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Abstract

Transcription factor (TF)-mediated regulation of genes is often disrupted during carcinogenesis.
The DNA methylation state of TF-binding sites may dictate transcriptional activity of
corresponding genes. Stilbenoid polyphenols, such as pterostilbene (PTS), have been shown

to exert anti-cancer action by remodeling DNA methylation and gene expression. However,

the mechanisms behind these effects still remain unclear. Here, the dynamics between

oncogenic TF OCT1 binding and de novo DNA methyltransferase DNMT3B binding in
PTS-treated MCF10CAla invasive breast cancer cells has been explored. Using chromatin
immunoprecipitation (ChlP) followed by next generation sequencing, we determined 47 gene
regulatory regions with decreased OCT1 binding and enriched DNMT3B binding in response to
PTS. Most of those genes were found to have oncogenic functions. We selected three candidates,
PRKCA, TNNTZand DANTZ, for further mechanistic investigation taking into account PRKCA
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functional and regulatory connection with numerous cancer-driving processes and pathways, and
some of the highest increase in DNMT3B occupancy within 7TNNT72and DANTZ2enhancers. PTS
led to DNMT3B recruitment within PRKCA, TNNTZ, and DANTZ at loci that also displayed
reduced OCT1 binding. Substantial decrease in OCT1 with increased DNMT3B binding were
accompanied by PRKCA promoter and 7MNT72and DANTZ enhancer hypermethylation, and
gene silencing. Interestingly, DNA hypermethylation of the genes was not detected in response

to PTS in DNMT3B-CRISPR knockout MCF10CAla breast cancer cells. It indicates DNMT3B-
dependent methylation of PRKCA, TNNTZ, and DANTZ upon PTS. Our findings provide a
better understanding of mechanistic players and their gene targets that possibly contribute to the
anti-cancer action of stilbenoid polyphenols.
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1. INTRODUCTION

DNA methylation is one of the components of the epigenome which strongly dictates

the availability for transcriptional machinery, including transcription factors (TFs), to bind
DNA and instigate transcription [1, 2]). Specifically, increased methylation of regulatory
regions of tumor suppressor genes (TSGs) or decreased methylation of regulatory regions
of oncogenes has been found to result in corresponding changes in gene expression, namely
silencing of TSGs or upregulation of oncogenes in many cancer types including breast
cancer [3-5]. Several groups have identified TFs that are sensitive to DNA methylation
status at the recognized elements or their proximity. For instance, TFs such as NRF1, CTCF,
NF-xB, CREB, and OCT1 have impaired binding to DNA when cytosines are methylated
around their respective TF binding sites [6-11]. Numerous pieces of evidence show that
changes in gene expression during carcinogenesis is often related to genes with differentially
methylated regions and those regions are enriched for binding sites of methylation-sensitive
TFs. Hence, the interplay between DNA methylation and TF binding within regulatory
regions of cancer-related genes is of great interest and may at least partially explain the
transcriptional dysregulation occurring during carcinogenesis and potential mechanisms of
the action of anti-cancer agents, including dietary bioactive compounds [12].

Bioactive compounds present in our diet have been shown to remodel DNA methylation
patterns and impact regulation of DNA methylation machinery in cancer models [3, 4,

13]. Specifically, stilbenoid polyphenols, resveratrol (RSV) and its dimethylated analogue
pterostilbene (PTS), that are present abundantly in grapes and blueberries, respectively, have
been shown to elicit bidirectional effects on DNA methylation status, change binding of
DNA methyltransferases (DNMTSs), and alter TF occupancy within differentially methylated
regions [3, 4]. A classic example is the capacity of RSV to effectively reverse cancer-specific
hypermethylation and silencing of numerous TSGs such as BRCA1, RASSFI1A, and PTEN
[14-16]. Additionally, PTS led to an increase in DNA methylation of the Fasn gene
promoter, which averted Fasn upregulation upon obesogenic diet in rats [17]. Furthermore,
using genome-wide technology, we have previously identified differentially methylated
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genes in response to RSV and followed up with mechanistic studies to describe epigenetic
and transcriptional regulators associated with remodeling of the DNA methylation patterns
in response to stilbenoids, RSV and PTS [3, 4]. We were the first group to show that
treatment of breast cancer cells with stilbenoids results in DNA hypermethylation of
regulatory regions of numerous genes with oncogenic and pro-metastatic functions and
silences them. Interestingly, we specifically showed that 80% of regions hypermethylated in
response to stilbenoids encompass a putative binding site for OCT1 [3].

OCT1 is a ubiquitous transcription factor that controls a wide range of target genes including
genes involved in immune response, metabolic regulation, and stem cell function [18].
OCT1 expression levels are increased in certain malignancies such as gastric, breast, lung,
and thyroid cancer and has been suggested to have a role in tumor initiation and progression
[19]. Moreover, regions across the genome that are implicated in cancer malignancies have
also been shown to be enriched with OCT1 binding sites, and elevated OCT1-mediated
transcription is associated with poor prognosis in different cancers [20, 21]. Analysis of

the regulatory region in /L2 gene demonstrated that 90% methylation at a CpG site within
OCT1 binding site motif correlates with /L Z2transcriptional inactivity in MCF-7 breast
cancer cells [10]. The same CpG site was demethylated in stimulated human T cells that
express /L2[10]. The sensitivity of OCT1 to DNA methylation within its binding region has
also been shown in other genes such as CDXZ, DAPK and HSPAZ [22-24].

Previously, we have shown that stilbenoid treatment restores DNA methylation at the
MAMLZ2 regulatory enhancer region leading to MAMLZ silencing, which subsequently
inhibits tumorigenic properties of breast cancer cells [3]. These changes corresponded with
increased binding of DNMT3B, a de novo DNMT, and decreased binding of OCT1 within
the tested MAML Zregion. Of note, PTS exerted those effects at lower concentrations

(7 uM) compared with RSV (15 uM), which supports the higher bioavailability and
metabolic stability of PTS observed by others in /in vivo studies [25]. These results have
given us the basis for focusing on PTS and suggesting that OCT1-targeted oncogenes

may be silenced through a mechanism whereby stilbenoid compounds recruit DNMT3B
to regulatory regions of oncogenes to increase methylation and consequently reduce
transcriptional activity. To further investigate these mechanistic players and their roles in
modulating expression of genes with potential oncogenic functions, we have performed
chromatin immunoprecipitation (ChlP) followed by next-generation sequencing to analyze
binding events of OCT1 and DNMT3B at a genome-wide scale. We then elucidated

a DNMT3B-dependent mechanism of hypermethylation and silencing of OCT1-targeted
oncogenes which may, at least partially, contribute to the anti-cancer effects of stilbenoid
polyphenols.

2. MATERIALS AND METHODS

2.1. Cell culture and pterostilbene (PTS) treatment

Human breast cancer MCF10CA1a cell lines were cultured in DMEM/F12 (1:1) medium
(Gibco) supplemented with 5% horse serum (Gibco), 1U/ml penicillin and 1pg/ml
streptomycin (Gibco). MCF10CA1a breast cancer cells were obtained from Dr. Dorothy
Teegarden, Purdue University, IN, USA. They were derived from tumor xenografts of
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MCF10A cells transformed with constitutively active Harvey-ras oncogene, and represent
poorly-differentiated malignant tumors. Cell lines were routinely verified by morphology,
invasion and growth rates as well as authentication by DNA profiling using the short
tandem repeat (ATCC). Cells, grown in a humidified atmosphere of 5% carbon dioxide at
37°C, were treated with pterostilbene (PTS, Cayman Chem., Ann Arbor, Ml, USA) freshly
resuspended in ethanol. 24 h prior to treatments, cells were plated at a density of 2-3 x 10°
followed by exposure to PTS at 7uM concentration for 4 days. Cells were then passaged
1:50 and exposed for additional 4 days (9-day exposure). 7uM concentration for a total of 9
days was determined in our previous studies to be the IC50 concentration [3, 4].

2.2. Chromatin immunoprecipitation (ChlIP) sequencing (ChlIP-seq)

Chromatin immunoprecipitation was performed as previously described [3, 26]. Briefly,
cells representing three biological replicates were fixed with formaldehyde, incubated

with protease inhibitors, lysed and subjected to cycles of sonication. Samples were pre-
cleared with protein G agarose followed by centrifugation. Supernatants were divided

into three sub-samples. One sub-sample was maintained as input. The second sub-sample
served as negative control and was incubated with mouse or rat 1gG non-specific

antibody (negative control, Santa-Cruz Biotechnology). The third sub-sample was incubated
with anti-OCT1 mouse antibody (Millipore, MAB5434) or anti-DNMT3B rat antibody
(Millipore, MABE305). The next day, the fraction of DNA bound to antibodies was washed,
eluted and used as a template for ChlP-seq and qChlP.

Library preparation was carried out using NEBNext Ultra DNA Library Prep Kit for
Illumina reagents according to the manufacturer’s protocol. ChlIP libraries were sequenced
using PE150bp reads in HiSeq2500, as described previously [27, 28]. ChIP-seq data

were analyzed using Bioconductor tool in R, as described previously [27, 28]. Adapter
sequences were trimmed from sequencing reads using cutadapt [29], and reads were aligned
to the GRCh37/hg19 human reference genome using the Burrows-Wheeler Aligner [30].
MACS?2 peak calling software was used to identify enrichment patterns in control-treated
versus PTS-treated samples [31, 32]. Differential binding was assessed through occupancy
analysis and visualized on genome browser. ChlPSeeker Bioconductor package was used
to assign peaks to closest gene. The ChIP quality control (CHIPQC) Bioconductor package
calculated ChlIP-seq specific quality metric for each sample and input in our experiment.
CHIPQC further identifies both fragment length peak and a read length peak based on
cross-coverage around the centers of binding sites. CHIPQC was used to both measure
inequality of coverage across the genome via standardized Standard Deviation (SSD) and
assess distribution of ChIP-seq signal over genomic regions.

Broad ChromHMM data from human mammary epithelial cells (HMEC) were used to
assign peaks to chromatin states [33]. Peaks could correspond to the following chromatin
states: active, weak or poised promoters, strong or weak enhancers, putative insulators,
active or weak transcription, Polycomb-repressed regions or heterochromatin. Active
promoters, strong enhancers and active transcription regions are linked to high expression
levels, with the latter state determined based on the enrichment of histone marks along
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transcripts. The ChlP-seq data are available from Gene Expression Omnibus (accession
numbers: GSE175639).

ChIP DNA at an amount of 25ng of input, antibody bound and 1gG bound DNA was used as
starting material in all conditions. Levels of OCT1 and DNMT3B binding were expressed as
(Bound-1gG)/Input. Primers used in qChlIP are listed in Supplementary Table S1.

DNA isolation and pyrosequencing

DNA, isolated using standard phenol:chloroform extraction protocol, was treated with
sodium bisulfite as previously described [3]. HotStar Taqg DNA polymerase (Qiagen) and
biotinylated primers were used to amplify bisulfite converted promoter region of PRKCA
and enhancer regions of TNNT72and DANTZ (please see Supplementary Table S1 for
primer sequences). Pyrosequencing of the biotinylated DNA strands was performed in the
PyroMark Q48 Autoprep instrument (Qiagen). Percentage of methylation at a single CpG
site resolution was calculated using PyroMark Q48 software.

2.4. RNA isolation and gPCR

TRIzol (Invitrogen) was used to isolate total RNA which served as a template for

cDNA synthesis with AMV reverse transcriptase (Roche Diagnostics), according to the
manufacturer’s protocol. Amplification reaction was performed in CFX96 Touch Real-Time
PCR Detection System (Bio-Rad) using 2 pl of cDNA, 400 nM forward and reverse
primers (please see Supplementary Table S1 for sequences), and 10 pl of SsoFast EvaGreen
Supermix (Bio-Rad) in a final volume of 20 pl. The following cycles were used in the
amplification reaction: denaturation at 95 °C for 10 min, amplification for 60 cycles at 95
°C for 10s, annealing temperature for 10s, 72 °C for 10s, and final extension at 72 °C

for 10 min. The CFX Maestro Software (Bio-Rad) was used to quantify gene expression
with a standard curve-based analysis. qPCR data is presented as gene of interestt GAPDH
(reference gene).

2.5. CRISPR-Cas9 knockout of DNMT3B in MCF10CA1la cells

Online tool E-Crisp was used to design gRNAs targeting the first or second exon of the
DNMT3B gene. The gRNA was cloned into pSPgRNA (Plasmid #47108, Addgene, a

gift from Charles Gersbach [34]), and transformed into Subcloning Efficiency™ DH5a ™
Competent Cells (Life Technologies). The transfection protocol was performed with
Lipofectamine 3000 according to the instructions using pCAS9-mCherry-Frame+0 (Plasmid
#66939, Addgene, a gift from Veit Hornung [35]) and a CRISPaint plasmid pCRISPaint-
TagGFP2-PuroR from the CRISPaint Gene Tagging Kit (Plasmid #80970, Addgene, a gift
from Veit Hornung [35]). MCF10CA1a cells were transfected with a 1:1:2 mass ratio of
gRNA, Cas9 and donor into 24 well plates. Selection in puromycin for 5 days was initiated
48 hours after transfection at a concentration of 1.5ug/ml. Cells were then picked and grown
before being tested by PCR and subjected to further experiments.

2.6. Western blot

Total protein extract was obtained using RIPA buffer. Samples were subjected to
electrophoresis in fast cast SDS-PAGE gels according to the manufacturer’s protocol (Bio-
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Rad). Next, the separated proteins were transferred onto an TransBlot Turbo Polyvinylidene
Fluoride (PVDF) membrane using a Trans-Blot Turbo Transfer System (Bio-Rad). PVDF
membranes were imaged on the Bio-Rad ChemiDoc imaging system to verify transfer.
Membranes were blocked in EveryBlot Blocking Buffer for 5 min at room temperature
and then incubated overnight at 4 °C with the primary monoclonal antibody, anti-
DNMT3B (1:2000; MABE305, Millipore). The membranes were then incubated for 1 h
at room temperature with secondary antibody horseradish peroxidase-conjugated anti-rat
1gG (1:5000; AP136P, Millipore). After incubation, the blots were imaged on a Bio-Rad
ChemiDoc imaging system in order to measure total protein content as a loading control
for protein normalization, as previously described [36]. Membranes were developed with
the Clarity Western ECL Substrate (Bio-Rad), chemiluminescent signals were acquired on
ChemiDoc MP (Bio-Rad) and band intensities were analyzed using Image Lab software
(Bio-Rad).

2.7. Statistical analysis

Unpaired #test with two-tailed distribution was used for statistical analysis of
pyrosequencing, qPCR, and qChIP quantitative data. Each value represents the mean = S.D.
of three independent experiments. The results were considered statistically significant when
P < 0.05.

3. RESULTS

3.1. Overview of genome-wide changes in OCT1 binding in response to pterostilbene

(PTS)

To understand how stilbenoid polyphenols impact genes recognized and bound by OCT1,
we performed ChIP with OCT1-specific antibody followed by next-generation sequencing
in MCF10CA1a breast cancer cells upon treatment with 7 uM PTS for 9 days. This specific
PTS concentration was determined as the IC50 concentration for MCF10CA1a cells in our
previous work [3]. IC50 refers to a non-toxic dose (less than 10% of dead cells) that causes
50% inhibition in cell growth compared with control (cells treated with ethanol as vehicle)
[3, 4]. OCT1 binding significantly changes in 7,087 regions (peaks) throughout the genome
in response to PTS (Figure 1A). Almost 65% of those changes (4,587 peaks) represent
OCT1-reduced peaks where OCT1 binding decreases upon PTS as compared with control
cells (Figure 1A). Since our previous work on MAMLZ2 enhancer suggested the role of
OCT1 in stilbenoid-mediated epigenetic silencing of potential oncogenes [3], we focused on
peaks with lower OCT1 occupancy in the present investigation.

Chromosomal view of peaks with reduced OCT1 binding in response to PTS was plotted
using Integrative Genome Viewer (IGV) visualization tool in Figure 1B. Each bar represents
a single peak that was called using MACS2 peak calling method. Peaks were aligned to the
closest gene using the hg19 human genome and assigned to chromatin states based on Broad
ChromHMM tracks from human mammary epithelial cells (HMEC) (Figure 1C). A total of
3,994 OCT1-reduced peaks were assigned to different chromatin states with the rest falling
into a category of unassigned. A majority of the peaks were situated within gene regulatory
regions, with 17% of them in promoters and enhancers (Figure 1C). Those 763 peaks in
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promoters and enhancers corresponded to 326 unique genes. As promoters and enhancers
are directly associated with transcriptional regulation and OCT1, as a transcription factor,
binds to the octamer motif (ATGCAAAT) or closely related sequences in promoters and
enhancers of a variety of genes, we further explored these regions and corresponding genes.

Functional and signaling pathway analyses revealed that the 326 genes, that we refer to

as “OCT1-bound PTS target genes” in the following sections, are associated with cell

growth and cell cycle regulation, cell adhesion, apoptosis, and positive regulation of cell
motility (Figure 1D). Many genes are implicated in signaling pathways that are commonly
activated during cancer development and progression, e.g., MAPZ2K3, GAPVDI1 and RASD1
(MAP-kinase mediated signaling cascade), RACKZ (ERK and TNF signaling), LAMTORZ2
and RRAGA (MAPK and mTOR signaling), and PRKCA (NFxB, MAPK and PI3K-AKT
signaling) (Figure 1D). Indeed, a thorough analysis demonstrated many candidates with
oncogenic functions. Several genes were found to be involved in DNA damage and immune
response (FCGRZA, NOS1AP, PRDX6, ASCC1, G3BP1, and HAUS6), others with protein
folding/trafficking (DNAJB12, FBXW11, ANKHDI, and SH3RF2) and mitochondrial
functions and metabolism regulation (MCU, SIGMAR1, SHMT1, and MICUI). There were
also genes associated with transcriptional activity such as MYC, MLLT3, DDX46, GLIS3,
JADEZ2, ANP32E, UBEZB, CXXC5, NR3C1, CHDI1L, ZBTB20, PV'T1, and TLEL These
findings support our hypothesis that target genes at which OCT1 binding is reduced in
response to PTS are mostly associated with cancer-driving functions. The reduction in OCT1
binding within regulatory regions of these oncogenes could contribute to the anti-cancer
effects of PTS via decreased transcriptional activity of these cancer-promoting genes.

In line with our findings regarding OCT1 targeting of oncogenes, OCT1 overexpression

has been observed in several cancer types such as breast (1.4-fold), esophageal (4.1-fold),
cervical (2-fold), gastric (2-fold), and liver (1.6-fold), according to Oncomine data depicting
OCT1 expression levels in human tissues (Figure 1E). Several other pieces of evidence have
confirmed OCT1 as an oncogenic transcription factor [19]. Additionally, our past studies
show that siRNA depletion of OCT1 in MCF10CA1a invasive breast cancer cells leads to
significant reduction in cancer cell growth [3]. Taking into account the oncogenic role of
OCT1 and its gene targets, understanding the ways to reduce OCT1-mediated regulation of
transcription may contribute to effective anti-cancer strategies.

PTS-induced changes in DNMT3B binding within OCT1-reduced peaks located at

promoters and enhancers

As mentioned previously, binding of TFs to regulatory regions of genes can be altered

by the DNA methylation status at the TF binding site or at a surrounding region. We
previously found that DNMT3B binding in an OCT1 binding site upon PTS treatment

was associated with reduced OCT1 occupancy, DNA hypermethylation and silencing of the
MAMLZ2 oncogene [3]. Therefore, we performed ChIP with DNMT3B-specific antibody
followed by high throughput sequencing to delineate PTS-induced changes in DNMT3B
binding, especially at OCT1-reduced peaks within “OCT1-bound PTS target genes”. Out

of 3,314 changes detected, DNMT3B binding was enriched at 1,939 peaks with 201 peaks
located in promoters and enhancers (Figure 1F). Fifty-six of those DNMT3B-enriched peaks
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in promoter/enhancer lost OCT1 binding in response to PTS and corresponded to 39 genes.
There were another 8 genes that overlapped between genes with DNMT3B-enriched and
OCT1-reduced peaks within promoter/enhancer (total 47 genes) (Figure 1F). However, the
distance between the OCT1-reduced peak and the DNMT3B-enriched peak in those 8 genes
was larger than 500 base pairs.

Among the total 47 overlap genes, 36 genes contained OCT1-reduced and DNMT3B-
enriched peaks within their enhancers, while 9 genes had the peaks in their promoters
(Figure 1G). Another 2 genes, PRKCA and NBPF1, had overlapping peaks in both enhancer
and promoter regions (Figure 1G). Interestingly, the highest 13-fold increase in DNMT3B
and the highest 19-fold decrease in OCT1 binding was detected within an enhancer region
of DANTZin response to PTS treatment (Figure 2A). DANTZis identified to be one of the
macrosatellite repeat, DXZ4 associated non-coding transcripts [37, 38]. Although DANT2
function is not well-defined, it is believed to regulate constitutive heterochromatin formation
at DXZ4[38]. Thus, aberrant expression of DANTZ2may be responsible for alternate
chromatin configurations of DXZ4in response to cancer [37, 38]. The second highest
12.5-fold increase in DNMT3B binding in response to PTS was located within an enhancer
of TNNTZ2 (Figure 2A). TNNT2was also among top 10 genes with the highest magnitude
of OCT1 reduced occupancy (7.6-fold decrease, Figure 2A). Of note, overexpression of
TNNTZ has been shown to be aberrantly amplified in breast cancer and neuroendocrine
prostate cancer, suggesting a potential oncogenic role of TNNT2 [39].

Thorough analysis of other overlap genes revealed many associated with oncogenic and pro-
metastatic functions. Indeed, 35 of the 47 genes were associated with established or potential
cancer-driving properties, including NOTCHZNL that activates Notch signaling by direct
interaction with NOTCHZ2, thereby promoting proliferation and self-renewal [40], PV/T1
that is a long non-coding RNA commonly overexpressed in breast cancer and implicated

in regulation of MYC [41], CCAT1 that is a long non-coding RNA upregulated in breast
cancer and associated with activation of WNT signaling [42], and ASCC1 that is involved

in DNA damage repair [43]. There were also two very strong cancer-related genes, namely
MYCand PRKCA. MYCis a pervasive proto-oncogene and transcription factor commonly
dysregulated in many cancer types [44], whereas PRKCA encodes for protein kinase C
alpha (PKC-alpha) responsible for phosphorylation of many protein targets and activation of
various cancer-promoting pathways such as the MAPK cascade and the PI3K-AKT pathway
[45]. Other interesting oncogenes were CPLX2that is upregulated and used as a prognostic
marker in various cancer types [46], and SREPF1, a gene involved in lipid metabolism [47].
Of note, a link between lipid homeostasis and tumor growth has been identified in several
cancer types [48, 49] and downregulation of SREBF1 was shown to suppress liver tumor
growth [47].

We selected three of these oncogenes, namely PRKCA, DANT2and TNNTZ, for further
investigation to better understand whether the proposed mechanistic players, OCT1 and
DNMT3B, are affecting DNA methylation patterns and transcriptional activity in response to
PTS. These three candidates are of particular interest. Firstly, PRKCA contains overlapping
peaks in both promoter and enhancer (Figure 1G), and regulates a network of cancer-

driving genes and pathways [45, 50, 51]. Secondly, DANT2and TNNTZ contain DNMT3B-
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enriched and OCT1-reduced peaks with the highest or one of the highest magnitude of
change upon treatment with PTS (Figure 2A).

3.3. DNMT3B occupancy at an OCT1-reduced binding site is accompanied by PRKCA,
DANT2 and TNNT2 hypermethylation and transcriptional silencing

PRKCA contains two overlapping peaks with increased DNMT3B and reduced OCT1
occupancy. Since the region within PRKCA promoter is CpG rich, it was selected for further
mechanistic investigation (Figure 2), along with enhancer regions of DAN72and TNNTZ2
(Figure 3).

Enrichment with OCT1 and DNMT3B within the tested regions of PRKCA, DANTZ,

and 7MNTZ2in control MCF10CAla breast cancer cells (vehicle-treated, blue peaks) and
MCF10CA1a cells treated with PTS (red peaks), as determined by ChlIP-seq, is visualized

in Figure 2B for PRKCA and Figure 3A-B for DANTZand TNNTZ (sequencing tracks).

As mentioned in the previous paragraph and depicted in Figure 2A, DANT2and TNNTZ2
were the top genes with the greatest reductions in OCT1 binding along with the highest
increases in DNMT3B binding upon PTS. Changes in PRKCA promoter region were modest
with 4.5-fold decrease in OCT1 occupancy and 4.4-fold DNMT3B enrichment. Hence, we
performed quantitative ChlP to confirm the ChIP-seq readings for PRKCA. In line with
ChlIP-seq, quantitative ChlP demonstrated a robust 95% reduction of OCT1 binding and
48% increased in DNMT3B occupancy within PRKCA promoter in response to PTS (Figure
2C).

The detected changes in the interaction of OCT1 and DNMT3B with DNA at the regulatory
regions of the selected genes could suggest DNA hypermethylation and transcriptional
silencing of the genes. Using pyrosequencing, we measured DNA methylation within
regions corresponding to differential peaks identified in ChIP-seq (please refer to the gene
maps in Figure 2 and Figure 3 for the exact location of analysed CpG sites). Significant
hypermethylation of 7 out of 9 CpGs sites within PRKCA promoter was detected, with
DNA methylation increasing approximately by 10% across all CpGs (Figure 2D). DNA
hypermethylation in this region corresponded to 25% decrease in expression of PRKCA
upon PTS treatment (Figure 2E). We next surveyed for known downstream targets of
PRKCA-encoded PKC-alpha kinase, and focused on those targets that are upregulated

at mRNA level together with PRKCA increased expression (e.g., in breast cancer cells
transitioning from epithelial to mesenchymal phenotype) [52]. Interestingly, the decrease in
PRKCA expression in response to PTS was linked to downregulation of several PKC-alpha-
targets, such as vinculin (VCL), FOS Like 1 AP-1 transcription factor subunit (FOSLI), and
annexin A2 (ANXAZ2), indicating functional relevance of PTS-mediated epigenetic silencing
of PRKCA (Figure 2F).

DANTZenhancer region was hypermethylated across 7 CpG sites with the highest 42%
increase in DNA methylation at CpG5 (Figure 3C). These changes corresponded to 43%
decrease in DANTZ expression levels upon PTS treatment (Figure 3D). We also observed
that PTS led to the strongest 88% downregulation of 7TMA/72 (Figure 3F) which was
accompanied by 10% increase in DNA methylation across two CpG site at 7VNTZ2enhancer
region (Figure 3E).
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3.4. PTS-mediated hypermethylation of PRKCA, DANT2 and TNNT2 is dependent on

DNMT3B

To determine whether the effect of PTS on DNA methylation within PRKCA promoter and
DANTZand TNNTZenhancer regions was specifically through changes in DNMT3B-DNA
interactions, we generated a CRISPR-Cas9 knockout MCF10CA1a cell line for DNMT3B
(DNMT3B KO). Knockout of DNMT3B was confirmed at both mRNA and protein levels
(Figure 4A and 4B). We treated DNMT3B KO cells for 9 days with PTS at doses

ranging from 5 uM to 10 pM. We found that the IC50 dose of 7 M for MCF10CAla

cells was maintained in DNMT3B KO cells (Figure 4C). Importantly, in response to PTS
treatment, none of the CpG sites in the tested PRKCA, DANTZ2and TNNTZregions showed
hypermethylation in DNMT3B KO cells (Figure 4D-F), supporting our hypothesis that PTS-
mediated hypermethylation of regulatory regions of oncogenes occurs through a DNMT3B-
controlled mechanism. The lack of DNMT3B and hence no DNA hypermethylation at the
regulatory regions led to abolishing the suppressive effect of PTS on expression of DANT2
and 7NMNTZ2 (Figure 4E and 4F, right panels). However, as shown in Figure 4D (right
panel), despite the lack of increased DNA methylation, a significant decrease in PRKCA
expression is observed in DNMT3B KO cells treated with PTS. This finding suggests

that PTS is likely also working through other, presumably DNA methylation-independent,
mechanisms to regulate PRKCA expression, potentially through histone modifications or
indirectly through inhibition of oncogenic pathways, especially in the background of effects
caused by DNMT3B knockout.

Interestingly, DNMT3B knockout itself led to downregulation of all three oncogenes leading
to 40% decrease in PRKCA, 96% reduction of DANTZ, and 88% decrease in TNNTZ2
expression (Supplementary Figure S1A), which is reflected in apparent anti-cancer effects of
DNMT3B knockout. DNMT3B KO cells grew at a rate of about 30% of original wild-type
MCF10CA1a cells and had characteristics that resemble normal breast cells (i.e., growing in
multi-layers and stronger anchorage-dependent growth).

Downregulation of the three oncogenes could not be fully explained by hypermethylation of
the regulatory regions of those genes (Supplementary Figure S1B). Only 2—4% increases in
DNA methylation at several CpGs within PRKCA, DANTZ, and TNNTZ2were detected in
DNMT3B KO cells as compared with MCF10CAla wild-type cells (Supplementary Figure
S1B). There may be a mechanism involved that is activated by DNMT73B knockout to signal
silencing of the oncogenes and the slight hypermethylation at the regulatory regions may

be a consequence of such a signaling mechanism. The slight increase in DNA methylation
observed within PRKCA promoter, and DANT2and TNNTZenhancers may presumably

be catalyzed by another member of DNMT family, although no increase in expression of
DNMTI1or DNMT3A was detected. Both DNMT1 and DNMT3A were actually found

to be 50% less expressed in DNMT3B KO cells than in wild-type MCF10CA1a cells
(Supplementary Figure S1C), despite the targeting specificity of CRISPR-Cas9 technology
as determined by guide RNA sequence. Previous studies showed a similar effect of
DNMT3B knockdown on other DNMTSs [53], which could be linked to a strong interaction
and cooperation of the members of the DNMT family [54].
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3.5. OCT1 depletion reduces expression of PRKCA, DANT2, and TNNT2 with no changes
in DNA methylation

To determine the role of OCT1 in regulation of PRKCA, DANTZ, and TNNTZ2transcription,
we tested expression of the genes in MCF10CAla cells with siRNA-mediated OCT1
depletion which were generated in our previous study [3]. OCT1 depletion resulted

in downregulation of all three tested genes (Supplementary Figure S2A). Of note, the
changes in expression were not linked to hypermethylation within regulatory regions of
those genes (Supplementary Figure S2B). This would suggest that DNA hypermethylation
observed upon PTS treatment is not signalled by OCT1-reduced binding. Instead, PTS
affects DNMT3B recruitment which results in DNA hypermethylation and OCT1 reduced
occupancy, leading to gene silencing.

4. DISCUSSION

It has been shown that transcription factor binding activity can be associated with the
dynamic changes in local DNA methylation state within and in proximity of binding motifs
which is critical in gene regulation in both normal and cancer cells [11]. The mechanisms
by which dietary compounds induce modifications in DNA methylation patterns and
subsequently change the expression of genes involved in carcinogenesis are an area of
great interest. A previous study from our group suggests that hypermethylation of OCT1
binding motifs could play a mechanistic role in stilbenoid-mediated epigenetic inactivation
of genes with oncogenic functions [3]. This is in line with the oncogenic role of OCT1
transcription factor that has been shown to be overexpressed in human cancers (Figure

1E) and be involved in upregulation of numerous oncogenic targets and in driving the
malignancy of a number of different cancers [19]. Further elaboration on MAMLZ2, one of
the oncogenes downregulated by stilbenoids, demonstrated that hypermethylation of OCT1
binding site is accompanied by increased DNMT3B presence [3]. In the current study,

our goal was to understand the epigenetic regulation of oncogenes exerted by stilbenoids
and the mechanistic role of DNMT3B in this regulation. We therefore established OCT1
and DNMT3B occupancy in highly invasive MCF10CA1a breast cancer cells upon 9-day
treatment with PTS, using ChlP-seq technology.

In the present study, we show that PTS leads to reduced OCT1 binding in thousands of
DNA loci and 17% of the reduced peaks are located in promoters and enhancers assigned
to 326 genes (Figure 1C and 1F). The functional analysis of the genes clearly demonstrates
functions linked to positive regulation of cell growth, cell cycle progression, cell motility,
transcription and oncogenic signaling (e.g., MAPK, mTOR, PI3K-AKT) (Figure 1D).

Forty-seven genes with OCT1-reduced peaks in promoter/enhancer also contained
DNMT3B-increased peaks and thus they constitute “OCT1-bound PTS target genes” that
are potentially regulated by DNA methylation and DNMT3B specifically (Figure 1F). Three
of those candidate genes were selected for further mechanistic investigations, including
DANTZ2and TNNTZ2, with the highest or one of the highest magnitudes of change in
overlapping DNMT3B enrichment and OCT1 reduction in response to PTS, and PRKCA,
characterized by strong oncogenic functions [45, 50, 51] and overlapping DNMT3B and
OCT1 peaks in its promoter and enhancer (Figure 1G). In response to PTS treatment, we
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observed DNA hypermethylation of the PRKCA promoter (Figure 2D), and the DANTZand
TNNTZ2enhancer regions (Figure 3C and 3E) at loci where a decrease in OCT1 binding

and an enrichment in DNMT3B occupancy were detected (Figure 2B and 2C, Figure 3A
and 3B). This increase in DNA methylation was accompanied by downregulation of gene
transcriptional activity (Figure 2E and Figure 3D and 3F). As PKC-alpha, encoded by
PRKCA, is implicated in regulation of many processes and signaling pathways, we tested
the effects of PTS on several targets. As indicated in Figure 2F, PTS treatment led to a
decrease in expression of genes activated by PKC-alpha, demonstrating that PTS-mediated
epigenetic silencing of PRKCA is biologically relevant.

Detected hypermethylation and simultaneous DNMT3B enrichment suggest the role for
DNMT3B in catalyzing DNA methylation of PRKCA, DANTZ, and TNNTZ. Indeed,
knockout of DANMT3B resulted in abolishing hypermethylation of the tested regions upon
treatment with PTS (Figure 4D, 4E, and 4F, left panels). This finding mechanistically
demonstrates DNMT3B-mediated deposition of methyl marks at the tested OCT1-binding
sites upon PTS treatment. Importantly, there are pieces of evidence indicating that DNMT3B
targets genes with oncogenic functions for methylation and silencing. For instance, gradual
promoter demethylation and re-expression of proto-oncogene Mentwas observed upon
ablation of Dnmt3b function in a mouse model of T-cell lymphomagenesis [55]. Zheng and
colleagues similarly reported that Dnmt3b deletion results in upregulation of genes with
oncogenic functions in a cancer mouse model [56]. Interestingly, in human normal cells,
namely primary epidermal keratinocytes, overexpression of DNMT73B was shown to lead to
methylation and downregulation of VAV3, an oncogene involved in the regulation of actin
cytoskeletal and gene transcription [57].

Since there was no DNA hypermethylation at DANT2and TNNTZenhancers in DNMT3B
KO cells in response to PTS, no significant downregulation of DANT2and TNNTZ2was
detected (Figure 4E and 4F, right panels). This result confirms that DNMT3B action is
relevant in association with DNA methylation for the regulation of the DANTZ2and TNNTZ
expression after PTS treatment. However, PRKCA was suppressed by PTS in DNMT3B KO
cells despite the lack of promoter hypermethylation (Figure 4D). We suggest that PTS works
through an additional mechanism to turn off PRKCA; a mechanism that may be activated
by anti-cancer effects caused by DNMT3B knockout in MCF10CAla breast cancer cells.
Such a mechanism could involve regulation of other epigenetic components such as histone
modifications to change the chromatin state at the PRKCA promoter region. Indeed, a recent
report demonstrates that PRKCA transcription is upregulated by histone demethylase PHF8
that acts to demethylate lysine 27 and lysine 9 of histone H3 [58]. Interestingly, methylation
of histone H3 has been shown to be associated with Polycomb complex for repression as
well for recruitment of de novo DNA methyltransferases [59]. Hence, PTS could possibly
repress PRKCA by increasing histone H3 methylation and therefore recruiting DNMT3B.
Another possibility could be linked to indirect effects on PRKCA expression through
PTS-mediated inhibition of oncogenic signaling pathways in the background of DNMT73B
knockout. Of note, DNMT3B knockout leads to reduced expression of all tested oncogenes
(Supplementary Figure S1A). This effect is accompanied by a slight increase in DNA
methylation of the regulatory regions of those genes (Supplementary Figure S1B), implying
the involvement of other anti-oncogenic effects regulating gene expression. Interestingly,
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other research groups previously reported DNA methylation-independent anti-oncogenic
effects of DNMT3B knockdown and DNMT3B knockout [54, 60, 61]. Based on the robust
growth suppression, change in morphology of DNMT3B KO cells, and downregulation of
the tested oncogenes, as compared to parent MCF10CA1a breast cancer cells, we speculate
that overall DNMT3B plays an oncogenic role in these cells and DNMT3B knockout

has a broad range of anti-cancer effects with multiple mechanisms involved. Indeed, most
studies reported upregulation of DNMT3B in breast cancer and DNMT3B overexpression
was considered as an independent and unfavorable prognostic factor [62—64]. Additionally,
reduced cell proliferation was also reported in breast cancer [53, 65], melanoma [61], and
colon cancer cells [54, 60] upon DNMT3B depletion. However, in several other cancer
types, DNMT3B has been shown to silence target oncogenes, thus acting as a tumor
suppressor [56, 57, 64]. This contradictory evidence indicates that DNMT3B plays different
roles in transcriptional regulation that are context-dependent and determine its oncogenic or
tumor suppressor properties [64], which will be explored in our future studies.

Since DNMT3B knockout produces anti-cancer effects in breast cancer cells in our current
study and other published reports [53, 65], PTS-mediated recruitment of DNMT3B to
methylate and silence oncogenes seems to be contradictory to the oncogenic function

of DNMT3B. It could potentially suggest that oncogenic or tumor suppressor action of
DNMT3B is gene- and loci-specific. Importantly, we want to emphasize that PTS acts

as an anti-oxidant [66] and oxidative stress was shown to cause loci-specific aberrations

in DNA methylation through activation of DNA repair mechanisms and re-location of
DNMTs, including DNMT3B [67, 68]. Thus, PTS, by decreasing oxidative stress, may
change DNMT3B occupancy and restore original interactions with DNA [69]. This novel
and interesting concept remains to be elucidated.

Changes in DNA methylation at OCT1-binding sites and decrease in OCT1 occupancy
upon PTS could suggest a pivotal role of OCT1 in PTS-mediated recruitment of DNMT3B
and epigenetic silencing of the tested oncogenes. Interestingly, it was reported that OCT1
associates with histone 3 lysine 9 (H3K9) demethylase Jmjdla to remove repressive H3K9
dimethylation mark (H3K9me2) [70, 71]. Low levels of H3K9me2, in turn, reduce the
affinity of DNMTS to bind and methylate DNA near the OCT1 binding site, particularly

in malignant cells [24]. However, it is unclear whether OCT1 governs DNMT3B-DNA
interaction and DNA methylation in response to PTS in our study. To address the timeline
of events involving binding of OCT1 and DNMT3B, we performed studies in MCF10CAla
cells with depleted OCT1. We showed that the lack of OCT1 does not lead to changes in
DNA methylation at regulatory regions of PRKCA, DANTZ, and TNNTZ (Supplementary
Figure S2B). Hence, our findings indicate that the loss of OCT1 binding is rather not a
prerequisite for DNMT3B action. Nevertheless, depletion of OCT1 led to downregulated
expression of the genes, thus confirming the role of OCTL1 in the transcriptional activity
(Supplementary Figure S2A). Another interesting observation was that OCT1 depletion
decreased gene expression to a lesser extent than PTS treatment (Figure 2E, 3D and

3F for PTS vs. Supplementary Figure S2A for siOCT1). It may indicate that DNA
hypermethylation in response to PTS is relevant and contributes to a stronger suppressive
signal than just OCT1 depletion.
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Based on our findings, we hypothesize that upon PTS exposure DNMT3B binds to the
regulatory regions of oncogenes, catalyzes methylation of OCT1 binding sites, and as

a result OCT1 cannot recognize its binding site and cannot participate in activation of
transcription. As a consequence, a given gene is silenced. Indeed, other studies have
demonstrated that cells with loss of de novo DNMTs contain hypomethylated regulatory
regions that are enriched with OCT1 binding motifs [12]. It has also been shown that the
use of DNMT inhibitors such as 5-aza-2”-deoxycytidine decreases the methylation status
of OCT1-targeted gene regulatory regions, such as the STA74 promoter region containing
OCT1 binding motifs, which directly upregulates gene expression [72].

In summary, our results demonstrate a potential mechanistic link between OCT1 and
DNMT3B in hypermethylation of regulatory regions of genes with potential cancer-
promoting functions in response to PTS treatment. Such epigenetic silencing of oncogenes
may be an important contributor to the anti-cancer action of stilbenoid polyphenols. Insights
into the mechanistic underpinnings of bioactive compounds eliciting anti-cancer effects are
crucial in the development of effective cancer prevention strategies and novel approaches in
support of existing therapies.
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Highlights:
. Pterostilbene leads to DNA methylation and silencing of oncogenes
. Pterostilbene leads the recruitment of DNMT3B to oncogenes
. Pterostilbene-mediated DNA methylation and silencing of oncogenes is

DNMT3B-dependent

. DNA hypermethylation observed upon PTS treatment is not signalled by
OCT1-reduced binding
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Figure 1. Overview of genome-wide changes of OCT1 binding in response to PTS.
(A) A pie chart depicting the number of changes in OCT1 binding in MCF10CAla

breast cancer cells treated with 7uM PTS for 9

days. OCT1 binding was assessed by

ChlIP sequencing. (B) Chromosomal view of OCT1-reduced peaks in response to PTS
treatment. Each bar represents a single peak that was called using MACS2 peak calling

software. (C) Chromatin states associated with

OCT1-reduced peaks were determined

using Broad ChromHMM data from human mammary epithelial cells (HMEC) available
on USCS Genome Browser (hg19). Peaks could correspond to active, weak or poised
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promoters, strong or weak enhancers, putative insulators, active or weak transcription,
Polycomb-repressed regions, heterochromatin or repetitive regions. (D) The 326 genes
with OCT1-reduced peaks in promoter/enhancer regions upon PTS were subjected to Gene
Ontology (GO) function (blue color) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis (pink color) using DAVID Knowledgebase. The number of genes
in different categories is depicted in a chart. (E) OCT1 expression in normal and cancer
tissues based on microarray data from Oncomine database. Expression is presented as log2-
transformed median centered per array, and SD-normalized to 1 per array. (F) Schematic of
analysis of peaks and genes associated with OCT1-reduced and DNMT3B-enriched peaks
within promoter/enhancer in MCF10CA1a breast cancer cells treated with 7uM PTS for

9 days. (G) The 47 genes with DNMT3B enrichment in OCT1-reduced peaks in promoter/
enhancer in response to PTS were categorized into genes containing promoter peaks only,
promoter and enhancer peaks, or enhancer peaks only as depicted by the Venn diagram.
Selected genes with known or potential oncogenic role that are associated with those peaks
are listed.
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Figure 2. Hypermethylation of PRKCA in OCT1-reduced and DNMT3B-enriched region is
linked to PRKCA transcriptional silencing in response to PTS in breast cancer cells.

(A) A chart depicting 56 peaks that overlap between OCT1-reduced and DNMT3B-enriched
binding with their chromosomal location and ChlP-seq fold change in MCF10CAla

breast cancer cells treated with 7 uM PTS for 9 days as compared with vehicle-treated

cells. (B) Genome browser tracks depicting DNMT3B and OCT1 enrichment in binding
within PRKCA promoter region in vehicle-treated (blue, control) and PTS-treated (red)
MCF10CA1a breast cancer cells. The blue-shaded track region represents the OCT1-
reduced and DNMT3B-increased overlapping peaks. Below the tracks, gene maps are
depicted with transcription start site (TSS) indicated by +1, transcription factors predicted
using Transfac, and pyrosequenced CpG sites circled and numbered. (C) Binding of

OCT1 and DNMT3B at PRKCA promoter region, as determined by quantitative ChIP, in
MCF10CA1la breast cancer cells treated with 7uM PTS. (D) Average methylation status

of CpG sites within PRKCA promoter as determined by pyrosequencing in MCF10CAla
breast cancer cells treated for 9 days with 7uM PTS. (E) PRKCA gene expression upon
9-day treatment of MCF10CA1a breast cancer cells with 7uM PTS as determined by gPCR.
(F) Expression of PKC-alpha-target genes, VCL, FOSL1 and ANXAZ, upon 9-day treatment
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of MCF10CAU1a breast cancer cells with 7uM PTS as determined by gPCR. All results
represent mean * SD of three independent experiments; ***P<0.001, **P<0.01, *P<0.05.
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Figure 3. Hypermethylation of DANT2 and TNNT2 in OCT1-reduced and DNMT3B-enriched
region is linked to their transcriptional silencing in response to PTS in breast cancer cells.

(A, B) Genome browser tracks depicting DNMT3B and OCT1 enrichment in binding

within DANTZ2and TANNTZenhancer regions in vehicle-treated (blue, control) and PTS-
treated (red) MCF10CAL1a breast cancer cells. The blue-shaded track region represents the
OCT1-reduced and DNMT3B-increased overlapping peaks. Below the tracks, gene maps are
depicted with transcription start site (TSS) indicated by +1, transcription factors predicted
using Transfac, and pyrosequenced CpG sites circled and numbered. (C, E) Average
methylation status of CpG sites within DANTZ2and TNNTZenhancer regions as determined
by pyrosequencing in MCF10CAla breast cancer cells treated for 9 days with 7uM PTS.

(D, F) DANTZand TNNTZgene expression upon 9-day treatment of MCF10CAla breast
cancer cells with 7uM PTS as determined by gPCR. All results represent mean = SD of three
independent experiments; ***P<0.001, **P<0.01, *P<0.05.
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Figure 4. DNMT3B-dependent hypermethylation of PRKCA, DANT2, and TNNT2 in response to
PTS.
(A, B) DNMT3B gene expression at mRNA (A) and protein levels (B) in DNMT3B

knockout cells (DNMT3B KO), as determined by gPCR and western blot, respectively. 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. (C) Cell growth of DNMT3B KO cells in response to 4- and 9-day treatment
with 5uM, 7uM, and 10uM PTS, as determined by trypan blue exclusion test. (D, E, F)
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Average methylation status of CpG sites within PRKCA promoter, and DANTZ2and TNNTZ2
enhancers, as determined by pyrosequencing, in DNMT3B KO cells treated with vehicle
(ethanol, DNMT3B KO Citrl) or with 7uM PTS for 9 days (DNMT3B KO PTS7). Right
panel depicts expression of PRKCA (D), DANTZ2 (E), and TNNTZ (F) in DNMT3B KO Citrl
cells and DNMT3B KO PTS7 cells, as determined by qPCR. All results represent mean +
SD of three independent experiments; ***P<0.001, **P<0.01, *P<0.05.
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