activated protein kinase (MAPK) signal trans-
uction pathway. However, there is controversy over the
xtent to which E2 may influence Erk1/2 activation, as well
s the potential mechanism by which E2 could influence
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cross-talk between different signaling pathways (revie
in [4]).

E2 has been reported to activate Erk1/2 in MCF-7 hu
breast cancer cells that express high levels of ER�, as wel
as in several other cell types, including neural cells
osteoblasts. The majority of studies reporting E2 activa
of Erk1/2 in MCF-7 cells show transient increases in
kinase activity, or phosphorylation state, within 2–15
[5–10]; however, one study describes E2-induced eleva
in Erk1/2 activity only after 2 h of estradiol treatment w
persistent activation for up to 24 h[11]. Upstream members
the Erk/MAPK pathway reportedly activated by E2 inclu
c-src non-receptor tyrosine kinase, p21ras, Shc, p190[5],
Raf-1 [12], as well as Egr-1[12]. However, another stud
reports E2-induced Erk/MAPK activation that is media
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through a G protein-coupled receptor, GPR30, and involves
EGF receptor activation as a result of the release of pro-
heparan bound EGF from cell membranes[8]. In rat cerebral
cortical explants[13,14] and SK-N-SH human neuroblas-
toma cells[15], levels of phosphorylated Erk1/2 reportedly
rise∼15 min after treatment with E2 and persist for up to 2 h.
However, in rat osteoblast ROS 17/2.8 cells, Erk1/2 activity
was reportedly increased within 5 min of treatment with E2
then rapidly returned to basal levels[16].

In studies reporting E2-induced Erk1/2 activation, there
are conflicting reports regarding the role of ER in mediat-
ing this effect. Some studies report the pure antiestrogen ICI
182,780 abolishes E2-induced elevations in Erk1/2 activity
in MCF-7 cells[5,7,9], suggesting E2 binding ER mediates
Erk1/2 activation. While this idea is supported by reports that
E2 does not activate Erk1/2 in cells lacking ER[7], a differ-
ent study indicates that ICI 182,780 alone activates Erk1/2
to the same extent as E2[8]. Furthermore, Erk1/2 activation
was not elicited by treatment with ER� and ER� selective
ligands (16�-iodo-17�-estradiol and genistein, respectively)
[13,14].

In distinct contrast, other studies report E2 does not sig-
nificantly activate Erk1/2 in the same breast cancer and neu-
roblastoma cell lines reported to exhibit E2-induced Erk1/2
activation. In MCF-7 and MDA-MB-231, breast cancer cells
E2 was reported to not alter Erk1/2 phosphorylation, while
E
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The impact of different: culture media composition (includ-
ing DMEM versus DMEM:F-12 and media with charcoal-
stripped serum versus serum-free media), dosing methods,
E2 preparations, cell densities, lysis solutions, MCF-7 cell
sublines, as well as the influence of phosphatase inhibitors,
on E2-mediated Erk1/2 phosphorylation were investigated.
While some variables that can influence the apparent degree
of Erk1/2 phosphorylation in MCF-7 cells were identified,
these studies were not able to demonstrate significant E2
induction of Erk1/2 phosphorylation nor resolve all of the
conflicting reports regarding E2 activation of Erk1/2 in MCF-
7 cells.

2. Materials and methods

2.1. Reagents

Polyclonal phospho-p44/42 MAP Kinase (Thr202/
Tyr204), polyclonal p44/42 MAP Kinase, phospho-estrogen
receptor� (Ser118) monoclonal antibody 16J4, goat anti-
rabbit IgG horseradish perxidase (HRP)-conjugated and goat
anti-mouse IgG HRP-conjugated antibodies were purchased
from Cell Signaling Technology (Beverly, MA). Estrogen
receptor� antibody (H-184) was purchased from Santa Cruz
(Santa Cruz, CA). FITC-conjugated donkey anti-rabbit anti-
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GF induced robust Erk1/2 activation[6,17–21]. In addi-
ion, in SK-N-SH neuroblastoma cells E2 was reported to
nduce Erk1/2 activation by any concentration of E2 te
1–100 nM), relative to time-matched control cells[22].

The basis of the conflicting reports regarding the ex
o which E2 activates Erk1/2 is not clear; however, dif
nt experimental variables may impact Erk1/2 activation

nterpretation of results. Lobenhofer and Marks[20] report
dministering E2 in a small volume of phenol red-free, ser

ree medium to MCF-7 cells did not activate Erk1/2; howe
hen all of the medium was changed, Erk1/2 phosph

ation was induced, possibly via stress-signaling pathw
nother study reports low levels of ethanol (E2 solvent) a

nduce Erk1/2 activation[18]. Thus, conclusions from stu
es investigating E2-induced Erk1/2 activation that did
nclude solvent- and time-matched control cells may be c
romised. Furthermore, different conditions for maintain
ells, staging cells in E2-free medium, treating cells with
ysing cells and assessing Erk1/2 activation may contr
o the conflicting reports regarding E2-induction of Erk
hosphorylation. A recent review also suggested inheren

erences in MCF-7 cell sublines may be responsible for t
onflicting reports[4].

The goal of the present study was to develop a
hrough-put, quantitative assay for assessing Erk1/2 pho
ylation and use this assay to examine potential variable
ould impact the conflicting reports regarding the extent o
ctivation of Erk1/2 in MCF-7 cells. Studies were restric

o MCF-7 cells because most controversy in the litera
egarding E2-activation of Erk1/2 centers on these c
ody was obtained from Chemicon (Temecula, CA). PV
nd nitrocellulose membranes were obtained from Bio
aboratories (Hercules, CA). Phenol red-free (PRF) DM
-glutamine and fetal bovine serum (FBS) were purch
rom Gibco (Grand Island, NY). DMEM was obtained fro
io-Whittaker (Walkersville, MD). Protease inhibitor coc

ail tablets (Complete) were purchased from Roche Mol
ar Biochemicals (Indianapolis, IN). 17-�-Estradiol (E8875)
GF (E9644), water-soluble 17-�-estradiol (E4389), 2
ydroxypropyl-�-cyclodextrin, phosphatase inhibitors, SD
crylamide and all other electrophoretic reagents of the
st grade were purchased from Sigma (St. Louis, MO).

.2. Cell culture

MCF-7 cells used in most studies were purchased from
merican Type Culture Collection (Manassas, VA) and m

ained in Dulbecco’s Modified Eagle’s Medium (DMEM
upplemented with 10% FBS and 0.1% gentamycin. A
erent stock of MCF-7 cells, reported to exhibit E2-indu
rk1/2 phosphorylation[8] was kindly donated by D
dward J. Filardo (Rhode Island Hospital and Brown Uni
ity, Providence, RI); these cells were maintained in ph
ed-free DMEM/F12, 10% FBS and 0.01% gentamycin[8].
ll cells were kept at 37◦C with 10% CO2.

.3. Cellular staging and protein harvesting

MCF-7 cells were plated into 6-well culture dish
t 3× 105 cells/well, unless indicated otherwise. In so
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studies cells were depleted of E2 and staged to reduce
basal Erk1/2 phosphorylation by maintaining them in PRF-
DMEM, 2% charcoal-dextran stripped FBS[23] for 4 days
with one medium change on day 2. In other studies cells were
depleted of E2 and staged by maintaining them in serum-
free medium, as described in figures. Cells were treated with
appropriate mediators by removing and replacing all medium
or by addition of 1/10 (v/v) PRF-DMEM, with or with-
out 2% stripped serum, as indicated; triplicate cultures for
each treatment and time point were analyzed. At indicated
times, medium was aspirated from cell monolayers, cells
were quickly rinsed with ice-cold phosphate buffered saline
(PBS) and lysates were prepared by adding 150�L boiling
harvesting buffer (1% SDS, 10 mM Tris, pH 7.4) followed by
sonication. When indicated, phosphatase inhibitors (3.5 mM
sodium orthovanadate, 50 mM sodium fluoride, 100 mM
sodium pyrophosphate) were added prior to sonication. In
designated experiments cells were lysed by adding 150�L
RIPA buffer (150 mM NaCl, 100 mM Tris, 1% deoxycholate,
0.1% SDS, 1% Triton X-100, 2 mM PMSF, 1× Complete
protease inhibitor cocktail), in the presence[8] or absence
of phosphatase inhibitors (3.5 mM sodium orthovanadate,
50 mM sodium fluoride, 100 mM sodium pyrophosphate). All
cell lysates were assayed for total cellular protein (BCA Pro-
tein Assay, Pierce).
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phorylation at residues T202/183 and Y204/185 (phospho-
p44/42 MAPK), and antibodies purported to react with total
Erk1/2 protein (p44/42 MAPK) (Cell Signaling Cat. No.
9102) were used to evaluate levels of phosphorylated + non-
phosphorylated forms of Erk1/2.

For Western blotting, 20�g cell lysate protein were heated
at 95◦C for 3 min then separated by electrophoresis in
7.5% SDS-polyacrylamide gels (PAGE) and electroblotted
to PVDF membranes. Membranes were blocked in Tris-
buffered saline (TBS), 5% non-fat milk prior to incubation
with the primary antibodies (1:1000) diluted in 5% bovine
serum albumin (BSA) overnight at 4◦C. An HRP-conjugated
secondary antibody (1:1000) diluted in TBS, 5% milk, in con-
junction with a luminol substrate (LumiGlo®; Cell Signaling
Technology), was used for detection. For Slot blotting, 60�g
cellular protein were heated as above then serially diluted in
TBS, with 250�L final volume in each dilution. Phosphory-
lated and non-phosphorylated MAPK Control Proteins (Cell
Signaling Technology) were also serially diluted into TBS.
Dilutions of lysates and control protein was directly applied to
nitrocellulose membranes using the Bio-Dot SF Microfiltra-
tion Apparatus (Bio-Rad). Membranes were then incubated
in TBS containing 0.1% Tween-20 (TBST) before blocking in
TBS, 5% milk. Blots were processed as described for West-
ern blotting. The optical densities of resultant bands were
analyzed in the WVU Image Analysis Facility with Opti-
m lated
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.4. DNA assay

To assess cell proliferation, MCF-7 cultures were pl
n 6-well culture dishes at 1× 105 cells/well and maintaine
n PRF-DMEM containing 2% charcoal-dextran stripp
BS [23] for 4 days with one medium change on day
or 6 consecutive days cells were completely re-fed P
MEM, 2% stripped FBS and no additions (control), 3
2 or 100 ng/mL EGF. Medium was aspirated from
onolayers, cells were rinsed once with ice-cold PBS,
NA was precipitated by adding 10% trichloroacetic a

TCA). After TCA removal, DNA was dissolved in 0.1
aOH and re-precipitated with 20% TCA. After centri
ation, precipitated DNA was assayed according to Bu

24]. Known concentrations of DNA were used to g
rate a standard curve from which the DNA conten
ellular samples was interpolated. Results are expre
s microgram DNA per centimetre square surface cu
ish.

.5. Immunoblotting

ER phosphorylation was investigated by Western blo
sing two different antibodies. ER phosphorylation res

n retarded migration (i.e. up-shift) of the ER� band in
estern blotting[19,25,26]using anti-ER� antibody H-184

Santa Cruz), whereas monoclonal antibody 16J4 (Cell
aling Technology) specifically reacts with ER� phospho
ylated at Ser118. Phospho-specific Erk1/2 antibodies
ignaling Cat. No. 9101) were used to evaluate Erk1/2 p
as 6.2 software; known amounts of control phosphory
rk1/2 proteins were used to generate a standard curve
hich the amount of phosphorylated Erk1/2 in cell lysa
as interpolated.

.6. Immunocytochemistry

MCF-7 cells were plated in eight-chambered slide
× 104 cells/well. Twenty-four hours after plating, cultur
ere maintained in serum-free PRF-DMEM for 3 days, w
edium changes every 24 h. Cells were treated with

ndicated mediators in 1/10 (v/v) serum-free medium. A
spirating medium, cell monolayers were quickly rinsed

ce-cold PBS, fixed with 4% paraformaldehyde (freshly
ared) at 4◦C for 10 min, and permeabilized with TBS, 0.2
riton X-100 at room temperature for 5 min. Following s
ral washes in TBS, 0.1% Triton X-100, fixed cell monolay
ere blocked with TBS, 5.5% goat serum for 1 h and t

ncubated with primary antibody (1:300 in TBS, 3% BS
vernight at 4◦C. Monolayers were thoroughly rinsed, inc
ated with FITC-conjugated secondary antibody (1:30
BS, 3% BSA) for 1.5 h at room temperature, thoroug
insed and mounted with Prolong anti-fade solution (Mole
ar Probes) under a coverslip. Cells were observed and im
sing an LSM 510 laser-scanning confocal microscope (Z

nc., Thornwood, NY). An artificially assigned rainbow co
cale was used to indicate intensity of FITC staining;
nd green colors represent areas of low intensity stai
ith yellow, red and white representing areas of increa
taining intensity.
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2.7. Statistical analysis

For all experiments, one-way ANOVA was performed,
followed by two-population (independent)t-test; significant
differences (p < 0.05) are indicated.

3. Results

Comparing published variables (cell culture media, stag-
ing and treating cells with medium containing charcoal-
stripped serum versus serum-free medium, E2 preparations
and concentrations, and procedures used to lyse cells and
assess Erk1/2 activation) in studies reporting E2 did[5–11]
or did not [17–21] activate Erk1/2 in MCF-7 cells did not
provide insight to potential reasons for the conflicting con-
clusions. One to ten nanometre E2 was used most frequently
in studies investigating the effects of E2 on Erk1/2 activation
in MCF-7 cells[5–11,17–21]. Therefore, before investigating
E2 effects on Erk1/2, 3 nM E2 (Sigma, E8875) was shown to
induce MCF-7 cell proliferation better than 100 ng/mL EGF,
as expected (Fig. 1A, a chronic treatment), as well as to induce
ER� phosphorylation (Fig. 1B, an acute treatment), indicat-

ing these MCF-7 cells were responsive to this concentration
of the E2 preparation used in these studies.

3.1. Effects of E2 on Erk1/2 phosphorylation in the
presence of charcoal-stripped serum

An equal number of studies reporting E2-induced Erk1/2
activation staged and treated MCF-7 cells with medium con-
taining 0.05–5.0% charcoal-stripped fetal calf serum[5,7,9]
or with serum-free medium[6,8,11]; 1–10 nM E2 was used
most frequently in PRF-DMEM. Initial studies assessed the
effect of 3 nM E2 (Fig. 1) on Erk1/2 phosphorylation in
MCF-7 cells staged and treated in PRF-DMEM, 2% charcoal-
stripped fetal calf serum as described inFig. 2. To minimize
activation of stress-response pathways by completely replac-
ing medium on cells[18], 1/10 (v/v) culture medium (PRF-
DMEM, 2% charcoal-stripped fetal calf serum) with 30 nM
E2 was added to cultures (3 nM final E2). Erk1/2 phosphory-
lation before adding E2 (“time 0”) and 15 min after adding E2
was assessed by Western blot (Fig. 2). In each sample the level
of phosphorylated Erk1/2 was normalized to “total” Erk1/2,
as described; comparing the normalized levels of phospho-
rylated Erk1/2 in “time 0” and E2-treated cells indicated

F
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t
p

ig. 1. Estradiol induces MCF-7 cell proliferation and estrogen receptor pho
or 4 days. (A) Cultures were administered PRF-DMEM, 2% charcoal-stripp
or 6 consecutive days. DNA in triplicate cultures were quantified[24] and present
ifferent from control (* p < 0.05). (B) Cultures were treated with 1/10 (v/v) seru
lanes 4–6) for 30 min. Lysates were prepared as described and electropho
o a PVDF membrane.Top panel: membrane was probed with an antibody that
anel: membrane was stripped and probed with an antibody that recognizes�; E
sphorylation. MCF-7 cells were maintained in PRF-DMEM, 2% stripped serum
ed FBS containing no mediator (control), 3 nM E2 or 100 ng/mL EGF every day
ed as microgram DNA per centimetre square surface area± S.E. Significantly
m-free PRF-DMEM alone (control; lanes 1–3) or 3 nM E2 (final concentration)
resed (20�g protein each lysate) on a 10% SDS-PAGE at 4◦C and electroblotted
specifically recognizes ER� phosphorylated at Ser118 (ER Ser118-P).Bottom
ERR� phosphorylation results in retarded migration indicated by the bracket.
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Fig. 2. Effects of E2 on phospho-Erk1/2 by treating MCF-7 cells with E2
in charcoal-stripped serum. MCF-7 cells were maintained in PRF-DMEM,
2% stripped serum for 4 days prior to treatment. Cell lysates were prepared
at time 0 prior to any treatment (lanes 1 and 3), or 15 min after 1/10 (v/v) of
PRF-DMEM, 2% charcoal-stripped FBS containing 30 nM E2 (3 nM final
E2 concentration; lanes 2 and 4) was added to cultures. Twenty microgram
of each cell lysate was subjected to Western blotting for phospho-Erk1/2
(lanes 1 and 2) and “total” Erk1/2 (lanes 3 and 4) protein. The optical den-
sities of phospho-Erk1/2 bands were determined and normalized to those
of “total” Erk1/2 bands from the same sample. By dividing the normal-
ized value of phospho-Erk1/2 in E2-treated cells by the normalized value
of phospho-Erk1/2 in time 0 cells, E2 treatment was calculated to increase
Erk1/2 phosphorylation∼1.7-fold. Similar results were seen in triplicate
samples of each treatment.

Erk1/2 phosphorylation was∼1.7-fold higher in E2-treated
cells than in “time 0” cells.

Given the high degree of antibody specificities for rec-
ognizing phosphorylated or non-phosphorylated Erk1/2 in
MCF-7 cell lysates, as well as the apparent modest E2-
mediated increase (∼1.7-fold) in phospho-Erk1/2 (Fig. 2),
a higher through-put, quantitative slot blot procedure was
developed to better study Erk1/2-phosphorylation. Known
amounts of phosphorylated- and non-phosphorylated-Erk1/2
control proteins were probed with phospho-Erk1/2 antibod-
ies (Fig. 3A) and total Erk1/2 antibodies (Fig. 3B). Although
the phospho-Erk1/2 antibody specifically recognized only
phospho-Erk1/2 protein (Fig. 3A), the antibody purported
to recognize total Erk1/2 exhibited a much stronger reaction
with non-phospho-Erk1/2 protein than with phospho-Erk1/2
protein (Fig. 3B), indicating that these total Erk1/2 antibodies
may not be appropriate to use in normalizing phospho-Erk1/2
levels in different samples. Therefore, for all further studies
described herein known amounts of phospho-Erk1/2 protein
were probed with phospho-Erk1/2 antibody (Fig. 3A), and
the resultant optical densities were used to establish standard
curves (Fig. 3C) from which the amounts of phosphorylated-
Erk1/2 in MCF-7 cell lysates could be interpolated and nor-
malized to total cellular protein.

The effects of 3 nM E2 and 100 ng/mL EGF (positive
control for inducing Erk1/2 phosphorylation) on phospho-
E ere
s rior
t ed
s m-
f ted

times and analyzed by Slot blotting. In both control and E2-
treated cultures, 2 min after additions the level of phospho-
Erk1/2 reproducibly declined, relative to the amount at time 0,
while EGF-treated cultures consistently displayed increases
in the level of phospho-Erk1/2 (Fig. 4A and C). However,
compared to control cells at the 2 min time point, the lev-
els of phospho-Erk1/2 were significantly elevated in both
E2- and EGF-treated cultures (∼2.3- and∼6-fold, respec-
tively), this apparent elevation of phospho-Erk1/2 at 2 min
in E2-treated cells relative to control cells is due to less
reduction of phospho-Erk1/2 in E2-treated cells relative to
control cells. Fifteen minute after additions all cultures dis-
played 2–3-fold increases in the levels of phospho-Erk1/2,
relative to time 0; however, at none of the times between
5 and 120 min were the levels of phospho-Erk1/2 signif-
icantly increased by E2 or EGF, relative to time-matched
control cultures (Fig. 4A and C). These time-dependent
changes in phospho-Erk1/2 did not appear to be due to
changes in Erk1/2 protein as assessed with the “total” Erk1/2
antibody described inFigs. 2 and 3(not shown). Compar-
ison of phospho-Erk1/2 levels in cultures treated with 1/10
(v/v) serum-free PRF-DMEM or PRF-DMEM containing 2%
charcoal-stripped FBS demonstrated that both the transient
reduction of phospho-Erk1/2 at the 2 min time and subse-
quent increase in phospho-Erk1/2 observed at the 15 min
time were attributed to stripped serum (Fig. 4A and D).
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rk1/2 in MCF-7 cells were determined over 2 h. Cells w
taged in PRF-DMEM, 2% stripped serum for 4 days p
o treatment with 1/10 (v/v) of PRF-DMEM, 2% stripp
erum alone (controls) or with E2 or EGF or with seru
ree PRF-DMEM; cell lysates were prepared at indica
ells receiving 1/10 volume serum-free medium mainta
pproximately constant levels of phospho-Erk1/2 for at l
5 min.

.2. Estradiol does not activate Erk1/2 in serum-free
edium

All further experiments examined MAPK activation
dding mediators in serum-free medium. When MCF-7
ere “staged” in PRF medium containing 2% stripped se
rior to addition of mediators in 1/10 volume serum-free P
edium, 100 ng/mL EGF induced an∼6-fold rapid, transien

ncrease in phospho-Erk1/2 2 min after addition, relativ
ontrol-treated and to “time 0” cells (not shown). Howe
hospho-Erk1/2 levels in cells treated with 1–100 nM
ere not significantly elevated above those in control-tre
ells over a 2 h time course or after 24 h (not shown). A
ional variables that might impact Erk1/2 phosphorylation
2 were then investigated.
Several studies reporting E2 activation of Erk1/2 m

ained MCF-7 cells in serum-free medium 24 to 72 h p
o E2 treatment[6,8,11]. Staging MCF-7 cells in serum-fre
RF-DMEM for 48 h prior to addition of EGF in serum

ree medium induced an∼8-fold increase in phospho-Erk1
t 2 min that remained significantly elevated (∼2.5-fold) at
min, before returning to basal level by 15 min (Fig. 5A).
owever, phospho-Erk1/2 was essentially unchanged in

reated cells over 30 min (Fig. 5A).
To minimize potential autocrine effects of growth fact

eleased into culture medium, MCF-7 cells were plated
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Fig. 3. Erk1/2 phosphorylation is quantitatively assessed by slot blotting. Indicated amounts of non-phosphorylated (upper rows) and phosphorylated (bottom
rows) Erk1/2 control proteins were processed in slot blots and probed with phospho-Erk1/2 antibodies (A) or “total” Erk1/2 antibodies (B) as described in
Section2. The optical densities of phospho-Erk1/2 in three separate blots were determined and used to generate a standard curve (C) for interpolating the
amount of phospho-Erk1/2 protein in cell lysates.

lower density, and serum-free medium was replaced every
24 h over a 72 h staging period[8]. Treatment with EGF
resulted in a rapid increase in phospho-Erk1/2 at 2 min that
decreased more gradually, remaining significantly elevated
3- and 2-fold at 5 and 15 min, respectively (Fig. 5B). In con-
trast, E2-treated cells maintained a constant, basal level of
phopho-Erk1/2 (Fig. 5B).

To determine if the lack of E2-mediated Erk1/2 activa-
tion was due to a MCF-7 subline difference, Dr. Edward
J. Filardo (Rhode Island Hospital and Brown University,
Providence, RI) kindly donated a stock of MCF-7 cells that
have displayed E2-mediated Erk1/2 phosphorylation[8] in
serum-free medium. Those cells were maintained in phe-
nol red-free DMEM:F12, plated at 1.25× 105 cells/well of
6-well plates, staged and treated in serum-free, phenol red-
free DMEM:F-12, precisely according to Dr. Filardo’s pub-
lished [8] and personal instructions. However, when the
study detailed inFig. 5B was repeated using Dr. Filardo’s
cell stock and procedures, the results were essentially iden-
tical to those depicted inFig. 5B; phospho-Erk1/2 levels
were not significantly altered in E2-treated cells, whereas
EGF induced maximal Erk1/2 phosphorylation at 2 min
which then gradually decreased (not shown). Additional
studies with cells obtained from Dr. Filardo, assessed dif-

ferent components of the dosing and cell lysing protocols
for their potential impact on E2-mediated Erk1/2 phospho-
rylation. A water-soluble preparation of E2 (Sigma E4389)
[8] was tested in place of ethanol-soluble E2 (0.0003%
total ethanol upon dosing,Figs. 1, 2, 4 and 5); and cells
were lysed in either RIPA buffer without first rinsing cell
monolayers with PBS[8] or in the SDS-based harvest-
ing buffer used in previous experiments; both buffers were
used with and without phosphatase inhibitors. One nanomo-
lar water-soluble E2 was used for 5 min, duplicating con-
ditions in Dr. Filardo’s studies[8]. Neither E2 prepara-
tion induced Erk1/2 phosphorylation in any lysis buffer
tested, while EGF induced robust Erk1/2 phosphorylation
(Fig. 6and not shown). Erk1/2 phosphorylation was reduced
somewhat in both lysis buffers in the absence of phos-
phatase inhibitors. Additionally, neither ethanol-soluble E2,
0.0003% ethanol alone nor 2-hydroxypropyl-�-cyclodextrin
alone (vehicle for water-soluble E2) altered EGF induced
Erk1/2 phosphorylation (not shown), indicating an inhibitor
of Erk1/2 phosphorylation was not present in any of these
compounds.

Phospho-Erk1/2 was also assessed in situ via immuno-
cytochemistry (Fig. 7). At 2 min, EGF induced significant
phosphorylation of Erk1/2, as evidenced by a greater number
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Fig. 4. Addition of charcoal-stripped serum complicates interpretation of effects of E2 or EGF on phospho-Erk1/2. MCF-7 cells were maintained in PRF-DMEM,
2% stripped serum for 4 days prior to treatment with 1/10 (v/v) PRF-DMEM, 2% stripped FBS alone (“control” in Panel A), with 1/10 (v/v) PRF-DMEM, 2%
stripped FBS containing 30 nM E2 (“E2” in Panel A) or 1000 ng/mL EGF (“EGF” in Panel A), yielding final concentrations of 3 nM E2 or 100 ng/mL EGF,
respectively, for 2, 5, 15, 30 or 120 min. Other cells were treated with 1/10 (v/v) serum-free, PRF-DMEM (“SF” in Panel A, BlotA) for 2, 5 or 15 min. Cells not
subject to any dosing or medium change were harvested at time 0 (“time 0” in Panel A) to assess basal levels of phospho-Erk1/2. Triplicate cultures for each
treatment were harvested at indicated times, except those receiving serum-free medium, where duplicate cultures were harvested at indicated times. Cell lysates
were prepared from each culture as described and 40, 5 and 1.25�g each lysate was applied to slot blots; each blot also contained 0.1, 0.2, 0.4, 1.0, 2.0 and
20 ng phospho-Erk1/2 standard proteins. (A) Slot blots (A–F) were processed as described and exposed to X-ray film (30 s). The approximate border of each
blot is indicated by dashed lines; standard phospho-Erk1/2 proteins (0.1–20 ng) are across the bottom of each blot; the source of cell extracts (underlined within
blots) and microgram of extract proteins loaded on to blots (dashed arrows on left side [blotsA–C] and right side [blotsD–F]) are indicated. Lysates unrelated to
these studies are marked “X” with solid lines. (B) A composite standard curve of the mean optical density vs. nanogram of phospho-Erk1/2 protein (0.1–2.0 ng)
from the six blots (A–F) in Panel A was constructed. Optical densities of cell lysates that fell within the optical density of phospho-Erk1/2 standards, especially
within the 0.4–2.0 ng range of standards (Panel A) were used to estimate the amount of phospho-Erk1/2 protein in the different cell lysates; the insertshows the
standard curve that includes 0.1–20 ng phospho-Erk1/2 protein. (C) The effects of treating MCF-7 cells with 1/10 volume PRF-DMEM, 2% stripped FBS with
or without (control, closed square) 3 nM E2 (open circle) or 100 ng/mL EGF (open triangle) (final concentrations) on levels of phospho-Erk1/2. The amounts
of phospho-Erk1/2 in cell lysates were determined from the blots shown in Panel A following interpolation from the standard curve depicted in Panel B and are
expressed as means nanogram phospho-Erk1/2/mg cell lysate protein± standard error (S.E.). Significantly different from time-matched control (* p < 0.05). (D)
The effects of treating MCF-7 cells with 1/10 volume PRF-DMEM, 2% charcoal-stripped serum (+2% sFBS, closed square) or with serum-free PRF-DMEM
(open circle) for 15 min on levels of phospho-Erk1/2. Cell lysates were prepared, slot blotted and probed to detect phospho-Erk1/2 (Panel A); amountsof
phospho-Erk1/2 were interpolated from a standard curve (Panel B) as described. Phospho-Erk1/2 levels are expressed as means nanogram phospho-Erk1/2/mg
cell lysate protein± S.E.

of cells expressing phospho-Erk1/2, as well as by an elevated
level of phospho-Erk1/2 within cells (Fig. 7A and B). How-
ever, neither ethanol-soluble E2 (Fig. 7C) nor water-soluble
E2 (Fig. 7D) displayed a pattern of phospho-Erk1/2 protein
expression noticeably different from that seen in control cells
(Fig. 7A).

4. Discussion

One objective of this study was to develop a quantita-
tive, high through-put assay for Erk1/2 phosphorylation. The
high specificity of the phospho-Erk1/2 antibody employed
(Fig. 2) permitted immuno slot blotting, allowing processing
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Fig. 4. (Continued ).

of a greater number of samples in a shorter period of time
than Western blotting, as well as quantitative analysis by
generating a standard curve with known amounts of phos-
phorylated Erk1/2 protein on blots along with cell lysates
(Fig. 3). A standard curve is essential for accurately assessing
changes in the level of phospho-Erk1/2 in different sam-
ples because antibody-derived signals from the enhanced
chemiluminescence detection method are often not propor-
tional to the amount of antigen in a sample, as demon-
strated inFigs. 3C and 4B. Although phospho-Erk1/2 is
commonly normalized to total Erk1/2, the “total” Erk1/2 anti-
body used in this study did not efficiently recognize phospho-
Erk1/2 (Fig. 3B), which could result in unequal normalization
between samples with different ratios of phospho-Erk1/2 and
non-phospho-Erk1/2. Therefore, levels of phospho-Erk1/2 in
different treatments were normalized to total protein; differ-
ent treatments were also assayed in triplicate and statistically
compared.

Experimental variables that might contribute to conflicting
literature reports regarding E2-induced Erk1/2 phosphoryla-
tion were then investigated. The addition to cells of mediators

with even small amounts of charcoal-stripped serum can
complicate interpretation of results (Fig. 4). When MCF-7
cells maintained in medium containing 2% stripped serum
were dosed with 1/10 (v/v) PRF-DMEM, 2% stripped serum
containing 30 nM E2, relative to time 0 there is a repro-
ducible, transient reduction in basal phospho-Erk1/2 at 2 min
followed by an apparent induction of phospho-Erk1/2 that
peaks∼15 min after E2 addition before returning to initial
(time 0) levels (Fig. 4C). However, the apparent increase
in phospho-Erk1/2 during the∼15–30 min period is also
seen in time-matched control cells and is attributed to added
serum factors (Fig. 4). Although cells treated with E2 in 0.2%
stripped serum for 2 min exhibited a reduction in phospho-
Erk1/2, relative to time 0 cells, this reduction was signifi-
cantly less than that observed in control cells receiving 0.2%
serum alone and could be interpreted as induction of phospho-
Erk1/2, relative to time-matched controls. In contrast, when
cultures were dosed in the same manner with EGF, phospho-
Erk1/2 was significantly elevated at 2 min, relative to both
time-matched controls and the time 0 level; by the 15 min
time point, there was no significant difference in the level of
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Fig. 5. E2 does not increase Erk1/2 phosphorylation in serum-free medium.
(A) MCF-7 cells were plated at 3× 105 cells/well in 6-well plates and main-
tained in serum-free, PRF-DMEM for 2 days prior to complete change of
serum-free PRF-DMEM containing no mediator (control, closed square),
3 nM E2 (open circle) or 100 ng/mL EGF (open triangle) (final concentra-
tions) for indicated times. Cells not subject to any dosing or medium changes
were evaluated at time 0 to assess basal levels of phospho-Erk1/2. Cell
lysates were prepared, and phospho-Erk1/2 was quantitated as described.
A representative experiment is shown with each condition tested in trip-
licate. Values are means± S.E. Significantly different from time-matched
control (* p < 0.05). (B) MCF-7 cells were plated at a lower density of
1.25× 105 cells/well in 6-well plates and maintained in serum-free, PRF-
DMEM for 3 days, with daily medium changes, prior to complete change of
serum-free, PRF-DMEM containing no mediator (control, closed square),
3 nM E2 (open circle) or 100 ng/mL EGF (open triangle) (final concentra-
tions) for indicated times. Cells not subject to any treatment were evaluated
at time 0 to assess basal levels of phospho-Erk1/2. Cell lysates were pre-
pared, and phospho-Erk1/2 was quantified as described. A representative
experiment is shown, with each condition assayed in triplicate. Values are
means± S.E. Significantly different from time-matched control (* p < 0.05).

phospho-Erk1/2 between control-, E2- and EGF-treated
cells (Fig. 4C). The importance of including both time-
matched controls as well as a time 0 control when assessing
Erk1/2 phosphorylation/activation is illustrated inFig. 4;
some reports of E2-induced Erk1/2 phosphorylation may be
attributed to the absence of one of these controls.

However, other studies reporting E2-induced Erk1/2 phos-
phorylation avoided serum-mediated complications by main-
taining and dosing MCF-7 cells in serum-free medium. In an
attempt to reproduce those studies, the effects of serum-free
staging and dosing conditions (Fig. 5A), low cell density
(Fig. 5B), a water-soluble E2 preparation (Fig. 6), differ-

Fig. 6. E2 preparation and lysis buffer composition do not impact
Erk1/2 phosphorylation in MCF-7 cells. MCF-7 cells were plated at
1.25× 105 cells/well in 6-well plates and maintained in serum-free, PRF-
DMEM for 3 days, with daily medium changes, prior to treatment via
complete re-feeding with serum-free, PRF-DMEM containing no mediator
(control), 100 ng/mL EGF or 1 nM water-soluble E2 (final concentrations)
for 5 min. Cells not subject to any treatment were evaluated at time 0 to
assess basal levels of phospho-Erk1/2. Cells were immediately lysed in
RIPA buffer with or without phosphatase inhibitors, or in SDS harvesting
buffer with or without phosphatase inhibitors, as indicated. Phospho-Erk1/2
protein in lysates was quantitated by slot blotting as described, and a rep-
resentative experiment with each condition assayed in triplicate is shown.
Values are means± S.E. Water-soluble E2-treated cultures lysed with SDS
buffer lacking phosphatase inhibitors were assayed in a different experiment.
Significantly different from control cells lysed in same buffer (*p < 0.05);
significantly different from control-treated cultures lysed in same buffer
but containing phosphatase inhibitors (#p < 0.05) and significantly different
from EGF-treated cultures lysed in same buffer but containing phosphatase
inhibitors (+p < 0.05).

ent cell lysis buffers (Fig. 6), different E2 concentrations
(1–100 nM, not shown) and the addition of phosphatase
inhibitors (Fig. 6) were all assessed for their impact on
the ability of E2 to induce Erk1/2 phosphorylation. Despite
duplicating as closely as possible experimental conditions
described in studies reporting E2-induced Erk1/2 phosphory-
lation [6,8,11], we were unable to demonstrate E2-mediated
Erk1/2 phosphorylation in MCF-7 cells, while EGF consis-
tently induced robust activation (Figs. 5 and 6). Basal (time 0)
levels of phospho-Erk1/2 were maintained whether E2 was
applied in a small volume of serum-free medium or with
a complete change of serum-free medium (Fig. 5). Similar
results were obtained using immunocytochemistry to assess
Erk1/2 phosphorylation, an alternative method that mini-
mizes subjecting cells to potential stresses and artifacts of
cell lysis (Fig. 7). Furthermore, Dr. Edward J. Filardo (Rhode
Island Hospital and Brown University, Providence, RI) kindly
donated an MCF-7 cell line reported to exhibit E2-induced
Erk1/2 phosphorylation[8], as well as cell lysates prepared
in his laboratory from that MCF-7 subline. When assayed
for Erk1/2 phosphorylation via Western- and slot-blotting,
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Fig. 7. Erk1/2 phosphorylation in situ reflects immunoblotting results. MCF-7 cells were seeded into 8-chambered glass slides at 1× 104 cells/well and
maintained in serum-free PRF-DMEM for 3 days, with daily medium changes. No mediator control (A), 100 ng/mL EGF (B), 1 nM ethanol-soluble E2 (C) or
1 nM water-soluble E2 (D) were added to cultures in 1/10 (v/v) serum-free medium for 2 min (control, EGF) or 5 min (both E2 preparations). Cells were fixed
in paraformaldehyde, permeabilized with Triton X-100 and probed for phospho-Erk1/2, as described in Section2. Images were captured via laser-scanning
confocal microscopy and are displayed using a rainbow-colored scale to indicate intensity; low intensity labeling appears as blue, and increasingly higher
intensity sites appear as green, yellow, red, and then white, respectively. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

the lysates prepared in Dr. Filardo’s laboratory from those
E2-treated MCF-7 cells displayed a prominent increase (∼4-
fold) in phospho-Erk1/2, relative to controls (not shown),
demonstrating that the antibodies and detection systems used
in Western and Slot blotting were not the source of differen-
tial results between the two laboratories. However, in our
hands we were unable to observe E2-induced Erk1/2 phos-
phorylation in that MCF-7 cell subline under any of the
conditions described above. We specifically strove to dupli-
cate Dr. Filardo’s procedures for maintaining, staging, dosing
and lysing that MCF-7 cell subline. Thus, it is not at all clear
why some laboratories report E2-induced Erk1/2 phosphory-
lation/activation in MCF-7 cells[5–11]and others are not able
to demonstrate this response[17–21]. Because the potential
for E2 to mediate Erk1/2 activation has important implica-
tions for breast cancer and various other processes, it remains
important to resolve this issue, perhaps requiring concerted
efforts by multiple laboratories.

References

[1] B.W. O’Malley, W.L. McGuire, P.O. Kohler, S.G. Korenman, Studies
on the mechanism of steroid hormone regulation of synthesis of
specific proteins, Recent Prog. Horm. Res. 25 (1969) 105–160.

[2] R.M. Evans, The steroid and thyroid hormone receptor superfamily,
Science 240 (1988) 889–895.

[3] D.R. Ciocca, M.A. Fanelli, Estrogen receptors and cell proliferation
in breast cancer, Trends Endocrinol. Metab. 8 (1997) 313–321.

[4] D.A. Lannigan, Estrogen receptor phosphorylation, Steroids 68
(2003) 1–9.

[5] A. Migliaccio, M. DiDomenico, G. Castoria, A. deFalco, P. Bon-
tempo, E. Nola, F. Auricchio, Tyrosine kinase/p21ras/MAP-kinase
pathway activation by estradiol-receptor complex in MCF-7 cells,
EMBO J. 15 (1996) 1292–1300.

[6] G. Castoria, M.V. Barone, M. DiDomenico, A. Bilancio, D. Ame-
trano, A. Migliaccio, F. Auricchio, Non-transcriptional action of
oestradiol and progestin triggers DNA synthesis, EMBO J. 18 (1999)
2500–2510.

[7] T. Importa-Brears, A.R. Whorton, F. Codazzi, J.D. Youk, T. Meyer,
D.P. McDonnell, Estrogen-induced activation of mitogen-activated



S.L. Brower et al. / Journal of Steroid Biochemistry & Molecular Biology 96 (2005) 375–385 385

protein kinase requires mobilization of intracellular calcium, Proc.
Natl. Acad. Sci. U.S.A. 96 (1999) 4686–4691.

[8] E.J. Filardo, J.A. Quinn, K.I. Bland, A.R. Frackelton, Estrogen-
induced activation of Erk-1 and Erk-2 requires the G protein-coupled
receptor homolog, GPR30, and occurs viatrans-activation of the
epidermal growth factor receptor through release of HB-EGF, Mol.
Endocrinol. 14 (2000) 1649–1660.

[9] R. Duan, W. Xie, R.C. Burghardt, S. Safe, Estrogen receptor-
mediated activation of the serum response element in MCF-7 cells
through MAPK-dependent phosphorylation of Elk-1, J. Biol. Chem.
276 (2001) 11590–11598.

[10] C-W. Wong, C. McNally, E. Nickbarg, B.S. Komm, B.J. Cheskis,
Estrogen receptor-interacting protein that modulates its nongenomic
activity-crosstalk with Src/Erk phosphorylation cascade, Proc. Natl.
Acad. Sci. U.S.A. 99 (2002) 14783–14788.

[11] V.G. Keshamouni, R.R. Mattingly, K.B. Reddy, Mechanism of 17-
�-estradiol-induced Erk1/2 activation in breast cancer cells: a role
for HER2 and PKC-�, J. Biol. Chem. 277 (2002) 22558–22565.

[12] M.A.C. Pratt, A. Satkunaratnam, D.M. Novosad, Estrogen activates
raf-1 kinase and induces expression of Egr-1 in MCF-7 breast cancer
cells, Mol. Cell. Biochem. 189 (1998) 119–125.

[13] M. Singh, G. Setalo, X. Guan, M. Warren, C.D. Toran-Allerand,
Estrogen-induced activation of mitogen-activated protein kinase in
cerebral cortical explants: convergence of estrogen and neurotrophin
signaling pathways, J. Neurosci. 19 (1999) 1179–1188.

[14] M. Singh, G. Setalo, X. Guan, D.E. Frail, C.D. Toran-Allerand,
Estrogen-induced activation of the mitogen-activated protein kinase
cascade in the cerebral cortex of estrogen receptor-� knock-out mice,
J. Neurosci. 20 (2000) 1694–1700.

[15] J.J. Watters, J.S. Campbell, M.J. Cunningham, E.G. Krebs, D.M.
Dorsa, Rapid membrane effects of steroids in neuroblastoma cells:

lling
ology

[ , T.
ase
mun.

[17] I.M. Bonapace, R. Addeo, L. Altucci, L. Cicatiello, M. Bifulco,
C. Laezza, S. Salzano, V. Sica, F. Bresciani, A. Weisz, 17 Beta-
estradiol overcomes a G1 block induced by HMG-CoA reduc-
tase inhibitors and fosters cell cycle progression without inducing
ERK-1 and -2 MAP kinases activation, Oncogene 12 (1996) 753–
763.

[18] S. Caristi, J.L. Galera, F. Matarese, M. Imai, S. Caporali, M. Can-
cemi, L. Altucci, L. Cicatiello, D. Teti, F. Bresciani, A. Weisz,
Estrogens do not modify MAP kinase-dependent nuclear signaling
during stimulation of early G1 progression in human breast cancer
cells, Cancer Res. 61 (2001) 6360–6366.

[19] P.B. Joel, A.M. Traish, D.A. Lannigan, Estradiol-induced phospho-
rylation of serine 118 in the estrogen receptor is independent of
p42/p44 mitogen-activated protein kinase, J. Biol. Chem. 273 (1998)
13317–13323.

[20] E.K. Lobenhofer, J.R. Marks, Estrogen-induced mitogenesis of MCF-
7 cells does not require the induction of mitogen-activated protein
kinase activity, J. Steroid Biochem. Mol. Biol. 75 (2000) 11–20.

[21] E.K. Lobenhofer, G. Huper, J.D. Iglehart, J.R. Marks, Inhibition of
mitogen-activated protein kinase and phosphotidylinositol 3-kinase
in MCF-7 cells prevents estrogen-induced mitogenesis, Cell Growth
Differ. 11 (2000) 99–110.

[22] P.E. Stevis, D.C. Deecher, L. Suhadolnik, L.M. Mallis, D.E.
Frail, Differential effects of estradiol and estradiol-BSA conjugates,
Endocrinology 140 (1999) 5455–5458.

[23] J.S. Strobl, V.A. Peterson, K.A. Woodfork, A survey of human breast
cancer sensitivity to growth inhibition by calmodulin antagonists in
tissue culture, Biochem. Pharmacol. 47 (1994) 2157–2161.

[24] K. Burton, A study of the conditions and mechanism of the dipheny-
lamine reaction for the colorimetric estimation of deoxyribonucleic
acid, Biochem. J. 62 (1956) 315–323.

[ ro-
ng to
0205–

[ gen,
. 269
effects of estrogen on mitogen activated protein kinase signa
cascade and c-fos immediate early gene transcription, Endocrin
138 (1997) 4030–4033.

16] H. Endoh, H. Sasaki, K. Maruyama, K. Takeyama, I. Waga
Shimizu, S. Kato, H. Kawashima, Rapid activation of MAP kin
by estrogen in the bone cell line, Biochem. Biophys. Res. Com
235 (1997) 99–102.
25] S.F. Arnold, D.P. Vorojeikina, A.C. Notides, Phosphorylation of ty
sine 537 on the human estrogen receptor is required for bindi
an estrogen response element, J. Biol. Chem. 270 (1995) 3
30212.

26] P. LeGodd, M.M. Montano, D.J. Schodin, B.S. Katzenellenbo
Phosphorylation of the human estrogen receptor, J. Biol. Chem
(1994) 4458–4466.


	Difficulty demonstrating estradiol-mediated Erk1/2 phosphorylation in MCF-7 cells
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Cellular staging and protein harvesting
	DNA assay
	Immunoblotting
	Immunocytochemistry
	Statistical analysis

	Results
	Effects of E2 on Erk1/2 phosphorylation in the presence of charcoal-stripped serum
	Estradiol does not activate Erk1/2 in serum-free medium

	Discussion
	References


