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Abstract Estrogen receptor α (ERα) is a key transcription
factor in breast cancer, which plays an essential role in the
pathophysiology of the disease by regulating the expression of
various target genes. In the present study, we performed deep
RNA sequencing (RNA-seq) as an unbiased high-throughput
technique for comprehensive transcriptome analysis in ERα-
positive human breast cancer MCF-7 cells, to facilitate the
elucidation of ERα regulatory gene networks. From the
17,336 mapped RefSeq genes from the sequenced fragments
of the cell samples treated with estrogen time dependently,
substantial numbers of sequence reads were observed in
3,386 genes (>100 tags per million reads per sample at any
of the six time points studied). ERα occupancy within and in
the proximal regions of the genes (<10-kb upstream and

downstream regions) was significantly enriched in the sub-
group of the 3,386 genes compared to the whole 17,336
RefSeq genes. Of the 3,386 genes, we focused on 29 genes,
which included ERα occupancy adjacent to their transcription
start sites and whose expression was estrogen dependently
altered by >3-fold. Knockdown studies using siRNAs specific
to the 29 genes validated that prototypic ERα targets V-myc
myelocytomatosis viral oncogene homolog and cyclin D1
promote both proliferation and migration of MCF-7 cells and
further identified novel candidate ERα targets EIF3A and
tumor protein D52-like 1, which will also facilitate the prolif-
eration or migration of MCF-7 cells. Taken together, the pres-
ent findings provide a valuable dataset that will elucidate ERα
regulatory mechanisms in breast cancer biology, based on the
integrative analysis of RNA-seq combined with the genome-
wide information for ERα occupancy.
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ERBS Estrogen receptor-binding site
ERE Estrogen-responsive element
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MLL5 Myeloid/lymphoid or mixed-lineage leukemia 5
PGR Progesterone receptor
qRT-PCR Quantitative real-time reverse transcriptase po-

lymerase chain reaction
RAB17 Member RAS oncogene family 17
RNA-seq RNA sequencing
RNAi RNA interference
SERBP1 SERPINE1 mRNA binding protein 1
siRNA Small interfering RNA
SNP Single nucleotide polymorphism
TPD52L1 Tumor protein D52-like 1
tpm Tags per million
TP53 Tumor protein p53
TSS Transcription start site

Introduction

Breast cancer is the most prevalent cancer in woman world-
wide. The estimates of GLOBOCAN 2008 indicate that
there are about 1.4 million breast cancer cases per year
and about 458,000 breast cancer deaths per year in the world
[1]. Breast cancer is especially common in more developed
countries. In those areas, the cumulative incident risk and
mortality risk of breast cancer in 75-year-old women are
estimated to be 7.0 and 1.7 %, respectively [2]. Thus,
overcoming breast cancer is a social problem.

The steroid hormone estrogen plays important roles in the
proliferation and development of breast cancer [3, 4]. Estro-
gen functions by binding to its cognate receptor, estrogen
receptors (ERs). Estrogen-stimulated ERs bind to estrogen-
responsive elements (EREs) on the genome and regulate the
transcription of their target genes that exert important roles
in the proliferation and progression of breast cancer [5].
Since estrogen signaling is totally mediated by estrogen
target genes that are involved in various cellular functions,
including transcription, translation, cell cycle progression,
and apoptosis, it is important to study those target genes to
understand the mechanisms of estrogen-mediated cancer
development.

Genome-wide transcriptome analysis is considered as
one of the most effective approaches to elucidate the com-
plicated estrogen signaling in breast cancer cells. Therefore,
microarray analyses of human breast cancer cells have been
performed to identify estrogen-responsive genes [6, 7].
However, these analyses have relied on hybridization with
predesigned probes.

The recent advent of next-generation sequencing
techniques has enabled high-throughput and low-biased
transcriptome analysis [8–12]. Analysis of the sequencing
results has yielded new insights into the genes or pathways
that are involved in the development of cancers. For exam-
ple, the up-regulation of ERBB2-induced signals was found

in breast cancer using RNA sequencing (RNA-seq)
technique [12].

In the present study, we performed RNA-seq analysis of
estrogen-treated human breast cancer MCF-7 cells to reveal
the time-dependent regulation of estrogen-responsive genes
and to identify novel estrogen-responsive genes. By analyz-
ing the expressional changes of RefSeq genes, we identified
869 candidate estrogen-responsive genes. Of them, 29 genes
were studied because they were highly expressed, highly
responsive to estrogen, and located near reported estrogen
receptor-binding sites (ERBSs) [13]. These 29 genes includ-
ed novel estrogen-responsive genes as well as already
known ones such as growth regulation by estrogen in breast
cancer 1 (GREB1) [14] and cyclin D1 (CCND1) [15, 16].
Next, we performed functional screening using small inter-
fering RNAs (siRNAs) targeting each estrogen-responsive
gene. The knockdown experiment revealed that v-myc
myelocytomatosis viral oncogene homolog (MYC),
CCND1, member RAS oncogene family 17 (RAB17), eu-
karyotic translation initiation factor 3 subunit A (EIF3A),
and tumor protein D52-like 1 (TPD52L1) genes affected the
proliferation or migration of MCF-7 cells. To our knowl-
edge, RAB17, EIF3A, and TPD52L1 have been identified
for the first time to be involved in estrogen regulation and
function in breast cancer cells. This study provides a new
insight into estrogen signaling that is associated with the
proliferation or progression of breast cancer.

Materials and Methods

Cell Culture and Reagents

Estrogen receptor alpha (ERα)-positive human breast cancer
MCF-7 cells were obtained from the American Type Culture
Collection (Virginia, USA) and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Nacalai Tesque, Kyoto, Ja-
pan) supplemented with 10 % fetal bovine serum (FBS;
Nichirei Bioscience, Tokyo, Japan) at 37 °C in 5 % CO2.
Before ligand treatment, cells were starved under hormone-
free conditions for 3 days. Hormone-free medium consisted of
phenol red-free DMEM (Sigma-Aldrich, Missouri, USA) and
5 % dextran–charcoal stripped FBS. 17β-Estradiol (E2) was
purchased from Sigma-Aldrich. The siRNAs were purchased
from Life Technologies (California, USA). Polymerase chain
reaction (PCR) primers were designed using Primer Express
3.0 software (Life Technologies) and purchased from Life
Technologies (Supplementary Table 1).

RNA Extraction and RNA-seq

The hormone-starved MCF-7 cells were treated with
100 nM E2 for 0, 2, 4, 8, 12, and 24 h, and the total RNA
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was isolated using ISOGEN (Nippon Gene, Toyama, Japan)
in accordance with the manufacturer’s instructions. RNA
samples were Poly(A) selected, and libraries for RNA-seq
were prepared using mRNA-Seq Sample Prep Kit (Illumina,
California, USA) according to the manufacturer’s instruc-
tions. Single-end RNA-seq of 36-bp read length was
performed using Illumina GAIIx according to the standard
protocol. FASTQ sequence files were obtained, and the
RNA-seq tags were aligned to the human reference genome
(Human Build 36).

Quantitative Real-Time Reverse Transcriptase PCR

Total RNAwas reverse transcribed using SuperScript II reverse
transcriptase (Life Technologies) as recommended by the sup-
plier. Quantitative real-time (qRT)-PCR was carried out on
StepOnePlus (Life Technologies) using the FAST SYBR
Green Master Mix (Life Technologies) and 150 nM of each
gene-specific forward and reverse primers (Supplementary
Table 1). The cycling conditions were 95 °C for 2 min,
followed by 40 cycles at 95 °C for 2 s and 60 °C for 30 s.
The relative differences in PCR product amounts were deter-
mined by the comparative cycle threshold method by using
glyceraldehyde-3-phosphate dehydrogenase as an internal con-
trol [17]. The experiments were carried out in triplicate.

Cell Growth Assay

Cell growth was estimated using the MTS assay by using
the CellTiter 96 AQueous One Solution Cell Proliferation
(Promega, Wisconsin, USA). For this, 1,500 MCF-7 cells
were seeded in 96-well plates containing 200 μL DMEM
with 10 % FBS. After the cells were incubated for 24 h,
5 nM siRNAs targeting each gene or control siRNA
(siControl) [18] were added to the medium by using
Lipofectamine 2000 (Life Technologies) as per the manu-
facturer’s instructions. Next, 10 μL of MTS solution was
added to each well on the indicated times (0, 24, 48, 72, and
96 h). Plates were incubated for an additional 2 h at 37 °C,
and the absorbance at 490 nm was read using Multiskan FC
(Thermo Fisher Scientific, Massachusetts, USA). The ef-
fects of each siRNA on cell growth were estimated by
comparing with the siControl. The experiments were
performed in triplicate.

Cell Migration Assay

Cell migration assay was performed using Cell Culture
Insert with 8.0 μm pore size PET filter (Becton Dickinson,
New Jersey, USA). Before the assay, MCF-7 cells were
treated with 5 nM siRNAs with Lipofectamine 2000 for
24 h. The lower surface of the filter was immersed for
30 min in 10 μg/mL fibronectin (Sigma-Aldrich) diluted in

phosphate-buffered saline (PBS). Next, 700 μL DMEM
with 10 % FBS was added to the lower chamber. Subse-
quently, 5×104 cells were suspended in 300 μL DMEM
with 10 % FCS and added to the upper chamber. After
incubation for 48 h at 37 °C, the cells on the upper surface
of the filter were completely removed by wiping with cotton
swabs. The cells on the lower surface of the filter were fixed
in methanol for 30 min, washed with PBS, and stained with
Giemsa stain solution (Sigma-Aldrich) for 30 s. The filters
were washed three times with PBS and mounted on a glass
slide. The cells on the lower surface were counted from
photographs of at least three fields obtained at a magnifica-
tion of ×200 under a microscope. The effects of each siRNA
on migration were estimated by comparing with siControl.
The experiments were performed in triplicate.

Luciferase Assay

Luciferase assay was performed as described previously [19]
with some modifications. Briefly, 200 ng ptk-ERE-Luc plas-
mids and 20 ng pRL-CMV control plasmids (Promega) were
used to measure the transcriptional activity of ERs. Transient
transfections were carried out using Lipofectamine 2000 with
5 nM siRNAs in MCF-7 cells. After the cells were incubated
for 24 h with hormone-free medium containing 100 nM E2 or
vehicle, the luciferase activity was measured. The experiments
were performed in triplicate.

Results

Identification of Estrogen-Responsive Genes Using RNA-seq

To identify novel estrogen-responsive genes associated with
the biology of breast cancer cells, we applied transcriptome
sequencing for breast cancer MCF-7 cells before and after
the treatment with E2. From billions of sequence fragments
from six lanes of single-read sequencing performed on the
Genome Analyzer IIx, 91 million mapped reads were recov-
ered after performing short-read gapped alignment to the
Human Genome NCBI Build 36, with a median of 9.9
million mapped reads per sample (Fig. 1a). Of the 91
million mapped reads, the majority (86.5 %) were lo-
cated within RefSeq genes, including 73.9 % for exonic
regions and 12.6 % for intronic regions. A substantial
percentage of reads (13.5 %) lacked any overlap with
RefSeq genes and were designated intergenic. The rela-
tive ratios for sequence reads mapped to exons, introns,
and intergenic regions of RefSeq genes were almost
maintained for every sample during the time course of
estrogen treatment (Fig. 1a).

The expression levels of genes were quantified by
counting the number of reads mapped to each RefSeq gene
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and determining “tags per million (tpm)” for each gene by
normalization to the total mapped reads for each sample. Of
the total 17,336 mapped RefSeq genes, 3,386 genes
(19.5 %) were abundantly expressed in the MCF-7
cells [>100 tpm as maximal expression (max-tpm) for at
least any of the six samples]. Of the 3,386 genes, 854 were
identified as estrogen-responsive genes, whose expressions

were altered by >2-fold at least at any time point after
estrogen treatment compared to the sample at 0 h. Of the
estrogen-responsive genes, 765 genes were up-regulated,
including prototypic estrogen-responsive GREB1 and pro-
gesterone receptor (PGR; Fig. 1c), and 90 were down-
regulated in response to estrogen. One of the 765 genes
was both up-regulated and down-regulated by >2-fold.
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Fig. 1 Alteration in the gene
expression level by 17β-estradiol
(E2). a Annotation of RNA
fragments at each time point after
E2 treatment. RNA-seq was
performed using RNAs prepared
from MCF-7 cells that were
treated with E2 for 0, 2, 4, 8, 12,
and 24 h. Of all mapped
fragments, 6.73×107 (73.9 %)
fragments were mapped onto
exons, 11.5×107 (12.6 %) were
mapped onto introns, and 1.22×
107 (13.4 %) were mapped onto
the regions where no RefSeq
genes were detected (Intergene).
b Venn diagram of E2-regulated
RefSeq genes (fold change, >2).
Genes whose expression levels
are low (less than 1 tpm at any
time point) were excluded and, of
the 3,439 genes, 776 (22.6 %)
were up-regulated and 92 (2.7 %)
were down-regulated by E2. Only
one gene was both up- and down-
regulated. c GREB1, a known
estrogen-responsive gene, was
found to be up-regulated by E2
treatment. Black bars represent
reported estrogen receptor-
binding sites (ERBSs) [13],
which are located within 10 kb
from GREB1. d PGR, a known
estrogen-responsive gene, was
also found to be up-regulated by
E2 treatment. Black bars
represent reported ERBSs
located within 10 kb from PGR
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In terms of ERα binding in the vicinity of RefSeq genes,
3,833 of the 17,335 annotated genes (22.1 %) included sig-
nificant ERBSs determined by chromatin immunoprecipita-
tion analysis on tiling arrays (ChIP-chip, at a threshold of P<
1e−3 byMATalgorithm) [13] within the proximal regions and
gene loci (<10 kb from the both ends of the genes and within
the gene loci) of the genes. Of the 3,386 genes with max-tpm
of >100 tpm, 1,021 genes (30.2 %) included ERBSs within
and in the proximal regions of the genes, the percentage of
which was significantly higher than that of the 17,335mapped
RefSeq genes (P=2.3e−14 by Fisher’s exact test). Of the 854
estrogen-responsive genes, 284 genes (33.3 %) included
ERBSs within and in the proximal regions of the genes, the
percentage of which was also significantly higher than that of
the 17,335 mapped RefSeq genes (P=2.3e−8; Fig. 1d).

Selection of Estrogen Target Genes with Substantial Signals
and ERα Binding in Their Vicinities

Of the 855 genes, 37 were selected as prominent ERα-
regulated genes, by the criteria of >100 max-tpm,
estrogen-dependent change of gene expression by >3-fold,
and the involvement of ERBSs [13] within the gene loci or
<10 kb from both ends of the genes. Of the 37 genes, 29
showed substantial responsiveness to estrogen as revealed
by quantitative real-time reverse transcriptase polymerase
chain reaction (qRT-PCR). Of the 29 genes, most of the
genes were up-regulated by 24 h after E2 treatment, whereas
PKP1 was once down-regulated at 4–12 h and then up-
regulated at 24 h after E2 treatment (Fig. 2). Within the
proximal regions and the gene loci of the 29 ERα-
regulated genes (<10 kb from both ends of the genes and
within the gene loci), 63 ERBSs were involved (Table 1) as
per the published ChIP-chip dataset [13]. Notably, more
than one third of the genes included ≥3 ERBSs within the
regions. The average number of ERBSs involved per gene
was 2.2 of the subgroup, which is substantially larger than
the expected number of ERBSs divided by the total number
of transcripts involved in RefSeq database, since the latter
will be 0.61 per transcript (P=4.0e−9 by Fisher’s exact test).
All the 29 genes notably included at least one estrogen
receptor-binding site (ERBS) in their proximal 5′ regions
or within their genes from the transcription start sites (TSSs)
to their second exons. Therefore, functional ERα binding in
the vicinity of TSSs might contribute to the substantial
estrogen responsiveness of the genes. Examples for the
expressions of sequence reads and ERBS mapping are
shown for myeloid/lymphoid or mixed-lineage leukemia 5
(MLL5), Family with sequence similarity 84, member B
(FAM84B), insulin-like growth factor binding protein 4
(IGFBP4), and CCND1, which include ERBSs in the 5′
region, exon 2, intron 1, and multiple locations, respectively
(Fig. 3).

Identification of Estrogen-Responsive Genes
from the siRNA-Mediated Knockdown Study

Next, loss-of-function study was conducted for the 29
estrogen-regulated genes in MCF-7 cells. The individual
knockdown effects of the 29 genes together with ERα
(ESR1) and tumor protein p53 (TP53) were evaluated by gene
expression, cell growth, cell migration, and ERα-dependent
luciferase activity by using MCF-7 cells (Fig. 4). The reduc-
tion of gene expression levels was achieved by >40%with the
siRNA treatment (Fig. 4a). Under the condition where
siRNAs targeting ESR1 and TP53 exhibited negative and
positive effects on the cell growth, respectively, siRNAs
targeting MYC, EIF3A, and CCND1 significantly attenuated
the growth of MCF-7 cells (Fig. 4b). In terms of trans-well
migration assay, siRNAs specific for RAB17, TPD52L1,
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Fig. 2 Estrogen-regulated genes validated by qRT-PCR. Of the 869
genes that were detected as candidate estrogen-responsive genes in
RNA-seq analysis, 29 were located within 10 kb from reported ERBSs
and validated for their estrogen responsiveness by qRT-PCR. Numbers
represent tpm at each time point, and colors represent relative expres-
sion levels compared to those at 0 h in RNA-seq
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Table 1 Estrogen-regulated genes nearby estrogen receptor-binding sites (ERBSs) detected by RNA-Seq

Gene symbol Chromosome Gene; start–end ERBS; start–end Location of ERBS

CA12 15 61,402,783–61,461,128 61,460,991–61,461,147 1st intron

WWC1 5 167,651,643–167,831,886 167,674,684–167,676,601 1st intron

WWC1 5 167,651,643–167,831,886 167,676,966–167,677,566 1st intron

WWC1 5 167,651,643–167,831,886 167,725,157–167,725,757 1st intron

WWC1 5 167,651,643–167,831,886 167,761,427–167,762,028 5th intron

FAM65C 20 48,636,053–48,686,833 48,695,439–48,696,039 5′

FAM65C 20 48,636,053–48,686,833 48,674,415–48,675,016 2nd intron

RAPGEFL1 17 35,587,768–35,605,432 35,590,047–35,591,038 1st intron

B3GALNT1 3 162,284,365–162,305,854 162,300,922–162,302,197 5′

B3GALNT1 3 162,284,365–162,305,854 162,307,822–162,308,422 5′

GREB1 2 11,591,693–11,700,363 11,581,710–11,582,310 5′

GREB1 2 11,591,693–11,700,363 11,588,198–11,588,845 5′

GREB1 2 11,591,693–11,700,363 11,589,526–11,590,641 5′

GREB1 2 11,591,693–11,700,363 11,596,942–11,598,236 1st intron

GREB1 2 11,591,693–11,700,363 11,616,036–11,617,283 2nd intron

GREB1 2 11,591,693–11,700,363 11,675,420–11,676,021 22th intron

RET 10 42,892,523–42,945,803 42,897,495–42,898,272 1st intron

RET 10 42,892,523–42,945,803 42,901,726–42,902,327 1st intron

RET 10 42,892,523–42,945,803 42,920,697–42,921,297 3rd intron

RET 10 42,892,523–42,945,803 42,925,909–42,926,923 6th intron

PLOD2 3 147,269,918–147,361,972 147,360,648–147,361,249 1st intron

PLOD2 3 147,269,918–147,361,972 147,340,190–147,340,956 1st intron

PLOD2 3 147,269,918–147,361,972 147,315,702–147,316,486 3rd intron

PLOD2 3 147,269,918–147,361,972 147,294,311–147,294,911 7th intron

SLC22A5 5 131,733,300–131,759,205 131,734,834–131,735,434 1st intron

SLC22A5 5 131,733,300–131,759,205 131,735,877–131,736,478 1st intron

SLC22A5 5 131,733,300–131,759,205 131,741,672–131,742,948 1st intron

SLC22A5 5 131,733,300–131,759,205 131,751,572–131,752,172 4th intron

SLC25A24 1 108,478,867–108,544,503 108,543,328–108,544,120 1st exon

TPD52L1 6 125,516,578–125,626,343 125,517,463–125,518,564 1st intron

TPD52L1 6 125,516,578–125,626,343 125,560,464–125,561,450 1st intron

TPD52L1 6 125,516,578–125,626,343 125,564,620–125,565,541 1st intron

TPD52L1 6 125,516,578–125,626,343 125,566,118–125,566,843 1st intron

TPD52L1 6 125,516,578–125,626,343 125,567,624–125,568,902 1st intron

COX6C 8 100,959,399–100,975,418 100,974,747–100,975,347 1st exon

MLL5 7 104,441,873–104,541,768 104,434,034–104,434,634 5′

SLC6A6 3 14,419,110–14,505,861 14,421,920–14,423,302 1st intron

SLC6A6 3 14,419,110–14,505,861 14,429,405–14,430,006 1st intron

SLC6A6 3 14,419,110–14,505,861 14,448,627–14,449,673 2nd intron

RAB17 2 238,147,704–238,164,508 238,163,797–238,164,398 1st exon

CCND1 11 69,165,054–69,178,423 69,162,760–69,163,409 5′

CCND1 11 69,165,054–69,178,423 69,172,899–69,173,500 4th intron

CCND1 11 69,165,054–69,178,423 69,177,825–69,179,657 3′

ZFYVE21 14 103,251,834–103,269,758 103,246,745–103,247,346 5′

ZFYVE21 14 103,251,834–103,269,758 103,261,809–103,262,410 1st intron

ZFYVE21 14 103,251,834–103,269,758 103,272,261–103,273,347 3′

PRMT6 1 107,400,790–107,403,439 107,401,263–107,401,863 1st exon

STC2 5 172,674,332–172,689,112 172,689,289–172,690,644 5′

STC2 5 172,674,332–172,689,112 172,687,670–172,688,679 1st intron
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MYC, EIF3A, and CCND1 significantly repressed the num-
bers of migrated cells (Fig. 4c). The ERα-dependent luciferase
activity was reduced by ESR1 siRNA, whereas the rest of the
tested siRNAs did not exhibit any significant effects on ERα-
dependent luciferase activity in the MCF-7 cells (Fig. 4d).

Similar to the prototypic ERα target genes such as MYC and
CCND1, the data indicate that RAB17, TPD52L1, and EIF3A
are new candidate genes that promote the growth or migration
of ERα-positive breast cancer cells. Further detailed results for
EIF3A on chromosome 10q26 and TPD52L1 on chromosome

Table 1 (continued)

Gene symbol Chromosome Gene; start–end ERBS; start–end Location of ERBS

SERBP1 1 67,646,081–67,668,711 67,668,770–67,669,370 5′

IGFBP4 17 35,853,202–35,867,508 35,858,051–35,859,092 1st intron

FDPS 1 153,545,163–153,557,081 153,546,058–153,546,658 1st intron

MYC 8 128,817,497–128,822,862 128,819,702–128,820,399 2nd exon

EIF3A 10 120,784,531–120,830,324 120,830,505–120,831,106 5′

FAM84B 8 127,633,865–127,639,893 127,638,788–127,639,388 2nd exon

PPM1D 17 56,032,326–56,098,422 56,031,582–56,032,271 5′

HNRNPH2 X 100,549,777–100,555,784 100,549,141–100,549,988 5′

NBN 8 91,014,740–91,066,075 91,065,110–91,065,711 1st intron

NBN 8 91,014,740–91,066,075 91,035,534–91,036,517 10th intron

PKP1 1 199,519,203–199,568,744 199,517,666–199,518,436 5′

PKP1 1 199,519,203–199,568,744 199,521,801–199,522,695 1st intron

PKP1 1 199,519,203–199,568,744 199,525,081–199,525,991 1st intron

PKP1 1 199,519,203–199,568,744 199,543,550–199,544,385 2nd intron

Estrogen-regulated genes were detected within 10 kb from reported ERBSs [13]. Positions of the genes and ERBSs were represented in hg18
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Fig. 3 Locational relationship
between estrogen-responsive
genes and ERBS. a An ERBS
was located in the upstream of
MLL5. Lower panel shows the
result of RNA-seq, indicating that
MLL5 is up-regulated by E2.
b An ERBS was located in the
second exon of the FAM84B.
Lower panel shows the result of
RNA-seq, indicating that
FAM84B is up-regulated by E2.
c An ERBS was located in the
first intron of insulin-like growth
factor binding protein 4
(IGFBP4). Lower panel shows
the result of RNA-seq, indicating
that IGFBP4 is up-regulated by
E2. d ERBSs were located in the
upstream, fourth intron, and
downstream of cyclin D1
(CCND1). Lower panel shows
the result of RNA-seq, indicating
that CCND1 is up-regulated by
E2
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6q22–q23 are shown in terms of mRNA expression, cell
growth, and cell migration (Figs. 5 and 6). EIF3A functions
positively in both cell proliferation and migration (Fig. 5d, e),
whereas TPD52L1 functions positively in cell migration, but
not in cell proliferation (Fig. 6d, e).

Discussion

To elucidate the mechanism underlying the estrogen-
mediated development and progression of breast cancer,

we explored the genome-wide transcriptional network of
MCF-7 cells by RNA-seq using next-generation sequencer
and combining functional experiments using siRNAs. Our
screening system using RNA-seq and siRNAs effectively
identified the genes significantly involved in the
growth/migration of breast cancer cells. These genes includ-
ed MYC and CCND1. MYC is a transcription factor that is
directly up-regulated by E2 and ERα and modulates the
transcription of target genes, including members of the
cyclin family, and exerts oncogenic action [15, 16]. Knock-
down of MYC by RNAi has been reported to inhibit MCF-7
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cell growth in vitro and in vivo [20]. Transcription of
CCND1 is also directly up-regulated by E2 and ERα.
CCND1 is known to be an oncogene that activates the
cyclin-dependent kinase 4/6 and controls the G1-S transition
in the cell cycle [21, 22]. The expression level of CCND1
has been reported to be associated with poor prognosis in
estrogen receptor (ER)-positive breast cancer [23]. There-
fore, our screening system had a high degree of accuracy in
identifying significant genes associated with the growth
and/or migration of breast cancer cells.

In this study, we identified three novel estrogen-
responsive genes, EIF3A, TPD52L1, and RAB17. EIF3A is
a subunit of the eukaryotic translation initiation factor 3 that

plays a role in translational regulation and cell growth.
EIF3A is suspected to be required for cell proliferation and
tissue development, and the expression of EIF3A is reported
to be elevated in many human cancers, in particular, cancer
of the breast, cervix, esophagus, lung, and stomach [24, 25].
An SNP in the EIF3A gene is reported to be associated with
a risk of breast cancer [26]. In our study, EIF3Awas recog-
nized as an estrogen-responsive gene and found to be in-
volved in the growth and/or migration of MCF-7cells. This
result is consistent with those of previous reports suggesting
that EIF3A may act as an oncogenic in human breast cancer
[25]. These findings provide a new insight into the ER-
mediated signals, and analysis of the function of EIF3A in
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breast cancer might clarify the mechanisms of estrogen-
mediated tumor development. TPD52L1 encodes a member
of tumor protein D52 family that contains a coiled-coil
domain. The protein may form a homo- or hetero-dimer with
TPD52 family members and is reported to be involved in cell
proliferation. TPD52L1 is supposed to be involved in cell cycle,
since it binds to the cell cycle-related 14-3-3 family proteins and
is expressed in the G2-M phase [27, 28]. TPD52L1 has been
reported to likely be positively associated with lymph node
metastasis in human breast cancers [29]; however, the mech-
anisms underlying this association are not known. In the
present study, TPD52L1 was identified as an estrogen-
responsive gene and was found to be concerned with the
migration of MCF-7 cells. These data suggest that TPD52L1
mediates the migration of breast cancer cells. Furthermore, we
found that RAB17, a small GTPase, is transcriptionally regu-
lated by estrogen and is involved in the migration of breast
cancer cells. RAB17 was previously reported as a regulator of
intracellular transport and was thought to regulate membrane
trafficking through the apical recycling endosome [30]. How-
ever, the association between RAB17 and cancers is not
known. The members of the RAS oncogene family, RAB11a,
RAB25, and RAB27b, have already been shown to have roles
in the development or progression in breast cancer [31–33]. In
our study, RAB17 was suggested to have a role in breast
cancer cells.

We compared the estrogen-regulated profiles (>2- or <0.5-
folds) in MCF-7 cells identified by our RNA-seq analysis and
by a previous microarray study [34]. In terms of up-regulated
genes, 765 and 132 were identified by our RNA-seq and the
microarray analyses, respectively. Only 11 up-regulated genes
were overlapped between the studies including CCND1, pro-
liferating cell nuclear antigen (PCNA), IGFBP4, stanniocalcin
2 (STC2), retinoic acid receptor, alpha (RARA), RAB31,
adenylate cyclase 9, GADD45B (growth arrest and DNA-
damage-inducible, beta), nuclear receptor interacting protein
1 (NRIP1), MYC, and MYB. Besides prototypic estrogen-
regulated genes CCND1 and MYC, IGFBP4 [35, 36], PCNA
[37], STC2 [38], RARA [39], RAB31 [40], NRIP1 [41], and
MYB [42] have been reported in conjunction with the
estrogen-regulated gene expression and/or breast cancer biol-
ogy. Nevertheless, it is interesting that the rest of estrogen-
regulated genes determined either by RNA-seq or microarray
are unique even in a single breast cancer cell line. No
overlapped gene was observed in comparison between 90
and 306 down-regulated genes by RNA-seq and microarray
studies, respectively. The difference of profiles may be
due to the sensitivity of each technique, as RNA-seq
would be more powerful to identify the alteration of
gene expression at lower level compared to microarray
study. Taken together, deep sequencing technology will
contribute to the discovery of various estrogen-regulated
genes in breast cancer cells, which have not been

previously revealed by microarray study or other con-
ventional expression analyses.

In summary, RNA-seq and subsequent knockdown
screening using siRNA were useful for clarifying the
estrogen signaling throughout the genome in breast can-
cer cells. This approach can provide a new insight into
the transcriptional regulation and physiologically signif-
icant genes and would help in the diagnosis and treat-
ment of breast cancer.
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