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Chapter 1: General Introduction
1-1 What is estrogen?

Estrogens are steroid hormones with a cholesterol skeleton produced in the ovary. Primarily, es-
trone (E1), 17B-estradiol (E») and estriol (E3) are synthesized from cholesterol via several processes

when luteinizing hormone (LH) acts (Figure 1). Of these three types of estrogen, E> has the highest
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Figure 1 Synthesis pathway of estrogen.
physiological activity, followed by E; and Es, and its physiological activities include the develop-
ment of the reproductive organs, regulation of the menstrual cycle, and bone formation [1]. Among
them, mammary gland development is promoted by estrogen's binding to the estrogen receptor (ER)
of cells, which promotes cell proliferation through intracellular signaling and direct action on the
genome. However, estrogen is problematic in the presence of breast cancer because it is a strong cell
growth factor [2-7]. In addition, bone formation is based on the balance between osteoblasts and
osteoclasts, and estrogen induces anti-apoptosis in osteoblasts and apoptosis in osteoclasts via ER [8].
A deficiency of estrogen can cause osteoporosis, and estrogen is used as a treatment for osteoporosis,

but this also has the same problems as mentioned above.



Therefore, there are a number of compounds that exhibit similar functions, called phytoestrogens,
as alternatives to estrogen. Typical compounds are genistein and daidzein in soy isoflavones [9-12],
which are used as alternatives to estrogen and have anticancer activity against breast cancer [ 13]. On
the other hand, endocrine disruptors such as bisphenol A, a monomer of polycarbonate, are com-
pounds that act at lower concentrations than estrogen and have a strong effect on transcription, and

their biological effects are serious [ 14] (Figure 2).

Genistein Daidzein

HO OH
Bisphenol A

Figure 2 Examples of estrogen-like compounds.

While estrogen is an important hormone for maintaining women's physiological functions, it is
problematic for breast cancer, so it is important to clarify its mechanism. Furthermore, although
there are many compounds in the world that can substitute for estrogen, clarification of the mecha-
nism of action is expected to lead to develop of safe alternative compounds and drug [15].

1-2 Effects of estrogen on cells

There are two types of estrogen action: a genomic pathway, in which estrogen binds to estrogen re-
ceptor o (ERa) and estrogen receptor B (ERB) and directly acts on the genome, and a non-genomic
pathway, in which estrogen binds to G protein-coupled estrogen receptor (GPER) and then regulates
transcription via signal transduction, affecting various cellular functions [5-7,16-18] (Figure 3). ERa

and ERP are nuclear receptors encoded by Estrogen receptor 1 (ESRI) and Estrogen receptor 2
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Figure 3 Intracellular pathway of estrogen.

(ESR2), respectively, and are located in the cytoplasm. The genomic pathway involving these two
receptors is a pathway in which non-water-soluble estrogen is taken into the cell, binds to each re-
ceptor, and forms homodimers and heterodimers of each receptor [ 19, 20], and regulates gene tran-
scription by binding to the genome. On the other hand, GPER is a membrane receptor encoded by
GPERI that is present in the cell membrane. The non-genomic pathway involving GPER is initiated
by the binding of estrogen to GPER, which is then phosphorylated, and the signal is transmitted
through the Mitogen-activated Protein Kinase (MAPK) pathway and Phosphatidylinositol-3 kinase
(PI3K)/Akt pathway, and then affects various cell functions by acting on genes in the genome [20 |

(Figure 3). These receptors have been confirmed to be expressed in various tissues, and while they



play a role in maintaining biological functions, as mentioned earlier, they are a problem in breast
cancer because estrogen can act as a strong cell growth factor. However, the breast cancer cell line
MDA-MB-231 is a triple-negative breast cancer cell line that is immunohistochemically negative for
estrogen receptors (ER) and progesterone receptors (PR), and it also does not overexpress or lack
human epidermal growth factor receptor 2 (HER2). Therefore, triple-negative breast cancer cells are
difficult to treat with hormone therapy or trastuzumab therapy that act through receptors [21]. On the
other hand, MCF-7 cells are breast cancer cells that express ER and PR and do not express HER2, so
they can generally be treated with aromatase inhibitors or anti-estrogen drugs. Therefore, MCF-7
cells are essential for research into the receptor-mediated mechanisms of estrogen action.

It is known that MCF-7 cells respond very quickly to estrogen in the MAPK and PI3K/Akt path-
ways [20, 22, 23]. Therefore, one way to check for estrogen activity is to stimulate MCF-7 cells with
estrogen or phytoestrogen and then assess the phosphorylation activity of the Extracellular sig-
nal-regulated kinase 1/2 (Erk1/2) protein and the Akt protein [15,24]. Estrogen activity can also be
evaluated by cell proliferation activity. When MCF-7 cells are stimulated with estrogen or phytoes-
trogen, they show cell proliferation activity in an estrogen receptor-dependent manner, so by com-
paring this with experiments using estrogen receptor inhibitors, it is possible to evaluate whether cell
proliferation is affected by estrogen or not [ 15,24 ]. Furthermore, it is also possible to evaluate estro-
gen activity by extracting mRNA from MCF-7 cells after stimulation with estrogen or phytoestrogen
and examining specific genes [20,24]. Estrogen exerts various effects on cell functions by directly
and indirectly regulating transcription through its strong binding to membrane receptors and nuclear
receptors in cells. Therefore, there are still many unknown aspects of the intracellular mechanisms
related to estrogen, and clarifying these mechanisms is expected to lead to the development of new

treatments for breast cancer.



1-3 Estrogen-responsive genes (ERGs)

As mentioned in the previous section, estrogen receptors activated by estrogen affect gene expres-
sion as transcription factors that bind to promoter and enhancer regions of genes [25]. In other words,
by comparing genes that change significantly in response to estrogen stimulation with those that do
not, we can find estrogen-responsive genes (ERGs). The existence and function of estrogen receptors
were discovered in the 1960s, which led to the idea of ERGs in the 1970s [26]. Since then, ERGs
such as the TFF1 gene (formerly named pS2) have been studied [27]. Since 2000, when DNA mi-
croarrays were actively used in research, genes could be analyzed on a large scale, statistically sig-
nificant ERGs were profiled and used in screening for estrogenic activity [20,28], and a number of
ERGs were discovered. A large number of ERGs have been discovered and databases have been cre-
ated [29]. The development of next-generation sequencers has enabled large-scale analysis of the
entire genome, which was not possible with microarrays, and additional ERGs that have not been
found so far have been discovered [24,30,31].

ERGs include, for example, TFFI, which encodes a secreted protein mentioned earlier and was the
first ERG identified in MCF-7 cells, where it is associated with breast cancer metastasis [32]. On the
other hand, it has also been reported as a tumor suppressor protein in gastric cancer [33]. As men-
tioned in the previous section, ESRI is ERG encoding ERa [20] and has been studied in the treat-
ment of breast cancer and prostate cancer [34]. Furthermore, PDZK1 and GREBI, which are ERGs,
are also important target genes in breast cancer therapy because their proteins are associated with
cytoskeleton formation and cell proliferation [35-37]. Profiling ERGs, including these genes, is ex-
pected to be applied as a target for genetic testing in mammaprint and blueprint [38], and can also be
used to evaluate the activity of new phytoestrogens [20].Thus, the study of ERGs is important not
only to understand the transcriptional mechanism of estrogenic activity, but also because the use of

such genes may lead to therapy and drug discovery [31].



1-4 Aim of this Research

The aim of this study is to identify novel estrogen-responsive genes and elucidate the mechanisms
of cellular responses to estrogen and phytoestrogens. Specifically, the study seeks to analyze the ef-
fects of intracellular signaling and gene expression mediated through the Estrogen Receptor (ER)
and G Protein-Coupled Estrogen Receptor (GPER) pathways, and to clarify the stability and signifi-
cance of expression variations in newly selected estrogen-responsive genes. Additionally, this study
aims to uncover the mechanisms of action of phytoestrogens as alternatives to estrogen, demonstrate
the utility of estrogen-responsive genes, and facilitate the discovery of novel phytoestrogens. Fur-
thermore, the potential of analyzing mechanisms of action using real-time RT-PCR-based expression
analysis of the newly identified estrogen-responsive genes will be explored. Through the identifica-
tion of highly reliable estrogen-responsive genes, this study is expected to contribute not only to the
discovery of novel compounds but also to genetic approaches for estrogen-related diseases and the

treatment of breast cancer.



Chapter 2: Novel Estrogen-Responsive Genes (ERGs) for the Evaluation of Estrogenic Activity
2-1 Introduction

When describing the effects of stimulating cells with estrogen or phytoestrogen, it is important to
use estrogen-responsive genes (ERGs) that always respond to stimulation and have stable expression
variations. Furthermore, the use of ERGs improves the reliability of the results in studies on estrogen
or phytoestrogen [24, 39]. If the expression of genes is unstable, it is possible that a result could lead
to false-positive or false-negative results. Therefore, it is thought that ERGs with stable expression
variation will allow us to discover compounds with similar effects to estrogen with a high probability.
In addition, if these genes are used as markers, it is expected that they will be useful for improving
the accuracy of MammaPrint as described in the previous chapter.

In this study, we identified new estrogen-responsive genes (ERGs) by useing RNA-seq to examine
all genes from the entire genome and performing statistical analysis. In addition, the reliability of the
ERGs identified was assessed by comparing their correlation and coefficient of variation against a
previous dataset of a reference set of the ERGs obtained from DNA microarray profiling [39]. We
selected 30 novel ERGs based on the coefficient of variation and analyzed their gene functions em-
ploying Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). Further-
more, we classified the 30 ERGs to which of the two estrogen receptors they are related to, utilizing

the results of ChIP-seq data registered with NCBL.

2-2 Materials and methods
2-2-1 Materials

MCF-7 cells (Japanese Collection of Research Bioresources Cell Bank) were used as human
ER-positive breast cancer cells. Normal culture conditions were RPMI 1640 (Gibco, Thermo Fisher

Scientific Inc., Waltham, MA, USA) without phenol red, 10% fetal bovine serum (FBS) (Gibco,



Thermo Fisher Scientific) and incubated in an incubator regulated at 37°C, 5% CO., and passaged
once every 3 days (conditions of temperature and CO; are the same below). Antibodies used for
Western blotting were Total Erk1/2 (T-Erk, #9102), Phospho-Erk1/2 (P-Erk, #9101), Total Akt
(T-Akt, #4691) or Phospho-Akt (P-Akt, #4060) (Cell Signaling Technology, Inc., Ipswich, MA).
2-2-2 Sulforhodamine B (SRB) assay

The SRB assay was performed according to Dong et al. [24,40,41]. MCF-7 cells grown in normal
culture were passaged at 1.5 x 10* cells/well in 24-well plates for the experiments. The medium used
was RPMI 1640 plus 10% (v/v) dextran-coated charcoal-treated FBS (DCC-FBS) (Gibco; Thermo
Fisher Scientific) for 3 days. After incubation, the cells were incubated with 10 nM 17B-estradiol
(E2: Sigma-Aldrich St. Louis, MO, USA), 1 uM ICI 182,780 (ICI: Sigma-Aldrich) or 0.1% dimethyl
sulfoxide (vehicle; Cont) (DMSO: FUJIFILM Wako Pure Chemical Co). After incubation, all me-
dium in each well was removed, and 10% trichloroacetic acid (TCA; Sigma-Aldrich) solution was
added to fix all proteins, and the reaction was carried out in a refrigerator at 4°C for 30 min. After
the reaction, the TCA solution was removed, washed three times with ultrapure water, and air-dried.
After air-drying, the protein in the cells were stained with 0.4% sulforhodamine B (SRB; Sig-
ma-Aldrich) solution dissolved in 1% acetic acid for 20 min at room temperature, and after staining,
all SRB solution was removed. After washing three times with 1% acetic acid, the fixed proteins
were dissolved in 10 mM unbuffered Tris-base (pH = 10.5) by shaking for 10 min at room tempera-
ture, and finally, the solution was transferred to a 96-well plate, The absorbance was measured at
490 nm employing a Modular-Designed Multimode Reader SH-9000 (Corona Electric Co., Ltd.,
Japan). The absorbance obtained was calculated by dividing the absorbance of each well stimulated
with the compound by the absorbance of Cont to calculate the ratio of cell proliferation. Experiments
were performed three times independently, mean and standard deviation were calculated, and #-test

was used for statistics.



2-2-3 Western blotting

Western blotting was also performed according to the method of Dong et al. [24,40,41]. Normally
cultured MCF-7 cells were plated in 6-well plates at 1 x 103 cells/well for experiments. 6-well plates
of cells were cultured for 2 days using RPMI 1640 containing 10% DCC-FBS, then replaced with
serum-free RPMI 1640 for another day. The cells were then replaced with serum-free RPMI 1640
and cultured for another 1 day. After culture, MCF-7 cells were stimulated with 1 uM ICI, 10 nM E>
or 0.1% DMSO (vehicle) for 0 (control), 5, 15, 30 and 60 min (37°C, 5% CO>). 1 uM ICI was pre-
treated for 1 hour before stimulation with each compound if inhibition experiments were performed.
After stimulation, cells were lysed by 1x sample buffer to make lysate solution. Each lysate solution,
divided by stimulation time, was sonicated for 30 sec and then heat treated at 95°C for 5 min to
make samples for Western blotting. Each sample was subjected to SDS-PAGE using e-PAGEL
(ATTO Corp., Tokyo, Japan) at a constant current of 20 mA per gel for 1 hour. Next, semi-dry trans-
fer cells (Bio-Rad Laboratories, Inc., Benicia, CA) were used to blot gels to nitrocellulose mem-
branes (Millipore, Billerica, MA) at a constant current of 130 mA per membrane for 1 hour. After
blotting, the membranes were cut at the necessary locations, treated with blocking solution for 30
min, and subjected to antigen-antibody reaction using Total Erk1/2 (1000 x dilution), Phos-
pho-Erk1/2 (1000 x dilution), Total Akt (1000 x dilution), or Phospho-Akt (500 x dilution). Anti-
gen-antibody reactions were performed using Phospho-Erk1/2 (1000 % dilution), Total Akt (1000 x
dilution) or Phospho-Akt (500 x dilution) (overnight, 4°C). After the reaction, the membrane was
washed 3 times with PBS-T for 5 min, and then reacted with HRP-labeled secondary antibody (An-
ti-rabbit IgG; Cell Signaling Technology) for 2 hours. After the reaction, the membrane was washed
with PBS-T and PBS in sequence, and then immersed in luminescent solution for luminescence de-
tection using WSE-6100 LuminoGraph I (ATTO). After detecting the signal and obtaining the lumi-

nance value, the luminance at each time point was calculated as the ratio of Phospho protein to Total



protein (e.g., luminance of Phospho protein at 60 min / luminance of Total protein at 60 min). The
obtained values were used to calculate the phosphorylation ratio relative to the control by dividing
each time point by the control (0 min). Experiments were performed independently three times, and
the mean and standard deviation of the phosphorylation ratios were calculated. Statistical analysis
was performed using the #-test.
2-2-4 RNA-seq analysis

MCF-7 cells were grown in normal culture and then plated at 1 x 10°cells per 10 cm dish. The me-
dium was RPMI 1640 containing 10% DCC-FBS, and the cells were first cultured for 3 days. After
incubation, 10 nM E,, 1 pM ICI or 0.1% DMSO (vehicle; Control) were replaced with RPMI1640
(serum-free), respectively, and incubated for another 2 days. After incubation, total RNA was ex-
tracted using RNeasy Mini-kit (QIAGEN) [24]. The experiment was repeated six times, each time
RNA samples (n = 6) were prepared. The RNA samples were contracted to GeneBay Inc. (Yoko-
hama, Japan) for further preparation for RNA-seq and calculation of FPKM values. First, total RNA
was prepared a library for sequencing with Truseq Stranded mRNA Library Prep (Illumina, Inc.) and
the MGIEasy Universal Library Conversion Kit (MGI Tech, Shenzhen, China). Next, reads were
sequenced with the next-generation sequencer DNBSEQ-G400 (MGISEQ-2000RS, MGI Tech), and
reads corresponding to each gene were aligned a splitBarcode (https://github.com/MGltech- bioin-
formatics/splitBarcode). Reads for all genes in the whole genome were then downsized to 20 M read
pairs with segkit v0.13.0 [42], and adapter sequences in the reads were processed with cutadapt ver.
2.10 [43] and then mapped by HISAT v2.2.1 [44]. Finally, FPKM (reads per kilobase of transcript
per million reads mapped) was calculated employing Cuffdiff v2.2.1 [45], and gene expression anal-
ysis using FPKM values was performed with Excel software (Microsoft, Seattle, WA, USA) or SPSS
12.0J (SPSS Japan, Tokyo, Japan) [24,39], and #-test was performed for statistics. The analysis was

first performed with 203 ERGs obtained by DNA microarray [28], and comparisons were made be-

10



tween each sample (n = 6). FPKM data calculated E»/vehicle and then converted to log, to calculate
the expression profiles (the name are E>-1 to E>-6). The absolute value (Avg.) and standard deviation
(SD) of the mean of six times of the expression variability ratio were then calculated, and the coeffi-
cient of variation (CV) was obtained by calculating SD/Avg. The expression profiles were used for
the correlation analysis of E»-2 to E»-6 against E>-1, and the CVs were further sorted in ascending
order to examine their relationship to the correlation values of the expression profiles [39]. The mean
expression profiles (n = 6) of E, was then sorted in descending and ascending order to select the top
150 genes each for a total of 300 genes. Furthermore, for the 300 genes, the top 30 genes (Table 1)
with stable expression profiles were selected in ascending order of CV value [39]. The RNA-seq
data were uploaded to the Gene Expression Omnibus database at NCBI, and the accession number
was GSE205784.
2-2-5 Real-time RT-PCR

The 30 genes selected in the previous section were again evaluated with real-time RT-PCR. The
same procedure as in the previous section was performed until RNA sample extraction, and a sample
of RNA different from the total RNA of RNA-seq was prepared and used [24]. Reaction mix was
prepared by iTaq Universal SYBR Green One-Step Kit (Bio-Rad) and evaluated with the CFX Con-
nect Real-Time PCR Detection System (Bio-Rad). The first step [28] was performed by reverse
transcription reaction at 42°C for 10 min to produce cDNA, followed by inactivation of the enzyme
at 95°C for 1 min. Next, the real-time PCR reaction was performed at 94°C for 10 sec, 57°C for 30
sec, and 72°C for 20 sec for 46 cycles. In addition, DNA dissociation reactions were performed at
65°C to 95°C to generate melting curves after the PCR reactions. Real-time RT-PCR was performed
three times independently, the mean and standard deviation were calculated by CFX Maestro Soft-
ware (Bio-Rad), and statistics were performed by #-test. The 30 genes were primer set with the se-

quences shown in Table 1, including EGR3 [39], LOXL?2 [46] and SYNE1 [47], primers were pre-
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pared based on the paper.

Table 1 Primer sets for 30 estrogen-responsive genes.

Forward primer (F)

No. Gene name Reverse primer (R) Sequence
1 EGR3 F CCATGATTCCTGACTACAACCTC
R GTGGATCTGCTTGTCTTTGAATG
2 ACOX2 F AACCAGACCACTGTCATACACCT
R GAGAAAGTCACCCGAGTTAGTCA
3 GATA4 F CTCAGAAGGCAGAGAGTGTGTCAAC
R CAGGCATTGCACACAGGCTCGCC
4 SUSD3 F CATTGTGAGCTGTGCCATCATC
R GTCTCCAAGTCCTCATCTTTCAG
5 IL20 F AAGACACAAAGCCTGCGAATCG
R GCGAGGCTGCTGATCTTCCG
6 ZNF521 F CCACCTGATAGAGCACAGCTT
R GGGCAGAGAAAATATGCTGCT
7 PDLIM3 F CTCTCAGGGGGCATAGACTTC
R TTGAGACACAGCTGGTGAGC
8 IGSF1 F ACGTTCTGAATGAAGCTATCAGG
R CTATCAATACCCCATTGCACAGT
9 RAPGEFL1 F ACCAGGACCTGCTGTCTTTCTAC
R ATCACTTCTCGGTAGCTTTTGTG
10 LOXL2 F ACATGTACCGCCATGACATCGACT
R TGAAGGAACCACCTATGTGGCAGT
11 CTSD F GACACAGGCACTTCCCTCAT
R CTCTGGGGACAGCTTGTAGC
12 TMPRSS3 F TGAAGAGAACTTCCCCGATG
R GAGATGATGCCACCGTACAC
13 FDFT1 F TCAATCAGACCAGTCGCAGT
R GTTGTGTAACAGCGGGACCT
14 PKIB F ATCCCGGTGGACTGTAGAGG
R GCACAGGGTTTTCTGCTTCT

12
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INSYN1

CGGATTCGACAGCGCATGAAG

CTTGTCACTGCTAGAGGTGCTGC

F
R
16 DOK7 F AGCTTCCTGTTCGACTGCAT
R CTCCAGCTGTAGGGTTTCCA
17 SPOCD1 F ACCCCTTCTACCCTCCAAGAAG
R CGAGTCCATAGTACCTCCTGCAT
18 B4GALT1 F GGAGCACCTCAAGTACTGGCTA
R GAGGTCCACGTCACTAAACACA
19 BARX2 F GGAGACCTGCGATTACTTTGAG
R GACCAGGTGGGAGATGACAG
20 LINCO02593 F AAGCTCACGATCTGGGAGAA
R CAGCCATGAGGCTCTGTCAC
21 SYNE1 F CTAGATGAGCTCCGACGGTAC
R CCCAGCAGTTTCATGTAGCCT
22 RAB26. F ATTCAAGGATGGTGCTTTCCTG
R GGTAGTAGGCATGGGTAACACTG
23 RAPI1GAP F GAGTTCCCTAATGTTGTCCAGATG
R CTTCTGATAAATGACGCCAAACTT
24 CRISP3 F CATTATTCCCAGTGCTGTTGTTCC
R CATTTGCTGCAGCCTCTTTGTTC
25 MATN2 F CATCTCTAGGGGCAGACACG
R GAAGGTCTTGAGGGAGAACTCA
26 CYP1Al F CAGCTGTCAGATGAGAAGATCATTA
R AATCACTGTGTCTAGCTCCTCTTG
27  CCDC68 F GAGTCTACGTCCGCTCACATTA
R AGAGCCCTGTTGAAGGTTTCC
28  SRGAP3 F AGTATGTGAATGGCAGTAACCTCA
R CTTCCATACTGCCGTTAAAGAGTT
29 CSTA F TGATAAGGTTAAACCACAGCTTGA
R AAGTACCAAGTCCTCATTTTGTCC
30 FRY F GAATACAGACCAAGAACAAGC
R

CTGTCTATTACAGGATGAAGTGG

13



2-2-6 Data analysis for gene expression

The FPKM values of all genes obtained by RNA-seq were converted to expression profiles (logy),
p-values were calculated, and the data were organized according to whether the expression variation
showed a statistically significant increase or decrease (p < 0.05) [24]. Two Volcano plots were cre-
ated, using the expression variation value for the X-axis and the p-value and the coefficient of varia-
tion converted to -logio for the Y-axis, respectively. Pathway analysis was performed with WebGe-
stalt software (WEB-based Gene SeT AnaLysis Toolkit) (http://www.webgestalt.org/[49]) using sta-
tistically significant (p < 0.05) gene sets and Gene Ontology (GO) (www.geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.genome.jp/keg/) were determined. O
value was calculated by the Benjamini-Hochberg method, and the determined GOs and KEGGs were

utilized to create a bubble chart using the top 10 entries that resulted in an FDR < 0.05.

2-3 Evaluation of cell proliferative activity by 17p-estradiol (E)

For estrogen-responsive gene (ERG) profiling, MCF-7 cells were initially evaluated for cell prolifer-
ative activity by E», ICI, and E, + ICI employing the SRB assay [15]. E> showed approximately
2-fold proliferation compared to Cont, and its growth was inhibited when ICI was added (Figure 4).
Equal proliferation was observed when cells were stimulated with ICI and E,+ICI, suggesting that

MCEF-7 cells proliferated by ER-mediated E» signal.

14
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*ICI: ICI 182,780 (estrogen receptor inhibitor)

Figure 4 Evaluation of cell proliferation activity.

2-4 Evaluation of intracellular signaling proteins

The phosphorylation of intracellular signaling proteins Erk1/2 and Akt was confirmed by Western
blotting to evaluate the phosphorylation activity in cells by E» signal [15]. The reaction times were
setat 0, 5, 15, 30, and 60 min. The phosphorylation activity of Erk1/2 and Akt was highest at 5 and
15 min, respectively. Furthermore, inhibition experiments with ICI suppressed the phosphorylation
of the two signaling proteins. Therefore, the data suggests that the phosphorylation of the two sig-

naling proteins was promoted by E; signaling via ER (Figure 5).

15
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Figure 5 Evaluation of phosphorylation activity of E-z.

2-5 Identification and analysis of novel ERGs

The two analysis methods described so far indicated that the MCF-7 cells used promote cell prolif-

eration and phosphorylation of signaling proteins by E,. Therefore, we next performed gene expres-

sion analysis with RNA-seq. The expression profiles (logy) was calculated from the FPKM values of

all genes in the genome obtained by RNA-seq, and correlation analysis was performed on 120 ERGs

[15, 20, 28] selected by DNA microarray (Figure 6). The experiments were conducted 6 times inde-

pendently, and the analysis compared E»-2 to 6 against E>-1 and also E> + ICI. The results showed a

high correlation value of 0.83 to 0.95 for E»-2 to 6,
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Figure 6 Correlation analysis of estrogen-responsive genes (1).

while there was no correlation between E; and E; + ICI, suggesting that ERG expression was regu-
lated by the E; signal. Thus, it appears that RNA-seq can be used for profiling ERGs. Furthermore,
to perform a quality check of ERGs obtained by RNA-seq, the mean (Avg.) and standard deviation
(SD) of the expression profiles (log) for the six times described above were calculated, and the co-
efficient of variation (CV) was calculated as SD/Avg. [39]. Based on the obtained CVs, the 203
ERGs [20, 28] were sorted in ascending order, and the CVs for 174, 150, 120, 90, 60, and 30 genes
were averaged, respectively. Then, based on each averaged CV, the correlation values of E>-2 to 6
against Eo-1 were analyzed again for each number of genes (Figure 7). The results showed that, sim-
ilar to the previous study [39], the correlation value increases with decreasing the number of genes in
RNA-seq, and furthermore, the CV value of the selected genes becomes lower. In other words, if

genes with a large change in expression profiles and low CV values are selected, it is possible to se-
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lect estrogen-responsive genes that are stably expressed in RNA-seq. Furthermore, in the case of 30
genes, the correlation was found to be 0.97 to 0.99 in the present study, whereas it was 0.93 to 0.97
in the previous study [39]. Therefore, the data were statistically more reliable for RNA-seq than for
DNA microarray.
2-6 Evaluation of 30 novel estrogen-responsive genes

To select genes with high gene expression variation and low CV values (stability) when MCF-7
cells are stimulated by estrogen, we analyzed the genes of the whole genome again using data ob-
tained by RNA-seq method (n = 6). First, the expression variability ratios of the genes in the whole

genome were ascended, and a total of 300 genes (150 with high expression variability ratios and 150
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Figure 7 Correlation analysis of estrogen-responsive genes (2).
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with low expression variability ratios) were selected, and then the CV values were further ascended.
Then, we were able to select the 30 estrogen-responsive genes with the highest expression variability
and the most stable among them [24]. This gene set is characterized by 19 genes having an increas-
ing gene expression profiles and 11 genes having a decreasing ratio (Figure 8 bottom). Primers for
this gene set were generated (Table 1), and its expression variation pattern was further examined
using real-time RT-PCR method. Statistical (n = 3) analysis of gene expression variation showed that
all genes exhibited a pattern of gene expression variation similar to the graph of the RNA-seq data
(Figure 8 upper). Thus, the 30 selected estrogens maintained their gene expression characteristics
and remained stable when another experimental method was used. Therefore, it is suggested that
when MCF-7 cells are stimulated with estrogens and phytoestrogens, this gene set can be used to

study their activity without using expensive experimental methods such as RNA-seq methods.

RNA-seq (n =6)

Figure 8 Gene expression analysis by real-time RT-PCR and RNA-seq.
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2-7 Functional analysis of novel estrogen-responsive genes
To further analyze the entire gene set obtained by RNA-seq, we classified the genes based on p <

0.05 and created a Volcano plot (Figure 9) [49]. The results showed that the 30 genes selected had
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Up, Down: p < 0.05, NS: p > 0.05,.
Black circle: 30 genes selected from genes in the entire genome

CV: Coefficient of Variation
Figure 9 Volcano plots of all genes based on RNA-seq data.

high expression variability among all the analyzed genes and were also very low with respect to CV,

a measure of stability. Furthermore, for functional analysis of the genes, out of the 13704 genes with
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confirmed expression variation, we selected 3030 up-regulated and 2690 down-regulated genes

based on p < 0.05 and performed enrichment analysis for GO and KEGG using WebGestalt [49]
(Figure 10 and Figure 11) [24]. The analysis results were then ordered in ascending order of FDR <
0.05, and their functions were classified. First, GO found that the group of genes with increased ex-
pression contained more genes related to RNA synthesis and function and cell division. Then, the
genes with decreased expression were found to contain many genes mainly related to chemical reac-
tions that occur within the cell (Figure 10). Furthermore, KEGG was concentrated in pathways re-
lated to the cell cycle, protein synthesis and degradation, or RNA synthesis in the up-regulated genes,
while pathways related to various cancers and those related to PI3K and ERBB were clustered in the
down-regulated genes (Figure 11). The results of this analysis suggest that statistically significant

ERGs clusters are concentrated in transcription, translation, and cell proliferation that occur within

the cell.
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Figure 10 GO of estrogen-responsive genes.
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Figure 11 KEGG of estrogen-responsive genes.

2-8 Characteristics of 30 novel estrogen-responsive genes and classification of ERs

Through this research, we were able to select 30 ERGs that are expressed most stably. The charac-
teristics of the 30 genes were then investigated from the literature [24].

EGR3 is a transcription regulator in a gene already recognized as an estrogen response gene [51].

It belongs to the EGR family of zinc finger proteins and plays important roles in various biological
processes such as muscle development [52], the immune system [53], and endothelial cell growth
and migration [54] ACOX2 is an enzyme belonging to the acyl-CoA oxidase family [55]. ACOX2
plays a role in B-oxidation in peroxisomes as a branched-chain acyl-CoA oxidase [56]. GATA4 is a
transcription factor and the protein binds to the GATA motif present in many promoter regions.
GATAA4 is thought to regulate genes involved in embryogenesis and cardiac myocyte differentiation
and function, and is also essential for normal testicular development [57]. It is also associated with
bone differentiation through the ERa and TGFp pathways [58,59]. SUSD3 encodes a protein with a
Sushi domain on the cell surface and is an ERG whose expression is induced by E>. SUSD3 is in-
volved in breast cancer growth and development through the estrogen receptor pathway [60]. IL20

encodes a pro-inflammatory cytokine implicated in the development of inflammatory diseases [61].
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This gene has been identified as an ERG [62], and in breast cancer cells, ERa, GATA3, FOXAT1, and
ElI3 form a complex that increases IL20 expression [63]. ZNF521 is a transcription factor that en-
codes zinc finger protein 521 [64]. In ER-positive breast cancer cells, ZNF521 forms a heterodimer
with ZNF423, an ERG, to regulate transcription, and further affects the promoter of BRCAI, thereby
activating its expression [65]. PDLIM3 is highly expressed in skeletal and cardiac muscles, playing a
crucial role in the growth and remodeling processes of muscle cells [66]. IGSF'1 encodes a glyco-
protein belonging to the immunoglobulin superfamily of cell membrane proteins. Males with IGSF1
deficiency exhibit testicular hypertrophy and delayed development of secondary sexual characteris-
tics [67]. RAPGEFLI encodes a guanine nucleotide exchange factor (GEF) protein that activates
GTP-binding proteins. In breast cancer cells, RAPGEFL1 functions as an estrogen-regulated gene
[68]. LOXL2 encodes lysyl oxidase or protein-lysine 6-oxidase, which catalyzes the cross-linking of
collagen and elastin in the extracellular matrix. Furthermore, LOXL2 has been implicated in breast
cancer metastasis and invasion [69,70]. CTSD encodes cathepsin D, a protease involved in protein
degradation and activation of protein precursors. This gene is an ERG, with its expression regulated
by E> and ERa and ERP [71, 72]. TMPRSS3 encodes a transmembrane serine protease and is associ-
ated with tumor progression, metastasis, and poor prognosis in breast cancer patients [73]. Further-
more, it has been shown that E; stimulation of MCF-7 cells enhances the transcription of TFF1
through interaction with TMPRSS3 [74]. FDFTI is a critical enzyme involved in the initial step of
cholesterol biosynthesis in the liver. It is implicated in cancer through both oncogenes and tumor
suppressor genes, and is considered a potential diagnostic marker and therapeutic target in various
cancers [75]. PKIB encodes the cAMP-dependent protein kinase inhibitor beta. When MCF-7 cells
are stimulated by E», PKIB can directly interact with ERa and AP-1, suggesting its importance in
breast cancer cell proliferation [76]. INSYNI encodes an inhibitory synaptic protein involved in

postsynaptic inhibition [77]. DOK7 belongs to the docking protein (DOK) family and is involved in
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intracellular signaling pathways downstream of receptor tyrosine kinases (R7K). Overexpression of
DOK?7 inhibits breast cancer cell proliferation, invasion, and migration through the
PI3K/PTEN/AKT pathway, while its downregulation is thought to contribute to breast cancer ma-
lignancy [78]. SPOCDI encodes a protein belonging to the TFIIS family of transcription factors and
promotes cell proliferation and inhibits apoptosis by regulating VEGF in osteosarcoma [79].
B4GALTI is an essential enzyme for galactosylation of N-glycans, encoding be-
ta-1,4-galactosyltransferase [80]. Estrogen directly regulates the expression of B4GALTI and has
been reported to affect the proliferation of MCF-7 cells [81].BARX2, a homeodomain transcription
factor, has been identified as a direct regulator of ESR/ in MCF-7 cells. Increased expression of
BARX2 leads to upregulation of matrix metalloproteinase 9 (MMP9), which is associated with can-
cer invasion and metastasis, suggesting a crucial role in breast cancer progression [82]. SYNEI en-
codes nesprin-1, a nuclear membrane protein that links the nucleus to the cytoskeleton. Located near
ESRI on the genome, polymorphisms in SYNEI have been associated with estrogen-related ovarian
cancer |83, 84]. RAB26 encodes a small GTPase of the RAB family. Activation of RAB26 inhibits
adhesion, migration, and invasion of breast cancer cells through the autophagy pathway [85].
RAPI1GAP encodes a GTPase-activating protein (GAP) that downregulates the activity of the
RAS-related RAP1 protein. GPERI regulates RAP1GAP and is involved in the activation of the
PI3K-AKT signaling pathway [86]. CRISP3 encodes a cysteine-rich secreted protein and has been
reported as an androgen-responsive gene regulated by androgens in prostate cancer cells [87, 88].
MATN?2, expressed in the extracellular matrix, encodes a protein composed of two von Willebrand
factor A domains, ten EGF-like domains, and a coiled-coil domain [89]. Its expression is regulated
by IGF-1R, GPER, and DDRI1, and has been shown to affect tumor progression [90]. CYPIAI en-
codes cytochrome P450 1A1 and is involved in the metabolism of estradiol to 2-hydroxyestrone [91].

CCDC68, initially reported as a tumor suppressor gene in colorectal adenocarcinoma [92], encodes a
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secreted protein containing a coiled-coil domain and is associated with tumor migration, invasion,
and metastasis [93]. SRGAP3 encodes Slit-robo GTPase-activating protein 3, a protein involved in
synapse formation through Racl [94] and is considered a tumor suppressor gene in breast cancer
[95]. CSTA encodes cystatin A, a cysteine protease inhibitor belonging to the cystatin superfamily,
and its expression is regulated by estrogen via ERa in breast cancer cells [96]. FRY, a potential tu-
mor suppressor, inhibits nuclear localization of YAP, a transcriptional coactivator involved in pro-
moting cell proliferation [97]. Furthermore, FRY is essential for mammary gland development and
may play a role in suppressing the growth and proliferation of breast cancer cells [98].

Based on these characteristics, we classified the genes according to their functions. EGR3, GATA4,
ZNF521, SPOCDI1, and BARX2 were classified as transcription factors, while ACOX2, RAPGEFLI,
LOXL2, CTSD, TMPRSS3, FDFTI, PKIB, B4GALTI, RAB26, RAP1GAP, CRISP3, CYPIAl,
SRGAP3, and CSTA were classified as genes related to enzymes. SUSD3, IL20, PDLIM3, IGSF1,
LOXL2, CTSD, TMPRSS3, FDFTI, INSYNI, DOK7, B4GALTI, SYNEI, CRISP3, MATN2, CYPIAI,
CCDC68, CSTA, and FRY were classified as genes related to cellular functions and cancer. Addition-
ally, EGR3, SUSD3, IL20, RAPGEFLI, CTSD, TMPRSS3, PKIB, B4GALTI, CYPIAl, and CSTA
were identified as estrogen-responsive genes. Furthermore, referring to previous studies on estrogen
signaling pathways [99], we constructed and analyzed a pathway using ERGs obtained from DNA
microarray analysis [20] and the 30 genes identified in this study (Figure 12) [100-133]. The ERGs
identified in this study were found to affect pathways such as matrix metalloproteinases, and to in-
fluence the PI3K and MAPK pathways through EGFR. Additionally, they were found to affect cell
cycle regulation and apoptosis through ESRI, BRCAI, and TP53. Furthermore, it was found that all
30 genes directly affected cancer cell invasion. Therefore, pathway analysis suggested that the ERGs

identified in this study are related to cell proliferation and signal protein phosphorylation.
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Figure 12 Estrogen Signaling Pathway.

Finally, we obtained ChIP-seq data (GSE117569 [51] and GSE149979 [52]) from the NCBI Gene
Expression Omnibus and classified the 30 newly identified estrogen-responsive genes into those as-
sociated with ERa, ERP, or both using Chip atlas [50] and the Integrative Genomics Viewer (IGV)
(Table 2 and Figure 13). However, since the 20th gene, LINC02593, is a long intergenic non-protein
coding RNA, it was excluded from the analysis. Combining the results of the two analyses, 10 genes
were associated with ERa only, 2 genes were associated with ERP only, and 14 genes were associ-
ated with both ERa and ERp. Furthermore, it was found that 3 genes did not belong to either cate-
gory (Figure 13). Regarding the three genes that did not belong to either ERa or ER, we considered
the following. Since ZNF521 is a paralog of ZNF423, which has been reported to respond to estro-
gen, we speculated that ZNF521 is also an ERG. Next, both /GSF and CRISP3 are strongly associ-
ated with prostate cancer and their expression is regulated by androgen. Given that the androgen re-

ceptor and estrogen receptor can interact and affect genes, we hypothesized that when estrogen acti-
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vates the estrogen receptor, it may interact with the androgen receptor, leading to stable expression
changes in these two genes.

The 30 novel estrogen-responsive genes were characterized, pathway analyzed, and classified as
receptors, and once again appear to be reliable genes with stable and highly variable expression upon

estrogen action.
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Table 2 Interaction of 30 estrogen-responsive genes with ER using ChIP-seq data.

ERo’ ERp"
Gene Gene E,- E,+ E,+
bol ) ) Era Average. (Zf Erp Receptor
No. symbo Qvalue’  Qvalue binding® S/Nratio” . ding®  subtype
(n=2)
(n=13) (n=23)

1 EGR3 0 279 + 1.1 + ERo/B
2 ACOX2 0 0 - 1.4 + ERp
3 GATA4 133 2133 + 1.2 + ERo/B
4 SUSD3 449 3026 + 0.7 - ERa
5 1L20 1307 3091 + 1.1 + ERo/B
6 ZNF521 0 0 - 0.9 - -

7 PDLIM3 0 72 + 1.1 + ERo/p
8 IGSF1 0 0 - 1 - -

9 RAPGEFL1 764 4529 + 0 - ERa
10 LOXL2 0 0 - 8.2 + ERp
11 CTSD 234 1683 + 4.4 + ERo/p
12 TMPRSS3 263 2761 + 3.2 + ERo/f
13 FDFT1 1121 3753 + 1.2 + ERo/B
14 PKIB 304 1887 + 0.8 - ERa
15 INSYN1 200 3575 + 1 - ERa
16 DOK?7 676 2677 + 32.7 + ERw/f
17 SPOCD1 0 31 + 1 - ERa
18 B4AGALT1 145 1105 + 18.9 + ERo/B
19 BARX2 89 465 + 1 - ERa
21 SYNE1 0 395 + 1 - ERa
22 RAB26 118 991 + 4.8 + ERo/B
23 RAP1GAP 45 133 + 2.1 + ERo/B
24 CRISP3 0 0 - 0.8 - -
25 MATN2 0 200 + 2.5 + ERo/B
26 CYP1Al 1203 2489 + 12.3 + ERo/B
27 CCDC68 0 1490 + 1.2 + ERow/f
28 SRGAP3 125 1290 + 0.9 - ERa
29 CSTA 124 840 + 1 - ERa
30 FRY 0 117 + 0.7 - ERa

3 Data from NCBI's Gene Expression Omnibus accession numbers GSE117569 [51] and GSE149979 [52] were
used.

b values were analyzed within + 10 kb of the Transcription Start Site (TSS) of each gene using the ChIP-Atlas
database (https://chip-atlas.org/) [S0].

¢ERa binding was set to "+" when the value of Ex+ is greater than Ea-.

4The Integrative genomics viewer (IGV) was used to display the ChIP-seq results and each gene was analyzed by
the presence or absence of a peak within = 10 kb from the TSS. The S/N ratio was then calculated from Ex+ (ERP
ChIP-seq rep 1 or 2) (S)/ E2+ input (N).

¢ ERP binding was determined to be+ if the S/N ratio is greater than 1.1.
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Figure 13 Association of estrogen-responsive genes with ER.

2-9 Conclusion

In this study, we were identified novel estrogen-responsive genes. Among the newly identified
ERGs, we selected 30 genes for further analysis using real-time PCR, functional analysis, and analy-
sis of their association with each ER. Based on the results of these analyses, we concluded that these

30 genes are highly reliable ERGs and can be expected to be useful for various estrogen activity as-

sessments.
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Chapter 3: Estrogenic Activity of Fermented Soymilk Extracts and Soy Compounds
3-1 Introduction

Soybeans have been cultivated in Japan for a long time and are widely used in cooking and food
products. Soymilk, obtained as a byproduct of tofu production, has been consumed by many people
as a health drink. Soybeans and soymilk contain isoflavones, such as genistein and daidzein (agly-
cones) and their glycosides, genistin and daidzin (glycones), respectively (Figure 14), which exhibit
estrogen-like effects. Soy isoflavones have been reported to have preventive effects on osteoporosis,
alleviate menopausal symptoms, reduce the risk of prostate cancer, and prevent atherosclerosis
[134-139].

In this study, we produced soymilk using Fukuyutaka (yellow soybean) [ 140] and Kurodamaru
(black soybean) [141], and then fermented the soymilk with lactic acid bacteria (in collaboration
with Sansho Pharmaceutical Co., Ltd.) [142]. Soymilk fermentation is generally applied to food
processing, including improving the odor, and it also increases the conversion of glycones to agly-
cones [ 143-145], thereby enhancing antioxidant, anti-inflammatory [ 146], and cholesterol-lowering
effects [ 147]. Therefore, in this study, we evaluated the estrogenic activity of extracts of soymilk
fermented by lactic acid bacteria and four soy compounds (genistin, genistein, daidzein, and daidze-
in) to investigate the mechanism of estrogenic activity on MCF-7 cells [ 142]. Specifically, estrogenic
activity was first evaluated by assessing cell proliferation activity, phosphorylation activity of signal
proteins, and gene expression analysis with RNA-seq and real-time RT-PCR. Furthermore, the data
obtained by RNA-seq was used for gene function analysis to examine the mechanism. Although
there are many reports on assays using fermented soymilk, there are few reports on estrogenic activ-
ity evaluation and gene function analysis as in this experiment. Therefore, we also aimed to obtain
new knowledge by novel using new estrogen-responsive genes (ERGs) selected in the previous

chapter.
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3-2 Materials and methods
3-2-1 Materials

The MCF-7 cells were used as in Chapter 2, and the culture conditions were the same as in 2-2-1
[24,124]. The same antibodies also used for Western blotting. Genistin, genistein, daidzin and dai-
dzein were purchased from Fujifilm Wako Pure Chemical.
3-2-2 Fermentation method for soymilk

Soymilk extract were performed by Sansho Pharmaceutical Co., Ltd. Soymilk was made from Fu-
kuyutaka (yellow soybean) [139] and Kurodamaru (black soybean) [140], and fermentation was
performed with Lactobacillus delbrueckii NBRC3534 (Biological Resource Center, National Insti-
tute of Technology and Evaluation, Chiba, Japan) [142]. First, Soymilk was soaked in 4 times the
volume of water relative to soybeans and boiled at 110° C for 3 min, followed by centrifugation
(CR22G, Hitachi) at 2500 rpm (5°C) for 60 min to collect the supernatant. Then, after filtration

through a 1 um filter (Zeta plus, 3M), the liquid was prepared by passing it through a 0.45 um filter
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(MilliporeSigma) under pressure with nitrogen gas. The soymilk was then sterilized at 130°C (2 atm)
for 10 min. Fermentation was inoculated with 2% L. delbrueckii relative to the volume of soymilk to
be fermented and fermented at 40°C for 24 h while mixing. Fermentation was then confirmed by
measuring pH = 4.5. The fermented liquid was passed through a membrane filter, and the resulting
Fermented soymilk extract was freeze-dried (Neocool Freeze-Dryer, Yamato Scientific) for 24 hours
before being stored at -20°C (Figure 15). The unfermented soymilk extract was adjusted to pH 4.5

with lactic acid and then freeze-dried (Figure 15).

[Soy milk (black or yellow soybeans)]

[ Unfermented ]

[ Fermented

Inoculation of
L actobacillus delbrueckii

—

Centrifugation (supernatant)

A 4

Filtration

\ 4

Freeze drying

A 4

[ Extracts ]

Figure 15 Scheme of soymilk extract preparation.

32



3-2-3 Sulforhodamine B (SRB) assay

The main experiment was performed as described in 2-2-2 [24,40,41,142]. MCF-7 cells were
seeded at a density of 1.5 x 10*cells/well in 24-well plates and cultured in RPMI 1640 supplemented
with 10% (v/v) DCC-FBS for 3 days. Subsequently, the cells were incubated with 10 nM E,, 1 uM
ICI, soymilk extracts (1, 10, or 100 pg/ml; yellow and black soybeans), soy compounds (genistin,
genistein, daidzin or daidzein; 10 nM, 100 nM, 1 uM, 10 uM, or 100 uM), or 0.1% DMSO (vehicle;
Cont) in serum-free RPMI 1640 for an additional 3 days on further. After the culture period, the cells
were fixed, stained for protein, and subjected to protein melting and absorbance measurement, fol-
lowing the protocol outlined in section 2-2-2. Furthermore, data were analyzed using the same statis-
tical methods described previously.
3-2-4 Western blotting

The main experimental procedures for cell stimulation, sample preparation, and Western blotting
were conducted as described in 2-2-3 [24, 40, 41, 142]. After culturing MCF-7 cells in RPMI 1640
containing 10% (v/v) DCC-FBS, the medium was replaced with serum-free RPMI 1640 one day
before stimulation. For inhibition experiments using 1 uM ICI, cells were pretreated for 1 hour. For
cell stimulation, cells were treated with 10 nM E,, 1 uM ICI, soymilk extracts (1, 10, or 100 pg/ml;
yellow and black soybeans), or soy compounds (genistin, genistein, daidzin, and daidzein) at 10 uM
or vehicle (0.1% DMSO) for 5, 15, 30, or 60 min at 37°C with 5% CO,. After stimulation, cell ly-
sates were collected, and SDS-PAGE, Western blotting, antigen-antibody reactions, chemilumines-
cence detection, and subsequent statistical analysis were performed according to the procedures de-
scribed in 2-2-3.
3-2-5 RNA-seq analysis

MCF-7 cells were prepared as described in 2-2-4 [24, 40, 41, 142]. After culturing MCF-7 cells in

RPMI 1640 containing 10% (v/v) DCC-FBS, the medium was replaced with serum-free RPMI 1640
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containing 10 nM E,, 10 pg/ml soymilk extract (yellow or black soybean), 10 uM soy compound
(genistin, genistein, daidzin, and daidzein) or 0.1% DMSO (vehicle; control) and cultured for an ad-
ditional 3 days. Total RNA was extracted with the RNeasy Mini-kit (QIAGEN). RNA-seq analysis
was performed by GeneBay Inc. (Yokohama, Japan). Sequencing, genomic mapping, FPKM value
calculation, and gene expression fold change were performed as described in 2-2-4. RNA-seq was
performed three times with E; and twice with soymilk extracts and soy compounds. For the 30 ERGs
described in Chapter 2 [24 |, FPKM/vehicle values and log, were calculated with the RNA-seq data
of E, soymilk extract, and soy compounds. The average (Avg.) and standard deviation (SD) were
calculated and were utilized for graph and correlation analysis of the expression fold change of the
30 genes for Ez, soymilk extracts and soy compounds. For correlation analysis, R values and
p-values were calculated with SPSS 12.0 J (SPSS Japan), and statistical analysis was performed with
the #-test. The RNA-seq data was uploaded to the NCBI Gene Expression Omnibus database, and the
accession number is GSE226627.
3-2-6 Real-time RT-PCR

MCEF-7 cells were prepared as described in 2-2-5 [24, 40, 41, 142]. MCF-7 cells were stimulated
with 10 nM E,, 10 pg/ml soymilk extracts (yellow or black soybean), 10 uM soy compound (genis-
tin, genistein, daidzin, and daidzein), or 0.1% DMSO (vehicle; control). The conditions for real-time
RT-PCR and the primers were used the same as those described in 2-2-5. The experiment was per-
formed independently three times, and statistical analysis was performed using the #-test.
3-2-7 Data analysis for gene expression

Using the FPKM values of all genes in the whole genome obtained from the RNA-seq data in 3-2-5,

log> gene expression fold change was calculated, and p-values were calculated. Then, 3000 genes
with increased or decreased gene expression based on p < 0.05 were extracted, and GO and KEGG

analyses were performed with the WebGestalt software [49]. The analysis conditions were the same
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as those described in 2-2-6, and the top 10 categories were summarized based on FDR < 0.05 from
the analyzed categories. Furthermore, hierarchical cluster analysis was performed with Heatmapper
(http://www.heatmapper.ca/expression/) for 30 genes among the analyzed genes for each extract and

compound.

3-3 Evaluation of cell proliferation activity by soymilk extracts and soy compounds

Unfermented or fermented soymilk extracts (yellow and black soybeans) and soy compounds (gen-
istin, genistein, daidzin, and daidzein) were evaluated for estrogenic activity by SRB assay (Figure
16 and Figure 17) [142]. Cell proliferation activity increased with higher concentrations of all
soymilk extracts, whether unfermented or fermented (Figure 16). Furthermore, inhibition experi-
ments with ICI demonstrated that cell proliferation was suppressed at all concentrations of the
soymilk extracts (Figure 16). In addition, all soy compounds exhibited the highest cell proliferation
activity at a concentration of 10 uM (Figure 17). Furthermore, inhibition experiments with ICI
demonstrated that cell proliferation was suppressed at all concentrations (Figure 17). Thus, it can be
inferred that unfermented and fermented soymilk extracts (from yellow and black soybeans) and soy
compounds (genistin, genistein, daidzin, and daidzein) contribute to cell proliferation via estrogen
receptors, suggesting their estrogenic activity. Furthermore, the cell proliferation activity of the
soymilk extracts was higher when fermented. This can be attributed to the reduction in the relative
content of glycans or aglycans in the unfermented and fermented soymilk extracts (from yellow and
black soybeans). Specifically, the glycan (genistin and daidzin) decreased from 100% to 94.7% in
yellow soybeans and from 100% to 96.6% in black soybeans after fermentation (Table 3; data pro-
vided by Sansho Pharmaceutical Co., Ltd.). However, aglycans (genistein and daidzein) increased
from 0% to 5.2% in yellow soybeans and from 0% to 3.4% in black soybeans, which is assumed to

contribute to the observed increase in cell proliferation activity.
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Figure 16 Evaluation of cell proliferative activity of soymilk extracts (yellow and black soybeans).
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Figure 17 Evaluation of cell proliferative activity of soy compounds.

Table 3 Compositions of isoflavones in soymilk.

Isoflavone amount (pg/g)

Genistin

Genistein

Daidzin

Daidzein

Isoflavone glycoside
Isoflavone aglycon

Total isoflavone

Yellow Soybean Black Soybean

Unfermented (%) Fermented (%) Unfermented (%) Fermented (%)
311.1 (26.9) 1533.3 (60.0) 1473.7 (39.9) 1340.3 (47.3)

ND (0) 51.1(1.9) ND (0) 54.5(1.9)
844.4 (73.1) 1064.4 (38.8) 2215.8 (60.0) 1394.8 (49.3)

ND (0) 933334 ND (0) 41.9 (1.5)
1155.6 (100.0) 2595.6 (94.7) 3694.7 (100.0) 2735.1 (96.6)

ND (0) 142.2 (5.2) ND (0) 96.3 (3.4)
1155.6 (100.0) 2740.0 (100.0) 3694.7 (100.0) 2831.4 (100.0)

ND: not detected.
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3-4 Evaluation of intracellular signals

Unfermented and fermented soymilk extracts (from yellow and black soybeans) and soy com-
pounds (genistin, genistein, daidzin, and daidzein) were evaluated for their estrogenic activity by
detecting cellular signal proteins through Western blotting (Figures 19-28) [142].

Before conducting experiments with soymilk extracts and soy compounds, we stimulated MCF-7
cells with E> and examined their phosphorylation activity, obtaining results consistent with Figure 5
in Chapter 2-2-4 (Figure 18). Next, MCF-7 cells were stimulated with low concentrations of unfer-
mented or fermented soymilk extracts (from yellow and black soybeans), which exhibited Erk1/2
phosphorylation activity similar to that induced by E after 5 min (Figures 19-22). At higher con-
centrations, phosphorylation was observed at both 5 and 15 min (Figures 19-22).

Similarly, Akt phosphorylation was also observed under these conditions (Figures 19-22). All soy
compounds induced phosphorylation of Erk1/2 and Akt at 5 to 15 min (Figure 23). Furthermore,
inhibition experiments using ICI suppressed the phosphorylation of signal proteins in response to all
stimulants (Figures 24-28).

These results suggest that unfermented and fermented soymilk extracts (from yellow and black
soybeans) and soy compounds promote phosphorylation via estrogen-like signaling, indicating their

estrogenic activity.

38



O Relative value (Erk)

Relative value (Akt)

—

ON MO OO

—

ON MO 0O

E, (10 nM) B
0 5 15 30 60
- TR T

- . 10
[ p<0.05 o
- 6
- * * 4
_-_-_-_i_ﬁ 2
0

0 5 15 30 60
E, (10 nM) D

0 5 15 30 60

— e — —
- § 10
[ p<005 o
- 6
L * 4
gy
0

0 5 15 30 60

E, (10 nM) + ICI (1 pM)
0 5 15 30 60 (min)
S R e D_Erk1/2

S A R R RT_Erk1/2

15 30 60
E, (10 nM) + ICI (1 M)
0 5 15 30 60

(min)
" P-Akt

SN S e A T-Akt
i *p < 0.05

0 5 15 30 60

Figure 18 Evaluation of phosphorylation activity of E2.
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Figure 19 Evaluation of phosphorylation activity of unfermented soymilk extract
(yellow soybeans).
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Figure 20 Evaluation of phosphorylation activity of fermented soymilk extract
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Figure 21 Evaluation of phosphorylation activity of unfermented soymilk extract
(black soybeans).
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Figure 25 Evaluation of phosphorylation activity of
fermented soymilk extracts (yellow soybeans) by ICI.
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Figure 26 Evaluation of phosphorylation activity of
unfermented soymilk extract (black soybeans) by ICI.
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Figure 27 Evaluation of phosphorylation activity of
fermented soymilk extract (black soybeans) by ICI.
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Figure 28 Evaluation of phosphorylation activity of soy compounds by ICI.
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3-5 Gene expression analysis by RNA-seq

Utilizing the RNA-seq, gene expression variation was statistically examined for 30 ERGs [24]
(Figures 29-37) [142].

In this experiment, stimulation with E; (n = 3), soymilk extracts (n = 2), and soy compounds (n =
2) was performed over 3 days. The expression pattern induced by E, was similar to that in Figure 8§,
showing an increase in the expression of EGR3 to BARX2 and a decrease in LINC02593 to FRY
(Figure 29).

Thus, the 30 ERGs identified in the previous chapter were confirmed to be stable and consistently
responsive to 3 days of stimulation. Conversely, the expression patterns induced by unfermented and
fermented soymilk extracts differed from those of E> (Figure 29). However, the soy compounds ex-
hibited gene expression patterns similar to E,, with the exception of daidzin (Figure 30).

To further clarify whether they exhibit estrogenic activity, correlation analysis was performed for
all combinations using gene expression profiles for E; (n = 3), soymilk extracts (n = 2), and soy
compounds (n = 2) (Figures 31-36).

First, the correlation for E; showed a high value of R = 0.96 across all combinations (Figure 31).
Using this E» data as a reference, we compared the soymilk extracts and soy compounds. The un-
fermented and fermented soymilk extracts exhibited moderate correlations, with R values ranging
from 0.33 to 0.61 (A to D in Figure 32). In contrast, the soy compounds showed high correlations,
with R values ranging from 0.84 to 0.97 (E to H in Figure 32). Then, the soymilk extract data alone
showed a high correlation, with R values ranging from 0.78 to 0.97, while the soy compounds alone
showed an even higher correlation, with R values ranging from 0.87 to 0.99 (Figures 33 and 34).

Furthermore, a comparison between soymilk extracts and soy compounds showed correlations
with R values ranging from 0.41 to 0.82 (Figures 35 and 36). These findings suggest that both

soymilk extracts and soy compounds exhibit estrogenic activity, even at the gene expression level. It
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is also speculated that soymilk extracts and soy compounds share significant similarities in the sig-
naling pathways that activate the 30 ERGs.

Furthermore, cluster analysis using RNA-seq data distinguished soy compounds from soymilk ex-
tracts, with the exception of daidzin (Figure 37). This result aligns with the findings of the correla-
tion analysis between soymilk extracts and soy compounds (Figures 35 and 36), where only daidzin
showed a higher correlation value with soymilk extracts than with the other compounds.

In terms of the structural features of estrogens, the hydroxyl groups at position 3 of the A ring and
position 17 of the D ring are particularly critical for activity, as well as the hydrophobicity of the B
and C rings | 148]. Previous studies [ 148,149] have already described the significance of the number
and position of hydroxyl groups in determining estrogenic activity. In the gene expression analysis
conducted in this section, the unique activity of daidzin compared to the other soy compounds is
likely due to differences in the number of hydroxyl groups. Excluding the hydroxyl groups in the
sugar moiety, the soy compounds had the following configurations: genistein with three hydroxyl
groups (position 7 of the A ring, 5 of the A ring, and 4' of the B ring); genistin and daidzein with two
hydroxyl groups (position 7 of the A ring and 4' of the B ring); and daidzin with only one hydroxyl
group (position 4' of the B ring) (Figure 14). This suggests that daidzin's lower number of hydroxyl
groups may contribute to its lower correlation value compared to the other soy compounds and Eo.
Furthermore, the structural difference between genistin and daidzin, which are otherwise nearly
identical, is the presence or absence of a hydroxyl group at position 5 of the A ring. This structural
difference is assumed to influence gene expression, as evidenced by the comparison of gene expres-

sion analysis and compound structures [150,151].
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Figure 31 E2 correlation analysis using ERGs.
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3-6 Gene expression analysis by Real-time RT-PCR

Gene expression variation was statistically examined for 30 ERGs [24] using real-time RT-PCR
(Figures 38 and 40) [142]. Stimulation with E> (n = 3), soymilk extracts (n = 3), and soy compounds
(n = 3) was performed at similar concentrations for 3 days. The results for E> showed an increase in
expression variation for EGR3 to BARX2 and a decrease for LINC02593 to FRY, consistent with the
RNA-seq data (Figure 38).

Next, the results for each soymilk extracts showed a low expression profiles, as observed in the
RNA-seq data (Figure 29). In contrast, the results for each soy compound displayed a pattern con-
sistent with both the RNA-seq data and the E; pattern (Figure 30). To further analyze this expression
pattern, a correlation analysis was performed between E; and soymilk extracts, as well as between E»
and soy compounds (Figure 40). The analysis revealed a correlation of 0.20 to 0.55 between E; and
soymilk extracts, and a higher correlation of 0.56 to 0.94 between E; and soy compounds.

Thus, the 30 ERGs identified in Chapter 2 suggest that gene expression analysis can effectively as-

sess estrogenic activity using the simple and cost-effective real-time RT-PCR method.
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Figure 38 Expression profiles of soymilk extract with ERGs by real-time RT-PCR.
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3-7 Enrichment analysis using RNA-seq data

For the soymilk extracts and soy compounds data obtained with RNA-seq, 3,000 genes with signif-
icant up- or down-regulated expression variation and p < 0.05 were selected from all genes in the
whole genome and examined for Gene Ontology and KEGG pathway analysis (Tables 4 and 5) [142].
Gene Ontology analysis revealed that the up-regulated gene set included genes related to the cell
cycle and RNA biosynthesis (Table 4). On the other hand, the down-regulated gene set mainly con-
tained hydrolytic enzymes, such as GTPases, and genes associated with autophagy (Table 4). KEGG
pathway analysis found that the up-regulated gene set included genes related to the cell cycle and
DNA replication, which was consistent with the Gene Ontology results (Table 5). In contrast, the
down-regulated gene set was found to include pathways such as the phosphatidylinositol signaling
pathway and autophagy, which are involved in cell proliferation, intracellular material transport, and
cytoskeletal regulation, as well as the ErbB signaling pathway (Table 5). Thus, the significant gene
groups regulated by soymilk extracts and soy compounds, many of which are related to cell func-
tions, suggest that these soymilk extracts and soy compounds affected cell proliferation and the

phosphorylation of Erk and Akt proteins.
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Table 4 Gene Ontology using RNA-seq data of soymilk extracts and soy compounds.

Up-regulation Down-regulation

Rank Count Description Rank Count Description

1 8 1 6 cell morphogenesis
1 8 1 6 regulation of GTPase activity
1 8 regulation of cell cycle process 4 5 neuron projection development

1 8 regulation of mitotic cell cycle 4 5

~
~
S
(4]

7 7 RNA processing 8 4 autophagy

9 5 amide biosynthetic process 8 4 process utilizing autop hagic mechanism

©
(3]
©
~
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Table 5 KEGG pathway using RNA-seq data for soymilk extracts and soy compounds.

Up-regulation Down-regulation
Rank Count Description Rank Count Description
1 8 1 8 Inositol phosphate metabolism
1 8 Cell cycle 1 8 Insulin resistance
1 8 DNA replication 1 8 Phosphatidy linositol signaling sy stem
1 8 4 7 Autophagy
1 8 Nucleotide excision repair 4 7 AGE—giﬁbeeEcsi%n;:)iTii;?;:\;vay in
1 8 6 6 FoxO signaling pathway
1 8 6 6 MicroRNAs in cancer
1 8 8 5
9 7 Carbon metabolism 8 5
9 7 Pathogenic Escherichia coli infection 8 5
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3-8 Conclusion

In this study, the estrogenic activity of soymilk extract before and after fermentation was examined
by examining cell, protein, and gene expression. The results of each experiment suggest that the
soymilk extract has estrogenic activity, and furthermore, that the estrogenic activity is enhanced by
fermentation. In addition, when using the 30 ERGs selected in the previous chapter, soy compounds
showed the same gene expression pattern as E» and a high correlation by correlation analysis. These
findings suggest that both RNA-seq and real-time RT-PCR can be used to evaluate estrogenic activ-
ity.

Therefore, it is expected that the real-time RT-PCR method using 30 novel ERGs can be used for

inexpensive screening investigation of estrogenic activity of other compounds.
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Chapter 4: Estrogenic prenylated flavonoids in sophora flavescens
4-1 Introduction

Kurara (Sophora flavescens: S. flavescens) is a perennial herb belonging to the genus Sophora (Fa-
baceae) and is widely distributed across Asia, Oceania, and the Pacific Islands. In Japan, it grows
naturally in the mountains and fields of Honshu, Shikoku, and Kyushu. Traditionally, the root of S.
flavescent has been used as a herbal medicine and is commonly employed in China to treat condi-
tions such as bloody stool, jaundice, oliguria, eczema, ulcers, and scabies [ 152]. The primary phyto-
constituents of S. flavescent include flavonoids and alkaloids, with matrine and oxymatrine being the
major components | 153]. Its pharmacological effects include promoting apoptosis, modulating the
cell cycle, and inhibiting cancer metastasis and invasion [154].

In addition to these compounds, S. flavescens contains prenylated flavanones. Prenylated fla-
vanones are characterized by a prenyl group and a labanduryl group attached to the carbon at posi-
tion 8 of the A-ring in the flavanone skeleton (Figure 41). Prenylation has been reported to increase
lipophilicity, thereby enhancing affinity for cell membranes and contributing to antibacterial, an-
ti-inflammatory, and enhanced estrogenic activities [ 155].

In the present study, the estrogenic activity of several prenylated flavonoids in S. flavescens were
evaluated, specifically kurarinone, kushenol A and I, and sophoraflavanone G (Figure 41) [156-158].
While kurarinone and sophoraflavanone G have been reported to possess biological activities
[158,159], their estrogenic activity was examined in this study. On the other hand, although kushenol
A and I have been studied to some extent, no prior research has focused on their estrogenic activity.

Thus, this study represents the first evaluation of their potential estrogenic effects.
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Figure 41 Structure of compounds in S. flavescens.

4-2 Materials and methods
4-2-1 Materials

MCEF-7 cells were used as described in Chapter 2, and the culture conditions were identical to those
in Section 2-2-1. Antibodies used for Western blotting were the same as previously described. Ku-
rarinone was purchased from Sigma-Aldrich, kushenol A from BioBioPha (Kunming, China), and
kushenol I and sophoraflavanone G from MedChemExpress (Monmouth Junction, NJ, USA)..
4-2-2 Sulforhodamine B (SRB) assay

MCF-7 cells were routinely cultured and seeded in 24-well plates at a density of 1.5 x 10*
cells/well, following the protocol described in Section 2-2-2 [24,40.41]. The cells were maintained
in RPMI 1640 medium supplemented with 10% (v/v) DCC-FBS for three days [24,40,41]. After the
incubation, the medium was replaced with RPMI 1640 containing 10 nM E, 1 uM ICI, or varying

concentrations (10 nM, 100 nM, 1 uM, and 10 uM) of the compounds isolated from S. flavescens

70



(kurarinone, kushenol A, kushenol I, and sophoraflavanone G), or 0.1% DMSO as the vehicle con-
trol (Cont). The cells were incubated for an additional three days. Subsequently, cells were fixed
with TCA as described in Section 2-2-2, total protein was stained with sulforhodamine B, and the
dye was solubilized using 10 mM Tris buffer. Absorbance at 490 nm was measured, and the relative
ratios of compound-treated cells to the control were calculated. Graphing and statistical analyses
were performed as described in Section 2-2-2.
4-2-3 Western blotting
MCF-7 cell lysates were prepared following the protocol in Section 2-2-3. One day prior to stimula-
tion, the cells were switched to RPMI 1640 without serum and maintained under these conditions.
For inhibition experiments, cells were pretreated with 1 pM ICI for 1 hour, followed by stimulation
with 10 nM E, 1 uM ICI, or compounds from S. flavescens (kurarinone, kushenol A, kushenol I, and
sophoraflavanone G) at concentrations of 10 nM and 100 nM, or 0.1% DMSO as the vehicle control.
Stimulations were carried out for 5, 15, 30, and 60 min at 37°C in a 5% CO; atmosphere. Lysate
collection, SDS-PAGE, Western blotting, antigen-antibody reactions, and luminescence detection
were performed as described in Section 2-2-3 [24.40.,41].
4-2-4 Real-time RT-PCR

MCF-7 cells were stimulated with 10 nM E,, or with compounds from S. flavescens (kurarinone,
kushenol A, kushenol I, and sophoraflavanone G) at concentrations of 100 nM and 1 uM, or with
0.1% DMSO (vehicle control). RNA samples were extracted, and real-time RT-PCR was performed
under the same conditions as described in Section 2-2-5 [24]. Each experiment was independently
repeated three times. Except for GATA4, primers were the same as listed in Table 1. The redesigned
primer sequences for GATA4 are as follows: forward primer:
5-"TCCAAACCAGAAAACGGAAG-3', reverse primer: 5'- CTGTGTGCCCGTAGTGA-

GATGA-3'.
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4-2-5 Cluster analysis using real-time RT-PCR data
Hierarchical cluster analysis was performed using the Heatmapper soft (http://www.heatmapper.c-
a/expression/) based on expression profiles of 30 estrogen-responsive genes obtained from real-time

RT-PCR.

4-3 Evaluation of cell proliferation activity by prenylated flavonoids

Four compounds in S. flavescens (kurarinone, kushenol A, kushenol I, and sophoraflavanone G)
were evaluated for their effects on cell proliferative activity in MCF-7 cells (Figure 42). Consistent
with previous experiments, stimulation with E; resulted in approximately a 2.3-fold increase in pro-
liferative activity. Kurarinone, kushenol I, and sophoraflavanone G exhibited maximal proliferative
activity at a concentration of 100 nM, while kushenol A showed maximal activity at 10 nM. At high-
er concentrations, the proliferation of MCF-7 cells was either comparable to or reduced relative to
the control. Additionally, when inhibition experiments were conducted using ICI (Figure 42), the
proliferative effects of all four compounds were suppressed at all concentrations. These results sug-
gest that the four compounds in S. flavescens influence the proliferation of MCF-7 cells via estrogen

receptor (ER)-mediated mechanisms, similar to E».

4-4 Evaluation of intracellular signals

We examined whether the four compounds in S. flavescens (kurarinone, kushenol A, kushenol I,
and sophoraflavanone G) phosphorylate the signaling proteins Erk1/2 and Akt in MCF-7 cells (Fig-
ures 43—46). First, as a control, MCF-7 cells were stimulated with E,, yielding results consistent with
previous findings (Figure 43). When MCF-7 cells were subsequently stimulated with the four com-
pounds, phosphorylation of Erk1/2 was observed within 5 min. For Akt, phosphorylation was ob-

served at 15 min for kurarinone and within 5 min for the other compounds (Figure 44). Furthermore,
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the phosphorylation was inhibited for all compounds (Figure 45). These results suggest that four
compounds also act via estrogen receptors (ER) in signaling pathways. Although E»>-induced phos-
phorylation of Akt was observed at 15 min in previous studies, the reaction occurred within 5 min
for some compounds in this study (Figure 44). We hypothesized that this discrepancy might be due
to the concentration of the compounds. To test this, we diluted the compounds tenfold and repeated
the Western blotting analysis (Figure 46). The results showed that Erk1/2 was still phosphorylated at
5 min and Akt phosphorylation shifted to 15 min reaction for all compounds. Thus, it can be con-

cluded that all compounds exhibit phosphorylation activity comparable to that of E».
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Figure 42 Evaluation of cell proliferative activity of S. flavescens.
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4-5 Gene expression analysis by Real-time RT-PCR

MCEF-7 cells were stimulated with four compounds in S. flavescens (kurarinone, kushenol A,
kushenol I, and sophoraflavanone G) and were also analyzed for gene expression (Figures 47 to 52).
First, MCF-7 cells were stimulated with E», RNA was extracted, and real-time RT-PCR was per-
formed for 30 estrogen-responsive genes (ERGs), which showed the same expression pattern as in
[24]. For GATA4, new primers were designed, but the expression variation was similar to previous
results [24]. The stimulation of MCF-7 cells with each compound at a concentration of 100 nM was
performed in the same way as with E», based on the results of the SRB assay. However, the expres-
sion profiles was lower, and no correlation was obtained in the correlation analysis with E, (Figures
47 to 49). We considered that the concentration of each compound stimulating the cells was low, so
we stimulated MCF-7 cells with each compound at a concentration of 1 uM and performed real-time
RT-PCR in the same way. As a result, although the gene expression profiles was still low (Figure 50),
correlation analysis with E, [20] showed that kurarinone and kushenol I had the highest correlation
at 0.50, and sophoraflavanone G at 0.82, while kushenol A showed no correlation (Figure 51). Cor-
relation analysis between compounds showed that the correlation was lower when combined with
kushenol A (Figure 52). Further analysis by hierarchical clustering of compounds and E» revealed
that sophoraflavanone G was considered to have the most similar properties to E», followed by ku-
rarinone and kushenol I, with kushenol A being the only compound in a separate group (Figure 53).
To better understand these results, we focused on the chemical structure of each compound and
speculated that the number and position of hydroxyl groups might be key factors. First, sophorafla-
vanone G has a total of four hydroxyl groups and is highly correlated with E>. On the other hand,
kushenol I has the same number of hydroxyl groups but a lower correlation with E> than sophorafla-
vanone G. Kurarinone and kushenol A have the same number of hydroxyl groups, but kushenol A

shows a lower correlation with E». This suggests that the hydroxyl group at the 4' position of ring B
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may significantly contribute to estrogenic activity [ 149]. Furthermore, the fact that kurarinone and
kushenol I have the same correlation despite having different numbers of hydroxyl groups indicates
that the hydroxyl group at position 3 of ring C may have little effect on gene expression. Therefore,
both the number and position of hydroxyl groups may be important factors affecting estrogenic ac-

tivity.
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4-6 Conclusion

This study is the first to report the estrogenic activity of kushenol A and kushenol 1. Gene expres-
sion analysis, including cell proliferation, signaling proteins, and estrogen-responsive genes, has
elucidated the mechanism of estrogenic activity of the respective compounds in S. flavescens. The
results of this study also provide insights into the effects of the number and position of hydroxyl
groups in the structures of kurarinone, kushenol A and I, and sophoraflavanone G on estrogenic ac-
tivity. This study will also enable the investigation of the estrogenic activity of unique compounds,
such as those in S. flavescens, and contribute to the evaluation of estrogenic activity in unknown

compounds.
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Chapter 5: General conclusion

This study identified novel estrogen-responsive genes and elucidated their mechanisms of action.

In Chapter 1, estrogen-responsive genes were identified using RNA-seq, and 30-novel estro-
gen-responsive genes with stable expression were selected based on their coefficient of variation.
These selected genes were further analyzed using real-time RT-PCR, which demonstrated that their
expression patterns of up-regulation and down-regulation were consistent with those obtained
through RNA-seq analysis. Furthermore, GO and KEGG analyses were performed on approximately
3,000 estrogen-responsive genes, and the relationship between ERa and ER[} was clarified for the
selected 30 genes. It was revealed that these genes maintain stable expression and can be clearly dis-
tinguished functionally.

In Chapter 2, the estrogen activity of soymilk extracts was revealed through cell proliferation activ-
ity, signaling proteins, and the 30 novel estrogen-responsive genes. In this study, the expression pat-
terns of these 30 estrogen-responsive genes were also confirmed using RNA-seq, and correlation
analyses were conducted to further discuss their estrogen activity. Furthermore, similar to the previ-
ous chapter, real-time RT-PCR method was performed to compare the expression patterns obtained
through RNA-seq. The results showed that, for soy-derived compounds, the expression patterns
closely resembled those of E, highlighting the utility of these 30 estrogen-responsive genes. It was
demonstrated that fermentation not only enhances the estrogen activity of soymilk extracts but also
enables their evaluation in a cost-effective manner using estrogen-responsive genes.

In Chapter 3, it was shown that these 30 estrogen-responsive genes could be applied for the analy-
sis of unknown compounds, providing new insights into the mechanisms of estrogen activity. As in
the previous chapters, estrogen activity was elucidated through cell proliferation activity and the
signaling proteins. In this study, the gene profiles were further investigated using only real-time

RT-PCR, which revealed the presence or absence of estrogen activity at the genetic level. Addition-
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ally, by focusing on these gene profiles and the chemical structures of the compounds, it was
demonstrated that the mechanisms of estrogen activity could be explored.

In conclusion, the novel estrogen-responsive genes identified in this study enabled the exploration
of useful compounds with estrogen activity and provided further insights into their mechanisms of
action. Advancing the profiling of these estrogen-responsive genes is expected to lead to the discov-
ery of alternative compounds that can replace hormone therapies, contributing not only to safer and
more reliable treatments but also to a deeper genetic-level understanding of the mechanisms under-
lying breast cancer. This, in turn, holds great potential for improving breast cancer treatment meth-
ods that are determined at the genetic level, making this research highly valuable for future thera-

peutic advancements.
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