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eral inhibitors suppressed cell proliferation in the presence 
of doxorubicin and estrogen.  Conclusions:  These findings 
demonstrate that molecular changes caused by doxorubicin 
in ER+ breast cancer cells can be reversed by estrogen, pro-
viding molecular evidence for the poorer responses of ER+ 
tumors to doxorubicin in the presence of physiologic estro-
gen levels. Our results also suggest that the addition of drugs 
targeting the ER, EGFR, the SFKs, MEK, PI3K, and/or the MMP 
proteins to a conventional chemotherapy regimen may im-
prove chemosensitivity.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Breast cancer is the most commonly diagnosed and 
the second most deadly cancer in women  [1] . Clinically, 
breast tumors can be classified by hormone receptor sta-
tus, with estrogen receptor-positive (ER+) cancers occur-
ring three times more often than estrogen receptor-neg-
ative (ER–) cancers  [2] . Patients with ER+ tumors are of-
ten treated with hormonal therapies to reduce estrogen 
responses within the tumor and/or with chemotherapy. 
However, several clinical studies have reported that pa-
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 Abstract 

  Objective:  Estrogen treatment limits the cytotoxic effects of 
chemotherapy in estrogen receptor-positive (ER+) breast 
cancer cell lines, suggesting that estrogen pathway signal-
ing may confer chemotherapeutic resistance. This study in-
vestigates the molecular responses of ER+ breast cancer cell 
lines to the chemotherapeutic agent, doxorubicin, in the 
presence or absence of estrogen.  Methods:  ER+ MCF-7 and 
T47-D cells were cultured in hormone-starved or estrogen-
containing media with or without doxorubicin at concentra-
tions mimicking the low concentrations seen in plasma and 
tumor microenvironments in humans following typical bo-
lus administration. Protein levels, phosphorylations, and in-
teractions of estrogen-signaling molecules were assessed 
following these treatments, as well the effects of ER signal-
ing inhibitors on cell proliferation.  Results:  Surprisingly, es-
trogen and doxorubicin co-treatment markedly induced 
pro-growth alterations compared to doxorubicin alone and 
modestly enhanced estrogen alone-induced changes. Sev-
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tients with ER+ tumors respond less well to chemothera-
py than their counterparts with ER– tumors  [3–5] . Labo-
ratory studies using ER+ breast cancer cell lines have also 
demonstrated that the presence of physiologic estrogen 
levels counter the effects of chemotherapy, which may ex-
plain the clinical observation of mitigated doxorubicin 
sensitivity in ER+ tumors  [6, 7] .

  Doxorubicin hydrochloride (Adriamycin, Rubex) is 
one of several commonly used chemotherapeutic agents 
in the treatment of ER+ breast cancer. It is typically ad-
ministered to cancer patients as a bolus of 40–70 mg/m 2 . 
Within about 2 hours of administration, the serum con-
centration rapidly decreases to levels of 10–100 n M , which 
are maintained for days  [8–12] . Similarly, a study of 12 
breast cancer patients given a 90 mg/m 2  bolus of epirubi-
cin, an analog of doxorubicin, demonstrated that the av-
erage intratumoral concentration paralleled the mean 
plasma epirubicin level of 52 n M  at 25 h following admin-
istration  [13] . Investigations of breast cancer cell lines 
have shown that  6 1  �  M  concentrations of doxorubicin 
decrease cell viability, induce apoptosis, and cause cell 
cycle arrest  [14–16] . However, little is known about wheth-
er and how the drug (especially at concentrations of 10–
100 n M ) affects cell proliferation, cell cycle progression, 
estrogen/estrogen receptor signaling, and whether estro-
gen effectors may mediate resistance to doxorubicin. 
Likewise, few studies explain how estrogen-mediated re-
sistance may occur in estrogen-suppressed patients (i.e. 
post-menopausal patients, aromatase inhibitor (AI)-
treated patients, oophorectomy patients, etc.). The con-
cept of estrogen-mediated resistance is supported by 
findings of persistent mediators of estrogen signaling in 
both endocrine- and chemotherapy-treated patients  [17–
19] .

  Estrogen regulates the cellular proliferation, survival, 
and differentiation of many tissues  [20–24]  and acts by 
binding to its canonical receptors, ER- �  and/or ER- � , in 
the cytoplasm or nucleus of treated cells. These receptors 
form homo- and heterodimers that, in turn, activate 
classical and rapid signaling cascades  [25, 26] . Transcrip-
tion resulting from classical signaling is measurable 
within hours of estrogen stimulation and results from 
either direct binding of dimerized ER proteins to estro-
gen response elements (EREs) upstream of estrogen-re-
sponsive genes or participation in non-ERE-dependent 
transcriptional complexes in the nucleus. Rapid estrogen 
actions occur in the cytoplasm within minutes of estro-
gen exposure and are characterized by increased phos-
phorylation and activation of many signaling mole-
cules including ER- � , epidermal growth factor receptor 

(EGFR) family members, extracellular regulated kinase 
(ERK) 1/2, c-Src, and phosphoinositide 3-kinase (PI3K) 
 [27, 28] . Short stimulations with estrogen also induce the 
formation of complexes between ER- � , c-Src, PI3K, and/
or MNAR (modulator of non-genomic actions of the es-
trogen receptor, a scaffolding protein also known as 
PELP-1) as well as between the androgen receptor (AR) 
and ER- �  or c-Src. Some of these complexes result in 
post-translational modifications that enhance down-
stream signaling and ultimately gene transcription  [29–
31] . Phosphorylation of ERK 1/2, c-Src, and PI3K can re-
sult in the activation of signaling cascades that regulate 
proliferation, survival, adhesion, and migration inde-
pendently of and together with ER  [28, 32] . Because of 
their involvement in estrogen action, these molecules are 
prime candidates for mediating resistance of ER+ breast 
cancer cells to chemotherapy.

  Little is understood about the molecular effects of 
doxorubicin in the presence of estrogen on ER+ breast 
cancer despite extensive work with each chemical alone. 
This report tests the hypothesis that the doxorubicin re-
sistance is mediated in part by estrogen pathway signal-
ing. We seek to test the effects of doxorubicin and estro-
gen on various downstream components of estrogen-sig-
naling pathway. Our model is designed to mimic the 
prolonged estrogen and doxorubicin exposures observed 
clinically. We show that prolonged estrogen treatment 
alone modulates total and phosphorylated levels of spe-
cific signaling molecules similar to short estrogen treat-
ments. Doxorubicin (25 n M ) alone modestly increases 
levels of several hormone and growth factor signaling 
molecules that are downregulated by estrogen alone, sug-
gesting mechanisms by which doxorubicin counteracts 
the pro-survival effects of estrogen. Surprisingly, treat-
ment with both estrogen and doxorubicin modestly en-
hances estrogen-induced changes and markedly induced 
pro-growth alterations compared to doxorubicin alone, 
providing molecular evidence for the poorer responses of 
ER+ tumors to doxorubicin in the presence of physiolog-
ic estrogen levels. We also test inhibitors of several pro-
teins involved in estrogen signaling to identify molecules 
whose inhibition might decrease intrinsic doxorubicin 
resistance. We show that inhibitors of the ERK pathway 
and of MMPs (matrix metalloproteinases that activate 
growth factor receptor pathways) cooperate with doxoru-
bicin to reduce cell proliferation, while inhibitors of ER(s), 
Src-family kinase (SFK) protein(s), AR, and PI3K func-
tion independently of doxorubicin. Both classes of inhib-
itors are potential candidates for overcoming doxorubi-
cin resistance in ER+ breast cancers.
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  Materials and Methods 

 Reagents 
 17- �  estradiol was purchased from Sigma-Aldrich Corpora-

tion (Saint Louis, Mo., USA) and resuspended in ethanol for stor-
age. The final media concentration used in experiments (10 n M ) 
contained no more than 0.001% ethanol. Doxorubicin hydrochlo-
ride was obtained from Calbiochem (San Diego, Calif., USA). For 
inhibitor experiments, PD-98059 (final concentration, 50  �  M ) was 
obtained from Biomol International (Enzo Life Sciences, Plym-
outh Meeting, Pa., USA), fulvestrant (1  �  M ) from AstraZeneca 
(Wilmington, Del., USA), GM 6001 (10  �  M ) from Biomol Interna-
tional, gefitinib (10  �  M ) from LC Laboratories (Woburn, Mass., 
USA), SU6656 (1  �  M ) from Calbiochem, and LY 295002 (25  �  M ) 
from Cayman Chemical (Ann Arbor, Mich., USA). All inhibitors 
were suspended in dimethyl sulfoxide (DMSO; Fisher Scientific) 
except fulvestrant, which was mixed with ethanol. The final con-
centration of inhibitors contained no more than 1% DMSO or eth-
anol. Unless otherwise specified, all other chemical reagents were 
purchased from Fisher Scientific (Waltham, Mass., USA).

  Cell Lines 
 The human ER+ breast cancer cell lines T47-D and MCF-7 

were acquired from ATCC (Manassas, Va., USA) and the A. Bou-
ton lab (University of Virginia) and maintained at 37   °   C in a hu-
midified 5% CO 2  environment. T47-D and MCF-7 cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS, USA origin), 1 m M  
sodium pyruvate, and 1% penicillin/streptomycin. For hormone 
starvation, cells were cultured in phenol red-free, low glucose 
DMEM supplemented with 5% charcoal-stripped FBS, 2 m M   L -
glutamine, 1 m M  sodium pyruvate, and 0.76% D-(+)-glucose (45% 
w/v, Sigma), designated ‘CSSM’. Except where noted, all liquid cell 
culture reagents were from Gibco (Billings, Mont., USA).

  Growth Assay 
 For each condition tested, 5  !  10 4  MCF-7 or 10 5  T47-D cells 

were seeded per well in a 6-well dish (Corning, Corning, N.Y., 
USA) and incubated overnight. The next day, wells were washed 
three times with Dulbecco’s phosphate-buffered saline (DPBS, 
Gibco) and replenished with fresh starvation medium. Inhibitors 
were added to the appropriate wells after 23 h, and 10 n M  estrogen 
was added 1 h later. In the absence of inhibitor, groups were incu-
bated 24 h prior to estrogen addition. Cells were incubated an ad-
ditional 24 h, and then the media was changed to fresh starvation 
medium with or without doxorubicin. Estrogen and inhibitors 
were added again to the appropriate groups, and cells were incu-
bated another 48 h, trypsinized, and counted on a hemocytometer.

  Cell Cycle Analysis 
 MCF-7 treatment groups of CSSM alone, CSSM plus estrogen 

(E), CSSM plus doxorubicin (Dox), and CSSM plus estrogen plus 
doxorubicin (Dox + E) were seeded in CSSM in triplicate at a den-
sity of 2  !  10 6  cells per 10 cm dish (Greiner bio-one, Frickenhau-
sen, Germany), incubated overnight, and cultured as described 
for the growth assay. Following a PBS wash (1.4  M  NaCl, 26.8 m M  
KCl, 40.6 m M  Na 2 HPO 4   �  7H 2 O), cells were detached with 5 ml/
dish Accutase (Innovative Cell Technologies, San Diego, Calif., 
USA) and triplicate plates combined. All subsequent steps were at 
4   °   C and utilized polypropylene tubes (Becton Dickenson, Frank-

lin Lakes, N.J., USA). Cell clumps were broken apart by pipetting 
repeatedly, centrifuged for 6 min at 200 !  g , and resuspended in 
0.5 ml PBS. Cells were then fixed in 4.5 ml cold 70% ethanol (Fish-
er Scientific) in ddH 2 O and stored at –20   °   C until analyzed. Just 
prior to analysis, ethanol-suspended cells were centrifuged 5 min 
at 200 !  g , suspended in 1 ml cold PBS and counted by hemocy-
tometer. One million cells were washed in cold PBS, pelleted, re-
suspended in 1 ml DAPI/Triton X-100 staining solution (0.1% w/v 
Triton-X-100 (LabChem Inc., Pittsburg, Pa., USA) and 1  � g/ml 
DAPI (Sigma-Aldrich) in ddH 2 O) for at least 30 min in the dark. 
DAPI fluorescence was detected by a CyAn TM  ADP LX 9 Color 
flow cytometer (Beckman Coulter, Brea, Calif., USA). The pulse 
width-pulse area signal was used to discriminate between G 2  cells 
and cell doublets and gate out the latter. Data were analyzed with 
the ModFit LT program, version 3.2.1 (Verity Software House, 
Topsham, Me., USA).

  Western Blot Analysis 
 For each of the four treatment groups, cells were scraped, pel-

leted, and lysed in NP-40 lysis buffer (1% (v/v) NP-40, 20 m M  Tris 
HCl, pH 8.0, 137 m M  NaCl, 10% (v/v) glycerol, 2 m M  ethylenedi-
aminetetraacetic acid (EDTA)) supplemented with Protease In-
hibitor Cocktail Set I (Calbiochem) and 100  �  M  Na 3 VO 4 , and 
clarified by centrifugation (9,300 !  g , 5 min). The protein con-
centration of the lysates was quantitated with BioRad Protein As-
say reagent (Hercules, Calif., USA) and the Multiskan MCC plate 
reader (Fisher Scientific).

  Whole cell lysates were analyzed by Western blot (100  � g/
lane). Proteins were separated on 8% SDS-PAGE gels and trans-
ferred to polyvinylidene fluoride membranes (Immobilon-P, Mil-
lipore, Temecula, Calif., USA). Membranes were blocked in 5% 
milk or BSA (w/v) in Tris-buffered saline Tween-20 buffer (TBST; 
100  �  M  Tris base, 1.5 m M  NaCl, 1% (v/v) Tween-20) for 1–2 h at 
room temperature and then incubated in a primary antibody so-
lution (identical to blocking buffer) overnight at 4   °   C (see  table 1  
for details). Membranes were then thoroughly washed in TBST 
and incubated at room temperature with horseradish peroxidase-
conjugated secondary antibody (goat anti-mouse or sheep anti-
rabbit (GE Healthcare, Waukesha, Wisc., USA), both 1:   2,000) for 
1 h. Membranes were again thoroughly washed and incubated 
with SuperSignal West Pico Chemiluminescent Substrate (Ther-
moscientific, Waltham, Mass., USA) for 2 min in the dark. Mem-
branes were exposed to film (Blue Lite Autorad film, ISC Bioex-
press, Kaysville, Utah, USA) and processed.

  Quantitation and Statistical Analysis 
 AlphaEaseFC version 3.1.2 (Alpha Innotech Corp., San Lean-

dro, Calif., USA) was used to quantitate scanned protein bands on 
film. All total protein levels were normalized to the loading con-
trol. Specific phosphorylations were calculated by first normal-
izing the phospho- and total protein bands to the loading control 
and then dividing the normalized phosphorylated band by the 
normalized total protein. All conditions were divided by the value 
for the untreated control and expressed as the fold change of the 
control. Comparisons between treatment groups were carried out 
using Student’s t test or analysis of variance between groups 
(ANOVA) corresponding to factorial experiments done in ran-
domized blocks after transforming values to the log scale (to ac-
count for experiment-to-experiment variation in growth). All er-
ror bars indicate standard errors of the mean (SEM).
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  Results 

 Doxorubicin Impairs Estrogen-Induced Proliferation 
 It has previously been shown that at the level of the 

tumor microenvironment, estrogen is present at levels 
likely sufficient for signaling even in post-menopausal or 
ovarian-suppressed patients [33]. In current standard of 
care, most patients receiving chemotherapy do not re-
ceive concurrent anti-estrogen therapy (AIs or SERMs), 
thus the hypothesis that estrogen signaling may counter-
act the effects of chemotherapy is clinically relevant.

  In order to develop a cell culture system that would 
reflect the clinical treatment paradigm for ER+ breast 
cancers and allow us to address the biological and mo-
lecular questions regarding ER signaling, two ER+ breast 
cancer cell lines (MCF-7 and T47-D), which are depen-
dent on estrogen for growth and survival, were treated as 
depicted in  figure 1 . Cells were hormone-starved and ex-
posed to 10 n M  estrogen alone, doxorubicin alone, estro-
gen and doxorubicin together, or maintained in hormone 
depleted conditions for a 5-day period. Following treat-
ment, cells were assessed for protein levels and phos-

phorylation status of molecules involved in estrogen sig-
naling by immunoprecipitation/Western blot or for bio-
logical responses, such as proliferation, cell death, and 
cell cycle progression.  Figures 2–6  depict representative 
results of these studies and are described in more detail 
below.

  Previous studies have shown that ER+ breast cancer 
cells treated with  ! 1  �  M  doxorubicin can survive in the 
presence of estrogen  [6, 7] , suggesting that in the presence 
of the sub-lethal doxorubicin concentrations achievable 
in human tumors, ER+ breast cancers must be able to em-
ploy resistance mechanisms (e.g. estrogen-mediated, 
SFK-mediated, cell cycle arrest, IGFR-mediated, etc.). 
Given this, we sought to establish the biological effect of 
nanomolar concentrations of doxorubicin in our system. 
MCF-7 and T47-D cells were exposed to doxorubicin in 
the presence or absence of estrogen (according to the 
scheme in  fig. 1 ) and counted after 5 days as a measure of 
the cumulative net growth and survival of cells in an es-
trogenic environment prior to and during doxorubicin 
treatment.  Figure 2 a shows that estrogen-induced prolif-
eration was diminished in both cell lines with increasing 

Table 1. C onditions used in the Western blot protocol

Protein target Block and 
Ab solution

Primary Ab source, clone/catalog number Primary 
Ab dilution

Primary Ab 
host species

AR 5% milk M. Weber lab (University of Va.), AR-21 1:10,000 Rabbit
AR pS210/S213 5% BSA Imgenex (San Diego), 156C125.2 1:1,000 Mouse
AR pY534 5% BSA † 1:1,000 Rabbit
�-Actin 5% milk Sigma, AC-15 1:10,000 Mouse
c-Src 5% milk Cell Signaling, No. 2108 1:1,000 Rabbit
c-Src 5% milk S. Parsons lab, 2-17 1:1,000 Mouse
c-Src pY418 5% BSA Biosource (Camarillo, Tex.), No. 44-660G 1:5,000 Rabbit
EGFR 5% BSA Cell Signaling, No. 2232 1:1,000 Rabbit
ER-� 5% milk Vector Laboratories, 1D5 1:1,000 Mouse
ER-� 5% milk Santa Cruz, HC-20 1:1,000 Rabbit
ER-� pS118 5% BSA Cell Signaling, No. 2515 1:2,000 Rabbit
ER-� pS167 5% BSA Cell Signaling, No. 2514 1:1,000 Rabbit
ER-� pY537 5% BSA Abcam (Cambridge, Mass.), ab59177 1:1,000 Rabbit
ER-� 5% milk Millipore, 68-4 1:1,000 Rabbit
ER-� 5% milk Abcam, 9.88 1:1,000 Mouse
ERK 1/2 5% milk B3B9* 1:1,000 Mouse
ERK pT183/Y185 5% BSA Sigma, MAPK-YT 1:10,000 Mouse
GAPDH 5% milk Millipore, 6C5 1:10,000 Mouse
HER2 5% milk Santa Cruz, C-18 1:1,000 Rabbit
HER2 pY877 5% BSA Cell Signaling, No. 2241 1:1,000 Rabbit
MNAR 5% milk Bethyl (Montgomery, Tex.), No. A300-180A-1 1:5,000 Rabbit
PI3K p85 5% milk Millipore, AB6 1:125 Mouse

†  Waller et al. [82]. * Reuter et al. [86].
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doxorubicin concentrations, with an approximate 50% 
decrease at 25 n M  in MCF-7 cells. Since the estrogen re-
sponse in MCF-7 cells in the absence of doxorubicin was 
more robust than in T47-D cells, and the 25-n M  drug con-
centration permitted an analysis of both estrogen and 
doxorubicin effects, this doxorubicin concentration and 
MCF-7 cells were chosen for all subsequent experiments. 
Within the doxorubicin range tested (0–1  �  M ) and in the 
absence of estrogen, little change in cell number was ob-
served, consistent with the finding that doxorubicin is 
most cytotoxic for proliferating cells, and ER+ cells re-
quire estrogen for proliferation  [34, 35] . Apoptosis was 
also not detected above background by the terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TU-
NEL) or poly(ADP-ribose) polymerase (PARP) cleavage 
assays, nor was a change in cell death observed by the 
trypan blue assay in either cell line (data not shown). In 
contrast, ER-BT-20 breast cancer cells were not depen-
dent upon estrogen for proliferation and demonstrated 
significant reductions in cell number upon doxorubicin 
treatment, even in the absence of estrogen (online suppl. 
data 1; for all online supplementary material, see www.
karger.com/doi/10.1159/000341394). These results raised 
the question of what effect, if any, doxorubicin might 
have on cell cycle progression in ER+ breast cancer cells, 
in both the absence and presence of estrogen. To address 
this question, MCF-7 cells were either left untreated or 
treated with 25 n M  doxorubicin alone or together with 
estrogen for 5 days and subjected to cell cycle analysis by 
flow cytometry as a point-in-time measure of the effect 

of doxorubicin.  Figure 2 b shows that doxorubicin alone-
treated cells arrested in G1, and fewer progressed to S 
phase compared to non-treated cells, consistent with pri-
or reports and further affirming the validity of our mod-
el system  [16, 36] . Cells treated with doxorubicin and es-
trogen together exhibited a similar G1 accumulation and 
decrease in S phase entry ( fig. 2 c). A slight, but statisti-
cally insignificant, trend towards reduced G1 and elevat-
ed S phases upon the addition of estrogen to doxorubicin 
treatment ( fig. 2 b, c, +Dox bars) and the differences in the 
temporal nature of the assays may explain the apparent 

18 h 24 h 24 h 48 h

0 h 18 h 42 h 66 h 114 h

Seed

Hormone

starve +/–10 nM E

Fresh media

+/–Dox +/–E

Assay for 

signaling events or 

biological outcome

  Fig. 1.  Schematic depiction of the cell culture treatment protocol. 
ER+ breast cancer cells were treated with estrogen (E) alone, 
doxorubicin (Dox) alone, or co-treated as depicted. Cells were 
seeded in growth medium, incubated overnight, and then hor-
mone-starved. A day later, 10 n M  estrogen was added to the ap-
propriate groups, and cells were incubated for an additional 24 h. 
At that time, spent media was replaced with fresh starvation me-
dia supplemented with or without doxorubicin and estrogen. For-
ty-eight hours later, cells were lysed for biochemical analysis by 
immunoprecipitation or Western blotting, counted, or fixed and 
stained for cell cycle analysis by flow cytometry. 
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  Fig. 2.  Doxorubicin impairs estrogen-induced proliferation. Cells 
were treated as described in figure 1 and analyzed by cell count-
ing or by cell cycle distribution.  a  MCF-7 (left panel) and T47-D 
(right panel) cells were treated with increasing doxorubicin con-
centrations in the presence (dashed line) or absence (solid line) of 
10 n M  estrogen as described in Materials and Methods. The arrow 
indicates 25 n M  doxorubicin in MCF-7 cells.  *  Indicates statistical 
significance between groups treated with and without estrogen
(p  ̂   0.05). The results are expressed as the mean fold change in 
cell number  8  SEM for five experiments.  b  MCF-7 cells treated 
with or without 25 n M  doxorubicin were stained with DAPI and 
subjected to cell cycle analysis, as described in Materials and 
Methods. Results are expressed as the mean percent cells in G1 
(black bars), S (grey bars), and G2 (white bars)  8  SEM for ten ex-
periments.  *   Indicates statistical significance between groups 
treated with and without doxorubicin (p  ̂   0.05).  c  MCF-7 cells 
treated with 10 n M  estrogen were left untreated or exposed to 25 
n M  doxorubicin and analyzed as in  b .  *  Indicates statistical sig-
nificance between groups treated with and without estrogen (p  ̂   
0.05). 
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differences in proliferation/cell cycle progression be-
tween the growth and cell cycle assays. These data indi-
cate that a sub-apoptotic doxorubicin concentration can 
cause cell cycle blocks that estrogen cannot fully over-
come.

  Prolonged Estrogen and/or Doxorubicin Treatment 
Causes Changes in Levels and/or Phosphorylation 
Status of Estrogen-Signaling Molecules 
 To gain insight into the effects of the various doxoru-

bicin/estrogen treatments on molecules known to be in-
volved in estrogen signaling, lysates from treated cells 
were analyzed by Western blotting for total protein levels 
or specific phosphorylations. Our first analyses were car-
ried out on cells stimulated long-term with estrogen alone 
and compared to those maintained under hormone-de-
prived, or non-treated, conditions.  Figure 3  shows that 
when compared to hormone-deprived controls, prolonged 
estrogen treatment alone caused accumulation of AR 

( fig. 3 a) and PI3K ( fig. 3 b) proteins, both of which have 
been shown to mediate estrogen-induced proliferation 
and/or survival  [37, 38] . Reduction of ER- �  ( fig. 3 c), c-Src 
( fig.  3 d), MNAR ( fig.  3 d), EGFR ( fig.  3 e), and HER2 
( fig. 3 e) protein levels was also observed. Changes to these 
levels may be the result of rapid protein turnover, a hall-
mark of active signaling, and/or reduced gene expression 
 [39, 40] . In addition, specific phosphorylations associated 
with increased activity on ER- �  ( fig. 3 c), c-Src ( fig. 3 d), 
and HER2 ( fig. 3 e) were elevated, similar to that seen with 
acute estrogen action  [41–44] . Online supplementary data 
2 (–Dox bars) provides the quantification of these and 
other effects on ER- �  and ERK 1/2 proteins and on AR 
and ERK 1/2 phosphorylations, which were modestly or 
insignificantly altered by prolonged estrogen treatment.

  The finding that 25 n M  doxorubicin could induce a G1 
block in the presence of estrogen suggested that extended 
doxorubicin treatment could affect estrogen downstream 
signaling ( fig. 2 c). Given that low levels of doxorubicin 
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  Fig. 3.  Prolonged levels of estrogen alter 
the protein levels and increase specific 
phosphorylation of estrogen-signaling 
molecules. MCF-7 cells, cultured for 72 h 
in the presence or absence of estrogen, 
were lysed and analyzed by Western blot-
ting. Within each panel, the Western blots 
are representative of nine or more experi-
ments that were quantitated and shown in 
the graph. For each graph, the untreated 
control was set to 1, and the estrogen-treat-
ed group was expressed as the mean fold 
change of the untreated control            8  SEM, as 
described in Materials and Methods.        *  In-
dicates statistical significance between 
groups treated with and without estrogen 
(p  ̂   0.05).  a  Androgen receptor protein 
levels increased with estrogen treatment.
 b  Estrogen enhanced PI3K protein levels. 
 c  ER- �  levels (black bars) were reduced by 
estrogen treatment, even as specific phos-
phorylations at ER- �  S118 (dark grey bars), 
ER- �  S167 (light grey bars), and ER- �  
Y537 (white bars) were elevated.      d  MNAR 
(black bars) and c-Src (grey bars) protein 
levels decreased with estrogen treatment, 
but the specific phosphorylation of c-Src’s 
activating tyrosine (c-Src pY418, white 
bars) was increased.  e  EGFR (black bars) 
and HER2 (grey bars) levels were reduced, 
but HER2-specific phosphorylation at 
Y877 (white bars) was enhanced with es-
trogen exposure.     
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alone also caused cell cycle arrest ( fig.  2 b), we asked 
whether molecules involved in estrogen signaling were 
affected by doxorubicin treatment in the absence of estro-
gen. Cell lysates were analyzed by Western blotting fol-
lowing treatment with 25 n M  doxorubicin to study these 
molecular effects.  Figure 4  shows that in the absence of 
estrogen, prolonged doxorubicin treatment resulted in 
increases in AR ( fig. 4 a), ER- �  ( fig. 4 a), EGFR ( fig. 4 b), 
and HER2 ( fig. 4 b) protein levels, an effect that is opposite 
to that of prolonged estrogen-alone treatment (with the 
exception of AR, whose protein levels were elevated by 
both treatments;  fig.  3 ). See also online supplementary 
data 2 (–E, compare –Dox to +Dox), which additionally 
indicate a small but significant reduction in ER- �  pS167 
levels. These results indicate that doxorubicin alone can 
have effects on proteins involved in estrogen signaling 
that are antagonistic to the effects of estrogen alone.

  Results depicted in  figures 3  and  4  indicate that estro-
gen and doxorubicin individually affect estrogen-signal-
ing molecules, but little is known about the signaling 
changes that occur when an estrogen-responsive tumor 
is treated with doxorubicin in the absence of estrogen 
suppression. To determine the molecular effects of doxo-
rubicin on breast cancer cells cultured in conditions re-
flective of the human microenvironment, levels and 
phosphorylation states of proteins from estrogen-ex-
posed cells were compared to those treated with both es-
trogen and doxorubicin. Surprisingly, doxorubicin and 
estrogen co-treatment augmented several estrogen-alone 
responses ( fig.  3 ,  5 ). In comparison to estrogen alone, 
doxorubicin plus estrogen modestly but significantly in-
creased AR protein levels ( fig. 5 a), increased HER2-spe-
cific phosphorylation ( fig. 5 d), and reduced MNAR pro-
tein ( fig.  5 b). In contrast, dual doxorubicin/estrogen 
treatment modestly reduced estrogen alone-induced in-
creases in PI3K levels ( fig. 5 c). However, doxorubicin did 
not affect many estrogen alone-stimulated changes, in-
cluding those to ER- � , c-Src, and EGFR protein levels and 
ER- �  and c-Src phosphorylations (see online suppl. data 
2 for quantitative comparisons of protein and phosphor-
ylation levels between groups treated with and without 
doxorubicin on an estrogenic background (–Dox +E vs. 
+Dox +E)). Contrary to expectations, these results sug-
gest that although doxorubicin had a slight detrimental 
effect on estrogen signaling (with respect to PI3K), it also 
left unaffected and even enhanced other aspects of the 
estrogen-signaling pathway.

  In addition to chemotherapy, some patients with ER+ 
tumors are candidates for adjuvant estrogen ablation 
therapy. To better understand the molecular changes that 

occur when ER+ breast tumors are treated with chemo-
therapy in the presence or absence of estrogen suppres-
sion, we compared cells exposed to doxorubicin with and 
without estrogen treatment.  Figure 6  and online supple-
mentary data 2 show that compared to doxorubicin alone, 
co-treatment with estrogen resulted in increased AR 
( fig. 6 a) and decreased ER- �  ( fig. 6 b), MNAR ( fig. 6 c), c-
Src ( fig. 6 c), EGFR ( fig. 6 d), and HER2 ( fig. 6 d) protein 
levels, consistent with changes seen with estrogen alone 
( fig. 3 ). We also observed increased specific phosphoryla-
tion at residues correlated with ER- �  ( fig.  6 b), c-Src 
( fig. 6 c), and HER2 ( fig. 6 d) activation, indicating active 
estrogen signaling in the presence of doxorubicin. To-
gether, these data indicate that a low dose of doxorubicin 
cannot completely suppress estrogen signaling in estro-
gen-responsive breast cancer cells.

  Inhibitors of Estrogen-Signaling Molecules Reduce 
MCF-7 Cell Growth in Doxorubicin-Dependent and 
-Independent Manners 
 The biochemical studies depicted in  figures 3–6  and 

summarized in online supplemental data 2 clearly dem-
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  Fig. 4.  Doxorubicin treatment enhances the levels of pro-prolifer-
ative molecules. MCF-7 cells were treated as depicted in figure 1, 
lysed, and analyzed by Western blotting. Within each panel, the 
Western blots are representative of the ten or more experiments 
quantitated in the graph. For each graph, the untreated control was 
set to 1, and the doxorubicin-treated group is expressed as the 
mean fold change of the untreated control            8  SEM, as described in 
Materials and Methods.        *   Indicates statistical significance be-
tween groups treated with and without doxorubicin (p  ̂   0.05).
 a  Doxorubicin modestly increased the protein levels of the hor-
mone receptors AR (black bar) and ER-     �  (grey bar).            b  Levels of the 
growth factor receptor signaling molecules EGFR (black bar) and 
HER2 (grey bar) were also elevated with doxorubicin treatment.       
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onstrated that doxorubicin treatment resulted in changes 
to proteins involved in estrogen signaling, whether doxo-
rubicin was administered with or without estrogen. Given 
these alterations, we sought to determine if targeted in-
hibitors of estrogen effectors would improve the cytotox-
ic effects of doxorubicin in the presence of estrogen. To 

this end, various combinations of doxorubicin, estrogen, 
and inhibitors of the ER(s), SFK family, EGFR, PI3K, 
MEK, AR, and MMP proteins were tested for their net ef-
fects on MCF-7 cell proliferation.  Figure 7  shows that nei-
ther PD-98059, a MEK inhibitor, nor GM 6001 (Galardin), 
a pan-MMP inhibitor, significantly affected cell number 
in the absence of estrogen whether doxorubicin was pres-
ent or not ( fig. 7 a, b, bars 1 vs. 3, and 5). However, in the 
presence of estrogen, the MEK inhibitor alone reduced 
cell number ( fig. 7 a, bar 2 vs. 4), an effect that was signif-
icantly augmented by doxorubicin ( fig. 7 a, bar 4 vs. 8). The 
MMP inhibitor, on the other hand, had little effect on cell 
number in the absence of doxorubicin and presence of es-
trogen ( fig. 7 b, bar 2 vs. 4) but significantly enhanced the 
cytotoxic effect of doxorubicin when estrogen was present 
( fig. 7 b, bar 6 vs. 8) or not ( fig. 7 b, bar 5 vs. 7). When ad-
ministered in the presence of estrogen, the addition of 
doxorubicin to the MEK and MMP inhibitors resulted in 
a statistically significant reduction in net proliferation 
(35.6 and 37.8% reduction, respectively; bars 4 vs. 8). Of all 
the tested inhibitors, only PD-98059 and GM 6001 exhib-
ited this cooperativity with doxorubicin to reduce cell 
growth. These results suggest that therapeutically target-
ing MEK and MMP molecules in doxorubicin-resistant 
ER+ breast cancers is worthy of further investigation. 

  In contrast to the MEK and MMP inhibitors, the re-
mainder of the tested targeted drugs acted largely inde-
pendently of doxorubicin.  Figure 8  shows that fulvestrant 
(Faslodex; an ER- � - and ER- � -targeted drug,  fig. 8 a) and 
gefitinib (Iressa; an EGFR inhibitor,  fig. 8 b) inhibited es-
trogen responses to nearly the same extent in the presence 
or absence of doxorubicin (bars 4 vs. 8 in each panel). 
Similar responses were seen with SU6656 (a SFK inhibi-
tor, online suppl. data 4A) and LY 294002 (a PI3K inhib-
itor, online suppl. data 4B) as with fulvestrant; these three 
drugs showed the strongest inhibition of estrogen re-
sponses. Bicalutamide (Casodex; an AR-targeted drug, 
online suppl. data 4C) additionally demonstrated doxo-
rubicin-independent inhibition, though its effects and 
mechanism of action are less well understood (see Dis-
cussion and online suppl. data 5). While it was known 
that the ER, EGFR, SFKs, PI3K, and AR mediated estro-
gen-induced proliferation/survival of ER+ breast cancer 
cells  [35, 37, 45, 46] , the efficacy of their inhibitors in the 
presence of doxorubicin and estrogen had not previously 
been tested. These findings indicate that the ER protein(s), 
SFK protein(s), and PI3K are critical to tumor cell growth 
in the presence or absence of doxorubicin and could be 
exploited as therapeutic targets in treating doxorubicin-
resistant breast cancer cells.
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  Fig. 5.  A low concentration of doxorubicin has both positive and 
negative effects on estrogen signaling. MCF-7 cells were treated 
as depicted in figure 1, lysed, and analyzed by Western blotting. 
Within each panel, the Western blots are representative of the 
nine or more experiments that were quantitated in the graph. Es-
trogen-treated groups are expressed as the mean fold change of 
the untreated control            8  SEM, as described in Materials and 
Methods.        *   Indicates statistical significance between groups 
treated with and without estrogen (p  ̂   0.05).  a  The addition of 
doxorubicin to estrogen treatment further increased estrogen-in-
duced AR protein levels.  b  MNAR levels were further decreased 
when doxorubicin was added to estrogen.  c  Estrogen-induced el-
evation of PI3K protein levels was partially reversed by the addi-
tion of doxorubicin.  d  Though the co-treatment of doxorubicin 
and estrogen did not significantly change HER2 levels (black 
bars) from estrogen-alone levels, it caused a slight increase in 
HER2-specific phosphorylation at Y877 (grey bars).                     
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  Discussion 

 In clinical practice, 75% of breast tumors are classified 
as ER+ by immunohistochemistry (using a 1% positive 
staining cutoff), and many of the tumors with poor prog-
nostic features are treated with a chemotherapy regimen 
likely to contain an anthracycline such as doxorubicin 
 [47] . However, several studies have demonstrated that che-
motherapy is less effective in patients with tumors that are 
ER+ than ER–  [5] . This finding suggests that some 
mechanism(s) limit(s) chemotherapy-induced apoptosis 

or cytostasis, including perhaps estrogen signaling itself. 
However, many in the clinical community have avoided 
concomitant treatment of ER+ breast cancer with chemo-
therapy and inhibitors targeting estrogen-signaling mol-
ecules based on the rationale that estrogen promotes cell 
cycling and, therefore, chemotherapeutic efficacy  [48] . 
This appeared to be confirmed by clinical findings in ER+ 
patients that the efficacy of tamoxifen (an ER-targeted 
drug) was not improved by concurrent exposure to che-
motherapy  [49, 50] . A closer examination of the seminal 
in vitro study supporting these conclusions raises ques-
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  Fig. 6.  Estrogen signaling persists in the 
presence of doxorubicin. MCF-7 cells were 
treated according to the scheme depicted 
in figure 1. Following lysis, proteins were 
analyzed by Western blotting, as repre-
sented in the upper portion of each panel. 
Graphs depict the quantitations of the 
eight or more experiments. The doxorubi-
cin-treated groups with and without estro-
gen were expressed as the mean fold 
change of the untreated control            8  SEM, as 
described in Materials and Methods.        *  In-
dicates statistical significance between the 
estrogen-treated groups with and without 
doxorubicin (p  ̂   0.05).  a  As compared to 
doxorubicin alone, co-treatment with es-
trogen and doxorubicin increased AR lev-
els.  b  The addition of estrogen to doxoru-
bicin decreased ER-     �  protein (black bars) 
but increased specific phosphorylation at 
S118 (dark grey bars), S167 (light grey 
bars), and Y537 (white bars).            c  MNAR 
(black bars) and c-Src (grey bars) protein 
levels were decreased, while specific phos-
phorylation at c-Src Y418 (white bars) was 
increased from doxorubicin alone by co-
treatment with doxorubicin and estrogen. 
 d  As compared to doxorubicin alone, 
EGFR (black bars) and HER2 (grey bars) 
protein levels were reduced, but specific 
phosphorylation of HER2 Y877 (white 
bars) was increased by the addition of es-
trogen to doxorubicin treatment.     
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tions as to its usefulness for informing clinical practice: 
the in vitro experiments demonstrating antagonism be-
tween estrogen treatment and chemotherapy involved su-
per-physiological estrogen stimulation, as estrogen was 
added in the presence of serum  [48] , potentially resulting 
in abnormal proliferation properties and responses to che-
motherapy. These findings are contrasted by those sum-

marized in a meta-analysis of 194 breast cancer trials: 
there was a measurable trend towards increased disease-
free and overall survival in ER+ and ER status-unknown 
subjects given concurrent versus sequential treatment 
with chemotherapy and tamoxifen  [51] . Additionally, a re-
cent small, single-arm study in advanced breast cancer pa-
tients treated them concurrently with anthracycline-based 
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  Fig. 7.  MEK and MMP inhibitors cooperate with doxorubicin to 
inhibit growth of MCF-7 cells. MCF-7 cells treated according to 
the protocol depicted in figure 1 were also treated with targeted 
inhibitor or DMSO 1 h prior to estrogen addition. The inhibitor 
or DMSO remained present in the media until cells were counted. 
Graphs depict the results of three or more experiments as the 
mean fold change in cell number            8  SEM for each treatment 
group compared to the –Dox, –E, DMSO control, which was set 
to 1. Black bars represent groups treated in the absence of estro-
gen, whereas grey bars indicate estrogen-stimulated groups.        *  In-
dicates that the addition of estrogen has significantly altered (p  ̂   

0.05) the level from that of its non-estrogen-treated counterpart 
(e.g. DMSO –Dox –E vs. DMSO –Dox +E).  †  Denotes a significant 
change with doxorubicin treatment from the level of its non-
doxorubicin-treated counterpart (e.g. DMSO –Dox –E vs. DMSO 
+Dox –E).  ‡   Signifies a difference between groups treated with 
DMSO and an inhibitor (e.g. DMSO –Dox +E vs. inhibitor –Dox 
+E).  a  The MEK inhibitor, PD-98059 (PD, 50        �        M ), impaired es-
trogen-induced proliferation and cooperated with doxorubicin in 
the presence of estrogen to further reduce cell numbers to basal 
levels.    b  GM 6001 (GM, 10  �  M ), a pan-MMP inhibitor, demon-
strated doxorubicin-dependent decreases in cell number.       
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  Fig. 8.  ER- and EGFR-targeted drugs are effective inhibitors of 
estrogen-induced MCF-7 cell growth that act independently of 
doxorubicin. MCF-7 cells were treated and analyzed as in figure 
7.        *  Indicates that the addition of estrogen has significantly altered 
(p  ̂   0.05) a level from that of its non-estrogen-treated counter-
part (e.g. DMSO –Dox –E vs. DMSO –Dox +E).              †  Denotes a sig-
nificant change with doxorubicin treatment from the level of its 

non-doxorubicin-treated counterpart (e.g. DMSO –Dox –E vs. 
DMSO +Dox –E).  ‡  Signifies a difference between groups treated 
with DMSO and an inhibitor (e.g. DMSO –Dox +E vs. inhibitor 
–Dox +E). Cells treated with 1          �        M  fulvestrant (Ful, an ER-target-
ed drug,    a ) or 10  �  M  gefitinib (Gef, an EGFR inhibitor,  b ) demon-
strated inhibitor-dependent decreases in estrogen-induced prolif-
eration in both the absence and presence of doxorubicin.     
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chemotherapy and an aromatase inhibitor, which blocks 
estrogen production  [52] . The regimen was well tolerated 
and 87% of the patients experienced clinical benefit over 
the course of the trial, supporting the rationale that con-
comitant estrogen-signaling inhibition and chemotherapy 
may positively affect clinical outcomes. The limited scope 
of the clinical trials studying concomitant treatment (i.e. 
before the era of modern chemotherapy regimens, aroma-
tase inhibitors or other targeted inhibitors)  [49, 50]  leaves 
the field of combined chemo-endocrine therapy ripe for 
the further investigation of modern combinatorial regi-
mens and novel molecularly targeted drugs.

  Given that several studies working within a physiolog-
ical range of estrogen have shown that doxorubicin is less 
effective in the presence of estrogen and given the avail-
ability of targeted inhibitors to mediators of estrogen sig-
naling, we hypothesized that molecules involved in the 

estrogen response may mediate doxorubicin resistance 
and their inhibition during chemotherapy may improve 
patient outcomes. Therefore, we sought to define specific 
alterations in estrogen-signaling molecules that occurred 
in response to chemotherapy (doxorubicin in this study) 
alone or together with estrogen, so as to identify drug-
gable targets for the improvement of chemotherapeutic 
outcomes of patients with ER+ tumors. Our study dem-
onstrated that in the presence of estrogen, sub-apoptotic 
levels of doxorubicin (similar to those found intratumor-
ally and in sera of treated patients) permitted and, in 
some cases, enhanced changes in a subset of estrogen-
signaling molecules that estrogen alone induced. Fur-
thermore, inhibiting many of these same molecules aug-
mented the anti-proliferative effect of doxorubicin, sug-
gesting that several mediators of estrogen signaling, 
including ER, c-Src, PI3K, MEK, and MMP proteins, lim-
it the cytotoxic effects of doxorubicin and are thus prom-
ising therapeutic targets to be used in combination with 
the drug.

  Although high levels of doxorubicin are administered 
to patients, the intratumoral concentration of the drug 
has not been reported. However, Hunz et al.  [13]  have 
shown intratumoral levels of epirubicin, an analog of 
doxorubicin with highly similar properties, to be in the 
range of 1–50 n M  in breast cancer patients 25 h after be-
ing given a 90 mg/m 2  dose. Additional evidence suggests 
that intratumoral concentrations of doxorubicin may be 
quite low, including the rapid reduction in serum concen-
trations that occurs within hours of its administration 
 [8–12]  and the poor apoptotic responses of doxorubicin-
treated ER+ breast tumors  [3–5] . Furthermore, since anti-
estrogen therapy is not administered concurrently with 
chemotherapy in clinical practice, most breast cancer pa-
tients receiving adjuvant chemotherapy are exposed to 
physiologic levels of estrogen at the time of its adminis-
tration (post-menopausal patients have low, but measur-
able, serum estradiol levels and higher intratumoral es-
tradiol levels). Based on these treatment paradigms, our 
cell culture assays initially tested estrogen responses to a 
range of doxorubicin concentrations from 0 to 1  �  M . Our 
data demonstrated that in ER+ cell lines, estrogen can 
induce proliferation in the presence of doxorubicin at 
concentrations of  ̂  100 n M  ( fig. 2  and data not shown). 
Within this range, doxorubicin reduced the proliferative 
effect of estrogen alone by causing G1 accumulation and 
reduced S phase entry but did not induce apoptosis, which 
is consistent with clinical observations of estrogen-re-
sponsive tumors treated with chemotherapy. These cell 
culture studies provide rational support of the hypothesis 
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  Fig. 9.  Model of doxorubicin action on an estrogen-stimulated 
ER+ breast cancer cell.  a  Estrogen increases growth and survival 
through intracellular signaling and transcriptional mechanisms. 
 b  Doxorubicin induces cellular insults that impair estrogen-stim-
ulated growth and survival responses. Through an unknown 
mechanism, doxorubicin also alters the protein levels and phos-
phorylation states of various ER effector molecules in the pres-
ence of estrogen in ways that are consistent with more robust es-
trogen signaling. Additionally, some estrogen-signaling mole-
cules (such as MEK and MMP proteins) counteract doxorubicin’s 
impairment of growth and survival, thereby lessening the cyto-
toxic effects of doxorubicin. The net effect of doxorubicin action 
in the presence of estrogen is reduced but persistent growth and 
survival of ER+ breast cancer cells.                                                         
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that very low intratumoral concentrations of chemother-
apy coupled with an estrogenic environment may explain 
the poor pathologic complete response rates of ER+ tu-
mors treated with chemotherapy alone. We speculate that 
within a tumor, most cells may arrest in the presence of 
doxorubicin, but some resume estrogen-induced prolif-
eration as doxorubicin levels drop. 

  The results shown in  figure 3  and online supplemen-
tary data 2 demonstrated that ER+ cancer cells subjected 
to prolonged estrogen elicited similar molecular respons-
es to those described for brief estrogen treatments  [28, 39, 
53–56] . Though we chose to focus on changes in members 
of the rapid estrogen-signaling pathways in this study, 
transcriptional changes have also been reported to occur 
within hours of estrogen stimulation  [57] . Indeed, the 
ER- � , AR, EGFR, and HER2 protein level fluctuations 
that we observed under the various treatment paradigms 
are consistent with estrogen-regulated, ER- � -mediated 
transcriptional mechanisms that have been described 
previously following several days of estrogen exposure 
 [39, 40, 58–60] . However, we speculate that regulation of 
protein turnover may also play a role in altering levels of 
the various signaling molecules, such as occurs when 
phosphorylation of Ser118 targets ER- �  for proteasomal 
degradation  [61] . Whether transcriptional or post-tran-
scriptional/translational modification mechanisms are at 
play, overall, prolonged estrogen exposure mirrored pro-
proliferation and pro-survival responses stimulated by 
shorter courses of estrogen.

  Interestingly, doxorubicin was found to suppress es-
trogen-signaling pathways when administered alone 
( fig. 4 ). The upregulation of ER- � , EGFR, and HER2 lev-
els that occurred in the presence of doxorubicin was op-
posite of estrogen’s effect on these molecules, suggesting 
that doxorubicin may antagonize ER pathway signaling. 
Furthermore, doxorubicin-induced upregulation of ER-
 �  and AR correlated with cell cycle arrest ( fig.  2 c,  4 a), 
suggesting that the upregulation of the AR may have fa-
cilitated a doxorubicin response. These results mimic 
those in patients with ER+ breast cancers that co-express 
the AR and ER, as they are reported to have better sur-
vival outcomes  [62]  than AR-negative patients when 
treated with chemo- and endocrine therapies. 

  Doxorubicin-induced changes, however, were coun-
teracted by the addition of estrogen. As shown by the in-
creased phosphorylations and protein level modulations 
in  figure 6 , doxorubicin was unable to prevent estrogen 
signaling, even enhancing it in some instances ( fig. 5 ,  6 ). 
Furthermore, associations between c-Src and ER- �  that 
are described as supporting estrogen signaling within 

minutes of stimulation  [29]  were altered in much the 
same way as with estrogen treatment alone (online suppl. 
data 3). On a molecular level, these data demonstrated 
that low levels of doxorubicin do not completely ablate 
estrogen signaling.

  When comparing estrogen effects to those resulting 
from dual treatment with estrogen and doxorubicin, 
doxorubicin was shown to have little effect on estrogen-
alone signaling, as described above. For example, doxo-
rubicin plus estrogen modestly enhanced AR and MNAR 
protein levels and HER2-specific phosphorylations over 
those seen with estrogen alone, while reducing increases 
in PI3K levels ( fig. 5 ). However, despite the negative im-
pact of doxorubicin on proliferation (as seen in  fig. 2 c, d, 
 7 ,  8 , and online suppl. data 4), most specific phosphoryla-
tion levels and pro-proliferative protein-protein interac-
tions of estrogen-signaling effectors were maintained at 
estrogen-alone levels (online suppl. data 2 and data not 
shown). Based on these findings, we speculate that with-
in a physiologic system, cells treated with doxorubicin in 
an estrogenic environment are molecularly poised to par-
ticipate in robust estrogen signaling upon the removal of 
doxorubicin.

  Previous small-molecule inhibitor studies had identi-
fied mediators of growth and survival in ER+ breast can-
cer cells but had not considered their effects in the con-
text of estrogen and chemotherapy together  [37, 38, 63] . 
Our findings ( fig. 7 ,  8 , and online suppl. data 4) provide 
rationale for targeting the canonical ER proteins them-
selves, the SFK proteins, PI3K, MEK, and/or EGFR in 
patients treated with doxorubicin. In our study, the most 
robust inhibition of proliferation and survival was dem-
onstrated by fulvestrant, SU6656, and LY 294002, the re-
spective inhibitors of ER(s), SFK proteins, and PI3K. 
These inhibitors have all shown efficacy as single agents 
in inhibiting growth and survival in ER+ cell lines  [54, 
63–65] ; however, monotherapies (except AIs and fulves-
trant) to date have all failed in preclinical xenograft 
models or clinical trials for ER+ tumors  [66–69] . For this 
reason, we suggest that outcomes may be improved with 
combinatorial treatment of targeted therapies with one 
another or with chemotherapeutic agents. Fulvestrant, 
gefitinib, LY 294002, and dasatinib, a kinase inhibitor 
that targets the SFK proteins, have all shown promising 
results when combined with doxorubicin in ER+ breast 
cancer cell culture and/or xenograft studies  [6, 70–72] . 
Furthermore, a recent report demonstrated that 82% of 
advanced cancer patients treated with concurrent gefi-
tinib and liposomal doxorubicin experienced clinical 
benefit over the course of the study  [73] . Neither this 
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study nor   in vitro work on cardiomyocytes suggest that 
the addition of the tested inhibitors would increase the 
cardiotoxicity inherent to anthracycline-based chemo-
therapy  [73, 74] , though this has yet to be tested directly 
in large clinical trials. Together, these data imply that ER, 
SFK proteins, PI3K, MEK, and/or EGFR inhibitors may 
improve clinical outcomes when combined with chemo-
therapy.

  Inhibition of MEK and MMP proteins showed less 
anti-proliferative efficacy when administered alone than 
did inhibitors of ER, SFKs, and PI3K, but nevertheless 
were able to enhance the cytotoxic effect of doxorubicin 
in the presence of estrogen ( fig. 7 ), suggesting that these 
enzymes may also play important roles in MCF-7 cell re-
sistance to doxorubicin. Work in sarcoma and rat neuro-
nal cells showed that MMP-7 and MMP-3 inhibit doxo-
rubicin action by negatively regulating Fas action, a 
mechanism that may also be operative in ER+ breast can-
cer  [75, 76] . We speculate that the modest effect of the 
MMP inhibitor may be due to its broad spectrum of ac-
tion and its ability to simultaneously inhibit pro-prolif-
erative and anti-proliferative MMPs  [77, 78] . Similarly, 
the multiple functions of the MEK/MAP kinase pathway 
can give rise to contrasting outcomes following its inhi-
bition, which appear to depend on cellular context  [79–
81] . 

  From our studies, the role of the AR in mediating 
estrogen-induced proliferation and survival was less 
clear. Inhibition of cell proliferation following treat-
ment with bicalutamide indicated AR involvement in 
estrogen action (online suppl. data 4C). Bicalutamide 
has been shown to downregulate the AR and inhibit its 
transcriptional activities in prostate cancer cell lines 
 [82, 83] . However, we found that bicalutamide be -
haved differently in ER+ MCF-7 and T47-D cells than in
LNCaP prostate cancer cells (online suppl. data 5 and 
data not shown). For example, in ER+ cell lines cultured 
in the presence of estrogen, the drug had no effect on AR 
levels or phosphorylation, while in the absence of estro-
gen, bicalutamide increased both. We also demonstrat-
ed through AR knockdown that the AR was not neces-
sary for estrogen- or doxorubicin-dependent changes in 
proliferation or growth. Together, these data suggested 
that in ER+ breast cancer the AR level may be enhanced, 
but appears not to be necessary for estrogen-induced 
proliferation.

  In summary, we describe doxorubicin-induced chang-
es on estrogen signaling and show that estrogen signal-
ing is indeed relevant to chemotherapeutic efficacy. We 
demonstrated the surprising finding that in the presence 

of estrogen, the MCF-7 breast cancer cell line respond-
ed to sub-apoptotic levels of doxorubicin (which may oc-
cur intratumorally) by enhancing estrogen-stimulated 
changes in phosphorylation and protein levels of a subset 
of estrogen-signaling molecules. Further, the negative 
effects of doxorubicin alone correlated with suppression 
of the estrogen-signaling pathway ( fig. 9 ). These findings 
provide rationale for targeting estrogen/ER effector pro-
teins to enhance chemosensitivity of ER+ tumors. Such 
dual therapy may ultimately improve outcomes for pa-
tients with ER+ breast tumors receiving chemotherapy. 
Only a few clinical trials have been conducted combin-
ing conventional chemotherapy with targeted therapy 
aimed at estrogen signaling-related molecules in the ER+ 
setting, though the success of HER2-targeted therapy 
combined with chemotherapy validates such an ap-
proach  [84, 85] . Our study indicates that the addition of 
drugs targeting the ER, EGFR, the SFKs, MEK, PI3K, 
and/or the MMP proteins to a conventional chemother-
apy regimen may improve chemosensitivity. Addition-
ally, it appears that in vitro doxorubicin treatment of ER+ 
breast cancer is superior when administered in the ab-
sence of estrogen. Clinically, this supports the design of 
combination chemoendocrine clinical trials, several of 
which are ongoing. 
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