View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Biblioteca Digital da Produgéo Intelectual da Universidade de Sé&o Paulo (BDPI/USP)

ISSN OT00-879X

Volume 44 (2) 84-181 February 2011

BR@[LI \N J()URN AL

OFEMEBRIGALAND BIOLOGICAL RESEARCH
“www.bjournal.com.br

BIOMEDICAL SCIENCES

doi: 10.1590/S0100-879X2010007500149

Braz J Med Biol Res, February 2011, Volume 44(2) 112-122

Transcriptional regulation of bidirectional gene pairs by
1703-estradiol in MCF-7 breast cancer cells

S.A.B. Garcia and M.A. Nagai

The Brazilian Journal of Medical and Biological Research is partially financed by

QCNP Ministério @ Ministérjo B :L A sp

senohacionaide sessmoimers 2. Ci€NCia € Tecnologia da Educagdo 'um rais e 7oDOS
Cmites o Toanlsgi CAPES GOVERNO FEDERAL

Institutional Sponsors

= o Hotsite of proteomics metabolomics
) RN ) SHIMADZU '
l r@ n ., developped by:
Camps = oY ki Th
Ribeirﬁc')JPreto Faculdade de Medicina UNICAMP 'ﬂ er ITH]

de Ribeiréo Preto analiticaweb.com.br SCIENTIFIC


https://core.ac.uk/display/37455762?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
www.bjournal.com.br
http://www.fmrp.usp.br/
http://www.ribeirao.usp.br
http://www.unicamp.br/
http://www.faepa.br/
http://www.usp.br/
http://www.scielo.org/php/index.php
http://www.fapesp.br/
http://portal.mec.gov.br
http://www.mct.gov.br/
http://www.capes.gov.br/
http://www.brasil.gov.br
http://www.cnpq.br/
http://www.shimadzu.com.br
http://www.gehealthcare.com/worldwide.html
http://www.analiticaweb.com.br/emarketing/proteomics

Brazilian Journal of Medical and Biological Research (2011) 44: 112-122
ISSN 0100-879X
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gene pairs by 17p-estradiol in MCF-7
breast cancer cells
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Disciplina de Oncologia, Departamento de Radiologia, Faculdade de Medicina,
Universidade de S&o Paulo, Sdo Paulo, SP, Brasil

Abstract

Using cDNA microarray analysis, we previously identified a set of differentially expressed genes in primary breast tumors based
on the status of estrogen and progesterone receptors. In the present study, we performed an integrated computer-assisted and
manual search of potential estrogen response element (ERE) binding sites in the promoter region of these genes to character-
ize their potential to be regulated by estrogen receptors (ER). Publicly available databases were used to annotate the position
of these genes in the genome and to extract a 5'flanking region 2 kb upstream to 2 kb downstream of the transcription start
site for transcription binding site analysis. The search for EREs and other binding sites was performed using several publicly
available programs. Overall, approximately 40% of the genes analyzed were potentially able to be regulated by estrogen via
ER. In addition, 17% of these genes are located very close to other genes organized in a head-to-head orientation with less
than 1.0 kb between their transcript units, sharing a bidirectional promoter, and could be classified as bidirectional gene pairs.
Using quantitative real-time PCR, we further investigated the effects of 17B3-estradiol and antiestrogens on the expression of
the bidirectional gene pairs in MCF-7 breast cancer cells. Our results showed that some of these gene pairs, such as TXNDC9/
EIF5B, GALNS/TRAPPC2L, and SERINC1/PKIB, are modulated by 17B-estradiol via ER in MCF-7 breast cancer cells. Here,
we also characterize the promoter region of potential ER-regulated genes and provide new information on the transcriptional

regulation of bidirectional gene pairs.
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Introduction

Estrogens are crucial for the development and mainte-
nance of reproductive organs and play important roles in
several targettissues, including bone and the cardiovascular
and nervous systems. Inthe mammary gland, the estrogens
mediate key physiological processes that are essential for
normal growth, differentiation, and survival. A large body
of evidence shows that estrogens, especially 173-estradiol
(E2), also play a pivotal role in promoting mammary carcino-
genesis (1). Most of the complex effects of estrogens on cell
proliferation, differentiation, and survival are mediated by
the estrogen receptors ERa and ER via the transcriptional
regulation of ER target genes. In the classical mechanism of
action, the estrogen receptor complex binds with high affin-
ity to estrogen response elements (EREs) in the promoter
region of target genes, interacts with the basal transcription
machinery, and regulates gene expression. The consensus

ERE, which was first identified in the promoter region of
the Xenopus vitellogenin gene, is a perfect palindromic
DNA motif composed of two inverted sequences of 5 bp
separated by three nucleotides: 5-GGTCAnnnTGACC-3’
(2). Computational and experimental studies have revealed
that most promoter regions in estrogen target genes in the
human genome do not contain the consensus ERE, but
contain degenerate palindromic sequences showing one
or more substitutions, ERE half-sites, direct repeats of half-
palindromes, and other transcription factor binding sites,
such as AP1, SP1, NF-kB, C/EBP, FoxA1, and octamers
(2-5). ER also interacts with EREs containing variations in
base substitution, although some nucleotide substitutions
can be more harmful than others (6). Some symmetrical
substitutions on each side of the palindrome may more dra-
matically affect the interaction with the ER than a unilateral
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Transcriptional regulation of bidirectional gene pairs

replacement (6). ERE half-site sequences associated with
SP-1 sites, direct repeats of ERE half-sites, and EREs with
different spacing between the palindromic sequences also
display estrogen responses (7-9).

Genome-wide analysis has indicated that 10% of hu-
man genes are organized in a head-to-head orientation and
located on opposite DNA strands in close proximity to the
transcription start sites (TSS), separated from them by less
than 1kb (10,11). These genes are classified as bidirectional
gene pairs and share an intervening sequence containing
regulatory elements called bidirectional promoters (12,13).
Bidirectional gene pairs are evolutionarily conserved, sug-
gesting that the close proximity might have been maintained
for some functional reason (14). One possibility is that
genes sharing promoters might be coordinately regulated
in different tissues; however, the mechanisms underlying
the transcriptional regulation of bidirectional promoters are
still poorly understood (15,16). Much evidence indicates
that bidirectional gene pairs might play a role in cancer;
DNA repair genes that are involved in tumorigenesis are
frequently found to be organized as bidirectional gene pairs
(10,11). The expression profiles of ovarian and breast cancer
show an enrichment of bidirectional gene pairs that include
DNA repair genes, such as BRCA1, BRCA2, CKEK1, and
FANC family members (17). Furthermore, the silencing
of bidirectional gene pairs by DNA methylation has been
reported in various human cancer cell lines and primary
breast tumors (18-20).

In the present study, we performed an integrated
computational and manual search to identify potential ER
binding sites in the promoter region of 83 genes previously
identified as being differentially expressed in primary breast
tumors based on the presence of estrogen and proges-
terone receptors (21). We identified a subgroup of genes
arranged in a head-to-head orientation and separated by
a small intergenic region that could be classified as bidi-
rectional promoters. Selected candidate ER target genes
were further examined for their potential to be modulated
by 17B-estradiol in MCF-7 breast cancer cells.

Material and Methods

ERE binding site search

The NCBI (http://www.ncbi.nlm.nih.gov), USCS Genome
Bioinformatics (http://genome.uscs.edu) and ENSEMBL
(http://www.ensembl.org) databases were used to anno-
tate the position of 83 genes in the genome and to extract
sequences 2 kb upstream to 2 kb downstream of the TSS
for binding site analysis. The search for EREs and other
binding sites was performed using several publicly available
programs (Transfac 6.0, http://www.gene-regulation.com,
and Dragon Genome Explorer, http://research.i2.a-star.
edusg/promoter/). A list of ERE sequences was prepared
from the reports extracted from PubMed and used for a
manual search (6,22-24). The present study was approved
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by the Institutional Ethics Committee.

Cell lines and culture conditions

Human breast cancer cells, MCF-7 and MDA-MB-231,
were obtained from the American Type Culture Collection
(ATCC). Cells were cultured at 37°C in phenol red-free RPMI
supplemented with 10% FCS and 1% penicillin-streptomycin
(Gibco, USA) in an atmosphere of 5% CO02/95% air. Be-
fore the treatments, cells were washed twice with PBS to
remove residual serum and were grown in phenol red-free
media containing 5% charcoal-stripped FCS for 48 h. After
hormone deprivation, the cells were incubated with 10 nM
17B3-estradiol for 2, 6, and 24 h or treated with 1 uM 4-hy-
droxytamoxifen or 1 uM ICI 182.780 (Faslodex) alone or in
combination with 17B-estradiol for 24 h. Cells maintained
in phenol red-free media and supplemented with 5% FBS
were used as controls.

RNA extraction

After the treatments, the cells were washed twice with
PBS and harvested. Total RNA was extracted from cultured
cells using the guanidine isothyocyanate method (25). RNA
samples were analyzed using 1% agarose gel electropho-
resis and ethidium bromide staining. The quality of the RNA
samples was estimated by the ratio of 28S:18S (2.0 and
higher). All RNA samples were treated with DNasel for 1 h
at 37°C to eliminate genomic DNA contamination.

Quantitative real-time PCR (qPCR)

gPCR was performed using the GeneAmp 7500 Se-
quence Detection System (Applied Biosystems, USA). cDNA
was generated using the High Capacity cDNA Archive kit
(Applied Biosystems), and each cDNAsample was analyzed
in duplicate. PCR was carried out in a total volume of 50
uL according to manufacturer instructions for SYBR Green
PCR Core reagent (PE Applied Biosystems). Primer pairs
were designed using the Primer3 software (http://frodo.
wi.mit.edu/primer3/). The primers used for gPCR analy-
sis were as follows: DIDO1, 5-AGAAAGCTGCAAATCC
AAGTG-3' and 5-GGCGTGTTTGAGGATACAGTC-3;
C20o0rf11, 5-TTTGACAGTCCCGAGGAGTC-3’ and
5-GTGTTGACTCGCGATTTTCAT-3’; TXNDC9, 5-GTG
AAAATGTGGTTTGCCATT-3'and5-TGCTTTTTCCACATT
CAGCTT-3; EIF5B,5-AGATTCGAGGCCTCCTGTTAC-3’
and 5-GGGTAAACCAGCCAATGTTTT-3’; GALNS,
5-CAGGATCACCTCGGTCGT-3'and 5-GAATGGATTCTG
GAGGTGTCA-3’; TRAPPC2L, 5-GTCACCAACTCCAA
GGTGAAG-3' and 5-TTGTAGAAGGGGTTGCACATC-3’;
SERINC1, 5-GTGATGGATCACTGGAGGATG-3" and
5-TCACGAGAGGGTTCATACCTG-3’; PKIB, 5-CGG
AATGCCTTACCAGACATC-3 and 5-TTCTTCATTTTG
AGGCTTTTCC-3’; GTPBP2, 5-CCTACACACCACCAT
CTTTGG-3 and 5-ATGAAGAAGGGCACTTTCAGG-3’;
MAD2L1BP, 5-GCAGAGGAGATGCTGAAGAAG-3' and
5-GGCTGAGGACACTCTCCAGTT-3; GAPDH,5-CCTCC

Braz J Med Biol Res 44(2) 2011



114

AAAATCAAGTGGGGCG-3' and 5-GGGGCAGAGATG
ATGACCCTT-3'.

The relative gene expression was normalized using
GAPDH expression as an internal control. MCF-7 cells main-
tained in phenol red-free medium and supplemented with
5% FCS served as calibrator samples for hormone-treated
cells. The results are reported as n-fold differences in the
expression of the target gene relative to the expression of
GAPDH and a calibrator sample. The relative expression
was calculated by 2-0CT where CT is the fluorescence
threshold value, ACT = CT of the target gene - CT of the
reference gene, and AACT = ACT of the tumor sample - ACT
of the calibrator sample.

Statistical analysis

Statistical analyses were performed by one-way ANOVA
using the SPSS 10.0 software (Statistical Package for the
Social Sciences; SPSS Inc., USA), and P values were
calculated using the Bonferroni test and considered to be
significant at P < 0.05.

Results

In a previous study using cDNA microarray, we iden-
tified differentially expressed transcripts between ER/
progesterone receptor (PR)-positive and ER/PR-negative
primary breast tumors, providing a new set of potential
target genes for the ER signaling pathway. In the present
study, in order to identify DNA binding sites that mediate
the estrogen response, we performed a computer-assisted
and manual search for putative ERE binding sites in the
promoter region extracted from 83 of these
potential ER target genes. The manual
search was performed using a list of putative
ERE binding sites based on data available
in the literature. A summary of the results
obtained from this analysis is shown in Fig-
ure 1. Overall, 43% (36/83) of the candidate
genes showed a good potential for being
regulated by estrogen via ER. The promoter
regions of these genes contain perfect or
imperfect palindromic sequences, SP1,
AP1, and/or FOXA1 binding sites.

Interestingly, during the annotation of
the 83 potential ER target genes, we iden-

“Direct repeats
12 (14.4%)

SImperfect palindromes
(2 substitutions) 35 (42.2%)

S.A.B. Garcia and M.A. Nagai

bidirectional promoters contain CpG-rich sequences.
Figure 2 shows a schematic representation of three of the
bidirectional gene pairs identified. We also investigated
whether the identified bidirectional gene pairs maintained
their divergent head-to-head organization in other species.
Although limited, our analysis showed that the majority of the
bidirectional gene pairs found in this study is evolutionarily
conserved, as shown in Figure 3 forthe GALNS/TRAPPC2L
divergent gene pair.

Our computer-assisted search for EREs revealed that
the promoter regions of the majority of the bidirectional gene
pairs showed good potential to be regulated by estrogen.
As shown in Table 1, all 14 bidirectional promoters analyzed
contain putative ERE binding sites (at least half EREs) and
other binding sites for other transcription factors, such as
SP1 and AP1 or FOXA1 binding sites, indicating that they
have the potential to be regulated by ER. The putative EREs
were also found to be conserved in different species (Figure
3). In addition, approximately 80% of these bidirectional
promoters contain GABP binding sites (CCGGAA(GTQG)).
We further evaluated the expression of five of these bidi-
rectional gene pairs in response to 173-estradiol in MCF-7
breast cancer cells. The gene pairs GALNS/TRAPPC2L,
TXNDCY/EIF5B, and SERINC1/PKIB were modulated by
estradiol (Figure 4). However, the expression of the gene
pairs GTPBP2/MAD2L1BP and DIDO1/C20orf11 was
not affected in the MCF-7 cells exposed to 17B-estradiol
or to the antiestrogens tamoxifen and ICIl 182,780 (data
not shown). The transcripts of GALNS and TRAPPC2L
showed increased expression in MCF-7 cells maintained
in stripped serum (deprived of steroids and growth

'Consensus ERE

/_ 3 (3.6%)

2Imperfect palindromes

(1 substitution) 33 (39.8%)

tified 17 genes located in close proximity
to other genes and organized in a head-
to-head orientation, possibly sharing the
same promoter region. Using criteria of an
intergenic distance of <1000 bp spanning
the TSS of the divergent gene pair to define
bidirectional promoters (11), we identified
14 (16.8%) bidirectional gene pairs (Table
1). The size of the intergenic sequences
ranged from 18 to 973 bp, and all of these

Braz J Med Biol Res 44(2) 2011

Figure 1. Summary of the results of the estrogen response element (ERE) search
for 83 potential estrogen receptor target genes. The NCBI (http://www.ncbi.nlm.
nih.gov) and USCU Genome Bioinformatics (http://www.genome.uscs.edu) data-
bases were used to annotate the position of the 83 differentially expressed genes
in the genome and to extract sequences 2 kb upstream and 2 kb downstream
of the start sites for binding site analyses. The search for EREs and other bind-
ing sites was performed using several publicly available programs (Transfac 6.0,
http://www.gene-regulation.com, and Dragon Genome Explorer, http://research.
i2.a-star.edusg/promoter/). 'Palindromic ERE consensus derived from vitellogenin
A2 (GGTCANNnTGACC) separated by 1 to 7 bp. 2Imperfect palindromic ERE car-
rying a single substitution. 3Imperfect palindromic ERE carrying two substitutions.
4Direct repeats separated by 3 bp.

www.bjournal.com.br



Transcriptional regulation of bidirectional gene pairs

Table 1. List of the bidirectional gene pairs identified.

115

Annotated gene Bidirectional Chromosome ERE position* ERE sequences Intergenic
partner localization distance (bp)
C160rf61 CENPN 16qg23.2 -1158 to -1141 CGGGTCACTGCAACCTC 236
-664 to -648 CTGGTCACATGACCAC
+484 to +501 CCGGTAAAATGGACCTT
+1663 to +1681 TTGGCCAGGCTIGTICCTG
+775 to +783 FOXA1
-1345to -1338 GABP
DIDO1 C20orf11 20q13.33 -1131 to -1110 CTCGACCTCCTGGGCTCAAG 166
-532 to -515 ACTIGCCCCCTGGGCACC
+193 to +211 AGIGTCCCTGAGGTCCAG
-55 to -46 GABP
GALNS TRAPPC2L 16q924.3 -1952 to 1934 TAGGTCCTCCCIGACACA 119
-1452 to -1432 CTGGGCACGCCTCICACCTT
-1116 to -1099 ATGATCATCTIGGCCAA
-865 to -846 GAGGGCAGAGCATGTCCAG
-221 to -242 CGIGACCCGCCGCTGGTCACG
-168 to -148 CTGGTCACGAGGCAGTCCAG
-107 to -91 CGAGTCACGIGGCCGT
-44 to -24 TAGGTCGGCTCGCIGGCCGG
+361 to +379 GCGGTCACCGATICACCAC
+668 to +684 AAGGTCAGGIGTCCCT
+732 to +748 GGGGTCAGGGGTCACA
+816 to +834 TGGGGCATGGGICACCGT
+923 to +941 GGGGTTACACCIGTCCCG
-68 to -61 GABP
GTPBP2 MAD2L1BP 6p21-p12 -1100 to -1084 CAGGTCCCGGGACCCC 342
-1057 to -1041 CAGGTGACAGGACCTC
-422 to -404 CCIGACCTCAGGTGATC
-264 to -248 GCIGGTCCCAGGACCTC
+1057 to +1076 TTGGTCAGGCIGGTCTC
+1080 to +1099 GCIGACCTCTGGTGATC
-1096 to -1089 GABP
HNRPK RMI1 9921.32 -1800 to -1782 CCIGACCTTGTGGTCCGC 67
+328 to +345 CGIGGCCTCGGGCCAAT
+881 to +899 ACGGTCAGGGCIGCCTCG
-1729t0 -1720 GABP
KARS TERF2IP 16923-924 -930 to 910 GCGCTCAGCCTCCICACCCC 243
-188 to -172 GAGCTCAACTIGACTGA
+1566 to 1586 CTIGACTTTATTAAGTCAAA
-1551 t0 -1543 FOXA1
-82to -72 GABP
LRRC49 THAP10 15923 -1824 to -1807 AAGGTCAGCATGATGGT 233
-1793 t0 -1778 AGGGACAGIGGCCTT
-553 to -523 GTGGTCAGAGCGATIGACCGAG
CGGTCATT
-252 to -235 CCCTACCTCTGGTCACC
-262 to -252 FOXA1
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Table 1 continued

S.A.B. Garcia and M.A. Nagai

Annotated gene Bidirectional Chromosome ERE position* ERE sequences Intergenic
partner localization distance (bp)
-237 to -228 GABP
-84 to -75
MRPL27 EME1 17921.3-q22 -1312 to -1296 AGGATCACTIGAGCCC 18
-321 to -300 GGGGGCCTCATCTCTGACCCT
+109 to +126 GAGGTGACACTGATCCC
+189 to +205 CTGGTCACGTGACACA
+816 to +832 AGGATCACCTGAGCTC
+957 to +977 AGGGACAGGAGAGTGACTTG
+1748 to +1767 TGGGTCATGGTTGGACCTC
+1273t0 +1265  FOXA1
-22t0-13 GABP
SERINC1 PKIB 6q22.31 -1166 to -1149 CCIGGCCTTGIGACCCG 109
-1323 to -1306 CGGCTCACTGCAACCTC
+674 to +690 CATGCCTTGIGCCTAA
+1534 to +1556 GGGGTCTAAGTGTATIGGCCGG
-78 to 68 FOXA1
-96 to -87 GABP
SLC5A6 C2o0rf28 2p23 Half EREs 320
SP1 sites
TCF19 CCHR1 6qg21.3 -2052 to -2032 CCIGGCCAGAGGTGAGA 736
-1939 to -1920 CAIGACTCTTGGGTCCTT
+198 to +216 GAIGACTGGAGGGTCAGC
+250 to +268 CAGGGCAGCTTIGCCCCT
+439 to +457 TAGCTCATACAGGACCTG
TMEM186 PMM2 16p13.13 -1519 to -1501 GTGGTTACTATAGACCAC 268
-1289 to -1267 AAGGTCACACGCATTIGACCTG
-1166 to -1144 ATGGCCAGTGTTCAGIGGCCAA
-1134 to -1112 GGGGCCAGGAGAGCCTICACCTC
-1022 to -1000 GCGGGCAGCCTGTAATAACCTA
=791 to -771 AAGGTCACACAGATGTCAAG
-751 to -734 TAGGTCGGTTIGACCTG
+1129 to +1148 GTGGGCAGCAGTICACCCA
+1474 to +1493  CAGGACACATACTGTCCCA
+1884 to +1903  TCAGTCAGATAATGGCCAG
-29 to -21 FOXA1
-215 GABP
TXNDC9 EIF5B* 2q11.2 -1958 to -1943 TAGGACTGIGACCCT 973
-717 to -698 TAGGTCCCCTCTIGACTCT
-660 to -640 AGGGTGAAGCTGAAGACCTA
-560 to -540 GAGGTCCCTATTTIGTCCTG
+338 to +354 CGIGGCCCAGGCCAGT
+1660 to +1679  TTGGTCAGGCIGGTCTC
-1095 to -1089 GABP sites

+609 to +616
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Table 1 continued
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Annotated gene Bidirectional Chromosome ERE position* ERE sequences Intergenic
partner localization distance (bp)

NPC2 ISCA2 14q24.3 -1745 10 -1729 AGAGTCACCAGTCATC 500

-564 to -545 TCGGCCAGGGAGIGACCGC

-106 to -89 CAGGTCGCCIGACTGG

+33 to +54 GCGCTCAGCACCGCIGCCCAG

+182 to +199 GCGGCCAGGCIGAGCCT

+1531to +1549  TAGGTGAGTCCIGATCTC

-159 to -151 GABP

Half-estrogen response elements (half-EREs) are listed in bold and underlined.

tive to the transcription start site of the annotated gene.

119 bp

*Numbers refer to the location of the EREs listed rela-

TRAPPC2L

LCCEERTROTTIEEEERTRRONTEEERRRRONNTCCEETERRNIIACLYY cpGitstand (1305 bp)

TXNDC9

973 bp

SERINC1

109 bp

U]]]]]]]]]]]]]]]]]]] CpG Island (333 bp)

Figure 2. Schematic presentation of the bidirectional gene pairs GALNS/TRAPPC2L, TXNDC9/
EIF5B, and SERINC1/PKIB. The transcriptional units of the bidirectional gene pairs are organized
in a head-to-head orientation on chromosomes 16924.3 (GALNS/TRAPPC2L), 2q11.2 (TXNDC9/
EIF5B), and 16q24.3 (SERINC1/PKIB) (http://genome.uscs.edu). The transcript start site (TSS)
for each gene is indicated by black arrows, which show the transcriptional direction. Open boxes
indicate the first exons of each gene. Black boxes indicate intergenic sequences for each gene
pair. The boxes with vertical bars represent CpG-rich sequences.
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A
2000 . 1600 . 1200 . 800 . 400 . Qbp
Homo sapiens GALNS H TRAPPC2L
Pan troglodytes GALNS —] TRAPPC2L
Canis familiaris GALNS Iil TRAPPC2L
Mus musculus GALNS —] TRAPPC2L
Rattus norvegicus GALNS — TRAPPC2L
Gallus gallus GALNS H TRAPPC2L
«— —>
B
EREs (Homo sapiens)
1: CCACCCCTCCACC
2: GGACACGGACC
3: GGACAGGTGTAACC
4: GGACACCTGACC
5: GGCCACGTGACT
C Fedede % Wk hdkw Wk

Homo sapiens -1685 ACTGCTGTCAGGACACGGACCCCTGGGCGCT -1655
Pan troglodytes  -1704 ACTGCTGTCAGGACACGGACCCCTGGGCGCT -1674
Canis familiaris -1482 TAAAGCATGGGGACA-GGACCCGTGGGCAGG -1453

D
k ok % k% ok ok ok ok k%

Homo sapiens -190 GGGCCTGGACGGCCACGTGACTCGCGGGGCGG -159
Pan troglodytes -190 GGGCCTGGACGGCCACGTGACTCGCGGGGCGG -159

Canis familiaris -62 GGGGCGGGGCGGCCACGTGACTGGCGGCGGGG -31
Gallus gallus 47 ACCGCCTCCCCGCCACGTGACGCG-GGCGGCG -16

Figure 3. Evolutionarily conserved estrogen receptor binding elements (EREs) in the potential promoter region of the bidi-
rectional gene pair GALNS/TRAPPC2L across vertebrates. A, Schematic presentation of the bidirectional gene pair GALNS/
TRAPPC2L in humans, chimpanzees, dogs, rats, and chickens. The black arrows and numbers 1 to 5 indicate the location of
conserved EREs relative to the position of the transcript start site in the TRAPPC2L gene. B, 1 to 5 ERE sequences; EREs 2
(C) and 5 (D) and the surrounding sequences are shown in the alignment. The half-EREs are in bold. Asterisks denote highly
conserved bases.
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factors) compared to the cells grown in normal serum (con-
trol cells) and were negatively modulated in the presence of

119

antiestrogens are able to modulate the transcripts of GALNS/
TRAPPC2L, TXNDCY/EIF5B, and SERINC1/PKIB in ER-

10 nM 17B-estradiol for 24 h (Figure 4A). A
similar reduction in these transcripts was
observed in MCF-7 cells treated with 1 yM
tamoxifen or 1 yM tamoxifen plus 100 nM
17B-estradiol compared to the expression
in MCF-7 cells maintained in stripped
serum. However, in MCF-7 cells treated
with 1 uM ICI 182,780 alone the GALNS/
TRAPPC2L transcripts showed increased
expression compared to control cells and
remained elevated in cells treated with 1
uMICI 182,780 plus 100 nM 173-estradiol.
The transcripts of the bidirectional gene
pair TXNDC9 and EIF5B were positively
regulated by 10 nM 173-estradiol after 6
h of treatment (Figure 4B). In contrast to
the gene pair GALNS/TRAPPC2L, the
TXNDC9 and EIF5B transcripts were not
significantly altered in MCF-7 cells grown
in stripped serum compared to control
cells, butboth transcripts were significantly
induced (>2-fold) in MCF-7 cells exposed
to 10 nM 17B-estradiol for 6 h. After 24 h
of 17B-estradiol treatment, the expression
of these transcripts was similar to that
observed in control cells. However, the
transcripts of the TXNDC9 and EIF5B
gene pair were not affected by treatment
with the antiestrogens tamoxifen and ICI
182,780 alone or in combination with
17B-estradiol for 24 h compared to cells
growing in normal or stripped serum. Inter-
estingly, the transcripts of the bidirectional
gene pair SERINC1/PKIB were divergently
modulated by 17B-estradiol (Figure 4C).
Expression of the PKIB transcripts was
reduced in MCF-7 cells maintained in
stripped serum and was substantially
stimulated by 10 nM 173-estradiol after
6 h of treatment, whereas the SERINC1
transcripts increased in MCF-7 cells grown
in stripped serum and expression was
significantly inhibited in the presence of
17B-estradiol. In addition, cells treated
with 1 yM tamoxifen showed a reduction of
protein kinase inhibitor beta (PKIB) levels,
which was reversed in the presence of
100 nM 17B-estradiol. Treatment with ICI
182,780 dramatically reduced the expres-
sion of PKIB but did not affect the expres-
sion of SERINC1 transcripts compared to
cells grown in stripped serum.

To determine whether 173-estradiol or

www.bjournal.com.br
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Figure 4. Effects of 17@-estradiol (E2) and the anti-estrogens tamoxifen (T) and
ICI 182,780 (ICl), on the transcriptional regulation of the bidirectional gene pairs
GALNS/TRAPPC2L (A), TXNDCY/EIF5B (B), and SERINC1/PKIB (C) in MCF-
7 breast cancer cells. Synchronized MCF-7 cells were cultured in: NS, medium
supplemented with 5% fetal calf serum (FCS); SS, medium supplemented with 5%

charcoal-stripped FCS; E2 - 2 h, exposed to E2 (10 nM) for 2 h;
to 10 nM E; for 6 h; E5 -
1 UM tamoxifen for 24 h; T+Ej -

ICI 182,780 plus E5 (100 nM) for 24 h. Data are reported as me:

24 h, exposed to 10 nM E, for 24 h; T -
24 h, exposed to 1 uM tamoxifen plus 100 nM E»
for 24 h; ICI - 24 h, exposed to ICI 182,780 for 24 h, or ICI+E5 -

Eo - 6 h, exposed
24 h, exposed to

24 h, exposed to
ans = SD of three

experiments. *P < 0.05 compared to NS and/or SS (one-way ANOVA followed by

the Bonferroni post-test).
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negative breast cancer cells, MDA-MD-231 cells was also
treated with 17B-estradiol and/or antiestrogens for 6 and
24 h. Estrogen or antiestrogens were unable to regulate
the transcripts of these bidirectional gene pairs (data not
shown) in MDA-MB-231 cells.

Discussion

In the present study, we employed an integrated com-
puter-assisted and manual search to identify EREs in the
promoter region of a set of candidate ER target genes previ-
ously identified as being differentially expressed in primary
breast tumors based on their estrogen and progesterone
status (21). Using this approach, we characterized the pro-
moter region of 83 genes for their potential to be regulated
by ER. Although only a small percentage of the candidate
ER target genes showed the presence of an ERE consensus
sequence in their promoter region, more than 40% of these
genes were found to have putative ERE, SP1, AP1, and/or
FOXA1 binding sites in their promoter regions, indicating
the potential to be regulated by estrogen. The maximum
ER transcriptional transactivation is thought to be displayed
by the interaction of a homo- or heterodimer of ER with the
ERE consensus sequence (CAGGTCAnNnnTGACCTG).
However, the ERE consensus sequence is rarely found in
the promoter regions of human genes (2). The promoter
regions of estrogen-responsive genes usually contain more
than one imperfect palindromic sequence separated by one,
two, three, or more interstitial bases, direct repeats of ERE
half-sites, and widespread ERE half-sites (2). Half-EREs
have been shown to act synergistically, but the degree
of synergy between EREs is modulated by the physical
distance between EREs and by the distance between the
ERE and the TATA-box (26). In addition, perfect or imper-
fect ERE half-sites adjacent to AP1 or SP1 binding sites in
the promoter region of known estrogen-regulated genes,
such as HSP27 and PR, were also found to be effective in
conferring estrogen responsiveness (27,28).

During the process of gene annotation, we identified a
subgroup of divergent gene pairs organized in a head-to-
head orientation that could be classified as bidirectional
gene pairs. Surprisingly, the prevalence of bidirectional
gene pairs found in the set of candidate ER target genes
analyzed was higher than the predicted frequency of
9.4-11% found in the human genome by computational
genome-wide studies (11,29). An incremental prevalence
of gene pairs organized in a head-to-head orientation has
also been observed among the genes that encode proteins
that function in DNA repair (10,17).

Bidirectional gene pairs show evolutionary conserva-
tion, which suggests a selective pressure to facilitate the
expression of functionally related genes or those that need
to be co-regulated by the same stimulus or in a cell-specific
manner (10,11,29). In agreement with the literature, the
majority of the bidirectional gene pairs identified in the
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present study were shown to be conserved during evolu-
tion, keeping the same organization in vertebrates and
indicating that these genes organized in a head-to-head
orientation play important roles (29,30). Our data also
showed that some of the putative ERE binding sites were
conserved in the bidirectional gene pairs in other species.
Different degrees of conservation of ERE or ERE-SP1 sites
have been reported in the literature (4,9,31). In addition,
the majority of the bidirectional promoters analyzed also
contain GABP binding sites, which were previously shown
to be over-represented in bidirectional promoters (32,33).
However, whether or not they are all likely to be functionally
conserved is still being questioned.

The bidirectional head-to-head orientation suggests that
the potential promoter regions of these gene pairs share
cis-elements, such as ERE and SP1 sites, that could be tran-
scriptionally regulated by estrogen. To validate our results,
we evaluated the effects of estrogen and antiestrogens on
the transcriptional regulation of five bidirectional gene pairs
in the breast cancer cell line MCF-7. To our surprise, the
expression of two of the bidirectional gene pairs, GTPBP2/
MAD2L1BP and DIDO1/C200rf11, was not modulated in
MCEF-7 cells exposed to estrogen and antiestrogens. Since
the activity of transcription factors in transcriptional trans-
activation depends on the state of the chromatin (34,35),
we can speculate that, in MCF-7 cells, the E2-ER complex
has no accessibility to the binding sites in the promoter
regions of these genes, possibly due to the state of chro-
matin organization. Further studies using different cell lines
and agents that affect chromatin organization are required.
On the other hand, distinct patterns of gene regulation by
estrogen and antiestrogens were observed for the bidirec-
tional gene pairs GALNS/TRAPPC2L, TXNDCY9/EIF5B, and
SERINC1/PKIBin MCF-7 cells. In contrast, in ER-negative
breast cancer cells, MDA-MB-231, 1783-estradiol or anti-
estrogens (tamoxifen or ICI) were unable to modulate the
mMRNA expression of these bidirectional gene pairs (data
not shown), indicating that the presence of ER is essential
for the transcriptional transactivation of these bidirectional
promoters by estrogen. In MCF-7 cells, two of the gene
pairs analyzed displayed a positive correlation, with both
gene transcripts being up-regulated (TXNDC9/EIFB5) or
down-regulated (GALNS/TRAPPC2L) by estrogen. The
differences observed in the effects of the antiestrogens
tamoxifen and ICI 182,780 on the transcriptional regulation
of these bidirectional gene pairs can be attributed to their
mechanisms of action. Tamoxifen is a selective estrogen
modulator that acts by inhibiting estrogen binding to its
main target estrogen receptor; however, it also acts as an
estrogen agonist in certain tissues or in specific regulation
of ER-responsive genes (36). Compared to tamoxifen, ICI
182,780 is considered to be a pure antagonist that blocks
ER-mediated transactivation down-regulating ER protein
levels. Additionally, the gene pair SERINC1/PKIB showed
a negative correlation with the up-regulation of PKIB tran-
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scripts and down-regulation of SERINC1 transcripts when
MCEF-7 cells were exposed to estrogen. The SERINC1/PKIB
gene pairs may have distinct elements in the bidirectional
promoter and further studies using reporter assays are
needed to better define the critical sequences involved in
this divergent regulation. On the other hand, in this study we
evaluated the presence of EREs in the proximal promoter
region only; however, the presence of EREs located in distal
regions or of other cis-regulatory elements regulated by
other factors may be necessary to modulate the divergent
expression of this bidirectional gene pair.

Although genome-wide analysis showed that 45-68%
of the gene pairs organized in a head-to-head orientation
are co-expressed (16,29), the mechanisms involved in
the transcriptional regulation of these bidirectional gene
pairs appear to be complex and still poorly understood
(13,29,37,38). Diverse patterns of gene regulation have
been reported for different bidirectional gene pairs, includ-

References

1. Medina D. Mammary developmental fate and breast cancer
risk. Endocr Relat Cancer 2005; 12: 483-495.

2. Gruber CJ, Gruber DM, Gruber IM, Wieser F, Huber JC.
Anatomy of the estrogen response element. Trends Endo-
crinol Metab 2004; 15: 73-78.

3. Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK,
Uht RM, et al. Estrogen receptor pathways to AP-1. J Steroid
Biochem Mol Biol 2000; 74: 311-317.

4. Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, et
al. Chromosome-wide mapping of estrogen receptor binding
reveals long-range regulation requiring the forkhead protein
FoxA1. Cell 2005; 122: 33-43.

5. Carroll JS, Brown M. Estrogen receptor target gene: an
evolving concept. Mol Endocrinol 2006; 20: 1707-1714.

6. Bourdeau V, Deschenes J, Metivier R, Nagai Y, Nguyen D,
Bretschneider N, et al. Genome-wide identification of high-
affinity estrogen response elements in human and mouse.
Mol Endocrinol 2004; 18: 1411-1427.

7. Aumais JP, Lee HS, DeGannes C, Horsford J, White JH.
Function of directly repeated half-sites as response ele-
ments for steroid hormone receptors. J Biol Chem 1996;
271: 12568-12577.

8. Anderson |, Gorski J. Estrogen receptor alpha interaction
with estrogen response element half-sites from the rat pro-
lactin gene. Biochemistry 2000; 39: 3842-3847.

9. O’Lone R, Frith MC, Karlsson EK, Hansen U. Genomic
targets of nuclear estrogen receptors. Mol Endocrinol 2004;
18: 1859-1875.

10. Adachi N, Lieber MR. Bidirectional gene organization: a
common architectural feature of the human genome. Cell
2002; 109: 807-809.

11. Trinklein ND, Aldred SF, Hartman SJ, Schroeder DI, Otillar
RP, Myers RM. An abundance of bidirectional promoters in
the human genome. Genome Res 2004; 14: 62-66.

12. Takai D, Jones PA. Origins of bidirectional promoters:
computational analyses of intergenic distance in the human
genome. Mol Biol Evol 2004; 21: 463-467.

www.bjournal.com.br

121

ing co-regulation, and divergent or asymmetric regulation
(20,30,39,40).

In the present study, we characterized the promoter
region of potential ER-regulated genes and provided new
information on the transcriptional regulation of gene pairs
organized in a head-to-head orientation. Further clinical
and experimental studies are required to determine whether
these genes play a role in breast cancer. The identification
of ER target genes may improve our understanding of the
role played by estrogens in breast cancer, permitting a
better tailored hormone dependence and improved patient
response to hormonal therapy.

Acknowledgments

We thank Emerson de Souza Santos for technical as-
sistance. Research supported by FAPESP (#06/01026-0)
and, in part, by CNPq (#¥304949/2006).

13. Yang MQ, Elnitski LL. Prediction-based approaches to char-
acterize bidirectional promoters in the mammalian genome.
BMC Genomics 2008; 9 (Suppl 1): S2.

14. Yang MQ, Taylor J, Elnitski L. Comparative analyses of
bidirectional promoters in vertebrates. BMC Bioinformatics
2008; 9 (Suppl 6): S9.

15. Zanotto E, Shah ZH, Jacobs HT. The bidirectional promoter
of two genes for the mitochondrial translational apparatus in
mouse is regulated by an array of CCAAT boxes interacting
with the transcription factor NF-Y. Nucleic Acids Res 2007;
35: 664-677.

16. Yang MQ, Elnitski LL. Diversity of core promoter elements
comprising human bidirectional promoters. BMC Genomics
2008; 9 (Suppl 2): S3.

17. Yang MQ, Koehly LM, Elnitski LL. Comprehensive annota-
tion of bidirectional promoters identifies co-regulation among
breast and ovarian cancer genes. PLoS Comput Biol 2007,
3:e72.

18. Shu J, Jelinek J, Chang H, Shen L, Qin T, Chung W, et al.
Silencing of bidirectional promoters by DNA methylation in
tumorigenesis. Cancer Res 2006; 66: 5077-5084.

19. Lin JC, Jeong S, Liang G, Takai D, Fatemi M, Tsai YC, et al.
Role of nucleosomal occupancy in the epigenetic silencing
of the MLH1 CpG island. Cancer Cell 2007; 12: 432-444.

20. De Souza Santos E, De Bessa SA, Netto MM, Nagai MA.
Silencing of LRRC49 and THAP10 genes by bidirectional
promoter hypermethylation is a frequent event in breast
cancer. Int J Oncol 2008; 33: 25-31.

21. Nagai MA, Da Ros N, Neto MM, de Faria Junior SR, Brentani
MM, Hirata R Jr, et al. Gene expression profiles in breast
tumors regarding the presence or absence of estrogen and
progesterone receptors. Int J Cancer 2004; 111: 892-899.

22. Klinge CM. Estrogen receptor interaction with estrogen re-
sponse elements. Nucleic Acids Res 2001; 29: 2905-2919.

23. Bajic VB, Tan SL, Chong A, Tang S, Strom A, Gustafsson
JA, et al. Dragon ERE Finder version 2: A tool for accurate
detection and analysis of estrogen response elements in

Braz J Med Biol Res 44(2) 2011



122

24.

25.

26.

27.

28.

29.

30.

31.

vertebrate genomes. Nucleic Acids Res 2003; 31: 3605-
3607.

Vega VB, Lin CY, Lai KS, Kong SL, Xie M, Su X, et al.
Multiplatform genome-wide identification and modeling of
functional human estrogen receptor binding sites. Genome
Biol 2006; 7: R82.

Chomczynski P, Sacchi N. Single-step method of RNA iso-
lation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 1987; 162: 156-159.

Sathya G, Li W, Klinge CM, Anolik JH, Hilf R, Bambara RA.
Effects of multiple estrogen responsive elements, their spac-
ing, and location on estrogen response of reporter genes.
Mol Endocrinol 1997; 11: 1994-2003.

Porter W, Saville B, Hoivik D, Safe S. Functional synergy
between the transcription factor Sp1 and the estrogen recep-
tor. Mol Endocrinol 1997; 11: 1569-1580.

Petz LN, Ziegler YS, Schultz JR, Kim H, Kemper JK, Nar-
dulli AM. Differential regulation of the human progesterone
receptor gene through an estrogen response element half
site and Sp1 sites. J Steroid Biochem Mol Biol 2004; 88:
113-122.

Li YY, Yu H, Guo ZM, Guo TQ, Tu K, Li YX. Systematic
analysis of head-to-head gene organization: evolutionary
conservation and potential biological relevance. PLoS Com-
put Biol 2006; 2: e74.

Nakagawa H, Tategu M, Yamauchi R, Sasaki K, Sekimachi
S, Yoshida K. Transcriptional regulation of an evolutionary
conserved intergenic region of CDT2-INTS7. PLoS One
2008; 3: e1484.

Pan YF, Wansa KD, Liu MH, Zhao B, Hong SZ, Tan PY, et
al. Regulation of estrogen receptor-mediated long range
transcription via evolutionarily conserved distal response

Braz J Med Biol Res 44(2) 2011

32.

33.

34.

35.

36.

37.

38.

39.

40.

S.A.B. Garcia and M.A. Nagai

elements. J Biol Chem 2008; 283: 32977-32988.

Collins PJ, Kobayashi Y, Nguyen L, Trinklein ND, Myers RM.
The ets-related transcription factor GABP directs bidirec-
tional transcription. PLoS Genet 2007; 3: e208.

Lin JM, Collins PJ, Trinklein ND, Fu Y, Xi H, Myers RM, et al.
Transcription factor binding and modified histones in human
bidirectional promoters. Genome Res 2007; 17: 818-827.
Biddie SC, John S, Hager GL. Genome-wide mechanisms
of nuclear receptor action. Trends Endocrinol Metab 2010;
21: 3-9.

Hager GL, McNally JG, Misteli T. Transcription dynamics.
Mol Cell 2009; 35: 741-753.

Lewis JS, Jordan VC. Selective estrogen receptor modula-
tors (SERMs): mechanisms of anticarcinogenesis and drug
resistance. Mutat Res 2005; 591: 247-263.

Chen PY, Chang WS, Chou RH, Lai YK, Lin SC, Chi CY,
et al. Two non-homologous brain diseases-related genes,
SERPINI1 and PDCD10, are tightly linked by an asymmetric
bidirectional promoter in an evolutionarily conserved man-
ner. BMC Mol Biol 2007; 8: 2.

Tsai HK, Su CP, Lu MY, Shih CH, Wang D. Co-expression
of adjacent genes in yeast cannot be simply attributed to
shared regulatory system. BMC Genomics 2007; 8: 352.
Bellizzi D, Dato S, Cavalcante P, Covello G, Di Cianni F, Pas-
sarino G, et al. Characterization of a bidirectional promoter
shared between two human genes related to aging: SIRT3
and PSMD13. Genomics 2007; 89: 143-150.

Voth H, Oberthuer A, Simon T, Kahlert Y, Berthold F, Fischer
M. Co-regulated expression of HAND2 and DEIN by a bidi-
rectional promoter with asymmetrical activity in neuroblas-
toma. BMC Mol Biol 2009; 10: 28.

www.bjournal.com.br



