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ABSTRACT 

17-β-estradiol (estrogen) is a steroid hormone important to human development; however, high levels of this molecule 
are associated with increased risk of breast cancer primarily due to estrogen’s ability to bind and activate the estrogen 
receptor (ER) and initiate gene transcription. Currently, estrogen mechanisms of action are classified as genomic and 
non-genomic and occur in an ER-dependent and ER-independent manner. In this study, we examine estrogen signaling 
pathways, by measuring changes in protein expression as a function of time of exposure to estrogen in both ER-positive 
(MCF-7) and ER-negative (MDA-MB-231) cell lines. Using a robust experimental design utilizing isotopic labeling, 
two-dimensional LC-MS, and bioinformatics analysis, we report genomic and non-genomic ER regulated estrogen re-
sponsive proteins. We find a little over 200 proteins differentially expressed after estrogen treatment. Cell proliferation, 
transcription, actin filament capping and cell to cell signaling are significantly enriched in the MCF-7 cell line alone. 
Translational elongation and proteolysis are enriched in both cell lines. Subsets of the proteins presented in this study 
are for the first time directly associated with estrogen signaling in mammary carcinoma cells. We find that estrogen 
affected the expression of proteins involved in numerous processes that are related to tumorigenesis such as increased 
cellular division and invasion in an ER-dependent manner. Moreover, we identified negative regulation of apoptosis as 
a non-genomic process of estrogen. This study complements gene expression studies and highlights the need for both 
genomic and proteomic analyses in unraveling the complex mechanisms by which estrogen affects progression of breast 
cancer. 
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1. Introduction 

Estrogens are members of the family of steroid hormones 
that stimulate the development and maintenance of fe- 
male characteristics and sexual reproduction. 17-β-es- 
tradiol (E2) is the most abundant estrogen in the human 
body [1,2]. Estrogen circulates through the bloodstream 
and targets organs containing estrogen receptors (ER). 
Higher levels of estrogen exposure are associated with 
increased breast cancer risk [3] and the expression of 
estrogen receptor varies in breast cancer subtypes. 

The well established classical pathway of E2 signal 
transduction is genomic and ERα-dependent. Once E2 
binds to ERα located mainly in the cytoplasm, the acti- 

vated receptor complex moves to the nucleus where it 
dimerizes and binds to specific DNA sequences called 
estrogen response elements (ERE) via the DNA binding 
domain of ER [4]. The activated EREs are able to regu- 
late the expression of specific genes located downstream 
of the sequence [5] and with the help of other activators, 
impact transcription of genes involved in cell prolifera- 
tion and differentiation. The ligand-bound ERα also 
binds to DNA indirectly through protein-protein interac- 
tions with other transcription factors such as AP-1 and 
Sp1 [6,7]. 

In addition to activating genomic pathways, E2 has 
also been shown to activate its receptor present on the 
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cell surface and to participate in the activation of other 
membrane bound receptors leading to the mitogen-acti- 
vated protein kinase (MAPK) signaling cascade [8], a 
process that occurs non-genomically within minutes of 
stimulation [9]. These non-genomic protein processes 
occur independently of gene transcription and in the case 
of E2, are assumed to take place through steroid-induced 
modulation of membrane-bound regulatory proteins. Es- 
trogen has been linked to additional pathways that are 
ER-independent such as the regulation of angiotensin II 
type 1 to activate early cell survival mechanisms [8] and 
growth inhibition of some ER negative breast cancer 
cells [10]. In-depth knowledge of these pathways will 
enable us to better understand estrogen mediated breast 
cancer. 

Several laboratories have studied the effects of E2 us-
ing gene expression microarrays, identifying specific 
genes affected by estrogen [11-21]. While genomic 
analysis provides valuable information about the tran- 
scriptional effects of estrogen, its impact on cell signal- 
ing is only inferred by the assumed correlation of gene to 
protein expression. There is growing evidence however, 
showing that this relationship is not always correlated 
[22]. Moreover, the fast non-genomic activity of E2 
mentioned above occurs well before transcription, and 
therefore cannot be detected using gene microarrays. 
Protein profiling through mass spectrometry gives addi- 
tional important information to gene expression profiling 
along with information on post-translational modifica- 
tions (e.g. phosphorylation and acetylation). Other labo- 
ratories have focused on global protein levels after E2 
treatment [22-26]. Although these studies have increased 
our current knowledge on E2 responsiveness, much work 
is still required in understanding the differences associ- 
ated with short versus prolonged E2 exposures on protein 
level and its impact on cell signaling. 

Using a reciprocal flipped design and Stable Isotope 
Labeling by Amino Acids in Cell Culture (SILAC), pro- 
teins involved in regulating estrogen-induced cell growth 
and alteration in breast cancer cells were identified by 
measuring changes in protein levels resulting from E2 
treatment of the ER-positive MCF-7 breast cancer cell 
line. In a parallel study, changes in the protein level in- 
duced by estrogen in the ER negative cell line MDA- 
MB-231 were identified. Cells were grown in amino acid 
deficient media supplemented with labeled amino acids, 
allowing for the total incorporation of the label into the 
cells proteome [27]. The reciprocal flipped design per- 
mits a more robust validation of the results by increasing 
confidence in the expression of proteins identified and 
decreasing errors associated with isotopic conversion of 
arginine to proline detected in SILAC-heavy media [28]. 

The aim of this parallel study using ER positive and 
ER negative cell lines was to identify unique non-ge- 

nomic ER-dependent and ER-independent biological pro- 
cesses altered by estrogen in breast cancer cells. 

2. Materials and Methods 

2.1. Reagents 

Chemicals used in this study included 17-β-estradiol (E2) 
(MP Biomedicals); SILACTM media, all supplements and 
dialyzed fetal bovine serum (Invitrogen); Dulbecco’s 
Modified Eagle’s Medium (DMEM), penicillin and strep- 
tomycin (Fisher Scientific); fetal bovine serum (Tissue 
Culture Biological); MTT (3-(4,5-Dimethylthi-azol-2-yl)- 
2,5-diphenyltetrazolium bromide) reagent (Research Pro- 
ducts International corp.); DMSO (Sigma). 

2.2. Cell Culture 

All cells were grown at 37˚C in a humidified incubator 
with 5% CO2. The MCF-7 (ER positive) and MDA- 
MB-231 (ER negative) human breast cancer cell lines 
were obtained from the American Type Culture Collec- 
tion (ATCC) and maintained in DMEM supplemented 
with 10% fetal bovine serum, 1% penicillin and strepto- 
mycin. SILACTM medium was prepared according to the 
manufacturer’s instructions. In brief, glucose, L-gluta- 
mine, sodium pyruvate, penicillin, and streptomycin were 
added to phenol red free flex medium lacking the essen- 
tial amino acids L-Lysine and L-Arginine. [U-13C6]-L- 
Lysine and [U-13C6, 

15N4]-L-Arginine were added to form 
the “Heavy” medium; normal L-Lysine and L-Arginine 
were added to form the “Light” media. Once normal cell 
growth was established in DMEM, both cell types were 
moved to Heavy or Light SILAC media supplemented 
with 10% dialyzed fetal bovine serum and grown for at 
least six passages before the start of experiments to allow 
for complete incorporation of the labeled amino acids 
into the entire proteome. 

2.3. Estrogen Treatment and MTT Assay 

We performed MTT colorimetric proliferation assay to 
determine cell proliferation. The cells were grown in 
phenol-free DMEM containing 5% dialyzed FBS for 48 
hours prior to E2 treatment. Cells were plated in 96-well 
plates (2500 - 5000 cells/well). Twenty-four hours after 
cell plating (day 0), E2 was added to the medium (final 
concentrations of 5 nM, 10 nM and 20 nM), and an equal 
volume of ethanol was used as vehicle-control (0 nM of 
E2). Following the appropriate stimulation period, MTT 
reagent was added to each well and incubated for 4 hours. 
DMSO was used to dissolve the crystals and optical den- 
sity readings at 570 nm were obtained using a spectro- 
photometer. 

For the proteomics experiment, the MCF-7 cells were 
treated with 10 nM E2 or ethanol control for 15 minutes, 
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4 hours, 8 hours, 24 hours, 48 hours, and 72 hours, 4 
plates per time point. We performed the experiment in 
duplicate with light-label serving as control in the first 
case, and heavy-label in the second. The flipped label 
control allowed us to run the same biological sample 
twice: Heavy treated combined with light control and 
light treated combined with heavy control. The MDA- 
MB-231 cells were treated similarly with 10 nM E2 or 
ethanol (vehicle control) for 24 hours only. At the end of 
each treatment period, the cells were washed twice with 
Tris-buffered saline, scraped with 500 µl of 8 M urea in 
50 mM tris-HCl buffer pH 8.3 supplemented with pro- 
tease inhibitors (Roche Complete Mini), then incubated 
on ice for 15 minutes. Using cell disruption by pressure 
cycling technology [29], samples were processed through 
a pressure barocyclerTM (Pressure Biosciences Inc.) for 
15 cycles (30 seconds at 35 kpsi and 20 seconds at at- 
mospheric pressure (0 kpsi)) then centrifuged for 15 
minutes at 12,000 × g and the supernatant was collected. 
Protein concentration was determined using BCA assay 
kit (Pierce). This harvest was performed at approxima- 
tely 70% cell confluence. 

2.4. Protein Preparation and Digestion 

For each stimulation period, a 1:1 (200 µg total) mixture 
of protein lysate from heavy and light sample was com-
bined and digested with trypsin as follows: 10 mM DTT 
in 50 mM Tris-HCl buffer, pH 8.3 incubation for 1 hour 
at 37˚C followed by 20 mM iodoacetamide in 50 mM 
Tris-HCl buffer, pH 8.3, incubation for 1 hour at room 
temperature in the dark. The protein solution was diluted 
by a factor of 4 with 50 mM Tris-HCl pH 8.3. Trypsin 
was then added at ratio of 1:50 (trypsin: protein) by 
weight and incubated overnight at 37˚C (16 hours). 

2.5. Peptide Analysis 

The digested peptide mixtures were desalted using Su- 
pelco ENVI-18 cartridges. The dried peptides were re- 
suspended in 250 µl 90% ACN/0.1% TFA and frac- 
tionated by hydrophilic-interaction liquid chromatogram- 
phy (HILIC) through a 4.6 × 250 mm TSKamide-80 
HILIC column (Tosoh Bioscience LLC). All reagents for 
the mobile phases were of HPLC grade (Sigma). Buffer 
phase A contained 2% ACN and 0.1% TFA; buffer phase 
B contained 98% ACN and 0.1% TFA. Peptides were 
eluted at 0.5 ml/min total flow through a linear gradient 
of mobile phase B from 90% to 85% in 5 minutes, then 
from 85% to 70% in 15 minutes. Fractions were collect- 
ed every 2 minutes. 

From the 60 collected fractions, 12 were determined to 
contain peptide fractions based on the absorbance. The 
fractions were transferred to 1.5 ml microcentrifuge 
tubes and speed-vacuumed to dryness, then resuspended 

in 18 µl of 0.1% TFA in water. The mass spectrometry 
analysis was performed using LC/MS/MS on a Thermo- 
Electron ProteomeX LC/MS workstation, consisting of a 
LCQ DecaXP Plus Ion-Trap mass spectrometer equipped 
with a nanospray ion source and an LC system with two 
Surveyor HPLC pumps and Surveyor auto-sampler. One 
third of each fraction was loaded onto a trap column 
(Agilent Zorbax SB-C18, 5 µm, 5 × 0.3 mm) by 3% ace- 
tonitrile/0.1% formic acid at a flow rate of 15 µl/min. 
Peptides were eluted from the trap onto an in-house 
packed reverse phase capillary column (3 µm C18, 300 Å 
pore size particles slurry-packed in a 12 cm long 75 µm 
ID PicoTip from New Objectives) in the nanospray 
source for separation. The elution gradient was 3% - 40% 
acetonitrile/0.1% formic acid in 46 min, at a flow rate of 
180 µl/min. The nanospray source spray voltage was 1.8 
keV. The LCQ DecaXP Plus Ion-Trap mass spectrometer 
was set to acquire one full MS scan from 380 - 1600 m/z, 
followed by three data-dependent MS/MS scans of the 
top 3 most intense ions, using a normalized collision ener- 
gy of 35% and an isolation width of 2.3 m/z. To ensure 
adequate coverage of co-eluting peptides, dynamic ex- 
clusion was used with a repeat count of 2, repeat duration 
of 0.5 min, and exclusion duration of 2 min. 

2.6. Protein Identification and Quantification 

The peptide mass spectra acquired in “.RAW” format 
were converted to “.mzXML” and then to Mascot Ge- 
neric files (.mgf) using the Trans-Proteomic Pipeline 
(TPP) web interface (Institute for Systems Biology, ver- 
sion 3.4). The individual “.mgf” files from each fraction 
were searched against the SwissProt database using Mascot 
Daemon (Matrix Science version 2.1.6). The searches were 
performed with a peptide tolerance of 1.2 dalton and MS/ 
MS tolerance of 0.8 dalton; peptide charge of “2+ and 3+”; 
fixed modification at carbamidomethyl (C); variable modi- 
fications to account for the 6 and 10 dalton shift of Lysine 
(K) and Arginine (R) respectively, methionine oxidation 
(M), and a maximum of 2 missed cleavages. 

Mascot files containing the identified proteins were 
converted to “pepXML” files using TPP. Protein identi- 
fication was determined using TPP tools PeptideProphet 
and ProteinProphet. Only protein identification estab- 
lished with a p < 0.05 were used for downstream analysis. 
The relative expression levels of each protein was deter- 
mined by Automated Statistical Analysis on Protein Ra- 
tio (ASAPRatio) that specifically quantifies ratios of the 
differentially labeled proteins and return a value light/ 
heavy with their corresponding confidence intervals 
[30]. The biological processes and KEGG pathways 
were obtained from a web-based Database for Annota- 
tion, Visualization and Integrated Discovery (DAVID) [31, 
32]. 
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3. Results 

3.1. Estrogen Increases the Rate of Cell Division 
in ER Positive Cells Grown in SILAC Media 
but Not That of ER Negative Cells 

To verify the proliferative effect of E2 on both cell lines 
(MCF-7 and MDA-MB-231) cultured in SILAC media, 
we treated them with varying concentrations of E2 (0 - 
20 nM), and cell proliferation was measured using the 
MTT assay. The range of E2 concentration used was 
derived from an estimation of our MCF-7 responsiveness 
to E2 and concentrations used in similar studies [8,9, 
11-13,20,31]. There was a sustained proliferation dif- 
ference in MCF-7 over time depending on the E2 dosage. 
No difference was observed in MDA-MB-231 cells. At 
day 3 (Figure 1), MCF-7 E2 treated cells differed from 
the 0 nM treatment (p = 0.04, using two samples student 
t-test assuming equal variances). The difference between 
E2 treatment and no treatment was also significant at 
other time points (data not shown). We chose a saturating 
dose of 10 nM for the protein expression studies. The 
same dose was also used in several gene and protein ex-
pression studies [8,9,11-13,20,33]. 

3.2. 214 Proteins Are Significantly Differentially 
Expressed after Estrogen Treatment 

MCF-7 cells were treated with ethanol vehicle control 
and 10 nM E2 for 0.25-, 4-, 8-, 24- 48- and 72-hours. 
MDA-MB-231 cells were treated with ethanol vehicle 
control and 10 nM E2 for 24 hours. The incorporated 
amino acids are isotopically distinct and can be easily 
distinguished by mass spectrometry. This allows for pro- 
 

 

Figure 1. Cells grown in 5% dialyzed FBS and treated with 
0 and 10 nM E2 for 3 days. MTT assay was performed to 
quantify the number of viable cells in 96 well plates. Y axis 
represents Optical Density readings obtained from an obser- 
vance reading 570 nm on a spectrophotomer. The error 
bars represent the standard deviation between quadruplet 
wells. Estrogen treatment has no effect on the observed 
growth of the estrogen receptor negative cell line (MDA- 
MB-231) but does affect the growth of the estrogen receptor 
positive cell line (MCF-7). 

tein expression between treated and control cells to be 
quantified based on the relative peak intensities of the 
isotopic peptide pairs. A light-to-heavy ratio was ob- 
tained by contrasting the light and heavy isotopic ver- 
sions of arginine (10 Da shift) and lysine (6 Da shift). 

Close to 1500 proteins were significantly identified (p < 
0.05) with a false discovery rate less than 4%. We de- 
fined differentially expressed proteins as those (a) ap- 
pearing in both replicates, (b) whose expression pattern 
occurred in the same direction (i.e. X identified protein 
was up-regulated in treated-light to control-heavy and up- 
regulated in treated-heavy to control-light and vice versa) 
and (c) at least one of the log 2 transformed expression 
values was >0.5 or <−0.5. 

We categorized the identified significant proteins bas- 
ed on enriched biological processes (p < 0.05) as defined 
by Gene Ontology using DAVID [31,32] (see method) to 
expose those genomic and ER-dependent processes that 
are affected by E2. Table 1 lists all enriched biological 
processes at each treatment period and the expressions of 
the proteins involved. 

3.3. Time Dependent Changes on Protein Levels 
after Estrogen Treatment 

3.3.1. 15 Minutes MCF-7 
36 proteins are differentially expressed after 15 minutes 
of estrogen treatment. DAVID analysis of these proteins 
shows protein folding (p = 0.013) and response to 
temperature stimulus (p = 0.033) are enriched biological 
processes at this time point. Four proteins that assist the 
folding of other proteins, namely that of cytoskeletal 
proteins such as actin and tubulin upon ATP hydrolysis 
and prevent aggregation of misfolded protein, were up- 
regulated at this time point (T-complex protein 1 subunit 
zeta, beta, gamma, Protein disulfide-isomerase A6). How- 
ever, two proteins with similar functions were down- 
regulated (T-complex protein 1 subunit delta and RuvB- 
like 2). It was shown that the E2-ERα complex associates 
with microtubules to modulate rapid estrogen signaling 
in MCF-7 cells [34]. This association directly leads to 
phosphorylation of AKT and activation of MAPK and 
occurs within minutes of treatment in order for sub- 
sequent cell signaling to occur. Our data shows that estro- 
gen (possibly in conjunction with its receptor) regulates 
the expression of proteins responsible for proper folding 
of microtubule proteins. This regulation probably occurs 
via the activation of protein translational or degradation 
machinery. Proteins involved in translation elongation 
were differentially expressed at this time point and so 
were members of proteolytic complex although this pro- 
cess was not enriched. 

Three proteins were grouped into the response to 
temperature stimulus process. The expression of Latexin 
and Superoxide dismutase was up-regulated and ATP- 
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Table 1. Enriched biological process. (a) Genomic processes; (b) Non-genomic processes; (c) ER-independent processes. 

(a) 

Enriched biological process Sample (p value) Up-regulated proteins Down-regulated proteins 

Positive regulation of transcription 4 hours (0.001) DD5X, CAND1 UBIQ 

Ribonucleotide metabolic process 
8 hours (0.015) 
48 hours (0.002) 

ATP5J, ACLY, PUR2 ATPB, PUR9 
NDKA, PUR6 
ATPA, ATPD 

Membrane lipid metabolic process 8 hours (0.015) 2AAA PPT1, SAP 

Response to inorganic substance 24 hours (0.014) TFR1, TFF1, PEBP1 PRDX1, PRDX6, EF1A2 

Response to organic substance 48 hours (0.009) CLIC1, SERPH, ARP3, TFR1, STAT1, SODC SYAC, COMT 

Angiogenesis 48 hours (0.020) TFR1, SODC, LMNA, ATPB CLH1 

Actin filament capping 72 hours (0.028) SPTA2, CAPZB, CAZA1 - 

Cell proliferation 
24 hours (0.049) 
48 hours (0.009) 

PP1B, IF5A1 
STAT1, 1433S 

ATPA, TPD54, E2AK2, PHB 
ATPA, TPD54, COMT, RS9 

(b) 

Enriched biological process Sample (P value) Up-regulated proteins Down-regulated proteins 

Regulation apoptosis 
Anti-apoptosis 

4 hours (7.61e−05) 
4 hours (1.01e−04) 

ENPL, NPM, TERA, CALR, ACTN4 
ENPL, NPM 

UBIQ, SYAC, CH60 
UBIQ 

Protein folding 0.25 hours(0.013) TCPZ, TCPB, TCPG, PDIA6 TCPD, RUVB2 

Response to temperature stimulus 0.25 hours (0.033) LXN, SODC DHX9 

Cell-cell signaling 4 hours (0.001) PARK7 UBIQ, PEBP1 

(c) 

Enriched biological process Sample (p value) Up-regulated proteins Down-regulated proteins 

Proteolysis 
4 hours (1.01e−04) 

MDA (0.035) 
ENPL, CAND1, TERA  

PSA, CDC2, CAN2, PRS6B 
UBIQ, DPP3 

PSMD2, UCHL3, PSD11, DDB1 

Translational elongation 

4 hours (0.002) 

24 hours (0.014) 

72 hours (0.002) 

MDA (1.48e−04) 

RL19 

RL6, RL29, RSSA 

RL3, RS15, RS4X, RS3A 

RSSA, RL13, RL18 

UBIQ, EF1B, RS23, EFTU 

RL5, RS25, RL3, EF1A2, EFTU, RLA2 

RL4, RL15, RSSA, RL12, RL7A 

RL7, EF1D, RS15, RS4X, RS18, RL23, RS10, RL24

 
dependent RNA helicase A was down-regulated. 

3.3.2. 4 Hours MCF-7 
35 proteins are differentially expressed after 4 hours of 
E2 treatment. As enriched biological processes at this 
time point, we found regulation of apoptosis (p = 7.61e− 
05), positive regulation of transcription (p = 0.001), cell 
to cell signaling (p = 0.001), translational elongation (p = 
0.002) and proteolysis (p = 1.01e−04). Five proteins are 
present in the translation elongation process and these are 
different proteins then were found at 15 minutes. Within 
apoptosis, negative regulation of apoptosis was signifi- 
cantly enriched (p = 1.01e−04). In this category are pro- 
teins such as endoplasmin (also known as heat shock 
protein 90) and nucleophosmin that negatively regulate 
apoptosis and both proteins were significantly upre- 
gulated at this time point. Endoplasmin is a chaperone 
protein to the estrogen receptor. It is important for the 

proper post-translational folding and stability of proteins, 
and its inhibition leads to the degradation of key onco- 
genes [35]. Nucleophosmin is an estrogen-regulated nu- 
cleolar phosphoprotein whose expression is induced by 
estrogen, however its expression is highest in MCF-7 
cells that became estrogen independent and resistant to 
anti-estrogen treatment [36] implying a role in the ac- 
quired resistance known to take place in treated breast 
cancer cells. This protein inhibits p53 and prevents DNA 
binding to interferon regulatory transcription factor 1 
(IRF1) decreasing its tumor suppression activity. Other 
proteins with known functions in apoptosis including ac- 
tinin alpha 4 calreticulin and valosin-containing-protein 
were also up-regulated. It was recently demonstrated that 
actinin alpha 4 enhance transcription activity of ERα in 
MCF-7 [37]. Taken together this data shows the potential 
pathways used by estrogen to prevent cell death and in- 
crease cell survival. 
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Furthermore, cell to cell signaling included the down- 
regulation of ubuquitin, and Phosphatidylethanolamine- 
binding protein 1. The latter protein is a known inhibitor 
of raf-1 kinase activity and MAP kinase signaling [38,39]. 
It directly binds to raf-1 and disrupts its interaction with 
MEK-1, a kinase that activates the extracellular signal 
regulated kinases (ERK) [39]. This protein also inhibits 
NF-κB and AP-1 signaling. The fact that estrogen is able 
to negatively regulate the expression of this protein fur- 
ther links at its role in early activation of MAPK sig- 
naling. Protein DJ-1 was up-regulated and categorized 
in this process. It functions as a transcription factor and 
translocates to the nuclei from cytoplasm in response to 
mitogens [40]. It has also been implicated in PI3K sur- 
vival pathway as a negative regulator of PTEN-me- 
diated tumor suppression [41]. The fact that this process 
is enriched at this time, points to the cytoplasmic 
signaling of E2 and the proteins directly involved. This 
signaling either probably precedes or occurs inde- 
pendently of the transcriptional (genomic) activities of 
estrogen. 

Positive regulation of transcription was also enriched 
(p = 0.01) at this time point with the increased expression 
of proteins such as Probable ATP-dependent RNA heli- 
case DDX5, Cullin-associated NEDD8-dissociated pro- 
tein 1 that enhance transcription. 

3.3.3. 8 Hours MCF-7 
46 proteins are differentially expressed after 8 hours of 
E2 treatment with two biological processes enriched that 
are related to metabolism (ribonucleotide metabolic pro- 
cess, p = 0.013; membrane lipid metabolic process, p = 
0.015). Proteins present in these categories serve as 
scaffolding molecules that coordinate the assembly of 
catalytic subunits, proton transport across mitochon- 
drial membrane, Acetyl CoA synthesis, ATP production, 
and degradation. This suggests an increase in protein 
synthesis and glycolysis, processes enriched during 
active cell development and growth and preparation for 
mitosis. 

3.3.4. 24 Hours MCF-7 
60 proteins are differentially expressed after 24 hours of 
estrogen treatment and the processes enriched are trans- 
lation elongation (p = 0.014), response to inorganic sub- 
stance (p = 0.014), angiogenesis (p = 0.048) and regu- 
lation of cell proliferation (p = 0.049). 

Three proteins are present in the angiogenesis process: 
nucleolin (up), myosin 9 (up) and Beta F1 AT-Pase 
(down). The adhesion molecule nucleolin functions in 
conjunction with myosin 9 to regulate migration, inva- 
sion and tubule formation in endothelial cells [42]. It is 
found on the cell surface of MCF-7 cells but not of 
normal epithelial cells [43]. Beta F1 ATPase is a mito- 

chondria protein that drives ATP synthesis. It is down- 
regulated in multiple cancers and this reduction leads to 
tumor progression [44]. Its translation and localization is 
regulated by the mitochondria and it was found that its 
expression is repressed post-transcriptionally by breast 
carcinoma extracts [45]. The regulation of angiogenic pro- 
teins in our data agrees with previous studies and 
highlights the global effects of E2 even on mitochondrial 
proteins. 

3.3.5. 48 Hours MCF-7 
39 proteins are differentially expressed after 48 hours of 
estrogen treatment and the processes enriched are: re- 
gulation of cell proliferation (p = 0.009), ribonucleotide 
metabolic process (0.002), response to protein stimulus 
(p = 0.031) and inorganic substance (p = 0.009). 

Most of the proteins involved in the regulation of 
cellular uptake of ion and membrane mediated endocy- 
tosis were up-regulated. Chloride intracellular channel 
protein 1 transitions from cytoplasmic monomer to form 
membrane chloride channels via oxidation [46]. Serpin 
H1 is a molecular chaperone involved in the maturation 
and stabilization of collagen [47]. Actin- related protein 3 
(up) is an ATP-binding component of a complex involv- 
ed in actin polymerization that leads to increased cell 
motility [48]. Transferrin receptor protein 1 is respon- 
sible for cellular uptake of iron through the plasma mem- 
brane. Signal transducer and activator of transcription 
1-alpha/beta activates transcription after serine and tyro- 
sine phosphorylation by kinases and/or growth factors 
[49]. Other proteins responsible for cellular uptake of 
iron through the plasmamembrane, destruction of toxic 
radicals produced within the cell, chromatin organization 
and ATP hydrolysis were also up-regulated. Among the 
down-regulated proteins were Clathrin heavy chain 1, a 
major cell and vesicle membrane protein and Catechol 
O-methyltransferase, disturb microtubule dynamics and 
inhibits estrogen signaling [50-52]. The data from this 
time point give details of specific proteins targeted by 
E2 to increase cellular transport which lead to proli- 
feration. 

3.3.6. 72 Hours MCF-7 
46 proteins are differentially expressed after 72 hours of 
estrogen treatment and the processes enriched were 
translation elongation (p = 0.002) and actin filament 
capping (p = 0.028). Spectrin alpha chain, F-actincap- 
ping protein subunit alpha-1, and F-actin-capping protein 
subunit beta were all up-regulated and are involved in 
actin filament capping, a crucial step for actin cyto- 
skeleton remodeling. Dysregulation in actin based pro- 
cesses is a factor in cell motility and transformation [53]. 
The changes to the cytoskeleton after estrogen treat- 
ment could be linked to increased migration and in- 
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vasion. 

3.3.7. 24 Hours MDA-MB-231 
50 proteins are differentially expressed after 24 hours of 
estrogen treatment in the estrogen receptor negative cells 
(MDA-MB-231). The processes enriched are transla- 
tional elongation (p = 1.48e−04), proteolysis (p = 0.035), 
cell cycle checkpoint (p = 0.007). 

Translation elongation usually occurs in the cytoplasm 
and is regulated by ribosomes, which consist of two 
subunits that work as one to create a polypeptide chain 
from mRNA during protein biosynthesis, and each 
subunit is comprised of a set of proteins (ribosomal pro- 
teins) whose functions expand beyond protein synthesis 
[54]. We identified as up and down regulated proteins 
that primarily aid at stabilizing both subunits during 
protein translation. Subunits of the 26S proteasome, 
involved in controlling the concentration of proteins in 
diverse regulatory pathways by post-translational ubi- 
quitination and degradation, led to the enrichment of the 
proteolysis process in these cells. Cell cycle check point 
was enriched at this time point and it included three 
proteins: DNA damage-binding protein 1 (down), cell 
division protein kinase 1 (up), and 60S ribosomal protein 
L24 (down). These proteins hint the E2 induced changes 
in cell cycle in ER negative cells. It is known that E2 
treatment causes cell death and/or decreases the pro- 
liferation rate of ER negative cells [10]. We did not how- 
ever observe a difference in growth between E2 treated 
MDA-MB-231 cells and control (Figure 1), and this 
could be due to the dose of estrogen used and treatment 
period. 

3.4. Comparison with Known Estrogen 
Responsive Genes 

40 published E2 responsive genes are present in our data 
as differentially expressed E2 proteins. These include 
known oncoenes like AGR2, IF5A1, and PA2G4 all 
exhibiting similar expression patterns. The mRNA of 
FK506-binding protein 4, involved in protein binding, is 
up-regulated after 4, 12 and 24 hours of E2 treatment 
[18]; in our data, the protein FK506-binding protein 4 is 
up-regulated after 4, 24 and 72 hours. Interestingly, 
changes in gene expression over time do not always cor- 
relate with changes in protein levels. Endoplasmin plays 
a role in estrogen signaling in cells through the estrogen 
receptor and we found that its protein level is upre- 
gulated at an earlier time point (4 hours) than its gene 
expression (24 hours) (see Table 2). Although the ex- 
pression of more than 85% of these proteins/genes 
agreed in at least one time point, we noticed that protein 
expression followed an up-down pattern over-time. This 
observation was somewhat expected given that proteins 
are continuously being produced and degraded depen- 

ding on their role in the specific regulatory pathway 
taking place. For this reason, amount of mRNA tran- 
scripts are not always direct indicators of the level of 
their corresponding protein. Our data demonstrates the 
increased transcriptional-induced expression of E2 pro- 
teins already known through gene expression studies and 
provides the expression patterns of proteins regulated by 
rapid E2 signaling processes and those that are post- 
transcriptionally regulated. 

4. Discussion 

It is well known that E2 is able to increase the rate of cel-
lular transcription in mammary cells primarily through the 
ERα receptor, the most abundant ER in mammary cells. 
MCF-7 cells are ER positive; MDA-MB-231 cells are ER 
negative [55,56]. We first verified the mitogenic effects of 
estrogen by treating both cells lines with E2 and observed 
changes on cell proliferation. We found increased prolif- 
eration only in the cell line expressing ER. We next ex- 
amined the effects of E2 on global protein expression 
over multiple time points in ER cells, as well as compared 
protein changes in an ER-positive system to that of an 
ER-negative system.  

Our proteomic approach combines the in-culture label- 
ing techniques (SILAC) with two-dimensional peptide 
separation (HILIC and reverse-phase) and allows for di- 
rect comparison between treated and control samples with 
minimized variations caused by sample preparation. SI-
LAC media has been shown to have no effect on cell 
morphology and rate of proliferation [27,57]. We used 
dialyzed fetal bovine serum (FBS) supplement rather than 
charcoal stripped FBS that is usually used in estrogen 
studies as a supplement to the cell culture media.  In 
dialyzed FBS, most molecules below a molecular weight 
of 10,000 are removed; this includes a low but uncontrol- 
lable amount of steroid hormones like E2 and free unla- 
beled amino acids that can alter the labeling efficiency. A 
cell proliferation assay (MTT) allowed us to verify that 
the cells remained estrogen responsive with the dialyzed 
FBS. 

The importance of the flipped label design is illustrated 
by the discovery that the number of significant differen- 
tially expressed proteins identified in the same sample 
differed from one experiment run to another. This is po- 
tentially caused by recent mentions of problematic con- 
version of isotopic arginine to proline in cells grown in 
SILAC-heavy media [28]. The resulting conversion causes 
inaccuracies when comparing heavy peptide ion signals to 
their light counterparts. Our flipped replicate design help- 
ed in decreasing these errors affecting protein quantifica- 
tion. 

4.1. Genomic Biological Processes 

The well described classical genomic pathway of estrogen 
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Table 2. Comparisons of genomic data and proteomic data. (a) Estrogen responsive genes at 4 hours; (b) Estrogen responsive 
genes at 12 hours; (c) Estrogen responsive genes at 24 hours. 

(a) 

Protein/gene Up in gene exp. Down in gene exp. Up in protein exp. Down in protein exp. 

1433S 4 hr, 24 hr - 48 hr - 

C1TC 4 hr, 12 hr, 24 hr - 72 hr MDA 

CAND1 4 hr, 12 hr, 24 hr - 4 hr 48 hr 

FKBP4 4 hr, 12 hr, 24 hr - 4 hr, 24 hr, 72 hr - 

G6PD 4 hr, 12 hr, 24 hr - 48 hr 24 hr 

IF5A1 4 hr, 12 hr, 24 hr - 24 hr - 

K6PP 4 hr, 24 hr - 0.25 hr - 

PA2G4 4 hr, 12 hr, 24 hr - 48 hr, 72 hr - 

PCNA 4 hr, 12 hr, 24 hr - - 24 hr 

PCTL 4 hr - 0.25 hr, 4 hr - 

PRS6A 4 hr, 12 hr, 24 hr - 8 hr, 72 hr 24 hr 

PRS6B 4 hr - MDA - 

PSA 4 hr, 24 hr - 0.25 hr, MDA 24 hr, 72 hr 

RAN 4 hr, 12 hr, 24 hr - - 24 hr, 72 hr 

SRC8 4 hr - 0.25 hr  

TCPD 4 hr, 24 hr - 8 hr 0.25 hr, MDA 

TFF1 4 hr, 12 hr, 24 hr - 24 hr 72 hr 

TFR1 4 hr, 12 hr, 24 hr - 24 hr, 48 hr - 

UGDH 4 hr - 48 hr - 

(b) 

Protein/gene Up in gene exp. Down in gene exp. Up in protein exp. Down in protein exp. 

AGR2 12 hr, 24 hr - 48 hr - 

HAT1 12 hr, 24 hr - 24 hr 8 hr 

HNRPQ 12 hr - - 4 hr, 72 hr 

HPRT 12 hr, 24 hr - MDA - 

HS105 12 hr, 24 hr - 24 hr - 

PUR6 12 hr, 24 hr - 0.25 hr 8 hr, 72 hr 

RUXE 12 hr, 24 hr - - 8 hr 

SYLC 12 hr, 24 hr - - MDA 

TRAP1 12 hr - 24 hr - 

(c) 

Protein/gene Up in gene exp. Down in gene exp. Up in protein exp. Down in protein exp. 

ADT3 - 24 hrs - 8 hr 

ANXA3 - 24 hrs MDA  

CPSF5 24 hr - 24 hr - 

ENPL 24 hr - 4 hr - 

H2AV 24 hr - 72 hr - 

ILF2 24 hr - 48 hr 24 hr 

IMA2 24 hr - 4 hr 24 hr 

KPYM 24 hr - - 4 hr 

PGK1 24 hr - 0.25 hr, 8 hr, 24 hr - 

SODC 24 hr - 0.25 hr, 48 hr - 

TALDO 24 hr - 4 hr - 

XPO2 24 hr - 0.25 hr - 
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involves the transcriptional regulation of specific estrogen 
responsive genes through direct binding of the activated 
estrogen receptor on EREs. This can only take place in 
ER-positive cell lines. In addition, the resulting changes 
in protein expression caused by the genomic pathway can 
only be detected experimentally at later time points given 
the time required for gene transcription and mRNA trans-
lation into proteins takes hours. We used 8-, 24-, 48-, and 
72-hours as time points influenced by the genomic path-
way. This pathway appears in our data to directly affect 
the synthesis of proteins involved in cell proliferation, 
angiogenesis, and actin filament capping. Increased in-
tra-cellular transport, namely nuclear import and export to 
and from the cytoplasm were enriched at early time points 
(i.e. 4 hours). An early process of estrogen genomic 
pathway involves the localization of estrogen bound es-
trogen receptor from the cytoplasm to the nucleus. This 
cellular transport is controlled by specific chaperone and 
transport proteins such as heat shock protein 90 and im-
portin alpha 2, both of which were differentially ex-
pressed after 4 hours of estrogen treatment. Once inside 
the nucleus, the ligand bound receptor activates transcrip-
tion via specific transcription factors (ERE). Positive 
regulation of transcription is another process that was 
enriched after only 4 hours of estrogen treatment and this 
agrees with the described signaling genomic events. 

We found that estrogen affects cancer specific proc- 
esses required for metastasis such as increased cell migra- 
tion and invasion through regulation of different stages of 
cell cycle and changes in cytoskeletal dynamics. The pre- 
sent analysis suggests that this only occurs in the presence 
of the estrogen receptor and is a result of the classical 
genomic pathway. MDA-MB-231 cells do not express ER 
but this receptor is expressed in MCF-7 cells. ER is re- 
sponsible for most of the proliferative effects of estrogen 
on cells and is the primary target of selective estrogen 
receptor modulator therapies used in women with estro- 
gen receptor positive breast cancers. The cancer specific 
processes mentioned above were only observed in the 
MCF-7 cells. Phenotypic (increase cell proliferation Fig- 
ure 1), genomic (published E2 responsive genes [18]), 
and proteomic (enriched biological processes Table 1) 
data support our hypothesis. 

Our data agrees with previous genomic studies. Gadal 
et al. [11] stimulated MCF-7 cells with 10 nM E2 for 15 
hours and identified E2-inducible genes whose functions 
include cytoskeletal and ECM remodeling, cell-cycle 
progression, and catechols/quinone synthesis regulation.  
Inoue et al. also used 10 nM E2 to stimulate MCF-7 cells 
for 6, 12, 24, and 72 hours using a custom-made microbar- 
ray to measure the gene expression levels of 138 genes 
[12]. A comparison of the differentially expressed pro- 
teins identified in our studies and the genes reported in 
these previous studies show correlation between gene and 
protein expression. In addition, our data allowed us to 

identify E2 proteins whose expression is only altered post- 
transcriptionally and E2 mitochondrial proteins. 

Our data also agrees with previous proteomic studies. 
One such study compared the tryptic peptide ion intensi- 
ties of E2 treated and control whole cell lysates after 1-D 
SDS PAGE band fractionation [25]. Another study used 
2-D PAGE gels [24] and yet another relied on isobaric 
tags [23]. These studies report proteins such as FK506- 
binding protein 4 that also appear in our data displaying 
similar levels. Although slightly different E2 doses were 
used in the other studies, all studies utilized a saturating 
dose of E2 so the results should be comparable. The over- 
all agreement is fairly good, but unfortunately, there was 
only a limited overlap in the proteins that were identified 
in the various studies.  This is not unexpected with the 
different methods employed in the studies. Our data re- 
veals proteins involved in some non-genomic and ER- 
independent processes not previously associated with 
estrogen. 

4.2. Non-Genomic Biological Processes 

At earliest time point after treatment with E2, mRNA 
transcription is not expected to change substantially, 
but protein production can be post-transcriptionally 
regulated through phosphorylation of initiation/elon- 
gation factors and response to iron levels [58]. The 
increased expression of proteins found at early time 
point (15 minutes) is due to this mechanism and cannot 
be a result of transcription activation (genomic effects 
of E2). Similarly, the rapid degradation of proteins can 
also occur. Hence, estrogen appears to regulate rapid 
signaling pathways through increased translation of 
key proteins. 

Apoptosis, protein folding and cell-cell signaling all 
appear to be regulated via non-genomic processes. 
They were all enriched after 15 minutes and/or 4 hours 
of estrogen treatment. There are known non-genomic 
pathways described as occurring within minutes of 
estrogen treatment via activation of MAPK signaling 
through membrane bound ER that lead to anti-apop- 
tosis. This process may involve proteins such as ubi- 
quitin and nucleophosmin 1 that negatively regulate 
apoptosis and were differentially expressed after 4 
hours in our data. Furthermore, microtubule associated 
proteins are linked to these early non-genomic actions 
of estrogen as modulators [34]. We found at our earli- 
est time point (15 minutes), protein folding was en- 
riched. The proteins present in this category aid in the 
folding of microtubule proteins (actin and tubulin). 

4.3. ER-Independent Biological Processes 

Biological processes enriched specifically after 24 hours 
of estrogen treatment in both cell lines are those we 
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represent here as ER-independent processes since their 
regulation occurred regardless of the presence of the 
estrogen receptor. 50 proteins were differentially ex- 
pressed in the estrogen receptor negative systems. Estro- 
gen is able to alter the expression of these proteins while 
relying on increased translation of specific already-pre- 
sent mRNA and protein degradation. These regulations 
take place independent of transcription activation. Trans- 
lation elongation was enriched after 24 hours of E2 
treatment in both cell lines but also after 4 and 72 hours 
in MCF-7 cells. It is interesting to note that translational 
elongation enriched in the MDA-MB-231 cells did not 
lead to increased cell proliferation. Proteolysis was en- 
riched after 24 hours in MDA-MB-231 cells and 4 hours 
in MCF-7 cells. Taken together, we infer that estrogen 
affects the post-transcriptional regulation of protein ex- 
pression using translation elongation and protein degra- 
dation in an ER-independent manner. 

Other ER-independent pathways of estrogen have been 
described as occurring through membrane receptors 
namely G-protein coupled receptors, epidermal and insu- 
lin growth factor receptors [59,60]. The expression level 
of some proteins were similar in both cell lines however 
key proteins needed for increased cell division were ei- 
ther differentially expressed in different directions or 
only different in the MCF-7 cells. 

5. Conclusion 

In conclusion, we present biological processes per- 
turbed after estrogen treatment and hypothesize the 
pathways involved. Estrogen negatively regulates apop- 
tosis through non-genomic pathways, and we present the 
proteins involved. Increased translation elongation and 
proteolytic activity occur independently of the estrogen 
receptor. Estrogen causes an increase in cell proliferation, 
and molecular analysis suggests that it also increases cell 
motility, which could lead to invasion and metastasis 
only in the presence of the estrogen receptor. This data 
supports and complements gene expression studies and 
implies the need for a combination of gene and protein 
expression analysis to determine the response elicited by 
cellular stimulants such as hormones. Together they 
highlight the intricate mechanisms of actions of estrogen 
and its role in breast cancer onset and development. 
Taken together, our data increases our knowledge of es- 
trogen signaling in cells and reveals targets that could be 
used to block the estrogen induced progression of breast 
cancer. 
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