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ABSTRACT

We performed an integrated analysis of genome-wide DNA methylation and expression datasets
in normal cells and healthy animals exposed to polyphenols with estrogenic activity (i.e. phytoes-
trogens). We identified that phytoestrogens target genes linked to disrupted cellular homeostasis,
e.g. genes limiting DNA break repair (RNF169) or promoting ribosomal biogenesis (rDNA). Existing
evidence suggests that DNA methylation may be governed by sirtuin 1 (SIRT1) deacetylase via
interactions with DNA methylating enzymes, specifically DNMT3B. Since SIRT1 was reported to be
regulated by phytoestrogens, we test whether phytoestrogens suppress genes related to dis-
rupted homeostasis via SIRT1/DNMT3B-mediated transcriptional silencing. Human MCF10A mam-
mary epithelial cells were treated with phytoestrogens, pterostilbene (PTS) or genistein (GEN),
followed by analysis of cell growth, DNA methylation, gene expression, and SIRT1/DNMT3B
binding. SIRT1 occupancy at the selected phytoestrogen-target genes, RNF169 and rDNA, was
accompanied by consistent promoter hypermethylation and gene downregulation in response to
GEN, but not PTS. GEN-mediated hypermethylation and SIRT1 binding were linked to a robust
DNMT3B enrichment at RNF169 and rDNA promoters. This was not observed in cells exposed to
PTS, suggesting a distinct mechanism of action. Although both SIRT1 and DNMT3B bind to RNF169
and rDNA promoters upon GEN, the two proteins do not co-occupy the regions. Depletion of
SIRT1 abolishes GEN-mediated decrease in rDNA expression, suggesting SIRT1-dependent epige-
netic suppression of rDNA by GEN. These findings enhance our understanding of the role of SIRT1-
DNMT3B interplay in epigenetic mechanisms mediating the impact of phytoestrogens on cell
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biology and cellular homeostasis.

Introduction

Epigenetics refers to the regulation of gene expression
without changes in the underlying DNA sequence. It
comprises several components, including DNA
methylation, histone covalent modifications, non-
coding RNA mechanisms, and chromatin remodeling
complexes [1]. Epigenetic control of gene expression is
at the forefront of cellular homeostasis via regulation
of almost every biological process, thereby maintain-
ing health, decelerating aging, and preventing disease
[2]. Among epigenetic components, DNA methyla-
tion at gene regulatory regions is associated with tran-
scriptional silencing [3], and is believed to provide
stable and long-term regulation of gene expression
[4]. Furthermore, DNA methylation strongly engages
in a crosstalk with other epigenetic mechanisms,
including histone covalent modifications [5]. DNA

methyltransferases (DNMTs), that are DNA methy-
lating enzymes, directly interact with histone modifi-
cations and with enzymes involved in modifying
histone tails, including histone deacetylases
(HDACs) [4-8]. Histones deacetylated by HDACs
exhibit stronger electrostatic interactions with DNA,
leading to compacted chromatin and reduced tran-
scriptional activity [9]. Recent studies show the inter-
play between histone deacetylase SIRT1 and de novo
DNA methyltransferase DNMT3B in the context of
restricting proinflammatory gene activation [7].
SIRT1 was also shown to recruit DNMT3B to SIRT1-
associated chromatin for subsequent DNA methyla-
tion and chromatin condensation [8], which was
observed in transcriptional silencing required for
DNA damage repair [10]. SIRT1 belongs to a family
of nicotinamide adenosine dinucleotide (NAD)-
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dependent deacetylases that remove acetyl groups
from both histone and non-histone proteins [11].
Through acting as a histone deacetylase, SIRT1 regu-
lates chromatin structure and impacts gene expres-
sion. Deacetylation of epigenetic regulators, such as
DNMT1, p300, and SUV39H1, constitutes an addi-
tional mechanism of SIRT1-mediated regulation of
chromatin condensation [12]. Multiple functions of
SIRTT1 are also exerted through deacetylation of tran-
scription factors, e.g., deacetylation of FOXO family of
transcription factors enhances their activity in antiox-
idant processes, apoptosis, and cell proliferation [13],
deacetylation of the p65 subunit of NF-kB complex
inhibits NF-kB signaling and the inflammatory
response [14], and deacetylation of a transcription
coactivator, PGC-1a, regulates energy homeostasis
[15]. Furthermore, SIRT1 exerts additional actions
via a deacetylase-independent mechanism and regu-
lates signaling pathways. For instance, recent findings
show SIRT1 as an activator of the PI3K/AKT/FOXO1
signaling pathway which is correlated with increased
angiogenesis and vascular regeneration during bone
repair [16].

Of interest, SIRT1 expression/activity has been
shown to be regulated by naturally occurring diet-
ary polyphenols, including compounds from
a group of phytoestrogens [17]. Phytoestrogens
offer pro-longevity and pro-health benefits in
a variety of different disease models, including
metabolic syndrome, type 2 diabetes, cardiovas-
cular disease, and cancer [18]. One of the most
studied phytoestrogens, resveratrol (RSV), was the
tirst to be shown to activate SIRT1 and enhance
SIRT1-dependent cellular processes in yeast [19].
Although a direct interaction between RSV and
SIRT1 was later challenged [20], changes in SIRT1
in response to RSV have been widely reported
[21]. RSV analog, pterostilbene (PTS) from blue-
berries, has also been shown to act, at least par-
tially, via SIRT1. Compared to RSV, PTS is
characterized by greater bioavailability, hepatic
stability, and bioactivity [22]. Therefore, PTS is
a compound of interest for further investigation.
Previous research has shown enhanced SIRT1
expression in response to PTS to be crucial in
inhibiting oxidative stress and abnormal mito-
chondrial morphologies induced by acute doxor-
ubicin exposure in cardiomyocytes [23]. Likewise,

PTS-mediated SIRT1 activation was linked to
increased mitochondrial biogenesis and thermo-
genesis, which resulted in body weight reduction
in rats with western diet-induced obesity [24].
PTS has also been shown to improve neuroplas-
ticity and reduce neuronal inflammation by
increasing expression of SIRT1 and anti-
inflammatory NRF2 [25,26]. Another phytoestro-
gen with well-studied health effects, genistein
(GEN) from soy beans, has been demonstrated
to regulate SIRT1 as well. SIRT1 is mechanisti-
cally involved in GEN-mediated suppression of
the accumulation of lipid droplets in hepatocytes
[27]. SIRT1 upregulation also accompanied GEN-
mediated amelioration of liver [28] and renal
injury [29]. The upregulated expression and activ-
ity of SIRT1 in association to GEN treatment was
also shown to contribute to attenuation of hepatic
fibrosis by downregulation of fibrosis-associated
genes [30].

Studies by our group and others have shown
that phytoestrogens, specifically PTS and GEN,
exert epigenetic effects and remodel DNA methy-
lation patterns [31-37]. In breast cancer cells, we
showed that PTS led to the activation of methyla-
tion-silenced tumor suppressor genes, which was
accompanied by a decrease in DNMT3A binding
[31]. In another study, exposure to PTS resulted in
hypomethylation and reactivation of ERa, sensitiz-
ing breast cancer cells to hormone therapy [32].
Epigenetic activation of tumor suppressor genes
was also observed in response to GEN [33-37].
In prostate cancer, for instance, treatment with
GEN induced genome-wide differential DNA
methylation changes and reversed hypermethyla-
tion and silencing of BTG3 tumor suppressor
[33,34]. Interestingly, apart from epigenetic reacti-
vation of tumor suppressor genes, treatment with
PTS has also resulted in increased DNA methyla-
tion within regulatory regions of key oncogenes,
such as PRKCA in breast cancer cells [38,39].
Using CRISPR-Cas9 technology, we provided evi-
dence that DNMT3B is required for PTS-mediated
epigenetic  suppression of oncogenes [38].
Although it remains unknown whether GEN alters
binding of DNMT3B to DNA, its influence on
DNMT3B expression and activity was previously
reported [40].



Although both SIRT1 and DNMT3B have
been demonstrated to be implicated in phytoes-
trogens’ effects, there are no data on the inter-
play between these two epigenetic enzymes in
phytoestrogens’ biological action. Considering
recent reports on the interaction between
SIRT1 and DNMT3B, in the present study, we
investigated whether SIRT1-DNMT3B interplay
is involved in phytoestrogen-mediated epigenetic
regulation of gene expression. The implication
of SIRT1 in phytoestrogens’ health-promoting
effects has been shown in various disease models
[17,18], but studies in normal models are largely
missing. The same applies to epigenetic effects
of phytoestrogens, which are mostly investigated
in disease, while scarce literature in health or in
normal experimental models exist [41].
Therefore, we used MCF10A cell line in our
current mechanistic investigation as a well-
characterized model of human mammary epithe-
lial cells, which are non-transformed and exhibit
molecular and cellular properties of normal
breast epithelium [42,43]. These features enable
us to study the epigenetic regulation of gene
expression in maintaining/promoting cellular
homeostasis. Importantly, the widespread use
of MCF10A cells in biomedical research
increases the significance of our study by pro-
viding knowledge that can be applied in other
settings.
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Materials and methods

Genome-wide data analysis and selection of
phytoestrogen-target genes

Genes listed in Table 1 were selected from gen-
ome-wide data obtained from two existing datasets
in normal experimental models in our laboratory.
The first dataset originated from the Infinium
HumanMethylation 450K BeadChip DNA methy-
lation analysis of MCF10A control cells (treated
with vehicle-ethanol) and MCF10A cells cultured
with a PTS analog, namely 15 uM RSV, for 9 days
(n=3/condition; GEO  accession number
GSE113299). The second dataset involves gene
expression analyzed through RNA sequencing in
blood of healthy Fischer-344 rats exposed for
3 weeks to a choline-sufficient amino acid defined
(CSAA) diet supplemented with PTS (1.34 g/kg of
diet, between 5-8 weeks of age), compared to
healthy rats fed with CSAA diet (n=5 animals/
group; GEO accession number GSE278528).

In the two datasets, 100 top differentially
methylated genes with the highest magnitude
of change and the top 53 differentially expressed
genes with at least 3-fold change in expression
were selected for a detailed functional analysis of
each gene individually, using Gene Cards data-
base and existing literature in PubMed. Among
differentially expressed genes with 2 < fold
change <3, additional targets were selected if

Table 1. Putative phytoestrogen-target genes that are differentially methylated or expressed in normal experimental models.

Cellular homeostasis and health maintenance

Hypermethylated/
downregulated genes

Specific function

Hypomethylated/
upregulated genes

Regulation of inflammatory response and
decreased oxidative stress

Cell survival and healing

Increased mitochondrial biogenesis and
autophagy

Genomic stability

Reduced transformation

Regulation of DNA repair

Proteostasis

FAM19A4
DAO, Rnf5

RNF169, Rnf114
RNF169, Rnf114

Rnf5, Rnf114
Cell division, motility, shape and cellular
transport
Regulation of immune functions
Cd52, Rnf114, Rnf5
Transcription regulation and chromatin
remodeling CBFA2T3
Energy homeostasis HDC

GSTT1, Gstp1, Hbel, Rnf114

RTKN, KCNJ4, RNF169, GSTT1, Gstp1

rDNA, Rps16, ZNF625, RNF169, FBXO32,

ITGAM, HLA-DQB1, EBF4, OVOL1, Bst2,

ZNF625, ZNF155, BHMT2, TSPYL2,

AGTPBP1, PELIT, GULP1, PDCD6IP, MAP3K8, DHX15,
CSF1R, CELSR2, Spef2

FGFR10P2, MMP13, Spef2

RALA

OXR1

ISPD, SFTA2, GULP1, EBF3, HOXA9
PELIT, CECR2

ANKIB1, Rn5s

TUBB4, KCNJ4, SDCBP2, DYNLRB2, Slc7a5 RALA, SLC45A4, CSF1R, ORCAL, Myo15a, Megf10

TAGAP, EBF3, MAP3K8, DHX15, CSF1R, BCL6, Megf10

ZNF654, EBF3, KDM1A, SUDS3, CECR2, BCL6, TTF2,
Sgsm1
EHBP1, BAI3, ALK

The genes are implicated in processes that regulate health maintenance and cellular homeostasis.
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they belonged to the same family of genes as
one of the 100 top differentially methylated
genes (integration of the two datasets).
A descriptive summary of functions of the
selected phytoestrogen-target genes is depicted
in Table 1 where genes were grouped based on
shared functions.

Cell culture and treatment with pterostilbene
(PTS) and genistein (GEN)

The MCF10A human mammary epithelial cell line
was obtained from ATCC (CRL-10317, USA).
MCF10A cells were cultured in DMEM/F12 (1:1)
medium (Gibco), supplemented with 20 ng/ml epi-
dermal growth factor (Sigma-Aldrich, St. Louis,
MO, USA), 100 ng/ml cholera toxin (Calbiochem,
EMD Millipore, Billerica, MA, USA), 0.01 mg/ml
insulin (Sigma-Aldrich, St. Louis, MO, USA), 500
ng/ml hydrocortisone (Sigma-Aldrich, St. Louis,
MO, USA), 5% horse serum (Gibco), and 1 U/ml
penicillin and 1pg/ml streptomycin (Gibco).
Pterostilbene (PTS) and genistein (GEN)
(Cayman Chemical Company, Michigan, USA)
were resuspended in ethanol and DMSO, respec-
tively, to create a 50 mm stock solution. Dilutions
of each compound were freshly prepared before
each treatment. Cell cultures were maintained in
a 37°C incubator and humidified atmosphere of
5% carbon dioxide. Cells were seeded at a density
of 4 x 1075 cells in 10-cm tissue culture dish and
allowed to attach for 24 hours before adding media
containing PTS or GEN. A range of PTS (0 to
20puM) and GEN (0 to 40 uM) concentrations
were applied. After 4 days of incubation, cells
were split in a ratio of 1:50 and allowed to attach
overnight followed by exposure to PTS or GEN for
an additional 4 days (total 9 days).

Trypan blue exclusion test

Cell viability was assessed using the trypan blue
exclusion test (Sigma-Aldrich). Cells were col-
lected after exposure to PTS or GEN on
both day 4 and day 9, as well as upon treatment
with siRNAs. After a 3-5-minute incubation with
trypan blue, viable and dead cells were enumer-
ated under a microscope (only dead cells stain
blue).

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol (Invitrogen,
Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s protocol. 1ug of isolated RNA
from each sample was used for cDNA synthesis
using AMV  reverse transcriptase (Roche
Diagnostics GmbH, Mannheim, Germany), follow-
ing the manufacturer’s instructions. The reaction
mixture was incubated 10 minutes at 25°C, 1 hour
at 37°C, and 10 minutes at 72°C. The candidate
genes were amplified in CFX96 Touch Real-Time
PCR detection System (Bio-Rad) using 2ul of
cDNA, 400nM forward and reverse primers
(Supplementary Table S1), and 10ul of SsoFast
EvaGreen Supermix (Bio-Rad) in a final volume of
20 pl. Amplification was conducted according to the
following conditions: 1) denaturation at 95°C for 10
min; 2) amplification for 60 cycles at 95°C for 10s,
annealing temperature for 10s, 72°C for 10s; and 3)
final extension at 72°C for 10 min. To quantify
mRNA levels of the tested genes, the ACT method
using a reference gene (GAPDH) was used, which is
a variation of the Livak method. The results are

presented as gene of interest/ GAPDH, based on the
formula 27[CT(target)7CT(reference)} [44].

Western blot analysis

Whole cell protein extract was obtained using RIPA
buffer supplemented with protease inhibitor (Roche
Diagnostics GmbH, Mannheim, Germany). The
amount of 25 ug of each extracted protein sample
was loaded onto fast cast SDS-PAGE gels based on
the manufacturer’s protocol (Bio-Rad). Next, the gel
was positioned onto a TransBlot Turbo
Polyvinylidene Fluoride (PVDF) membrane for pro-
tein transfer. This was done using Trans-Blot Turbo
Transfer System (Bio-Rad). The Bio-Rad ChemiDoc
imaging system was utilized to confirm successful
protein transfer. Prior to overnight incubation at 4°C
with the primary monoclonal antibody, anti-SIRT1
(diluted 1:10000, MilliporeSigma, #07-131), the
membrane was blocked with EveryBlot Blocking
Buffer for 5minutes at room temperature.
Next day, the membrane underwent 5-6 washes
with TBS-Tween (TBST) buffer, following one hour
of incubation at room temperature with the second-
ary antibody, horseradish peroxidase-conjugated



anti-rabbit IgG (diluted 1:1500; Cell Signaling,
#7077). Using the Bio-Rad ChemiDoc imaging sys-
tem, the total protein content was quantified to serve
as a loading control for protein normalization, as
previously described [45]. Chemiluminescent signals
were captured on the ChemiDoc MP (Bio-Rad) after
soaking the membrane with a 1:1 mixture of Clarity
Western ECL Substrate (Bio-Rad) for 10 minutes.
Band intensities were analyzed using Image Lab soft-
ware (Bio-Rad).

DNA extraction and pyrosequencing

Genomic DNA from MCF10A cells was isolated
after 20 hours of incubation of a cell lysate with
proteinase K at 55°C, followed by extraction using
a standard phenol:chloroform mixture (250 ul:250
ul), according to the manufacturer’s protocol.
Precipitated DNA was resuspended in TE buffer
and stored at—20°C. DNA bisulfite conversion
was performed as previously described [38]. The
process of DNA bisulfite conversion commenced
with the incubation of DNA with a restriction
enzyme EcoRI, followed by purification using the
GeneJet PCR Purification Kit (Thermo Fisher
Scientific). Upon treatment with sodium bisulfite,
unmethylated cytosines are converted into uracil
whereas methylated cytosines are preserved unal-
tered. Bisulfite converted DNA was further ampli-
tied using HotStar Taq DNA polymerase (Qiagen)
and biotinylated primers for tested gene regulatory
regions (Supplementary Table S1). The biotiny-
lated DNA strands were pyrosequenced using the
PyroMark Q48 AutoPrep instrument (Qiagen),
according to the manufacturer’s manual. The
quantification of methylation percentage at
a single CpG site resolution was conducted using
PyroMark Q48 software.

Chromatin immunoprecipitation (ChIP) and
quantitative ChIP (qChIP)

Chromatin immunoprecipitation (ChIP) assay
was performed to determine DNA-protein inter-
actions, as previously described [45]. Both con-
trol and PTS- or GEN-exposed human mammary
epithelial MCF10A cells were fixed with 1% for-
maldehyde for 15minutes at 37°C, incubated
with PBS containing protease inhibitors, lysed
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and subjected to sonication. Samples were pre-
cleared with protein G agarose followed by cen-
trifugation. The supernatants were divided into
three sub-samples. The first sub-sample served as
the input, while the second (negative control)
and third sub-sample (experimental sample)
were separately incubated overnight at 4°C with
rabbit IgG non-specific antibody and anti-SIRT1
or anti-DNMT3B antibodies, respectively. Next,
all sub-samples were washed, eluted, and utilized
as a template for QPCR (qChIP), where the start-
ing material in all conditions consisted of 25 ng
of input, antibody-bound and IgG-bound DNA.
The occupancy level of the proteins was
expressed as (Bound-IgG)/Input. We used the
following antibodies: anti-SIRT1 rabbit polyclo-
nal (Millipore, #07-131), anti-DNMT3B rabbit
mAb (Cell Signaling, #72335) and normal rabbit
IgG (Cell Signaling, #2729). Primers used in
qChIP are listed in Supplementary Table SI.

ChiP-re-ChIP assay (double-ChiP)

ChIP-re-ChIP assay was conducted following the
procedure outlined previously [46]. In summary,
MCF10A cells treated with 22 uM GEN for 9 days
were fixed using 1% formaldehyde and divided
into two equal samples. Sample #1 underwent
immunoprecipitation with the anti-SIRT1 anti-
body followed by ChIP with the anti-DNMT3B
antibody on SIRT1-bound fraction. Sample #2
was initially immunoprecipitated with the anti-
DNMT3B antibody and next the DNMT3B-
bound fraction was immunoprecipitated with the
anti-SIRT1 antibody. Experimental steps followed
the same workflow as in the single ChIP protocol
described above in point 2.6 with a minor mod-
ification. After immunoprecipitation with the first
antibody, 70% of the bound DNA fraction was
dissociated from agarose beads, eluted and sub-
jected to the incubation with the second antibody.

Small-interfering RNA (siRNA) transfection

Cells were plated at a density of 4 x 1075 per a 10-
cm tissue culture dish, 24 h prior to siRNA treat-
ment. Control siRNA (si-CTRL, custom, antisense
strand: 5-UCGCCUAGGCUGCCAAGGCUU-3’)
and human SIRT1 siRNA (si-SIRT1, SMARTpool
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M-003540-01-0005)  were  purchased from
Dharmacon. Cells were transfected with siRNA
using Lipofectamine RNAiIMAX (Invitrogen,
Carlsbad, CA) prepared in serum-free Opti-
MEM. In brief, 15 pl of Lipofectamine was incu-
bated in 500 pl of Opti-MEM for 45 minutes at
room temperature. A concentration of 56 nM
siRNAs was added to the Lipofectamine-Opti-
MEM solution followed by a 15-minute incubation
at room temperature. This mixture was then added
to cells in 4ml of Opti-MEM. The transfection
solution was removed after 5hours of incubation
at 37°C and replaced with a fresh medium. GEN
was added next morning at 22 uM concentration.
After 2 days, cells were split 1:2 and 24h later
the second transfection and treatment with GEN
were performed following the same protocol. Cell
were harvested and subjected to RNA and protein
isolation for further analyses.

Analysis of publicly available gene expression
databases

To evaluate whether the selected genes, rDNA,
RNF114, and RNF169, are clinically relevant, we
screened publicly available data using GEO2R
(http://www.ncbi.nlm.nih.gov/geo/geo2r/), an
interactive web tool for comparing two groups of
data to analyze any GEO series [47], and GENT2
(http://gent2.appex.kr/gent2/), a gene expression
database for normal and tumor tissues [48].
Expression data from publicly available datasets
are presented in boxplots and depict minimum,
interquartile range (IQR), and maximum.
Statistical analyses on the data were performed
using Mann-Whitney U test for sets with two
groups and two-sample T-test for the overall ana-
lysis of expression data across different tissues
(GENT2).

Statistical analysis

In statistical analyses, the unpaired t-test with
a two-tailed distribution was applied for compar-
isons between two groups. One-way analysis of
variance (ANOVA) with Tukey post-hoc test was
used to analyze and compare multiple groups in
western  blotting, qRT-PCR, pyrosequencing,
ChIP-re-ChIP, and siRNA transfection. All values

are presented as the mean + S.D. of three indepen-
dent experiments. Results were considered statisti-
cally significant when p < 0.05.

Results

Putative phytoestrogen-target genes selected
from existing datasets

Upon the integration of data from two genome-
wide datasets, as described in Materials and
Methods, we identified a set of genes that are
differentially methylated and/or expressed in
response to phytoestrogens in normal experimen-
tal models. We refer to these genes as ‘phytoestro-
gen-target genes.” A detailed functional analysis
show that phytoestrogen-target genes are enriched
with biological processes and functions that are
related to cellular homeostasis and health mainte-
nance, including regulation of the inflammatory
response, cell survival and healing, DNA repair,
protein homeostasis (i.e., proteostasis), cell prolif-
eration and motility, genomic integrity, and regu-
lation of immune functions (Table 1).

Increased mitochondrial biogenesis was one of
the identified functions, and included DAO as
a hypermethylated and thus potentially down-
regulated phytoestrogen-target gene. DAO is
a D-amino acid oxidase, deaminating D-amino
acids with a concomitant reduction of FAD to
FADH?2. Subsequent re-oxidation of FADH2 by
molecular oxygen produces H202, which induces
oxidative stress and reactive oxygen species (ROS)
production [49,50]. High ROS levels affect mito-
chondrial respiration and fusion leaving mito-
chondria fragmented and aggregated.

In the category of cell survival and wound heal-
ing, we found FGFR1OP2 and MMP13, which were
hypomethylated in our dataset, and could poten-
tially lead to their upregulation in response to phy-
toestrogens (Table 1). FGFR1OP2, that belongs to
a fibroblast growth factor (FGF) family, has been
shown to facilitate fibroblast-driven wound closure
and accelerate the process of healing [51]. Similarly,
MMP13 is a member of the matrix metalloprotei-
nases (MMPs) family that plays an essential role in
wound re-epithelialization [52], promotes survival
of human skin fibroblasts and regulates wound
granulation [53].


http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://gent2.appex.kr/gent2/

Numerous phytoestrogen-target genes were
enriched with functions linked to regulation of
the inflammatory response. We found glutathione
S-transferases, theta 1 (GSTTI) and pi 1 (Gstpl), to
be hypermethylated and downregulated, respec-
tively, in response to phytoestrogens in normal
models (Table 1). GSTP1 has been shown to inhi-
bit inflammation by buffering and reducing ROS,
it is highly expressed in certain types of cancer
[54]. The same observation was noted for GSTT1
that was recently reported to be a mediator of
metastasis [55], although previous studies have
demonstrated that lack of GSTT1 May be linked
to increased susceptibility to inflammatory disease
[56]. Suppressive effects of these enzymes on the
inflammatory pathways may be advantageous dur-
ing cell transformation. Hence, their downregula-
tion by phytoestrogens could contribute to
maintaining homeostasis in the cellular response
to inflammation and transformation.

We found many genes linked to immune functions
among phytoestrogen-target genes (Table 1). For
instance, hypomethylated and thereby potentially
upregulated BCL6 regulates the transcriptional pro-
gram of innate lymphoid cells that are effector cells
essential for tissue homeostasis, protective immunity,
and inflammatory regulation [57]. Potential upregu-
lation of BCL6 by phytoestrogens could be vital to
cellular homeostasis. Another phytoestrogen-target
gene linked to transcriptional regulation is EBF4,
a transcription factor whose knockout inhibits apop-
tosis of immune cells [58]. Hence, EBF4 hypermethy-
lation in response to phytoestrogens, potentially
leading to reduced expression, could indicate protec-
tive effects towards immune cells.

Interestingly, a gene family represented by sev-
eral members in the two analyzed datasets was E3
ubiquitin protein ligase RNF. RNF169 was hyper-
methylated and thus potentially downregulated in
response to RSV in MCF10A cells, whereas Rnf5
and Rnfl14 were downregulated upon PTS supple-
mentation in rat blood. All RNF members are
involved in protein homeostasis via regulating ubi-
quitination-dependent protein stability/function
and ubiquitination-dependent protein catabolic
process. As E3 ubiquitin ligases target a variety of
substrates, they are involved in numerous cellular
processes including DNA repair, programmed cell
death, and metabolism [59,60]. RNF169 negatively
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regulates double-stranded DNA break repair pro-
cesses as it competitively interferes with the
recruitment of DNA repair factors [59]. On the
other hand, RNF114 has been shown to facilitate
double-stranded DNA break repair by recruiting
central components of the repair machinery [60].
Both RNF169 and RNF114 could contribute to the
maintenance of genomic stability through regulat-
ing the DNA damage response. In addition,
RNF114 regulates the immune and inflammatory
responses via attenuating NFkB-dependent func-
tions in T cells [61] but enhancing NFkB and the
innate immune response in epithelial inflamma-
tion [62]. Similarly, RNF5 is involved in the reg-
ulation of the immune response; it decreases the
immune functions via interfering with autophago-
some formation, which diminishes autophagy [63].

While investigating the top differentially
expressed gene, rDNA, was found to be downre-
gulated by 30-fold in response to PTS in rat blood.
It encodes for ribosomal RNA (rRNA), namely
45S rRNA precursor that is transcribed as one
transcription unit and processed later to 18S, 5.8S
and 28S rRNAs [64]. Ribosomal RNAs are integral
part of the ribosome which is the translation
machinery for protein synthesis [64]. Although
ribosome biogenesis is essential for cell growth
and tissue formation throughout fetal growth and
development, it inversely correlates with longevity
in post-developmental phase and was shown to be
enhanced in premature aging [65,66].

Considering the magnitude of differential DNA
methylation or gene expression, functions, and
enrichment of the entire gene family in the ana-
lyzed genome-wide datasets, we have selected
RNF114, RNF169 and rDNA as candidate genes
for further mechanistic investigations into phy-
toestrogens’ health effects. While rDNA is the top
differentially expressed gene, RNFI69 takes the
seventh position out of 100 differentially methy-
lated genes. Both RNF114 and RNF169 belong to
the same gene family but were not identified in the
same dataset. All three putative targets of phytoes-
trogens are linked to several biological functions
implicated in health maintenance, including gen-
ome stability, DNA repair, and protein homeosta-
sis (Table 1).

Although phytoestrogens may have distinct
functions in normal versus diseased cells (e.g.,
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cancer cells), phytoestrogen-mediated downregu-
lation of the selected targets appears to be clini-
cally significant as well. First, enhanced ribosomal
biogenesis and rRNA production are crucial for
supporting increased cellular activities of cancer
cells [67]. Second, upregulation of RNF genes
enables cancer cells to maintain protein stability
and sustain catabolic processes in the environment
of increased protein synthesis and turnover [68].
Indeed, upon screening publicly available datasets,
we found that YDNA and RNF114 are upregulated
in breast tumors as compared to normal mam-
mary epithelium (Supplementary Figure S1A,B).
While rDNA expression data across tissues was
not available in GENT2 database, expression of
RNF114 showed an overall increase in tumors
versus normal tissues (Supplementary Figure
S1C). Although we have not identified any avail-
able GEO dataset where RNF169 would be upre-
gulated in breast cancer, RNF169 expression across
different cancer types was upregulated as com-
pared with normal tissues (Supplementary Figure
S1D). Furthermore, we detected increased RNF169
expression in skeletal muscle of older non-trained
individuals (lack of exercise) compared to young
trained individuals (Supplementary Figure S1E),
which implies that RNF169 is linked to disturbed
homeostasis and impaired health status.

Dose-dependent effects of pterostilbene (PTS) or
genistein (GEN) on growth of human MCF10A
mammary epithelial cells

Using a prolonged 9-day treatment schedule to
more closely reflect habitual exposures to low
doses of dietary bioactive compounds in humans,
we established non-toxic doses of PTS and GEN
that exhibit effect on MCF10A mammary epithe-
lial cell growth. We initially subjected MCF10A
cells to PTS or GEN at increasing concentrations,
ranging from 0 to 20 uM or 0 to 40 uM, respec-
tively (Figure 1(a,b)). With increasing concentra-
tions, we observed a dose-dependent inhibitory
effects on MCF10A cell growth after 4-day and
9-day exposure (Figure 1(a,b)). Based on the dose-
response, we determined that PTS at 7uM and
GEN at 8 uM decrease cell number by approxi-
mately 25% compared to vehicle-treated control
cells on day 9 (IC25). PTS at 11 uM and GEN at

22 uM were established as IC50 values, which pro-
duce 50% inhibition of cell growth. Treatments at
the established IC25 and IC50 concentrations
showed that cell growth was significantly inhibited
by approximately 22% at 7uM PTS and 52% at
11uM PTS, as compared with control cells
(Figure 1(a), right panel). GEN at 8uM and
22 uM led on average to 20% and 50% inhibition,
respectively (Figure 1(b), right panel). The IC25
and IC50 doses were non-toxic and resulted in less
than 10% of dead cells.

SIRT1 protein level, but not mRNA level, is
increased by pterostilbene (PTS) or genistein
(GEN) in human MCF10A mammary epithelial
cells

To test our hypothesis on the role of SIRT1 in
phytoestrogens’ effects, we subsequently investi-
gated the impact of PTS and GEN on SIRTI
expression at both mRNA and protein levels in
MCF10A cells. Following a 9-day exposure to
PTS or GEN, no significant changes in SIRTI
mRNA level were observed at any of the applied
concentrations, as compared to the control cells
(Figure 1(c,d)). However, both compounds at
higher IC50 concentrations led to an increase in
SIRT1 protein. Treatment with PTS at 11 uM
resulted in a 59% increase in SIRT1 protein level
(Figure 1(e)), while 22 uM GEN led to approxi-
mately a 68% SIRTI increase, as compared to
vehicle-treated control cells (Figure 1(f)).

SIRT1 occupancy is consistently increased at all
target genes in response to genistein (GEN), but
not pterostilbene (PTS), in human MCF10A
mammary epithelial cells

PTS and GEN at IC50 concentrations led to an
increase in SIRT1 protein level. However, changes
in SIRT1 levels may not reflect a functional role of
SIRT1 which is associated, at least partially, with
SIRT1 binding to DNA. Thus, we used ChIP to
measure SIRT1 occupancy at promoters of the
selected  phytoestrogen-target genes, namely
RNF114, RNF169 and rDNA, in MCF10A cells
upon 9-day exposure to IC25 and IC50 doses of
PTS and GEN (Figure 2). Within the RNF114 pro-
moter region, SIRT1 occupancy did not increase
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Figure 1. Impact of pterostilbene (PTS) or genistein (GEN) on cell growth and SIRT1 expression in MCF10A mammary epithelial cells.
(a,b) MCF10A cell growth in response to different PTS (a) or GEN (b) concentrations upon 4- and 9-day exposure. Bar charts show
MCF10A cell growth in response to 9-day exposure to 7 uM and 11 uM PTS (a) or 8 uM and 22 uM GEN (b), as compared with vehicle-
treated cells (ctrl, ethanol for PTS and DMSO for GEN). All results were determined by the trypan blue exclusion test, and cell number
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after exposure to 7puM PTS (Figure 2(a) upper
panel). However, there was an obvious enrichment
at 11 uM PTS, demonstrating an approximately
5.7-fold increase in SIRT1 binding compared to
the control cells (Figure 2(a), lower panel).
Interestingly, while SIRT1 binding was not detect-
able in control cells, PTS at both 7uM and 11 pM
concentrations resulted in a robust increase of
SIRT1 occupancy at the RNFI169 promoter region
(Figure 2(b)). Conversely, no significant changes in
SIRT1 binding were observed within the rDNA pro-
moter in response to PTS (Figure 2(c)).

Contrary to PTS, 9-day treatment with GEN
resulted in SIRT1 increase at promoters of all
tested genes, regardless of its concentration
(Figure 2(d-f)). SIRT1 binding increased by
2.2-fold in RNFI114 promoter upon treatment
with 8uM GEN (Figure 2(d), upper panel).
While there was very low binding at RNF169
and rDNA in control cells, we detected clear
SIRT1 enrichment at these two genes in
response to 8uM GEN (Figure 2(e,(f), upper
panels). There was approximately a 2.7-, 5.6-,
and 3.5-fold increase in SIRT1 occupancy at
RNF114, RNF169, and rDNA promoters, respec-
tively, upon exposure to 22 uM GEN (Figure 2
(d-f), lower panels).

Expression of RNF169 and rDNA, but not
RNF114, is downregulated in response to
pterostilbene (PTS) and genistein (GEN) in human
MCF10A mammary epithelial cells

SIRT1 acts as a histone deacetylase which conse-
quently may result in a condensed chromatin
structure. To explore whether SIRT1 binding to
gene promoters in response to PTS or GEN is
accompanied by downregulation of gene expres-
sion, we assessed the mRNA levels of the target
genes using qRT-PCR. While RNFI114 expression
exhibited no significant variations in response to
either PTS or GEN (Figure 3(a,b)), a distinct

pattern emerged for RNF169 and rDNA. RNF169
expression was significantly reduced by 40% and
21% in response to 11 uM PTS and 22 uM GEN,
respectively (Figure 3(a,b)). Similarly, there was
a marked downregulation by 25% and 32% for
rDNA in response to 11uM PTS and 22uM
GEN, respectively (Figure 3(a,b)). The lower
7 uM dose of PTS selectively led to RNF169 down-
regulation only, without influencing the expres-
sion level of rDNA (Figure 3(a)). GEN at the
lower 8 uM dose did not lead to changes in
RNF169 or rDNA expression (Figure 3(b)).

Taking into consideration changes in expression
levels, only RNF169 and rDNA were further inves-
tigated to elucidate the role of SIRT1 in PTS- and
GEN-mediated epigenetic regulation of gene
expression.

Differential DNA methylation within promoters
of the target genes in response to pterostilbene
(PTS) or genistein (GEN) in human MCF10A
mammary epithelial cells

Since SIRT1 was shown to interact with DNMT3B
DNA methyltransferase at gene-specific loci [8],
we next determined whether SIRT1 binding at
promoters of the selected genes and decreased
gene expression are associated with the increased
promoter DNA methylation in response to PTS or
GEN. To do this, we used pyrosequencing tech-
nology to quantitatively assess the percentage of
DNA methylation at a single CpG site resolution.
Three CpG sites and seven CpG sites were assessed
within the RNF169 and rDNA promoter regions,
respectively. CpG sites were selected based on our
genome-wide DNA methylation dataset (RNF169)
or literature (rDNA) (Figure 3(c)). Exposure of
MCF10A cells to 22pM GEN resulted in
a significant 22% increase in methylation at CpG
#2 of RNF169 on day 9 (Figure 3(e), left panel),
whereas no such effect was observed for PTS

is expressed as a percentage of control. (c,e) SIRTT gene expression at mRNA (c) and protein levels (e) in MCF10A cells upon 9-day
exposure to PTS at 7 uM and 11 uM. (d,f) SIRTT mRNA expression (d) and protein levels (f) in MCF10A cells upon 9-day exposure to
GEN at 8 yM and 22 puM. Results were determined by qRT-pcr and western blot. In western blot analyses, reactive bands were
visualized using the chemiluminescent protocol in the ChemiDoc MP imaging system (bio-rad) and analyzed using the image lab
software. Protein loading was normalized with respect to total sample protein loaded using free stain gels. All results represent

mean + SD of three independent experiments. *p < 0.05.
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Figure 2. SIRT1 binding at RNF114, RNF169 and rDNA promoters upon 9-day exposure to PTS or GEN in MCF10A cells. (a-c) SIRT1
binding after 9-day exposure to 7 uM and 11 pM PTS at RNF1174 (a), RNF169 (b), and rDNA (c) promoters. (d-f) SIRT1 binding after
9-day exposure to 8 UM and 22 uM GEN at RNF174 (d), RNF169 (e), and rDNA (f) promoters. All results were determined by
quantitative chromatin immunoprecipitation (qChlIP), and represent mean + SD of three independent experiments. *p < 0.05.
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Figure 3. PTS- and gen-mediated changes in gene expression and DNA methylation of target genes in MCF10A cells. (a-b)
expression at mRNA levels for RNF114, RNF169 and rDNA upon 9-day exposure to 7 uM and 11 pM PTS (a), and 8 pM and 22 uM
GEN (b) in MCF10A cells as determined by gRT-pcr. (c Maps of promoter regions of RNF169 and rDNA, where the light blue shaded
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determined by pyrosequencing. All results represent mean = SD of three independent experiments. *p < 0.05.



(Figure 3(d), left panel). With respect to rDNA,
both PTS and GEN resulted in hypermethylation
across different CpG sites (Figure 3(d,e), right
panel). After exposing MCF10A cells to 11 puM
PTS for 9days, we noted a~24% increase in
DNA methylation at CpG #2 and CpG #5 within
rDNA promoter (Figure 3(d), right panel). Upon
22 uM GEN, in turn, significant increases in DNA
methylation of YfDNA promoter were observed at
CpG #4 (by 30%) and CpG #7 (by 50%) (Figure 3
(e), right panel). These hypermethylation events
were detected only upon exposure to higher
doses of the compounds, IC50 concentrations,
and correlated with gene downregulation.

DNMT3B occupancy increases at RNF169 and
rDNA promoters in response to genistein (GEN),
but not pterostilbene (PTS), in human MCF10A
mammary epithelial cells

Since we observed DNA hypermethylation at sev-
eral SIRT1-occupied gene regions following 9-day
exposure of MCF10A cells to PTS or GEN, we
proceeded with the evaluation of DNMT3B binding
at the regulatory regions of the tested genes using
qChIP. DNMT3B was selected among DNA
methyltransferases as it was previously shown that
SIRT1 facilitates DNMT3B recruitment to DNA
and subsequent DNA methylation [7]. In addition,
we previously reported on DNMT3B as a required
enzyme for PTS-mediated hypermethylation of
oncogenes in breast cancer cells [39]. Interestingly,
the increased DNMT3B occupancy was consistently
observed in response to GEN, but not PTS
(Figure 4(a-d)). Strikingly, no binding of
DNMT3B was detected for rDNA upon exposure
to PTS (Figure 4(b)). Within the RNF169 promoter,
38% and 90% reduction, rather than an increase, in
DNMT3B binding was detected in response to
7uM and 11 pM PTS, respectively (Figure 4(a)).
On the contrary, GEN at both 8 uyM and 22 pM
concentrations resulted in a robust enrichment in
DNMT?3B binding at rDNA, as compared with con-
trol cells where no binding was detected (Figure 4
(d)). Within the RNFI69 promoter region,
a substantial 27-fold increase in DNMT3B occu-
pancy was observed upon exposure to 22uM
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GEN, whereas a lower dose produced
a statistically non-significant increase (Figure 4(c)).

SIRT1 and DNMT3B do not co-occupy RNF169
and rDNA promoter regions in response to
genistein (GEN) in human MCF10A mammary
epithelial cells

Prior studies suggest that SIRT1 serves as a platform
for recruiting DNA methylating enzymes like
DNMT3B, ultimately facilitating DNA methylation
[7]. Our results have demonstrated an enrichment of
both SIRT1 and DNMT3B binding at RNF169 and
rDNA promoters when MCF10A cells are exposed to
22 uM GEN for 9 days. Intrigued by these findings, we
sought to investigate whether DNMT3B and SIRT1
co-bind the same DNA loci in response to GEN to
remodel gene transcription. To explore it, we used
a ChIP-re-ChIP (or double ChIP) assay paired with
quantitative PCR analysis of the input and bound
samples upon single ChIP with protein 1 (SIRT1 or
DNMT3B) and re-ChIP with protein 2 (DNMT3B or
SIRT1, respectively) on the protein 1-bound fraction
[46]. In ChIP-re-ChlIP, if levels of enrichment are
higher than those of single ChIPs, full co-occupancy
is concluded. As shown in Figure 4(e), in single ChIP
analysis, SIRT1 (grey bars) and DNMT3B (white
bars) bind to promoters of RNF169 and rDNA.
However, in the ChIP-re-ChIP analysis, SIRT1 and
DNMT?3B are not co-enriched at either of the gene
promoters; profoundly lower levels of enrichment
than those of single ChIPs are observed regardless of
the order of performance of the two immunoprecipi-
tations (black and pattern bars in Figure 4(e)).

SIRT1 is required for genistein (GEN)-mediated
downregulation of rDNA, but not RNF169, in
human MCF10A mammary epithelial cells

To assess whether SIRT1 is required for GEN-
mediated epigenetic regulation of gene transcrip-
tion, we performed transfection of MCF10A cells
with SIRT1-siRNA to deplete SIRT1. Using qRT-
PCR and western blot, we confirmed a significant
75% reduction of mRNA level and 99% decrease in
protein level of SIRTI upon SIRTI-targeting
siRNA treatment, as compared with cells treated
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Figure 4. DNMT3B binding and SIRT1-DNMT3B co-occupancy at RNF169 and rDNA promoters upon 9-day exposure to PTS or GEN in
MCF10A cells. (a,b) DNMT3B binding after 9-day exposure to 7 uM and 11 uM PTS at RNF169 (a) and rDNA (b) promoters. (c,d)
DNMT3B binding after 9-day exposure to 8 uM and 22 uM GEN at RNF169 (c) and rDNA (d) promoters. All results were determined by
quantitative chromatin immunoprecipitation (qChlIP). (e) ChIP-re-ChIP assay was used to determine co-occupancy of SIRT1 and
DNMT3B at RNF169 and rDNA promoters in response to 9-day exposure to 22 uM GEN. ‘Double: SIRT1-DNMT3B’ refers to SIRT1
binding first followed by DNMT3B binding; ‘double: DNMT3B-SIRT1’ indicates the reverse order. The sequential binding orders at the
same region can be identified. Results were quantified by quantitative PCR. All results represent mean + SD of three independent

experiments. *p < 0.05.

with control siRNA, si-Ctrl (Figure 5(a,b)). The
level of SIRT1 expression remained low and
unchanged even after GEN treatment (Figure 5
(a)). Interestingly, we found that SIRTI depletion
abrogated GEN-mediated downregulation of
rDNA expression, providing a mechanistic proof
for a requirement of SIRT1 in GEN-mediated
rDNA transcriptional regulation (Figure 5(d)).
On the other hand, despite SIRTI knockdown,

GEN still led to downregulation of RNFI169, sug-
gesting that there is an alternative mechanism of
transcriptional regulation of RNFI169 expression in
response to GEN (Figure 5(c)).

Discussion

Our previous omics datasets indicate phytoes-
trogen-target genes are implicated in processes
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at mRNA levels, as determined by qRT-pcr. All results represent mean = SD of three independent experiments. *p < 0.05.

and functions that are linked to cellular home-
ostasis and health maintenance, such as regula-
tion of the inflammatory response, oxidative
stress, DNA repair, immune functions, and gen-
ome stability (Table 1). In the present study, we
used a well-characterized human mammary
epithelial cell model, MCF10A, to explore how
phytoestrogens epigenetically impact cell biol-
ogy to maintain cellular homeostasis. We
found that exposure to PTS or GEN resulted
in decreased expression of RNF169 and rDNA,
which was accompanied by increased SIRT1
occupancy at RNF169 after PTS, and at both
RNF169 and rDNA after GEN. Increase in
SIRT1 enrichment was associated with both
DNMT3B binding and hypermethylation of the
gene promoters only in response to GEN.
Although PTS led to increased DNA methyla-
tion within rDNA, DNMT3B binding was not
detected. Furthermore, we mechanistically
established that GEN-mediated suppression of
rDNA transcription requires SIRT1. Our

findings demonstrate a distinct mechanism of
action of GEN and PTS in epigenetic suppres-
sion of genes functionally linked to disrupted
cellular homeostasis. As the present study was
performed using one cell line, we recognize that
further investigation is warranted to validate
GEN and PTS action in other normal models.
We hypothesized that SIRT1 is involved in epi-
genetic effects mediated by PTS and GEN in mam-
mary epithelial cells. Although the compounds did
not change SIRTI mRNA levels (Figure 1(c,d)),
they led to higher SIRT1 protein levels (Figure 1
(e,f)) and enriched SIRT1 occupancy at promoters
of all (GEN) or some (PTS) target genes (Figure 2).
Previous studies have shown that 17p-estradiol
upregulates SIRT1 via ERa, and can allosterically
activate SIRT1 via binding to its N-terminal
domain in breast cancer cells [69,70].
Considering the structural similarity between phy-
toestrogens and 17p-estradiol, it is plausible that
phytoestrogens mimic effects of 17p-estradiol on
SIRT1. Although MCF10A cells, our experimental
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model, are ER-negative, they possess an active
alternative estrogen signaling pathway mediated
by GPER [71]. Of note, 17B-estradiol was demon-
strated to also act through GPER to activate the
EGFR/ERK/c-fos/AP-1  transduction pathway,
inducing SIRT1 expression in ER-negative cancer
cells [69].

Considering the estrogen receptor status, the
content of phenol red in the culture media
becomes an interesting aspect. In our study,
MCF10A cells were cultured in DMEM/F12 (1:1)
medium (Gibco) that contains 8 mg/L of phenol
red. It was reported that phenol red acts as a weak
estrogen and affects growth of ER-positive MCF7
breast cancer cells at 5 mg/L after 60 hrs of culture;
however, this effect was only observed in the pre-
sence of high serum concentration (20%) [72]. In
contrast, at the 5% serum concentration used in
our experiments, a much higher concentration of
20 mg/L of phenol red was needed to observe an
effect on cell growth. Moreover, phenol red was
found to have no effect on ER-negative MDA-MB
-231 cells [73]. As MCF10A cells are ER negative
and grow at 5% of serum, the effect of phenol red
at 8 mg/L in our experimental model should be
minimal, if any. Nevertheless, as MCF10A cells
have active GPER [71] and the activity of phenol
red via GPER remains unknown, we cannot rule
out the potential estrogenic effects of phenol red.
Future studies should also consider whether phe-
nol red impacts the action of phytoestrogens.

Apart from the action via estrogen receptors,
the increase in SIRT1 protein level in response to
phytoestrogens in our study may also be attribu-
ted to other regulatory mechanisms, including
post-translational modifications like ubiquitina-
tion and post-transcriptional events such as reg-
ulation of mRNA stability [74]. Indeed, a decrease
in SIRT1 protein ubiquitination may reduce sub-
sequent SIRT1 degradation and thus increase
SIRT1 protein levels [75]. Furthermore, increased
mRNA stability was shown to enhance SIRTI
translation and thus protein levels [76].
Interestingly, a developing field of epitranscrip-
tomics addresses regulation of RNA stability
through post-transcriptional epigenetic modifica-
tions on RNA molecules [77]. A recent study
demonstrates a crucial role of epitranscriptomic
modifications in mediating dietary effects on

health [78]. Specifically, in mice fed a high-fat
diet, disrupted gut microbiome resulted in
decreased methylation of adenine on mRNA
(m6A) within regulators of the anti-obesogenic
gut hormone GLPI, leading to suppression of
the hormone [78]. Although the evidence for the
impact of phytoestrogens on epitranscriptomics
remains limited, GEN was demonstrated to
increase expression of m6A RNA demethylase,
ALKBHS5, in a mouse model of renal fibrosis,
leading to reduced total m6A levels and suppres-
sion of factors controlling epithelial-mesenchymal
transition [79].

In our current study, downregulation of rDNA
was accompanied by increased DNA methylation
levels at rfDNA promoter region in response to PTS
and GEN (Figure 3(d,e)). A similar correlation was
observed for RNF169 but only in response to GEN
(Figure 3(e)). Indeed, it is well-established that
DNA methylation at gene regulatory regions is
associated with transcriptional silencing [3]. Of
note, although we detected decreased mRNA levels
of RNF169 in response to PTS at both IC25 and
IC50 concentrations (Figure 3(a)), there were no
significant changes in RNFI169 promoter methyla-
tion (Figure 3(d)). This discrepancy may arise
from the involvement of an alternative epigenetic
mechanism, including histone modifications.
SIRT1 binding to RNFI169 in response to PTS
(Figure 2(b)) may be sufficient to deacetylate his-
tones and form condensed chromatin. A recent
study shows that deacetylation of histone H4 inhi-
bits the elongation of RNA polymerase II, thereby
reducing the transcription activity of a target gene
[9]. Additionally, other repressive histone marks
such as tri-methylation of lysine 27 at histone H3
(H3K27me3) may be deposited at the RNFI69
locus, leading to a more condensed chromatin
state [6].

Interestingly, although SIRT1 binding was
detected at the RNFI114 promoter in response to
both compounds, neither PTS nor GEN reduced
expression of the gene. For this reason, we
excluded RNF114 from further analyses. We con-
cluded that changes in DNA methylation, if any,
would not be Dbiologically  meaningful.
Nevertheless, in future studies, it would still be
interesting to explore DNA methylation and
DNMT3B binding within RNFI114 promoter and



investigate whether a chromatin-remodeling com-
plex (e.g., B-WICH shifting from NuRD) [80] or
transcriptionally active chromatin loops [81] are
potentially involved in shielding the RNFI114 pro-
moter from transcriptional suppression in
response to phytoestrogens.

The interaction between SIRT1 and DNMT3B
has been elucidated in several studies. Initially,
SIRT1 was found to co-immunoprecipitate with
DNMT3B, contributing to the maintenance of
a repressed state of pro-inflammatory genes dur-
ing macrophage differentiation [7,8]. SIRT1 also
facilitated the recruitment of DNMT3B through
histone deacetylation, leading to subsequent DNA
methylation within the nucleus of embryonic stem
cells [8]. Furthermore, DNMT3B and SIRT1 were
shown to be transiently recruited to the induced
DNA break loci at the promoter of E-cadherin
gene. However, the recruitment of DNMT3B
appears to rely on the presence of SIRT1, as
DNMTS3B is not enriched at the break sites when
SIRT1 is knocked down [10]. While co-
immunoprecipitation uses an antibody to purify
its target antigen (protein of interest) along with
its binding partners from a mixed sample, the
ChIP-re-ChIP assay (double ChIP), we applied in
our study, allows for the investigation of the
sequential binding of SIRT1 and DNMTB to the
same DNA locus. Hence, ChIP-re-ChIP provides
insights into the combinatorial patterns of protein-
DNA interactions, which constitutes a strength of
our study. Interestingly, although both SIRT1 and
DNMT3B bind RNF169 and rDNA promoters in
response to GEN, the ChIP-re-ChIP analysis
shows that they do not co-occupy the same DNA
locus (Figure 4(e)). We could speculate that SIRT1
binds first and subsequent histone deacetylation is
recognized by DNMT3B facilitating its recruit-
ment. Indeed, it was demonstrated that DNMT3B
binding is enriched within hypoacetylated and
condensed chromatin [8]. Results depicted in
Figures 2(d-f) and 4(c) appear to support the
scenario of SIRT1 binding first, as IC25 dose of
GEN is sufficient for SIRT1 binding, however,
a higher IC50 concentration is required to detect
consistent DNMT3B enrichment. Another possi-
bility is SIRT1-mediated increase in binding affi-
nity of PRC4 polycomb complex that was shown
to contain DNMT3B [82-84]. SIRT1 associates
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with polycomb proteins in PRC4 [82], which may
subsequently recruit DNMT3B [83]. Considering
the capability of SIRT1 to modify the activity of
non-histone proteins through deacetylation, as
demonstrated for numerous transcription factors
and coregulators [85], it is probable that SIRT1
regulates the activity of a transcriptional repressor
that interacts with DNMT3B. Indeed, DNMT3B
recruitment was dependent on binding of E2F6
transcriptional repressor in somatic tissues in
a mouse model [86,87].

Our findings provide evidence for SIRT1-
dependent epigenetic downregulation of rDNA
and thus potential reduction in ribosomal biogen-
esis in response to GEN (Figure 5). When SIRTI
is depleted, GEN no longer leads to suppression
of rDNA at mRNA levels. To our knowledge, our
current study delivers the first evidence that
mechanistically connects SIRT1 to rDNA tran-
scriptional activity upon GEN treatment. SIRT1-
mediated action of GEN has been previously
reported, however, without identifying gene tar-
gets or mechanisms [28,29]. GEN mitigated acet-
aminophen-induced liver toxicity by upregulating
SIRT1 protein expression and this protective
effect was abolished by SIRT1 knockdown [28].
In mice with induced renal injury, the protective
effects of GEN were eliminated after stable knock-
down of SIRT1 [29]. Furthermore, no previous
reports have assessed a direct regulatory action
of SIRT1 and SIRT1-DNMT3B interplay on
rDNA transcriptional activity. Existing studies on
human normal and cancer cells of different ori-
gins report on the energy-dependent nucleolar
silencing complex (eNoSC) which contains
SIRT1, among other proteins, and downregulates
rRNA transcription upon reduction of energy sta-
tus [88,89]. In another study on human cells,
depletion of AROS, an active regulator of SIRT1
that binds to and upregulates SIRTI, led to
impaired ribosomal biogenesis and reduced ribo-
somal proteins [90]. However, no mechanistic
connection to SIRT1 was investigated.

As for RNF169, we still observed RNF169 down-
regulation in response to GEN when SIRTI was
depleted (Figure 5(c)). We propose this might be
due to the roles of other members from the sirtuin
family, which could potentially take over SIRT1
roles. Similar to SIRT1, SIRT6 and SIRT7 are
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nuclear sirtuins that exert epigenetic influence on
gene expression through the deacetylase activity
[91,92]. Furthermore, both SIRT6 and SIRT7 act
as a DNA damage sensor and enhance DNA repair
[91,92]. Therefore, as the function of RNFI169 is
associated with DNA repair (Table 1), there is
a likelihood that either SIRT6 or SIRT7 mediates
downregulation of RNF169 when SIRT1 is miss-
ing. However, whether GEN acts through SIRT6
and/or SIRT7 remains to be elucidated.

An interesting point to consider is whether
SIRT1 or DNMT3B could constitute direct tar-
gets of phytoestrogen regulation. Our published
work on polyphenols, specifically PTS, indicate
that the epigenetic mechanisms are required for
the compounds to exert their action on tran-
scriptional gene regulation. We have previously
shown that knockout of DNMT3B using
CRISPR-Cas9 abolishes effects of PTS on silen-
cing of oncogenes in breast cancer cells [38].
The compounds most probably work through
the initiation of intracellular signaling, e.g., via
their ROS scavenging activity or upregulating
the receptor and signaling cascades of commu-
nication between cells. Nevertheless, polyphenols
were shown to penetrate through the plasma
membrane into the cytoplasm where they inter-
act with proteins, lipids and polynucleotides
through electrostatic, hydrophobic, and covalent
binding [93]. Polyphenols have been shown to
potentially enter all cell compartments [94].
Hence, their interaction with epigenetic enzymes
inside the cell could be possible and warrants
further investigations.

In conclusion, our findings deliver new evi-
dence for distinct mechanisms of the epigenetic
action of PTS and GEN in regulation of gene
transcription in human mammary epithelial
cells. We showed that only GEN treatment led
to the enrichment of DNMT3B within SIRT1-
occupied regions at the hypermethylated promo-
ters of RNF169 and rDNA. Although PTS down-
regulated RNF169 and rDNA expression, it led to
SIRT1 enrichment only within RNF169 promoter
and to DNA hypermethylation only within rDNA
promoter, with no detectable binding of
DNMT3B. These breakthrough findings indicate
that PTS exerts its epigenetic effects through an
alternative mechanism, which remains to be

explored in future research. Thus, our novel dis-
covery opens the door to further investigations in
the nutritional epigenomics field. Additionally, by
elucidating the involvement of SIRT1/DNMT3B
in regulating the expression of key genes such as
rDNA and RNF169, roles of which are crucial for
health maintenance, longevity and homeostasis,
our study offers valuable insights into potential
beneficial effects of phytoestrogens in preserving
cellular health. This new knowledge may facilitate
the application of epigenetic interventions for
health maintenance, which is especially important
given the aging global population and the rising
prevalence of age-related diseases.
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