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The estrogen receptors (ERs) ERa and ERB mediate the actions of endogenous estrogens as well as those of
botanical estrogens (BEs) present in plants. BEs are ingested in the diet and also widely consumed by
postmenopausal women as dietary supplements, often as a substitute for the loss of endogenous estrogens at
menopause. However, their activities and efficacies, and similarities and differences in gene expression programs
with respect to endogenous estrogens such as estradiol (E2) are not fully understood. Because gene expression
patterns underlie and control the broad physiological effects of estrogens, we have investigated and compared the
gene networks that are regulated by different BEs and by E2. Our aim was to determine if the soy and licorice BEs
control similar or different gene expression programs and to compare their gene regulations with that of E2. Gene
expression was examined by RNA-Seq in human breast cancer (MCF7) cells treated with control vehicle, BE or E2.
These cells contained three different complements of ERs, ERa only, ERa+ER, or ER only, reflecting the different
ratios of these two receptors in different human breast cancers and in different estrogen target cells. Using principal
component, hierarchical clustering, and gene ontology and interactome analyses, we found that BEs regulated many
of the same genes as did E2. The genes regulated by each BE, however, were somewhat different from one another,
with some genes being regulated uniquely by each compound. The overlap with E2 in regulated genes was greatest
for the soy isoflavones genistein and S-equol, while the greatest difference from E2 in gene expression pattern was
observed for the licorice root BE liquiritigenin. The gene expression pattern of each ligand depended greatly on the
cell background of ERs present. Despite similarities in gene expression pattern with E2, the BEs were generally less
stimulatory of genes promoting proliferation and were more pro-apoptotic in their gene regulations than E2. The
distinctive patterns of gene regulation by the individual BEs and E2 may underlie differences in the activities of these
soy and licorice-derived BEs in estrogen target cells containing different levels of the two ERs.

Introduction breast cancer, in which they mediate the many
physiological effects of estrogens. In different target

The estrogen receptors (ERs), ERa and ERB, are cells, the two receptor subtypes are present

members of the nuclear receptor superfamily that are separately or together. ERa and ER[ can be activated

expressed in reproductive and non-reproductive by endogenous estrogens, such as estradiol (E2), but

tissues and in hormone-dependent cancers, such as they can also be activated by estrogenic compounds
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Figure 1. Experimental design and compounds studied (left panel) and comparison of E2 regulated genes obtained by
RNA-Seq in this study vs. previous microarray analysis (right panel). Left panel: schematic of the experimental design for
generating MCF-7 cells containing the three complements of ERa and ER, and for the cell treatments with BEs or E2, and
preparation of the RNA-seq samples. Cells were treated with control vehicle (0.1% ethanol), genistein, S-equol or quuiritigenin 1
uM) or E2 (10 nM) for 24 h prior to harvest of RNA and further processing. Right panel: MCF-7 cells were exposed to 10°M
estradiol (E2) for 24h and RNA was isolated and analyzed by RNASeq (this study) or previously by Affymetrix microarrays (ref. 14).
Venn diagram shows the number of genes regulated by E2 and the percent of E2-regulated genes found to be regulated by

microarray analysis that overlap with those found by RNA-seq analysis.

present in plants, known as botanical estrogens
(BEs), that are ingested in the diet and can be
formulated into dietary supplements. BEs are widely
consumed by women as dietary supplements, often in
the hopes of having them serve as a substitute for the
loss of endogenous estrogens at menopause, but
their activities, efficacies and safety are not fully
understood. The major isoflavone components in soy-
based products and dietary supplements, genistein
and S-equol, are known to bind to ERa and ER [1],
and to have estrogenic effects. However, preclinical
studies [2, 3] and clinical studies in humans have
generated inconclusive results regarding the efficacy
and beneficial actions of these components in aging
females [1, 4-6]. Licorice root-derived components
consumed in the diet or as dietary supplements, such
as liquiritigenin, also bind to the two ERs, but even
less is known about their biological activities
compared to E2 [1, 7].

Because gene regulatory networks underlie and
control the broad physiological effects of hormones
such as the endogenously produced estrogen, E2, in
estrogen target cells and in ER-containing breast
cancers, we have investigated and compared the
gene regulatory networks that are controlled by
different BEs and by E2. Our aim was to determine if
the soy and licorice BEs regulate similar or different
gene expression programs and to compare their gene
regulations with that elicited by the endogenous
estrogen E2.

ERa and ER are encoded by genes on different
chromosomes, and the levels of ERa and ER[ differ
in different estrogen target cells [8, 9]. Therefore, we
have investigated the effects of the BEs on gene
regulation in cells containing ERa or ER only, or both
ERa and ERp. Our studies employing genome- wide
RNA-Seq [10], principal component analysis (PCA)
[11, 12], hierarchical clustering and functional

pathway interactome analyses have discriminated
among the BEs and have identified both similarities
and differences in their gene regulation with respect
to that evoked by E2. The studies also enable
delineation of the transcriptional effects of BEs in cells
with co-presence of both ERa and ERf versus effects
of the BEs when acting through only one of the ERs,
ERa or ERB, in order to mirror the situation in different
ER target tissues. Our findings highlight that the
background complement of receptors is a crucial
determinant of the activities of BEs and E2 in target
cells.

Many reports have used microarrays to examine the
effects of E2 on gene expression in MCF-7 cells,
some of which have been analyzed to generate a
gene expression metasignature [13], and we have
recently reported on the impact of the two ERs on
gene expression programs regulated by E2 [14]. The
studies reported here are to our knowledge the first to
provide novel datasets and analyses that compare the
genome-wide patterns of gene regulation for three
BEs and E2 in MCF-7 cells containing three different
complements of the ERs.

Results

Patterns of gene regulation for BEs and E2 in
MCF-7 cells with three complements of ERa and
ERB

We used RNA-seq to examine patterns of gene
expression regulation by different BEs in breast
cancer cells containing three complements of ERa
and ER(, as schematized in the left panel of Figure 1.
ERP was introduced by adenoviral infection into MCF-
7 cells containing endogenous ERa to generate
ERa+ERR cells, and subsequent knockdown of ERa
with siRNA generated cells containing ERB only. As
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reported previously, these cells expressed equivalent
amounts of ERa and ER [1, 14, 15]. Cells were
treated with BE or E2, and RNA was collected for
RNA-seq analysis. The BEs studied included the soy-
derived BEs, genistein and S-equol, and liquiritigenin,
derived from licorice. In our previous studies, we used
microarray analysis to identify E2 regulated genes in
the three different ER-containing cell backgrounds.
Because RNA-seq is more sensitive and informative
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[16], we used this method in the current study. Nearly
all of the E2- regulated genes identified from our prior
microarray analyses (77%) were also identified by
RNA-seq, but the new datasets included many more
E2-regulated genes (see Figure 1, right panel).

Hierarchical clustering of the gene expression

patterns (Figure 2) identified differences in gene
expression based on the particular nature of the

D
ER a + ERB Cells ERB Cells

-2 2
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Figure 2. Hierarchical clustering of the genes regulated by BEs and E2 in the three ER cell backgrounds. Hierarchical
clustering is shown for all four compounds and cell backgrounds (Panel A), and individually for ERa only (Panel B), ERa + ER
(Panel C), and ERB only (Panel D) cells. Several identified clusters showing different patterns of gene regulation by the ligands in
the different cell backgrounds are denoted by letters a-f.
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Figure 3. Principal component analysis (PCA) of RNA-seq data. RNA-seq reads of each sample were mapped to known and
new genes. Differentially regulated genes were determined by comparison of the gene expression level with E2 or BE treatment vs.
Veh in the same ER background. Differentially regulated genes were considered to be those with a =22-fold difference in expression
level and an FDR of 0.01. The expression values of differentially regulated genes in Veh and treatment groups in all 3 cell types
were subjected to PCA.

ligand (different BEs vs. E2) and differences 2A). Hierarchical clustering of genes regulated by E2
dependent on the complement of the two ERs present and BEs in the three ER cell backgrounds (Figure 2B-
in the cells. Although genistein and S-equol tended to D) shows genes up-regulated less by BE vs. E2, or
cluster together and with E2, the expression patterns up-regulated more by BE vs. E2 in ERa-only cells, as
for liquiritigenin were considerably different (Figure well as genes down-regulated more by BEs vs. E2 in
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Cell  Cluster GO term Genes P-value
type (Fig. 2)
a Response to hormone RERG, GAL, IRS1, IGF1R, NPY1R, 2.2X107
stimulus PTCH1
Inflammatory response CCL2, CXCL10, FN1, ITGAL, IL6R, IL8, 2.3X10°
SERPINA3, TLR7, TNF
b Regulation of cell proliferation ~ KLF4, CCL2, CXCL10, CSF3, FRK, 5.1X10™
-~ IL6R, IL8, LIF, PLA2G4A, STAT5A, TNF )
g Cell adhesion CD36, CCL2, FN1, ITGAL, ITGAL, 8.2x10°
5 LAMB3, MCAM, TNF
5 Cell adhesion SOX9, ACHE, AMTN, CDH13, CDH2, 2.2X10°
COL20A1, LAMB1, ROPN1B, SIGLECS5,
SUSD5
c Cell proliferation CD74, NDP, ACHE, ARX, CDH13, EMP1 3.4X10%
Cell motion ARX, CDH13, CDH2, FPR3, ROPN1B, 1.3X10?
SEMAGC, SCNN1B
Inflammatory response CD14,ELF3, GPR68, PXK, AOX1, 4.1X10°

BDKRB2, CCL20, CXCL10, CFB, ITGAL,
LBP, NFE2L1, NFKB1, NFKBID,
NFKBIZ, SPP1, SELP, SAA2, TLRO9,

T
i TICAML
Dt; Cell motility CUZzZD1, CEACAM1, CNTN2, DNAH17, 4.3X10°
0 EFNB1, ESR2, HBEGF, ITGA1, ICAM1,
MSN, SCARB1, SELP, SAA2, SRC
e Damaged DNA binding NEIL2, POLQ, TP63 5X107
Retinoid binding CYP26A1, RBP3, RBP7 9.8x10°
Cell motility CD44, S100P, CEACAML, CCL2, 1.1X107
COROI1A, FN1, ICAM1, IL6R, IL8, NTN1,
f PLAT, SDCBP
:9:? Inflammatory response CD44, CCL2, CXCL10, FN1, IL6R, IL8, 3.9X10%

PTGERS, TLR5, TLR7

Table 1. Gene Ontology (GO) terms identified using the clustering approach in Figure 2. Identified gene lists were exported
and further analyzed using DAVID software.

ERa cells ERa +f cells ERpB cells

Up-regulation

Figure 4. Comparison of the genes regulated by the three BEs and by E2 in the three ER cell backgrounds (ERa only, ERa
+ ERB, ERP only). Cells were treated with genistein, S-equol or liquiritigenin (1 uM) or E2 (10 nM) for 24 h prior to harvest of RNA
and further processing. Venn diagrams show overlap of BEs and E2 for up- and down-regulated genes in the three cell
backgrounds.

the three different ER backgrounds. Next, we used that are differentially regulated by E2 vs. BEs. We
web-based DAVID software to examine show a few such clusters in Figure 2B, C and D
overrepresented functional gene groups in clusters (labelled a-f) and gene ontology (GO) terms

Nuclear Receptor Signaling | www.nuclearreceptorsignaling.com NRS | 2014 | Vol. 12 | doi:10.1621/nrs.12001 | 4



Research

Botanical Estrogen Transcriptomes through ERa and ER(

E2 Gen

Up-regulation  ERq-gcells

ERa cells ERo cells

N

ERpB cells ERp cells

Down-regulation

ERa cells ERa cells

ERa+B cells

N3e

ERp cells

ERp cells

ERa+B cells

ERa. +B cells

S-equol Liq
ERa+B cells ERa+B cells

ERa cells

ER« cells

4
ERp cells ERB cells
ERa cells ERa cells

ERa+p cells ERa.+p cells

ERp cells

ERB cells

Figure 5. Comparison of the genes regulated by E2 or by each individual BE in the three ER cell backgrounds (ERa only,
ERa + ERB, ERB only). Cells were treated with genistein, S-equol or liquiritigenin (1 uM) or E2 (10 nM) for 24 h prior to harvest of
RNA and further processing. Venn diagrams show for each of the four compounds overlap of up- and down-regulated genes in each

of the three cell backgrounds.

associated with each cluster are indicated in Table 1.
From this analysis, inflammatory responses were
activated by E2 in all three cell backgrounds whereas
BEs minimally activated these pathways (clusters b, d
and f). Moreover, E2 induced cell maotility genes
(cluster ¢) in ERa only cells whereas BEs repressed
expression of these genes. Finally, genistein and S-
equol differentially activated genes associated with
the DNA damage repair pathway (cluster €) in
ERa+ERB cells whereas E2 and liquiritigenin did not
activate these genes.

Comparisons among the three BEs and E2:
principal component analysis

These comparisons among the four estrogens were
examined further by principal component analysis
(PCA, Figure 3), which enables one to visually assess
global similarities and differences between sample
groups [11, 12]. Expression patterns for all
compounds were different from those in vehicle
control treated cells (Figure 3). Further, PCA identified
differences in basal gene expression in the three cell
types with different complements of the two ERs
(black circle). The 3 BEs and E2 regulated relatively
similar gene sets in cells containing ERa, as indicated
by the small red circle. By contrast, the patterns of
genes regulated by the 3 BEs differed from that of E2
to a greater extent in ERa+ER cells, and notably
with liquiritigenin showing the most distinctly different
pattern of gene regulation (purple circle). In ERB-only

cells, liquiritigenin was again the most different from
E2 in gene regulation, and there were greater
differences from E2 for the two other BEs than was
observed in ERa cells or ERa+ERR cells.

Gene-specific patterns of regulation dependent on
compound and cell background of ERs

To examine in a more quantitative fashion the degree
to which these differences in gene regulation are seen
in up- and down-regulated genes and to what extent
they can be attributed to the different compounds or
to the different ER contexts of the cells, we made the
comparisons shown in Figures 4 and 5. In Figure 4,
comparisons are shown for genes regulated by E2
and the three BEs in each of the three cell types. As
seen in these Venn diagrams, BESs up- or down-
regulated many of the same genes as did E2, but
each ligand showed some differences from E2 and
also from each other, with each having some uniquely
up- and down-regulated genes. Overall, the overlap in
gene regulation with E2 was greatest for genistein
and S-equol, with the expression pattern for
liquiritigenin being the most different.

In Figure 5, we compared genes regulated by each of
the four ligands in the three cell types. Here, it is clear
that the ER context of the cell has a major effect on
the patterns of gene up- and down-regulation for each
compound. In these comparisons, we again observed
that genistein and E2 were the most similar in terms
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Figure 6. Pathway analysis of genes preferentially regulated by BEs vs. E2 in ERa and/or ER Cells (A) Clustering of gene
ontologies that were preferentially regulated by BEs vs. E2 in ERa cells. The ClueGO plugin in Cytoscape was used to identify
preferentially requlated REACTOME terms from Biocarta. (B) Clustering of gene ontologies that were preferentially regulated by
BEs vs. E2 in ERa plus ERB cells. (C) Clustering of gene ontologies that were preferentially regulated by BEs vs. E2 in ERB cells.

of cell-context dependence, whereas S-equol and to a
greater extent, liquiritigenin, showed greater
differences. These comparisons of compound and

cell-context dependence of gene regulation are
consistent with the PCA analysis shown in Figure 3.
Functional analyses of regulated genes and signaling
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Figure 7. Examples of genes whose expression was preferentially stimulated by E2 or BEs in cells containing ERa+ERB
compared with cells containing ERa only or ERB only. Cells were treated with control vehicle (0.1% ethanol), 10 nM E2, or 1 uM
genistein, S-equol, or liquiritigenin for 24 h prior to harvest and real-time PCR analysis. mMRNA fold change is shown for specific
genes in the three cell types. Real-time PCR data shown are mean + SD for triplicate analyses.

pathways by BEs and E2 (Figure 2 and Table 1) regulated gene groups (Figure 6). The data presented
indicated pathways controlling proliferation, in this figure are annotated networks of interacting
antioxidant activities, anti-inflammatory activities and proteins identified in a given regulated gene dataset.
cell motility. Notably, BEs were less stimulatory of Figure 6 shows networks of interacting proteins
genes promoting proliferation, motility, and belonging to the same or related GO term categories
inflammation vs. E2 and were more pro-apoptotic in that are preferentially regulated by botanical
their gene regulations. estrogens but not by E2. Nodes represent the
functionally grouped networks, and they are linked
BEs and E2 regulate distinct functional gene based on their kappa score level (=0.3) showing
interactions in the different ERa and/or ERB cell commonality of genes in connected groups. In a
backgrounds group, the label of the most significant term is color-
coded and printed with a larger font. Functionally
Based on our findings from this initial clustering related groups partially overlap based on similarity of
analysis (Figure 2 and Table 1), we further performed gene lists in each group.
GO term analysis using lists of genes that were
differentially regulated by BEs in the different cell ER While some interacting gene groupings were evident
backgrounds. We then used the CLUEGO plugin of in ERa-containing cells (Figure 6A), more interactome
Cytoscape [17] with REACTOME information from groups were regulated by BEs in ERa+ER cells and
Biocarta. In this way, we identified genes that were in ERB-containing cells (Figure 6B and C). In
differentially regulated by BEs in the different cell ERa+ER cells, prominent interactome groups
backgrounds that interact with each other, which is included those associated with activation of
more meaningful in terms of regulation of functionally apoptosis, cell adhesion, and inflammatory signaling
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Figure 8. Examples of genes whose expression was preferentially stimulated by E2 or by BEs in cells containing only one
ER (ERa or ERB). Cells were treated with control vehicle (0.1% ethanol), 10 nM E2, or 1 yM genistein, S-equol, or liquiritigenin for
24 h prior to harvest and real-time PCR analysis. mRNA fold change is shown for the specific genes in the three cell types. (Panel

A) Example of a gene stimulated more by all compounds in ERa

only cells. (Panels B-1) Examples of genes stimulated more by E2

or BEs in ER only cells. Values are from real-time PCR determinations and are mean + SD for triplicate analyses.

(Figure 6B). Interestingly, metabolism-related gene
groups were notable in ERB-containing cells which
included nuclear receptors in lipid metabolism and
toxicity and mechanism of gene regulation by PPARs,
which suggest that BEs regulate cellular metabolism
in this cell background (Figure 6C), as observed for
E2 previously [14].

Some representative patterns of gene regulation
observed with BEs and E2 are shown in Figures 7, 8,
and 9. Figure 7 shows genes that were up-regulated
more by BEs and E2 in cells with both ERa+ERf than
in cells with only one of the ERs. Of interest, many of
these genes have functions associated with
inflammation and apoptosis and, in all cases, the
magnitude of regulation by E2 was considerably
greater than that elicited by BEs. These included

genes encoding several cytokines and chemokines,
as well as toll-like receptor-2 (TLR2), superoxide
dismutase 2 (SOD2), and STAT5A. Among the BEs,
genistein and S-equol often achieved a higher
magnitude of stimulation than was observed with the
same concentration (1 uM) of liquiritigenin.

Figure 8A shows an example of a gene, prostaglandin
synthetase 2 (PTGS2), more highly stimulated by BEs
and E2 in ERa cells than in ERa+ER cells, with no
stimulation seen in cells with ER only. Figure 8
(Panels B-1) shows genes where expression was
stimulated by BEs and E2 to an approximately similar
extent in ERa-only and ERB-only cells, and generally
more by BEs than by E2 in ERa+ER@ cells. Of
interest, the genes in Figure 8B-I are known to be
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Figure 9. Examples of genes down-regulated by E2 or BEs compared between cells containing the three complements of
ER. Cells were treated with control vehicle (0.1% ethanol), 10 nM E2, or 1 yM genistein, S-equol, or liquiritigenin for 24 h prior to
harvest and real-time PCR analysis. mRNA fold change is shown for the specific genes in the three cell types. A-C, immune
response genes, D-F, tumor suppressor genes, G-l, genes associated with invasion. Values are mean + SD for triplicate analyses.

associated with DNA-damage repair, and include
several RAD genes, XRCC2, BRCA1, and EXOL1.

The expression of some genes was also suppressed
by treatment with E2 or BEs (Figure 9). These down-
regulated genes included tumor suppressor and
immune response genes, and genes associated with
invasion. They showed different patterns of
dependence on compound and on cell context. For
example BEs and E2 were similar in suppressing
expression of three immune-response genes (TGFB2,
CCR1, S1PR3), but suppression was greatest in ERa-
only cells (Figure 9A-C). Tumor suppressor genes
were in some cases suppressed by E2 when ERa
was present, but not by BEs (NTRK3); were
suppressed by E2 and BEs in all three cell contexts
(CLCA2); or were suppressed by E2 in all three
contexts, but differentially by different BEs when ER[3
was present (PCDH10) (Figure 9D-F). All BEs but not
E2 suppressed three genes (S100A8, S100A9,
NRP2) associated with invasion in ERa cells, but E2

and BEs did not suppress these genes when ERf
was present (Figure 9G-I).

Discussion

These studies indicate that BEs exhibit patterns of
gene regulation that are both similar and distinct from
each other and from that of the endogenous estrogen,
E2. Moreover, they provide novel datasets and
analyses comparing the genome-wide patterns of
gene expression for three BEs and E2 in MCF-7 cells
containing three different complements of the ERs.
Furthermore, they expand upon earlier reports on the
effects of E2 on gene expression in MCF-7 cells [13,
18-20], and the impact of the two ERs on gene
expression programs regulated by E2 [14]. The RNA-
seq datasets we have now obtained also provide
more complete information than have been obtained
previously, even for E2, by Affymetrix microarray
analyses.
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We observed that among the BESs, the expression
patterns of the soy BESs, genistein and S-equol,
clustered together quite closely and were distinctly
different from that of liquiritigenin. Liquiritigenin
profiled as the most different in gene regulation from
E2, as was evident both by PCA and by direct
comparisons of up- and down-regulated genes. The
complement of ERs present in cells also had a major
effect on the pattern of genes regulated by each
compound.

Although the BEs and E2 regulated genes and
signaling pathways controlling proliferation, and
antioxidant and anti-inflammatory activities, the BEs
were notably less stimulatory of genes promoting
proliferation and motility than was E2 and were more
pro-apoptotic in their gene regulations. Our findings
would be supportive of observations that BEs are
generally ERB preferential in their ER binding and
actions, and that ER[3 exerts a suppressive effect on
proliferation mediated through ERa, the
proproliferative receptor, when both ERs are co-
present in cells [15, 18, 21]. Hence, the distinctive
patterns of gene regulation by the individual BEs and
E2 may underlie differences in the activities of these
soy and licorice-derived BEs in estrogen target cells
containing different levels of the two ERs.

There is much evidence for differences in the
expression of ERa and ER in different tissues and
cells, with ER high in ovary, lung, and some breast
cancers, and ERa being the predominant ER in liver
and uterus [8, 9]. In human breast cancers, ERa is
usually the more abundant ER, although over 70% of
breast cancers express both ERa and ER. Of
interest, as tumors progress, levels of the tumor-
suppressive ERB decline, so that ERa becomes even
more dominant [22-24]. Consistent with differences in
the biologies of ERa and ER, we have reported that
the ERs show different genome-wide patterns of
chromatin binding sites with E2 [14, 25] and that
liquiritigenin induced preferential binding of ER at
gene regulatory sites [1]. Studies by others have also
shown differences in gene regulation by liquiritigenin
and E2 in U20S bone-derived osteosarcoma cells
[26, 27].

Clustering of gene expression patterns for the 4
estrogens studied and Cytoscape analysis [17] of
patterns of gene pathway connectedness revealed
the soy-derived BEs to be more similar to each other
and to E2 compared to liquiritigenin. Thus, the
distinctive patterns of gene regulation by the
individual BEs and E2 may contribute to the
differences observed in the activities of these soy and
licorice-derived BEs in estrogen target tissues that
contain different levels of ERa and ER [27-30].

Conclusions

Elucidation of the gene regulatory networks that
underlie and control the actions of BEs in estrogen-

target cells containing ERa and ER, either
separately or together, provide a framework for
understanding likely clinical outcomes of BE
consumption in the diet and as dietary supplements.
These genomic analyses also enable a comparison of
similarities and differences in gene regulation among
different BEs and the endogenous hormone, E2.

Methods

Botanical estrogens, cell culture, and
construction of MCF-7 breast cancer cells
containing ERa, ERa and ERf, or ERB only

MCF-7 cells (ATCC) were cultured in DMEM
(GibcolLife Technologies, Grand Island, NY, USA),
supplemented with 5% calf serum (HyClone, Logan,
UT, USA), and 100 pg/ml penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA). For experiments, the
cells were seeded in phenol red-free DMEM
(Gibco/Life Technologies) plus 5% charcoal-dextran-
treated calf serum for 3 days before siRNA
transfection and adenovirus infection. Recombinant
adenoviruses were constructed and prepared as
described (4). Cells were infected with either control
adenovirus expressing B-galactosidase (Ad) or
adenovirus expressing ERB (AdERB) for 72 h.
Conditions used were those described previously [15,
18, 31] to generate MCF-7 cells expressing levels of
ERp equal to that of the endogenously expressed
ERa. For knockdown of the endogenous ERa in MCF-
7 cells, cells were treated with siRNA as previously
described and resulted in knockdown of ERa mRNA
and protein by greater than 95% [15]. SiERa
sequences (Dharmacon, Lafayette, CO, USA) were
forward,5-UCAUCGCAUUCCUUGCAAAdTIT-3’, and
reverse, 5'- UUUGCAAGGAAUGCGAUGAdTAT-3'
[15]. Estradiol and genistein were from Sigma (St
Louis, MO, USA), and liquiritigenin from Tocris
Bioscience (Bristol, UK). S-equol was prepared as
described [32, 33]. All BEs were checked for identity
and purity by mass spectrometry and NMR. Cells
were then treated with compounds as indicated in the
text and figure legends.

RNA extraction and real-time PCR analysis

After cell treatments, total RNA was isolated, reverse
transcribed, and analyzed by real-time PCR exactly
as described previously [34]. Primer sequences for
the genes studied were obtained from Harvard Primer
Bank (http://pga.mgh.harvard.edu/primerbank/).

lllumina TruSeq RNA library preparation and
sequencing

Total RNA was extracted from 2 separate samples for
each ligand treatment using Trizol reagent and further
cleaned using the RNAeasy kit from QIAGEN. RNA at
a concentration of 100 ng/pL in nucleasefree water
was used for library construction. Libraries were
constructed following the manufacturer’s protocol with
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reagents supplied in lllumina’s TruSeq RNA sample
preparation kit v2. Briefly, the poly-A containing
MRNA was purified from total RNA, RNA was
fragmented, double-stranded cDNA was generated
from fragmented RNA, and adapters were ligated to
the ends. The final construct of each purified library
was evaluated using the BioAnalyzer 2100 automated
electrophoresis system, quantified with the Qubit
fluorometer using the quant-iT HS dsDNA reagent kit
(Invitrogen), and diluted according to lllumina’s
standard sequencing protocol for sequencing on the
HiSeq 2000. The constructed libraries were loaded
onto a standard 7-lane flow cell. Samples were
sequenced using an lllumina HiSeq 2000 platform
utilizing 100 single base reads and multiplexed so that
~20 million reads per sample could be achieved.

Analysis of RNA-Seq data and bioinformatics

The read data from the HiSeq 2000 were processed
and analyzed through a series of steps. First, FASTX-
Toolkit [35] was used to trim RNA-Seq reads to
remove adaptors and filter out reads with low quality
(quality score <20). TopHat [36] and Bowtie [37] were
employed to map RNA-Seq reads to versions hg18
and hg19 of the Homo sapiens reference genomes in
the UCSC genome browser [38], in conjunction with
the RefSeq genome reference annotation [39]. The
threshold of the maximum number of mismatches was
set to 2. MULTICOM-MAP [40-42] was used to
remove reads mapped to multiple locations on a
reference genome from the mapped data in the
BAM/SAM format [43]. Only reads that mapped to a
unigue location on the genome were retained to
calculate the read counts of the genes.

Gene expression values (raw read counts) were
calculated using our in-house tool MULTICOM-MAP
[40-42] and a public tool HTseq [44] according to the
genome mapping output and the RefSeq genome
reference annotation [39]. Differentially expressed
genes were then determined. The control samples
were compared to each of the treatment samples.
Based on read counts calculated by MULTICOM-
MAP, differentially expressed genes were identified
by the R Bioconductor package DESeq [45]. The p-
value cut-off was set at 0.05. MULTICOM-PDCN [46,
47] was then used to predict the functions of
differentially expressed genes in terms of Gene
Ontology (GO) [14].

MULTICOM-PDCN also provided a statistical
summary of predicted functions, such as the number
of differentially expressed genes annotated in each
GO function term. MULTICOM-GNET [48, 49] was
used to construct gene regulatory networks based on
differentially expressed genes, their expression data,
and known transcription factors in the human
genome. All RNA-Seq datasets have been deposited
in Gene Expression Omnibus and can be accessed
under accession number GSE56066.

Principal component, Gene Ontology, and
regulatory pathway analyses

Principal component analysis was conducted as
described [11, 12]. Data is visualized using
GeneSpring software. Gene Ontology analysis was
conducted as described [14], and assessment of the
connectedness of gene profiles was performed using
web-based DAVID software or CLUEGO plugin of
Cytoscape software with data sets from REACTOME
from Biocarta [17, 20].
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