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6. PROFILING OF 17β-ESTRADIOL AND TAMOXIFEN UP- AND DOWN-
REGULATED GENE EXPRESSION IN HUMAN BREAST CANCER CELL LINES 
 
 
 
6.1 INTRODUCTION 
 
 
Breast cancer is the most common cancer in women (1), which has been 
associated with high exposure to 17β-estradiol (E2). E2 is the main estrogenic 
hormone that acts on mammary epithelial cells, playing an important regulatory 
role in a wide variety of biological processes including, differentiation, cell 
proliferation and breast development at puberty and during sexual maturity; 
reasons why E2 can ultimately lead to breast cancer development (237). 
 
The pleiotropic effects of estrogens in its numerous target tissues are mediated via 
its receptors, estrogen receptor (ERα and ERβ), which are members of the nuclear 
receptor superfamily of ligand-activated transcription factors, regulating gene 
expression (238). E2 use well-established mechanisms to either activate or repress 
transcription of its target genes, such as direct interaction of the ligand-occupied 
receptor with DNA at estrogen response elements (ERE) (239). In addition, 
estrogen modulates gene expression through a process known as transcription 
factor cross-talk (240) and also by non genomic mechanisms, where E2 bind to 
ERs localized in the plasmatic membrane cell, activating signal transduction 
pathways in the cytoplasm (241). The ability of ER to regulate transcription is also 
dependent upon the nature of the ligand, with various natural and synthetic 
selective ER modulators (SERMs) acting as either ER agonists or antagonists 
(242, 243). One of these SERMs is Tamoxifen (TAM) who is a well-known non-
steroidal anti-estrogen with partial agonistic activity, extensively used in the 
treatment of ER positive (ER+) breast cancer. Response to TAM is frequently of 
limited duration due to the development of resistance (36, 76). Although ER-
positivity is a well-established predictor of response to TAM and ER-negative (ER-) 
patients are considered no responders, it is known that 5% to 10% of ER- tumors 
do benefit from adjuvant TAM (159-161).  
 
One area of great importance in breast cancer research is the study of the 
regulation of gene expression by both estrogens and anti-estrogens, such as TAM 
or fulvestrant. These studies have evaluated genetic expression profiles focused 
on identifying genes overexpressed in breast cancer (244), as well as patterns of 
gene expression associated with prognosis (245, 246), drug resistance (247) or 
tumor aggressiveness (248); this mainly on ER+ cell line MCF7 treated with 
different concentrations of E2 and usually applying microarrays and qRT-PCR 
analysis. MCF7 cells are one of the most widely used cell models to study estrogen 
signaling as they are strongly growth stimulated by E2 in vitro and in xenograft 
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experiments (249), and express high levels of estrogen receptor alpha (ERα). 
However, relatively few are the studies evaluating gene expression profiles in other 
ER+ (T47D and BT474) or in ER- (SKBR3) breast cancer cell lines, this could allow 
setting differences in the pattern of gene expression generate by E2 in both ER 
breast cancer cell lines. Likewise the numbers of studies evaluating the effect of 
TAM on the gene expression profiles in these cell lines are limited.  
 
Identification of genes and whole genetic pathways responsive to E2 and TAM 
could provide the necessary framework to understand the complex effects of this 
hormone on target cells and could allow to explain, at least in part, the 
development of cellular resistance to TAM treatment and the subsequent best 
therapeutic option. 
 
In this study the ER+ breast cancer cell lines MCF7, T47D and BT474 as well as 
the ER- breast cancer cell line SKBR3, were treated with both E2 or TAM for two 
different times (24h and 48h), and gene expression analysis were carried out using 
the human Breast Cancer RT2 PCR Array (SABiosciencesTM), which profiles 
expression of 84 key genes commonly involved in the deregulation of signal 
transduction and other normal biological processes during breast carcinogenesis.  
 
Although the cell line MCF7 is the most studied in the determination of the gene 
expression profiles in response to treatment with E2 and TAM, the pattern of 
expression of E2 and TAM-regulated genes identified in this study - in other ER+ 
cells and in one ER- cell line - could reflects distinctive properties of these cells, 
which ultimately, could be exploited not only to identify the response of various cell 
types to E2 but to examine whether these genes might serve as markers of TAM 
sensitivity and/or the development of resistance. Indeed, we have already shown 
that the expression pattern of some of the genes identified in this study clearly 
discriminates ER+ and ER- cells. 
 
6.2 METHODS 
 
 
6.2.1 Cell lines culture 
 
The human breast cancer cell lines MCF7 (ER+/HER2-), T47D (ER+/HER2-), 
BT474 (ER+/HER2+) and SKBR3 (ER-/HER2+) were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA) in March 2010. MCF7, T47D, 
SKBR3 were cultured in RPMI 1640 medium (Sigma, St. Louis, MO, USA), while 
BT474 were cultured in DMEM medium (Sigma). All culture media were 
supplemented with 10% fetal bovine serum (FBS) (Sigma), antibiotic-antimycotic 
solution (1X) (Sigma) and L-glutamine 2 mM (Invitrogen GmbH, Karslruhe, 
Germany). Cells growing in 75-cm2 flasks were maintained in an incubator at 37ºC 
and 5% CO2. Absence of mycoplasma contamination was demonstrated by 
conventional PCR assays.  
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6.2.2 Treatment of the cell lines with E2 or TAM  
 
Forty-eight hours prior to the addition of E2 (E2758, Sigma) and TAM (T5648, 
Sigma), cells were switched to phenol red-free RPMI 1640 (Sigma) containing 10% 
charcoal-stripped fetal bovine serum (FBS) (Sigma), in order to remove 
endogenous serum steroids and eliminate the weak estrogen agonistic activity of 
phenol red (162). E2 and TAM were dissolved in absolute ethanol, and diluted in 
the media at 0.01µM and 1µM respectively, and then added to the culture medium 
for 24h and 48h. Cells without treatment were used as controls. This time-course 
experiment was repeated three times and RNA was extracted from the cells, then 
cDNA was synthesize and RT-qPCR assays was made.  
 
6.2.3 RNA extraction 
 
After three washes with PBS 1X, cell lines were collected in 1ml of TRIZOL 
Reagent® solution (Ambion, Life Technologies, Darmstadt, Germany) and RNA 
extraction was performed according to the manufacturer’s instructions. Briefly, total 
RNA was separated by addition of chloroform and followed by precipitation 
with isopropanol and 75% ethanol. RNA pellets were resuspended in DEPC-
treated water (Ambion, Life Technologies) and quantified by 
spectrophotometry using the NanoDrop 1000 (Thermo Fisher Scientific Inc, 
Waltham, MA). RNA was further purified using RNeasy MinElute CleanUp columns 
(SABiosciencesTM-Quiagen, Canada) and treatment with RNase – Free DNase Set 
(SABiosciencesTM-Quiagen), in order to remove contaminating genomic DNA. 
Purified RNA samples were stored at −80°C until further analysis. 
 
6.2.4 Reverse transcription and quantitative real-time PCR (qRT-PCR) 
 
Aliquots of 1 µg of RNA purified, extracted from cell lines treated with either E2 or 
TAM for 24h and 48h were used to synthesize cDNA with the RT2 First Strand Kit 
(SABiosciencesTM–Qiagen) according to the manufacturer’s instructions. The 
cDNA for each qRT-PCR array test was combined with the ready-to-use RT2 
SYBR Green qPCR Master Mix (SABiosciencesTM–Qiagen), and equal aliquots of 
this mixture (25 µl) were added to each well of the Human Breast Cancer RT2 
Profiler PCR Array plate (PAHS-131A. SABiosciencesTM–Qiagen). This PCR array 
plate contained predisposed gene-specific primer sets for 96 genes, including: 84 
genes associated with breast carcinogenesis, five House keeping Genes, one 
Genomic DNA Control (HGDC), three Reverse Transcription Controls (RTC) and 
the three Positive PCR controls (PPC) (Table 19). The cDNA was amplified using 
the iCycler® Real-Time PCR System (Bio-Rad Laboratories) for 40 cycles (95ºC 
for 15 sec, 60ºC for 1 min) after it was incubated for 10 min at 95ºC. The threshold 
cycle (Ct) values for all reactions were used to calculate the fold-changes in gene 
expression, using the PCR array data analysis software (SABiosciencesTM–
Qiagen), which is based in 2-ΔΔCt method. The gene expression was classified as 
significantly regulated by E2 or TAM treatments, when fold change expression was 
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at least ±2.0; ensuring with this cut-off, analysis of really modified genes. 
 
6.2.5 Heatmaps for differentially expressed genes (DEG) 
 
To evaluate graphically the evolution of the activation/inhibition of gene expression 
in each cell type under different treatments, the fold change (FC) of the statistically 
significant differentially expressed genes (DEG) compared with time 0 were 
selected. Genes with FC ±2 were considered as DEG. Genes FC were clustering 
using package gplots from the Bioconductor project (123). Euclidean distance was 
used to calculate the matrix of distances, and clusters were built using Ward’s 
method.	  	  

6.2.6 Biological interpretation of the DEG (Pathway analysis) 
 
Pathway enrichment analysis was conducted via Overrepresentation Analysis 
(ORA). ORA was performed in DAVID Bioinformatics Resources 6.7 of National 
Institute of Allergy and Infectious Diseases (NIAID), NIH (250) by employed a pre-
filtered list of differentially expressed genes. The overrepresented pathways were 
generated based on information in Gene Ontology (GO) project compared against 
a background limited to the genes analyzed in this research (84 genes). A Fisher 
exact test was performed to determine the likelihood of obtaining at least the 
equivalent numbers of genes by as actually overlap between the input gene set 
and the genes present in each identified GO categories.  

6.2.7 Overall representation of the data 

In order to have a simultaneously general representation of the gene expression 
response of the different cells types under different treatments a Principal 
Component Analysis (PCA) was made with the FC of all the genes evaluated (84 
genes) compared with time 0.  PCA is a linear projection method that defines a 
new dimensional space that captures the maximum information present in the 
initial data set by minimizing the error between the original data set and the 
reduced dimensional data set. It is an unsupervised exploratory technique used to 
remove noise, reduce dimensionality and identify common/dominant signals 
oriented to try to find biological meaning. The two principal components with the 
higher amount of variance were plotted. PCA was performed with the prcomp 
package and the plot was drawn with gplots, both from the Bioconductor project 
(123).  

To identify the main genes responsible for the different principal components (PC) 
segments, the pcaGOpromotor package (251) implemented in R and part of 
Bioconductor project was used. With this methodology is possible to identify the 
loading genes in each principal component. Additionally it quantifies the 
importance of the genes in the reduced predictor. Hansen et al (251) empirically 
showed that between 0.5 to 8.5% of the total genes is the window to do the 



	   153	  

selection of loading genes to get a good and stable overrepresentation analysis. 
For this study a 5% threshold was selected (5 genes). 
 
6.2.8 Statistical analysis 
 
All data are expressed as means with Standard Deviations (SDs). Student’s t-test 
was performed to determine significant differences between the fold change values 
of the two groups. P-values of 0.05 (*) and 0.01 (**) were considered statistically 
significant. All the graphs presented in the results section report the average 
values from three independent experiments with bars representing standard error 
of mean. 
 

6.3 RESULTS 
 
6.3.1 Identification of E2 and TAM up and down-regulated genes 
 
Three types of analyses were performed to identify different patterns of gene 
regulation based on the time course of E2 and TAM treatment. First, gene cluster 
analysis was performed using package gplots from the Bioconductor project (123) 
for the R statistical language. Each column represents a single time point (24h and 
48h) and contains only the regulated genes at 24h and/or 48h, with stimulated 
genes in red, inhibited genes in green, and genes not different from control in 
black. The pattern of each cluster of genes can be observed horizontally over the 
different treatment times (Figures 45 and 46). In a second type of analysis, were 
applied statistical tests to determine the existence of significant differences 
between control and treatments, and graphics were produced to examine the 
proportion of genes significantly altered after E2 and TAM treatment (Figures 47 
and 48). The third analysis was performed in order to determine the 
overrepresented pathways where the genes regulated by E2 and TAM were 
involved. 
 
6.3.1.1 Differential gene expression patterns in ER+ and ER- cell lines 

treated with E2  
Each cell line was treated with E2 by 24h and 48h and RNA from triplicate samples 
of each time point was analyzed using the Human Breast Cancer RT2 Profiler 
qPCR Array (SABiosciencesTM–Qiagen).  

 
In MCF7 cells, 19 out of 84 genes analyzed, were identified to be E2 regulated at 
24h and/or 48h using a cut-off of 2.0-fold changes in expression. Of these genes 
47,4% (n=9) were stimulated and 52,6% (n=10) were inhibited (Table 20 and 
Figure 45A). These modified genes were assigned to one of three different 
patterns: genes regulated at 24h only – early expression (15,8%), genes regulated 
at 24 and 48h – early and late expression (68,4%) and genes regulated at 48h only 
– late expression (15,8%). 
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Table 19. Array layout of genes present in the Human Breast Cancer RT2 ProfilerTM PCR Array plate (PAHS-131A. 
SABiosciencesTM–Qiagen) 
 
 
ABCB1 ABCG2 ADAM23 AKT1 APC AR ATM BAD BCL2 BIRC5 BRCA1 BRCA2 

A01 A02 A03 A04 A05 A06 A07 A08 A09 A10 A11 A12 
CCNA1 CCND1 CCND2 CCNE1 CDH1 CDH13 CDK2 CDKN1A CDKN1C CDKN2A CSF1 CST6 

B01 B02 B03 B04 B05 B06 B07 B08 B09 B10 B11 B12 
CTNNB1 CTSD EGF EGFR ERBB2 ESR1 ESR2 FOXA1 GATA3 GLI1 GRB7 GSTP1 

C01 C02 C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 
HIC1 ID1 IGF1 IGF1R IGFBP3 IL6 JUN KRT18 KRT19 KRT5 KRT8 MAPK1 
D01 D02 D03 D04 D05 D06 D07 D08 D09 D10 D11 D12 

MAPK3 MAPK8 MGMT MKI67 MLH1 MMP2 MMP9 MUC1 MYC NME1 NOTCH1 NR3C1 
E01 E02 E03 E04 E05 E06 E07 E08 E09 E10 E11 E12 
PGR PLAU PRDM2 PTEN PTGS2 PYCARD RARB RASSF1 RB1 SERPINE1 SFN SFRP1 
F01 F02 F03 F04 F05 F06 F07 F08 F09 F10 F11 F12 

SLC39A6 SLIT2 SNAI2 SRC TFF3 TGFB1 THBS1 TP53 TP73 TWIST1 VEGFA XBP1 
G01 G02 G03 G04 G05 G06 G07 G08 G09 G10 G11 G12 
B2M HPRT1 RPL13A GAPDH ACTB HGDC RTC RTC RTC PPC PPC PPC 
H01 H02 H03 H04 H05 H06 H07 H08 H09 H10 H11 H12 
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Table 20. List of E2 up-regulated and down-regulated (-values) genes in MCF7, 
T47D, BT474 and SKBR3 cells 
 
 

Cell Line 24h 48h Gene name GenBank no. 
MCF7 3,4822** 1,8025 BIRC5 NM_001168 

 2,4623** 2,639** BRCA1 NM_007294 

 3,249** 2,3784** BRCA2 NM_000059 

 -2** -2,0705** CCND2 NM_001759 

 -1,7211 -2,2974** CDKN1A NM_000389 

 3,4822* 5,0982** EGF NM_001963 

 -2,4623 -2,4623 ERBB2 NM_004448 

 -2,8945 -3,1383 GRB7 NM_005310 

 -2,639** -5,0982** IGFBP3 NM_000598 

 3,249** 2,0705** MKI67 NM_002417 

 2,1435* 1,7411 NME1 NM_000269 

 -1,7211 -2,1435** NR3C1 NM_000176 

 6,0629** 8,8766** PGR NM_000926 

 -2,1435** -2,2191** RARB NM_000965 

 -2,4623 -1,2311 SERPINE1 NM_000602 

 -2,639** -3,7321** SLIT2 NM_004787 

 1,7613 2,5491** TFF3 NM_003226 

 -3,0314 -2,0705 TWIST1 NM_000474 

 2,8284** 2,4623** HPRT1 NM_000194 
T47D 2,6735 2,3274 ABCG2 NM_004827 

 2,0885* 2,4837* BIRC5 NM_001168 

 2,9794** 1,9656 BRCA1 NM_007294 

 2,2482** 2,4095** BRCA2 NM_000059 

 2,7678* 1,9571 CCNE1 NM_001238 

 1,5422 2,2776 CTSD NM_001909 

 2,7203 3,716** ESR2 NM_001437 

 1,858 2,7203** MKI67 NM_002417 

 2,3784** 5,278** MYC NM_002467 

 1,5223 2,0795 NOTCH1 NM_017617 

 2,1067** 1,7715 PGR NM_000926 

 1,9487 2,0885 RASSF1 NM_007182 

 2,3784 2,3784 SFN NM_006142 

 2,2875 2,2095 SRC NM_005417 

 1,3779 3,3782* TGFB1 NM_000660 

 1,3899 2,2579** THBS1 NM_003246 

 2,9409 1,8742 TP73 NM_005427 
BT474 1,3566 4,0558** ABCG2 NM_004827 

 -2,4794** -3,9449** EGFR NM_005228 

 -1,7532 -2,514 ERBB2 NM_004448 

 -1,3287 -2,114 ESR1 NM_000125 

 -1,4743 -2,2658 FOXA1 NM_004496 

 -2,5669 -2,7895 GATA3 NM_002051 

 -1,5263 -2,114* GRB7 NM_005310 

 -1,0792 -2,042* GSTP1 NM_000852 

 3,1167** 2,8679** IGF1R NM_000875 

 -4,9588 -2,8879 IGFBP3 NM_000598 

 -2,3134* -2,6945* MUC1 NM_001018016 

 25,8125** 15,1369** MYC NM_002467 
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 2,2815** 1,8277 NME1 NM_000269 

 -1,815 -2,042** NR3C1 NM_000176 

 9,1261** 9,3179** PGR NM_000926 

 -2,2346 -2,042 SLIT2 NM_004787 

 -2,5669* -1,3013 SNAI2 NM_003068 

 3,1167** 3,6553** THBS1 NM_003246 
SKBR3 2,0849 1,1096 BAD NM_004322 

 4,0278 2,1435** BCL2 NM_000633 

 2,0849* 1,1096 BRCA2 NM_000059 

 3,7581** 1,366 CCNE1 NM_001238 

 1,3566 2,2191** CDH1 NM_004360 

 -2,1287* -2,2974** CDKN1C NM_000076 

 3,2716 1,366 IGFBP3 NM_000598 

 5,1337** 1,4142 IL6 NM_000600 

 -2,4453** -1,2746 MUC1 NM_001018016 

 2,8481* 1,9319 PLAU NM_002658 

 -2,1287 -1,0718 PYCARD NM_013258 

 2,395 1,1096 SERPINE1 NM_000602 
Values are fold changes of ±2 at each time point relative to control with the statistically significant values indicated by 
asterisks (*p<0,05  **p<0,01)  
 
 
 
 
Thus grouped, most of genes were active during both treatment times, showing 
genes that are principally down regulated by E2 in MCF7, in contrast to those up 
regulated. Clustering analysis demonstrate two patterns of modulated genes, with 
the first cluster showing genes up-regulated and second cluster showing genes 
down-regulated at both time points examined (Figure 45A). Among the 19 genes 
that were show to be regulated by E2, was observed altered expression statistically 
significant in 15 genes (79%) with a fold change of +/-2. The up-regulated genes 
include BIRC5, BRCA1, BRCA2, EGF, MKI67, NME1, PGR, TFF3 and HPRT1; 
while the down-regulated genes include: CCND2, CDKN1A, IGFBP3, NR3C1, 
RARB and SLIT2 (Figure 47A). 
 
 
For T47D cells, 17 out of 84 genes analyzed, had expression changes at 24h 
and/or 48h. Contrary to this observed in MCF7 cells, here E2 up-regulated these 
genes (Table 20 and Figure 45B). For up-regulated genes an approximately equal 
number of genes was observed in each of the patterns of expression (early 
expression, n=4; early and late expression, n=6; late expression, n=7). Clustering 
analysis demonstrated three patterns of modulated genes expression, with the first 
cluster showing genes up-regulated, of early and late expression, the second 
cluster showing genes up-regulated both at 24h and at 48h, with more genes 
modified at 48h, and the third cluster correspond a these genes mostly up 
regulated at 48h (Figure 45B). Among the 17 genes that showed to be regulated by 
E2, was observed altered expression statistically significant in 10 genes (58.8%) 
with a fold change of +/-2. These up-regulated genes include BIRC5, BRCA1, 
BRCA2, CCNE1, ESR2, MKI67, MYC, PGR, TGFB1 and THBS1 (Figure 47B).  
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Figure 45. Cluster analysis for the time-course pattern of E2-regulated gene expression in A) MCF7, B) T47D, 
C) BT474 and D) SKBR3 cells. Gene cluster analysis was performed for 84 genes after E2 exposure at 24h and 
48h. Stimulated genes are shown in red, inhibited genes in green, and genes not regulated in black. 
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Figure 46. Cluster analysis for the time-course pattern of TAM-regulated gene expression in A) MCF7, B) 
T47D, C) BT474 and D) SKBR3 cells. Gene cluster analysis was performed for 84 genes after TAM exposure at 
24h and 48h. Stimulated genes are shown in red, inhibited genes in green, and genes not regulated in black. 
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In BT474 cells, 18 out of 84 genes analyzed, were regulated at 24h and/or 48h; 6 
(33,33%) of these genes were stimulated, whilst 12 (66,66%) were inhibited (Table 
20 and Figure 45C). Of these genes, 2 (11,11%) were of early expression, 9 (50%) 
of early and late expression and 7 (38,88%) were of late expression. Just as 
MCF7, most of genes were active at either early and late time points, with twice the 
genes being down regulated (n=12) compared with those up-regulated (n=6) by 
E2. However, is important to note that, in contrast with MCF7, a good number of 
genes were of late expression, and further that, almost all of these genes were 
inhibited (6 out of 7).  
 
Similar to this observed in MCF7 cells, clustering analysis demonstrate two 
patterns of modulated genes, with the first cluster showing genes up-regulated and 
second cluster showing genes down-regulated at both time points examined 
(Figure 45C). Of the 18 genes that were shown to be regulated by E2, was 
observed altered expression statistically significant in 12 genes (66.6%) with a fold 
change of +/-2 (Figure 47C), these up-regulated genes include ABCG2, IGF1R, 
MYC, NME1, PGR and THBS1; while the down-regulated genes include: EGFR, 
GRB7, GSTP1, IGFBP3, MUC1 and NR3C1 (Figure 47C).  

 
In SKBR3 (ER-) cells, E2 treatment at 24h and 48h showed a lower number of 
modified genes, 12 out of 84. Among those, 8 genes (66.66%) were stimulated, 
while only 4 (33.33%) were inhibited (Table 20 and Figure 45D); when these are 
assigned to one of three expression patterns, we can observed 9 genes (75%) of 
early expression, 2 genes (16,6%) of early and late expression and 1 gene (8,33%) 
of late expression. Distinct to the other cell lines, here the majority of genes had an 
early regulation (at 24h only). Clustering analysis demonstrated three patterns of 
modulated gene expression: the first cluster showing genes up-regulated of early 
response and with a fold change greater than three; the second cluster	   also 
comprising up-regulated genes of early response, but with a fold change of no 
more than 2 and the third cluster was composed of genes repressed of early 
response (Figure 45D). Of the 12 genes regulated by E2, was observed altered 
expression statistically significant in 8 genes (66.6%) with a fold change of +/-2. 
The up-regulated genes include BCL2, BRCA2, CCNE1, CDH1, IL6 and PLAU; 
while the down-regulated genes include: CDKN1C and MUC1  (Figure 47D).  
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Figure 47. E2 modified gene expression in A) MCF7, B) T47D, C) BT474 and D) SKBR3 cells. Asterisks indicate 
those genes significantly altered. *p<0,05; **p<0,01 
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6.3.1.2 Differential gene expression patterns in ER+ and ER- cell lines 

treated with TAM  
 

Just like with E2, each cell line was treated with TAM by 24h and 48h and RNA 
from triplicate samples of each time point was analyzed using methods previously 
described. The number of TAM modified genes was lower for all cell lines, 
compare with these modified after E2 addition.  
 
In MCF7, 5 out of 84 genes analyzed, changed their pattern expression at 24h 
and/or 48h; 2 of those were stimulated, whilst 3 were inhibited (Table 21 and 
Figure 46A). Only for MCF7, at least one gene was seen in each one of three 
patterns: 3 genes were of early expression, 1 gene was of early and late 
expression and 1 gene was of late expression. Clustering analysis showed two 
different patterns of gene expression, the first cluster showed 2 genes up-regulated 
and second cluster showed 3 genes down-regulated (Figure 42A). Of these TAM 
modified genes, only EGF and PGR (66.6%) showed an increased in the 
expression statistically significant (with a fold change of +/-2), while the other 
genes not showed differences in the expression levels (Figure 48A). 
 
Table 21. List of TAM up-regulated and down-regulated (-values) in MCF7, T47D, 
BT474 and SKBR3 cells 
 

Cell Line 24h 48h Gene name GenBank no. 
MCF7 -2,3784 -1,7613 CDKN1C NM_000076 

 -2,0705 -1,6434 CSF1 NM_000757 

 4,2871** 3,6893** EGF NM_001963 

 3,1383* 1,977 PGR NM_000926 

 -1,366 -2,0232 SERPINE1 NM_000602 
T47D 2,3681 1,9235 GATA3 NM_002051 

 2,4516 1,3601 RARB NM_000965 

 2,2677 1,2152 TWIST1 NM_000474 
BT474 -1,2746 -2,9897 CDKN1C NM_000076 

 -1,2746 -2,4284** EGFR NM_005228 

 -1,5157 -2,6027 ERBB2 NM_004448 

 -1,7411 -2,3457 GATA3 NM_002051 

 -1,1892 -2,114 GRB7 NM_005310 

 -1,1096 -2,114** JUN NM_002228 

 -1,2311 -2,3457 NOTCH1 NM_017617 

 1,8025 2,6759* PGR NM_000926 

 -1,4641 -2,6945 RASSF1 NM_007182 

 -1,2746 -2,1886 SRC NM_005417 

 -1,1892 -3,3173** VEGFA NM_003376 
SKBR3 2,2191 1,0792 BAD NM_004322 

 2,639 1,2658 CCNE1 NM_001238 

 2 1,0281 IGFBP3 NM_000598 

 -2,0705* -1,5583 MUC1 NM_001018016 
Values are fold changes of ±2 at each time point relative to control with the statistically significant values indicated by 
asterisks (*p<0,05  **p<0,01)  
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Figure 48. TAM modified gene expression in A) MCF7, B) T47D, C) BT474 and D) SKBR3 cells. Asterisks 
indicate those genes significantly altered. *p<0,05; **p<0,01. 
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On the other hand, T47D was the cell line in which a smaller effect was seen 
after TAM addition. Only 3 out of 84 genes analyzed were modified (3,6%), and all 
of them were up regulated only at 24h (Table 21 and Figure 46B). Hierarchical 
clustering analysis identified a single cluster formed by the 3 genes up-regulated 
(Figure 46B). None of these 3 genes showed statistically significant differences in 
their expression relative to control (Figure 48B).  

 
BT474 was the cell line in which TAM showed a higher effect, where 11 out 

of 84 genes analyzed were regulated; just 1 gene (9,1%) was up regulated, whilst 
the other 10 genes (90,9%) were inhibited (Table 21 and Figure 46C). In addition, 
the expression of all these genes was modified only at 48h, indicating a mainly late 
expression gene regulation in these cells by TAM. Cluster analysis identified two 
clusters: the first one consists of the only up-regulated genes and the second 
cluster formed by down-regulated genes (Figure 46C). Between those genes only 
4 (36.3%) showed altered expression statistically significant. The down-regulated 
genes include EGFR, JUN and VEGFA; while PGR was the only up-regulated 
gene (Figure 48C).  

 
Finally, the TAM effect on SKBR3 cells was slight; modifying 4 out of 84 

genes analyzed (4,8%), only at 24h and all classified like early expression genes; 3 
of them up-regulated and 1 down-regulated (Table 21 and Figure 46D). Those 
genes were grouped into two clusters by hierarchical clustering analysis: the first 
cluster consists of three up-regulated genes and the second cluster was formed by 
the only gene repressed (Figure 46D). Only MUC1 gene showed a statistically 
significant down-regulation relative to control (Figure 48D). 
 
6.3.2 Pathway analysis of E2 regulated genes  

To further evaluate the data on a biological level, pathway analysis was conducted 
via Overrepresentation Analysis (ORA). ORA was performed in DAVID 
Bioinformatics Resources 6.7 of National Institute of Allergy and Infectious 
Diseases (NIAID), NIH (250). Table 22 lists biological pathways, which are 
overrepresented upon pathways in which the expression levels of significantly 
more genes were changed than would be expected by chance. We have found 18 
biological signal pathways with a significant involvement of the genes differentially 
expressed after E2 addition.  

In MCF7 cells, E2 stimulated the expression of genes associated with cell 
cycle process and DNA replication (BRCA2, BIRC5, EGF, BRCA1), as well as 
repressed genes involved in regulation of cell development (IGFBP3, SLIT2), 
positive regulation of apoptosis and cell death (CDKN1A, MMP9, RARB, NR3C1, 
IGFBP3 CDKN1A, MMP9, RARB, NR3C1, IGFBP3). The BIRC5 gene, also called 
survivin is a member of the inhibitor of apoptosis (IAP) gene family, encodes 
negative regulatory proteins that prevent apoptotic cell death. The BIRC5 gene 
amplification was reported in the 15-30% of breast cancers and it has been shown 
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to predict distant recurrence (252). While over-expression of BRCA1 and BRCA2 
genes, can cause an aberrant response to DNA damage. Up regulation of these 
genes could probably lead to an overall increase in both proliferation and cell 
survival.  

 
Table 22. List of biological pathways that are significantly up- or down-regulated in 
MCF7, T47D, BT474 and SKBR3 cells after 24h and 48h of E2 treatment.  

 
Cell 
line Time Signals pathways Genes Fold 

Enrichment 
p 

Fisher 

UP REGULATED 

MCF7 24h Regulation of cell cycle process BRCA2, BIRC5, EGF, 
BRCA1 4,7 3,3E-3 

 24h DNA replication BRCA2, EGF, BRCA1 7,1 3,5E-3 

 48h DNA replication BRCA2, EGF, BRCA1 8,3 2,1E-3 

T47D 24h Steroid hormone receptor signaling 
pathway PGR, CCNE1, ESR2, BRCA1 5,3 2,1E-3 

 24h Intracellular receptor-mediated signaling 
pathway PGR, CCNE1, ESR2, BRCA1 5,3 2,1E-3 

 24h Regulation of transcription PGR, CCNE1, BRCA2, 
ESR2, MYC, BRCA1 2,0 2,0E-2 

 24h Cell cycle process CCNE1, BRCA2, BIRC5, 
MYC, BRCA1 2,3 2,9E-2 

 48h Cell cycle process MKI67, BRCA2, BIRC5, 
THBS1, MYC, TGFB1 2,7 3,3E-3 

 48h Cell cycle MKI67, BRCA2, BIRC5, 
THBS1, MYC, TGFB1 2,5 6,6E-3 

 48h Anti-apoptosis BIRC5, ESR2, THBS1, MYC 3,6 1,0E-2 

 48h Response to abiotic stimulus BRCA2, THBS1, MYC, 
TGFB1 3,2 1,8E-2 

 48h Regulation of mitotic cell cycle BRCA2, BIRC5, MYC, 
TGFB1 3,2 1,8E-2 

BT474 24h Positive regulation of molecular function NME1, THBS1, MYC 3,9 2,1E-2 

 48h Anti-apoptosis IGF1R, THBS1, MYC 4,8 1,1E-2 

SKBR3 24h Developmental growth CCNE1, BRCA2, PLAU 6,9 3,5E-3 

 24h Growth CCNE1, BRCA2, PLAU 5,7 6,6E-3 

 48h Response to toxin BCL2, CDH1 27,7 8,8E-4 

DOWN-REGULATED 

MCF7 24h Regulation of cell development IGFBP3, SLIT2 6,2 5,5E-3 

 48h Positive regulation of apoptosis CDKN1A, MMP9, RARB, 
NR3C1, IGFBP3 2,2 3,4E-2 

 48h Positive regulation of cell death CDKN1A, MMP9, RARB, 
NR3C1, IGFBP3 2,2 3,4E-2 

 48h Positive regulation of programmed cell 
death 

CDKN1A, MMP9, RARB, 
NR3C1, IGFBP3 2,2 3,4E-2 

Pathway analysis was conducted via Overrepresentation Analysis (ORA). ORA was performed in DAVID Bioinformatics 
Resources 6.7 of National Institute of Allergy and Infectious Diseases (NIAID), NIH (250). Pathways listed include those 
whose differentially expressed genes were significantly altered after 24h and 48h of E2 treatment. 
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IGFBP3 gene has antiproliferative effects on cancer, is involved in repair of DNA 
damage in breast cancer cells (253) and controls cell growth by feed-back (254). In 
addition, deregulation or loss of IGFBP3 gene expression has been associated 
with other carcinomas (255). Whilst, SLIT2 gene possesses suppressive activity 
against cancer metastasis (256). The deregulation of these genes implicated in the 
positive regulation of apoptosis and cell death, might be related to the increased 
cell proliferation observed in these cells, and additionally, could be favoring tumor 
development. 

In T47D cells, among the larger group of E2 up-regulated genes are several 
with known functions relevant to oncogenesis, like steroid hormone receptor 
signaling pathway (PGR, CCNE1, ESR2, BRCA1), intracellular receptor-mediated 
signaling pathway, cell cycle process (CCNE1, MKI67, BRCA1, BRCA2, BIRC5, 
THBS1, MYC, TGFB1), regulation of transcription (PGR, CCNE1, BRCA2, ESR2, 
MYC, BRCA1), regulation of mitotic cell cycle (BRCA2, BIRC5, MYC, TGFB1), 
anti-apoptosis (BIRC5, ESR2, THBS1, MYC) and response to abiotic stimulus 
(BRCA2, THBS1, MYC, TGFB1) (Table 22). 
 

The genes preferentially up regulated by E2 in BT474 cells, encode proteins 
that have diverse roles in multiple functional pathways including positive regulation 
of molecular function (NME1, THBS1, MYC) and anti-apoptosis (IGF1R, THBS1, 
MYC) (Table 22). NME1 is involved in cell proliferation and differentiation, and its 
high expression has been associated with sporadic colorectal cancer (257). THBS1 
gene encodes a glycoprotein that mediates cell-to-cell and cell-to-matrix 
interactions and has been shown to play roles in the promotion of angiogenesis 
and metastasis in invasive ductal breast cancer (258). MYC gene encodes a 
protein that plays a role in promoting cell cycle progression, apoptosis and cellular 
transformation; also mutations, overexpression, rearrangement and translocation 
of this gene have been observed in a variety of tumors (259). Elevated levels of 
IGF1R gene have been associated with poor survival in invasive breast cancer 
samples (260) and with TAM resistance in xenograft models (15).  

 
In SKBR3 cells, E2 cause up-regulation of genes associated with growth 

(CCNE1, BRCA2, PLAU) and response to toxin (BCL2, CDH1). These signal 
pathways are involved in positive regulation of cell migration, proliferation and 
apoptosis, all of them correlated with carcinogenesis. Of note, BCL2 is one of the 
most important antiapoptotic genes and is suggested by facilitating the survival of 
tumor cells; CCNE1 (Cyclin E) is an important regulator of cell cycle progression 
and its overexpression has been associated with poor overall survival and breast 
cancer-specific survival (261) and PLAU gene encodes a serine protease involved 
in degradation of the extracellular matrix and possibly tumor cell migration and 
proliferation (262).  

 
Noteworthy that in BT474 and SKBR3 cells, the E2 down-regulated genes were not 
found significantly associated to a particular signaling pathway. In addition, the 
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number of genes altered by TAM, was insufficient to establish any association with 
a particular signaling pathway, in all cell lines studied. 
 
 
 
6.3.3 E2 and TAM modified genes in MCF7 vs. other cell lines 
 
We next investigated whether in MCF7 cells, the expression pattern of genes 
modified by E2 were similar to that observed in other ER+ cells. Although MCF7 is 
the cell line more and better studied for E2 effects, this pattern of gene expression 
is different between ER+ cells. These cells show both similarities and differences 
with other ER+ cells. PGR was the only gene that has behaved similarly (up-
regulated) in all ER+ cells treated with E2 (Table 23). Although T47D cells and 
MCF7 are ER+/HER2-, they had a different pattern of gene expression when they 
were treated with E2: while E2 in MCF7 cells produced gene repression, in T47D 
cells induced gene up-regulation. Noteworthy, in T47D cells we did not find a 
significantly repression of the gene expression compared with MCF7.  
 
In MCF7 and T47D cells, E2 induce up-regulation of BIRC5, BRCA1, BRCA2 and 
MKI67 genes (Table 23). However BRCA2 was also up regulated in SKBR3 cells. 
Interestingly, MCF7 (ER+/HER2-) behaved more similarly to BT474 (ER+/HER2+) 
that T47D (ER+/HER2-) cells when they were treated with E2, in both cell lines 
down regulation of IGFBP3, GRB7, NR3C1, SLIT2 and ERBB2 genes and up-
regulation of NME1 gen was observed. Finally, when a comparison of the effect of 
E2 was established between the T47D and BT474 cells, was observed that these 
cells only share up-regulation of THBS1 and MYC genes (Table 23). When ER+ 
and ER- cells were compared, marked differences could be observed: after E2 
addition, up-regulation of IGFBP3 and SERPINE1 genes was observed in ER- 
cells, while in ER+ cells their expression were repressed (Table 23). However 
some similarities were also observed: BRCA2 and CCNE1 genes were up 
regulated and MUC1 gene was down-regulated in both ER+ and ER- cells.  
 
The number of genes with an expression pattern changed by TAM was much lower 
compared to those modified by E2 in all cell lines studied. Interestingly, the effect 
exerted by TAM in MCF7 was similar to that observed in BT474, where this drug 
induced up-regulation of PGR and repression of CDKN1C genes (Table 24). While 
the effect of TAM on SKBR3 ER- cells was completely different from that observed 
in ER+ cells, where the pattern of gene expression was not similarly affected. 
Although SKBR3 cells are ER-, the TAM had an effect on the gene expression. 
These results may indicate that modulation of gene expression exerted by TAM in 
ER- cells could be related to the activation of alternate signaling pathways not 
dependent of ER. In addition, we have identified several genes preferentially 
regulated by TAM in ER- breast cancer cells, suggesting a novel dimension in the 
action of this drug.  
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Table 23. Similarities in the altered gene expression induced by E2 in MCF7, 
T47D, BT474 and SKBR3 cells 
 
 

MCF7 T47D BT474 SKBR3 
Up Down Up Down Up Down Up Down 

 IGFBP3     IGFBP3 IGFBP3  
PGR  PGR   PGR     

NME1      NME1     
   THBS1   THBS1      
  MYC   MYC     
  SERPINE1         SERPINE1   

 GRB7      GRB7    
 NR3C1      NR3C1    

BIRC5  BIRC5        
BRCA1  BRCA1        
MKI67  MKI67        
BRCA2  BRCA2     BRCA2  

    CCNE1      CCNE1   

       MUC1   MUC1 

 SLIT2      SLIT2    
 ERBB2      ERBB2    

CCND2 CDKN1A ESR2   IGFR1 EGFR BAD CDKN1C 
EGF RARB RASSF1    ESR1 BCL2 PYCARD 

HPRT1 TWIST1 SFN    FOXA1 CDH1  
TFF3  SRC    GATA3 IL6  

  TGFB1    GSTP1 PLAU  
  TP73    SNAI2    
  NOTCH1        
    CTSD           

  Up-regulated only in ER+ cell lines (MCF7, T47D, BT474) 
  Up-regulated only in ER+/HER2- cells (MCF7, T47D) 
  Up-regulated in ER+ and ER- cells  
  Down-regulated only in HER2+ cells 
  Down-regulated in ER+ cells 
  Down-regulated in ER+ cells and up-regulated in ER- cells 
  Cell specific altered genes 
 
 
 
Table 24. Similarities in the altered gene expression induced by TAM in 
MCF7, T47D, BT474 and SKBR3 cells 
 
 

MCF7 T47D BT474 
Up Down Up Down Up Down 

	  	   CDKN1C 	  	   	  	   	  	   CDKN1C 

	   	  
GATA3 	  	   	  	   GATA3 

PGR 	  	   	  	   	  	   PGR 	  	  
  Up-regulated in HER2- cells and Down-regulated in HER2+ cells 
  Up-regulated only in ER+ cell lines (MCF7, BT474) 
  Down-regulated in ER+ cells 
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6.3.4 Overall representation of the data results – Principal Component 
Analysis (PCA) 

To relate the FC among all the genes evaluated in this study a principal component 
analysis of the different interventions for all cell lines was done (Figure 49). 
Because FC is a ratio between the expression level in a specific treatment 
compared with the expression level without treatment, a reference time point for all 
experimental groups was created (FC equal 1 for all genes, blue star in figure 49).  
 
MCF7 and BT474 after 24 hours and 48 hours of E2 treatment were the most 
different experimental conditions, differing in the direction of the positive and 
negative part of PC1 compared with time 0. Estrogen response of BT474 is 
separated of MCF7 for all the PC2 (positive and negative part). The others 
experimental groups had a lesser difference compared with reference time 0, all of 
them appear grouping around the coordinates 0,0 in PCA plot. In general T47D 
and SKBR3 cell lines had a less response for all the experimental conditions. The 
bigger response after TAM treatment was for MCF7 cells after 24 and 48 hours 
and BT474 after 48 hours, the difference depends mainly of genes involved with 
positive (pos) part of PC1 for both of them and genes in the negative (neg) part of 
PC2 for MCF7 cells after TAM treatment. 
 
In order to identify the main genes responsible for the different principal 
components (PC) segments was used the pcaGOpromotor package (251) 
implemented in R and part of Bioconductor project. Hansen et al (251) empirically 
showed that between 0.5 to 8.5% of the total genes is the window to do the 
selection of loading genes to get a good and stable overrepresentation analysis. 
For this study a 5% threshold was selected (5 genes). With this methodology was 
possible to identify the loading genes in each principal component (Figure 49). 
 
PC1pos describes the lesser in extension response for TAM for most of the cells 
types and estrogen response for SKBR3 and T47D. The top 5 genes involved with 
positive part were: CCNE1, BCL2, BAD, PTGS2 and GLI1.  
 
PC1neg and PC2pos describes the common estrogen response for MCF7 and 
BT474, where the top 5 genes involved were: PGR, MYC, IGFBP3, THBS1 and 
EGFR. On the other hand, the specific E2 response for BT474 could be explained 
by the positive part of the PC2. In these cells the top 5 genes involved in the 
positive PC2 were: MYC, IGF1R, THBS1, EGFR and MUC1 (FC ±2 and p-value 
<0.05. Table 20). While, the specific estrogen response for MCF7 is explained by 
the negative part of PC2, where the top 5 genes involved in the negative PC2 
were: EGF, CSF1, BRCA2, CDKN1C and IGFBP3 (FC ±2 and p-value <0.05. 
Table 20). 
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Figure 49. Principal component analysis (PCA) for MCF7, T47D, BT474 and 
SKBR3 cells after treatments (E2 and TAM). PCA was made for all genes 
evaluated (84 genes) compared with time 0. 
 
 
6.3.5 Genes modified by both E2 and TAM 
 
Then, we decided to analyze whether there are similarly modified genes when they 
are treated with E2 and TAM. Similar responses were observed in MCF7, BT474 
and SKBR3 but not in T47D cells. These changes in the gene expression pattern 
are indicated in the table 25. 
 
It is noteworthy that all the genes listed in the table 25, are either up-regulated or 
down-regulated by both E2 and TAM. Only the results obtained for the NR3C1 
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gene were different, since this gene was repressed by E2 and up-regulated by 
TAM. 
 
 
Table 25. Genes with expression similarly modified by E2 and TAM in MCF7, 
BT474 and SKBR3 cells. Fold change of each gene is indicated.  
 
 

Cell Line Gene name E2 TAM 
24h 48h 24h 48h 

MCF7 EGF 3,4822* 5,0982** 4,2871** 3,6893** 
 PGR 6,0629** 8,8766** 3,1383* 1,977 
 SERPINE1 -2,4623 -1,2311 -1,366 -2,0232 

BT474 EGFR -2,4794** -3,9449** -1,2746 -2,4284** 
 ERBB2 -1,7532 -2,514 -1,5157 -2,6027 
 GATA3 -2,5669 -2,7895 -1,7411 -2,3457 
 GRB7 -1,5263 -2,114* -1,1892 -2,114 
 NR3C1 -1,815 -2,042** 1,8025 2,6759* 

SKBR3 BAD 2,0849 1,1096 2,2191 1,0792 
 CCNE1 3,7581** 1,366 2,639 1,2658 
 IGFBP3 3,2716 1,366 2 1,0281 
 MUC1 -2,4453** -1,2746 -2,0705* -1,5583 

 
 
 
6.4 DISCUSSION 
 
 
One area of great importance in breast cancer research is the study of the gene 
expression regulation by both estrogens and anti-estrogens substances, such as 
TAM or fulvestrant. Although many studies have been developed around this issue, 
most of them have been addressed only in the study of the E2 and TAM effects on 
MCF7 cells (263-267). MCF7 cells are one of the most widely used cell models to 
study estrogen signaling as they are strongly growth stimulated by E2 in vitro and 
in xenograft experiments (249), and express high levels of estrogen receptor alpha 
(ERα). 
 
In the present study we analyzed changes in the gene expression not only in 
MCF7 but in other cell lines (ER+ and ER-) for 84 genes, which allowed us not only 
to determine the specific expression pattern modulated by E2 and TAM in these 
cells, but to establish comparisons between the cell lines tested. After E2 
treatment, several patterns of regulation are visible, as is the fact that the majority 
of genes were up regulated in T47D and BT474 cells and down regulated in MCF7 
and SKBR3 cells by E2. In MCF7, T47D and BT474 cells we observed altered 
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expression of genes that have been previously reported as E2 targets including to 
PGR.  
 
After E2 addition in MCF7 cells, we observed similar results to those reported 
previously in other studies. Interestingly the gene survivin (BIRC5), was found up 
regulated in MCF7 and T47D cells. This gene has been shown to protect MCF7 
cells from etoposide-induced apoptosis (268) and it has been suggested that 
hormonal regulation of survivin could mediate some of the effects of estrogen on 
programmed cell death in ER+ breast cancer cells (268). Although c-MYC gene 
has been reported to be up-regulated by E2, we did not find statistically significant 
changes of its expression as has been previously reported (269). These 
differences with previous studies may be due to cell culture conditions, array 
platform and selection criteria for significantly regulated genes, among others. In 
addition, in MCF7 cells, TAM induced up-regulation of PGR gene, which could be 
presumably due to a substantial agonist effect of TAM in these cells, having into 
account that reduced PGR might be expected following TAM treatment because of 
its anti-estrogenic activity (270). 

In T47D cells (immunohistochemically similar to MCF7 cells), after E2 treatment, 
up-regulation of CTSD, ESR2, TGF-β1 and THSB1 genes, among others, was 
observed. Increased expression of CTSD induced by E2, has been previously 
reported (269) and has been correlated with the phenotypic transformation of the 
cells towards an increased migratory capacity, given that this gene is involved in 
invasion and metastasis. ESR2 gene has been previously postulated as a tumor 
suppressor gene associated with survival (160). Increased TGF-β1 gene 
expression has been associated with TAM resistance (201, 217, 218), while 
THBS1 is important in the release of extracellular, latent TGFβ (271, 272). After 
TAM addition, T47D cells exhibited up-regulation of 3 genes only at 24h (early 
response), while at 48h no change was observed. Variations of gene expression 
pattern were not statistically significant. The up-regulated genes are involved 
mainly in metastasis, cell cycle and DNA repair process. The fact of observe 
different effects of E2 and TAM in cell lines classified immunocytochemically as 
luminal A type (MCF7, T47D), could are indicative of the high heterogeneity that 
characterizes the breast tumor cells and of the multiple responses that E2 and 
TAM can trigger in the same.  
 
The up-regulated genes in MCF7 and T47D after E2 treatment including BRCA1 
and BRCA2 are mainly implicated in DNA repair. This increased expression may 
be the response to an increased genomic damage in those cells.  These results 
are according with other reports where an increased expression of BRCA1, BRCA2 
and PGR was observed after treatment with E2 in MCF7 cells (264).  
 
BT474 was the cell line that showed the highest number of changes on gene 
expression patterns between four cell lines studied, after E2 and TAM treatment. In 
these cells, the number of repressed genes was greater than these up regulated, 
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similar behavior to that observed on MCF7. Also, this cell line showed the highest 
up-regulation of c-MYC and PGR genes after E2 treatment among all cell lines 
analyzed. Noteworthy that as E2, TAM induces altered expression of genes 
ERBB2, PGR, GATA3 and EGFR which suggesting a possible E2 agonist role of 
TAM.  
 
Interestingly in SKBR3 cells (ER-/HER2+), E2 induced activation of the anti-
apoptotic BCL2, known to be a direct target for transcriptional regulation by ERα in 
MCF7 cells (273). These observations could strongly support the notion that ERα 
is not always required for E2 regulation of the target genes identified in this study, 
and could provide evidence of that possibly other signaling pathways not 
associated with ERα, are mediated E2 cell response. In these cells, similar to this 
observed in T47D cells, most genes were up regulated and of early response. IL6 
and CCNE1 genes showed the greatest variation in expression levels. While TAM 
addition exerted a weak effect on gene expression in SKBR3 cells, of the few 
changed expression genes by TAM, only MUC1 showed statistically significant 
differences. In these cells, TAM induced gene up-regulation similar to that 
observed in T47D. 
 
In addition, we observed that some genes displayed similar expression profiles in 
all cell lines, after E2 and TAM treatment. In three of the four cell lines tested, was 
observed that both E2 and TAM modulate the expression of the same genes 
(Table 25). Our results could indicate that those genes could likely to be part of a 
cell type-independent genomic response to extracellular stimuli and/or that, at least 
in some cases, they reflect similarities between signaling by E2 and TAM. These 
similarities could be associated with ‘non-genomic’ actions of E2 in target cells 
leading to direct hormonal regulation of multiple cytoplasmic signal transduction, as 
has been suggested previously (35, 47, 48, 50, 51). Is important to note this result, 
since many studies have reported that resistance to TAM could be due to this acts 
as E2-agonist in ER+/HER2+ cells (47, 48, 51, 236). However, our results indicate 
that TAM could be performing this E2-agonist role, not only in this cell type 
(ER+/HER2+) but in both ER+/HER2- and ER-/HER2+ cells, indicating not only 
distinct gene expression patterns associated with ER status but multiple and 
diverse cellular responses triggered by this drug. 
 
Furthermore, we report that TAM is also capable of regulating a unique set of 10 
genes in MCF7, BT474 and SKBR3 cells, which are minimally regulated by E2 in 
ER+ human breast cancer cells. This set of genes includes: CDKN1C and CSF1 in 
MCF7; GATA3, RARB and TWIST1 in T47D; CDKN1C, JUN, NOTCH1, RASSF1, 
SRC and VEGFA in BT474. Interestingly, in SKBR3 cells, all genes regulated by 
TAM were also regulated by E2. Some of these genes could be involved in TAM 
resistance. 
 
According with the Principal Component Analysis, can be observed that BT474 
(ER+/HER2+) and MCF7 (ER+/HER2-) cells behave differently with respect to 
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T47D (ER+/HER2-) and SKBR3 (ER-/HER2+) after treatment with E2 and TAM. 
The differences observed between BT474 and MCF7 after E2 treatment could be 
explained by HER2 gene status. 
 
Noteworthy that although MCF7 and T47D are immunohistochemically similar, the 
transcriptional response to E2 and TAM is different, indicating the genetic 
heterogeneity among these cells. This result could be due to the amount of ER 
present in these cells, since it has been reported that T47D has low levels of ER 
compared to MCF7 (235). This ER-dependent process may explain why there was 
a different effect elicited by E2 in ER+ cells. Likewise it can be seen that SKBR3, 
negative for both receptors, is grouped differently in the PCA with respect to cell 
lines RE+, confirming the results observed in the expression analysis, where in this 
cellular line, E2 and TAM modify the expression of a small number of genes. 
 
In addition, we have used pathway analysis tools in order to understand the 
relationship between the E2 regulated genes. Our results indicated that the gene 
expression program, activated by E2 in breast cancer cell lines, reflects more than 
a simple mitogenic response of the cells to this hormone, since many of the genes 
regulated by E2 are involved in other cellular functions different from those related 
to the cell cycle. Changes in the expression profile of the genes involved in these 
signal pathways could disturb the cellular behavior and, thus, promote cell survival 
and carcinogenesis. Concerning to TAM, the genes preferentially regulated by this 
drug encode proteins that have diverse roles in multiple functional pathways and 
gene networks. For example, CDKN1C is an inhibitor of Cyclin-dependent kinase 
1C, GATA3 is member of the trans-acting T-Cell-specific transcription factor GATA 
and PGR is involved in the regulation of eukaryotic gene expression and in the 
proliferation and cell differentiation, all of the could potentially modify different 
cellular signaling pathways and, thus, responsiveness of breast cancer cells to 
drugs.  

This results shows that the statistically significant genes modified by E2 and TAM 
are biologically relevant, and that E2 and TAM could be altering their expression 
and hence contributing to increased cell proliferation and survival. 

 
6.5 CONCLUSIONS 
 
 
Although MCF7 cell line is the most frequently used model for the determination of 
gene expression profiles in response to treatment with E2 and TAM, the changes 
on the gene expression pattern identified in this study in ER+ and ER- cell lines, 
could reflects distinctive properties of these cells, which, could be exploited not 
only to identify the response of various cell types to E2 but to examine whether 
these genes might serve as markers of TAM sensitivity and/or the development of 
resistance. Indeed, we have already shown that the expression pattern of some of 
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the genes identified in this study clearly discriminates both between ER+ cells, and 
between ER+ and ER- cells. 
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GENERAL CONCLUSIONS 
 
 

Breast cancer is a heterogeneous disease, in which a high degree of diversity 
between and within tumors as well as among cancer-bearing individuals exist. So  
the deep knowledge about their molecular and cytogenetic characteristics could  
help to  determine a more accurate diagnosis and  prognosis, as well as the best  
therapeutic strategy. However, the high heterogeneity of cancer cell phenotypes 
accompanied by multiple cellular responses to hormones and drugs make the 
establishment of tumor categorization and selection of the best therapeutic strategy 
very complicated. Advances in technologies such as the analysis of gene 
expression profiles (microarrays), whole-genome sequencing, functional viability 
screens, have allowed to analyze tumors at unprecedented depths, however these 
techniques do not allow the analysis of cell by cell, important in establishing of both 
clonality and intra-tumoral heterogeneity. The application of conventional and 
molecular cytogenetic techniques provide a global picture of all the possible 
cytogenetic changes present in individual tumor cells occurring in a highly 
heterogeneous and polyclonal neoplasm, such as breast cancer.  
 
The results of the traditional karyotyping and of FISH and M-FISH assays on 
metaphase nuclei reported in this study highlight that complex structural alterations 
of Chr17 encompassing HER2 genes and CEP17 are common in breast cancer 
cell lines. This may reflect the scenario found in breast carcinomas, as this finding 
was also observed in the primary cell culture raised from a TNBC. The 
HER2/CEP17 ratio of interphase nuclei is routinely used to select patients for 
eligibility for anti-HER2 treatment. However, this assessment should be considered 
with caution and always coupled with the HER2 gene copy number values in order 
to not misinterpret HER2 gene amplification, as recently updated in the ASCO/CAP 
2013. 
 
The prolonged exposure to estrogens (E2) represents a risk factor for the 
development of breast cancer, but the mechanisms by which these hormones 
induce cancer are partially understood; likewise, the chromosome abnormalities 
produced by E2 and TAM have not been fully described in breast cancer cell lines 
until the present study. By applying cytogenetic and molecular techniques we 
observed that E2 and TAM exposure could lead to accelerate the emergence and 
selection of new cell populations, with stable chromosomal abnormalities resulting 
from chromosomal instability generated by the same, as well as could lead to 
modified the expression of important genes imply in breast cancer. Such 
alterations could provide to cells proliferative and survival advantages, and also 
could allow to the cell populations present into the tumor, evolve and become 
resistant to therapy. In addition, these results suggest that the cellular response to 
both hormones and drugs in breast cancer is a multifaceted mechanism, involving 
ER dependent and independent pathways.  
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These results provide insight about the mutagenesis induced by E2 and TAM, 
which are frequently used for clinical treatments in breast cancer. Then, the careful 
assessment of the risk and the benefit for E2 and TAM administration should be 
considered. The above could be exploited not only to identify the response of 
various cell types to E2 but also to examine whether these chromosomal and gene 
alterations might serve as markers of TAM sensitivity and/or the development of 
resistance. 
 
A better understanding of chromosomal abnormalities induced by E2 and TAM as 
well as the study of the genes involved in these abnormalities, could provide new 
insights into the molecular mechanisms of tumorigenesis and also new possibilities 
of treatments. 
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RECOMMENDATIONS AND PROSPECTS 
 
 
Breast cancer cell lines provide a useful model not only to discover and 
characterize chromosomal abnormalities induced by drug exposition, but also to 
study the mechanisms underlying genomic instability. The results obtained in this 
study from breast cancer cell lines (widely studied in the research of this disease), 
are very interesting and indicative not only of the high heterogeneity characteristic 
of this disease, but of the deployment of several responses of cells to the exposure 
to drugs.  
 
Our results allow prove that breast cancer is a very heterogeneous disease, where 
the response triggered by each cell type is specific, indicating and highlighting in 
the importance of determining this heterogeneity in patients with breast cancer. 
This could be considered not only in the classification of breast cancer but in the 
establishment of the response to therapy, since as we saw, even though several 
cell lines are classified within the same cell subtype, these respond in a manner 
diverse to the treatments, being therefore necessary to establish personalized 
treatments and monitoring the response to them, in order to overcome the 
resistance generated by any of them. 
 
The analyses conducted in this study could be extended to patients with breast 
cancer, both exposed and not exposed to hormones (contraceptive treatment, 
hormone replacement therapy) and to treatment with TAM, which allow not only 
characterize cytogenetically to these patients, but to establish the cellular response 
to E2 and TAM, and thus establish the risks and benefits of the therapies applied. 
 
The extension of the present study to patients, could allow define specific and 
distinctive properties of response to E2 and TAM, both of each patient and each 
tumor type, which could be used in the design of individualized therapies that lead 
to significant improvements in disease-specific survival. 
 
 
 
 
 
 
 
 
 
 
 
 
	  


