
Citation: Kurzava Kendall, L.; Ma, Y.;

Yang, T.; Lubecka, K.; Stefanska, B.

Epigenetic Effects of Resveratrol on

Oncogenic Signaling in Breast Cancer.

Nutrients 2024, 16, 699. https://

doi.org/10.3390/nu16050699

Academic Editors: Carlos

Pastor-Vargas and Maria

Victoria Gil Álvarez

Received: 30 January 2024

Revised: 23 February 2024

Accepted: 26 February 2024

Published: 29 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Epigenetic Effects of Resveratrol on Oncogenic Signaling in
Breast Cancer
Lucinda Kurzava Kendall 1, Yuexi Ma 2, Tony Yang 2, Katarzyna Lubecka 3 and Barbara Stefanska 2,*

1 Department of Nutritional Sciences, Purdue University, West Lafayette, IN 47907, USA
2 Food, Nutrition and Health Program, Faculty of Land and Food Systems, The University of British Columbia,

Vancouver, BC V6T 1Z4, Canada
3 Department of Biomedical Chemistry, Medical University of Lodz, 92-215 Lodz, Poland
* Correspondence: barbara.stefanska@ubc.ca; Tel.: +1-604-822-2524; Fax: +1-604-822–6394

Abstract: The crosstalk between oncogenic signaling pathways plays a crucial role in driving can-
cer development. We previously demonstrated that dietary polyphenols, specifically resveratrol
(RSV) and other stilbenoids, epigenetically target oncogenes for silencing via DNA hypermethy-
lation in breast cancer. In the present study, we identify signal transduction regulators among
RSV-hypermethylated targets and investigate the functional role of RSV-mediated DNA hyperme-
thylation in the regulation of Hedgehog and Wnt signaling. Non-invasive ER-positive MCF-7 and
highly invasive triple-negative MCF10CA1a human breast cancer cell lines were used as experimental
models. Upon 9-day exposure to 15 µM RSV, pyrosequencing and qRT-PCR were performed to assess
DNA methylation and expression of GLI2 and WNT4, which are upstream regulators of the Hedgehog
and Wnt pathways, respectively. Our results showed that RSV led to a DNA methylation increase
within GLI2 and WNT4 enhancers, which was accompanied by decreases in gene expression. Consis-
tently, we observed the downregulation of genes downstream of the Hedgehog and Wnt signaling,
including common targets shared by both pathways, CCND1 and CYR61. Further analysis using
chromatin immunoprecipitation identified increased H3K27 trimethylation and decreased H3K9 and
H3K27 acetylation, along with abolishing OCT1 transcription factor binding. Those changes indicate
a transcriptionally silent chromatin state at GLI2 and WNT4 enhancers. The inhibition of the Wnt
signal transduction was confirmed using a phospho-antibody array that demonstrated suppression
of positive and stimulation of negative Wnt regulators. In conclusion, our results provide scientific
evidence for dietary polyphenols as epigenetics-modulating agents that act to re-methylate and
silence oncogenes, reducing the oncogenic signal transduction. Targeting such an action could be an
effective strategy in breast cancer prevention and/or adjuvant therapy.
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1. Introduction

Breast cancer remains the leading cancer and the second cause of cancer-related deaths
in women in North America despite tremendous progress in screening, early detection, and
treatments [1]. Common features of breast cancer are aberrant patterns of the epigenome
with changes in DNA methylation, as the most abundantly studied [2,3] and connected
even compared to the socio-economic aspects [4].

Attention in the field of cancer epigenetic research has been largely focused on the
increase in DNA methylation of tumor suppressor genes as an early event in cancer devel-
opment [5]. It is well accepted that promoter hypermethylation leads to the silencing of
tumor suppressor genes, such as, for example, PTEN, APC, and RARbeta2 in breast cancer,
and that the reversal of the repression of these genes results in anti-cancer effects [6]. Hence,
the main focus in epigenetic pharmacology was on developing strategies that will inhibit
DNA methylation and remove aberrant methylation marks from tumor suppressor genes
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to produce anti-cancer effects. However, technological advances allowed for genome-wide
studies of DNA methylation patterns in cancer, which showed that some hypermethylated
promoters are actually associated with active transcription rather than silencing [7]. In
pancreatic cancer, this phenomenon was mechanistically explained by the preferential
binding of the NFATc1 transcription factor to hypermethylated DNA, followed by the
activation of the transcriptional machinery [7]. Recent decades of genome-wide studies
of the DNA methylation landscape in cancer also show that DNA hypomethylation of
promoters and other gene regulatory regions, like enhancers, is as prevalent in cancer as
hypermethylation [8–10]. Interestingly, the hypomethylated genes share common functions
relevant to cancer including cell proliferation, migration, and invasion. We previously
reported that genes differentially methylated between non-invasive LNCaP and highly
invasive PC-3 prostate cancer cell lines include, predominantly, a large number of genes that
are hypomethylated in invasive cells and may account for highly invasive potential [11].
Our studies on clinical samples from liver cancer provided further evidence of organized
hypomethylation events within regulatory regions of genes involved in cellular transfor-
mation [8]. We provided strong mechanistic support for the oncogenic functions of some of
the hypomethylated genes, including RASAL2 and NENF [9]. Loss of DNA methylation
marks at candidate genes was also shown to be critical in invasiveness and metastasis in
breast and prostate cancer in earlier studies [12,13]. These pieces of evidence indicate the
importance of developing therapeutic strategies that target the reversal of demethylation
of oncogenes and pro-metastatic genes by leading to their re-methylation and silencing.

Interestingly, naturally derived compounds have been shown by us and others to mod-
ify the epigenome and bring about profound phenotypic changes at non-toxic doses [14–16].
Our previous findings demonstrated that polyphenols from the stilbenoid class, including
resveratrol (RSV), lead to increased levels of DNA methylation at regulatory regions of hun-
dreds of oncogenes in breast cancer, thereby decreasing their transcriptional activities [16].
We identified numerous genes linked to key oncogenic pathways among polyphenol hy-
permethylated targets, including MAML2, an activator of the NOTCH oncogenic signaling
pathway [16]. Both RSV and its analog, pterostilbene (PTS), induced hypermethylation
and the silencing of MAML2. This led to the inhibition of downstream components of the
NOTCH signaling pathway, indicating pathway suppression [16]. Knockdown of MAML2
mimicked RSV and PTS anti-cancer action, implying an important functional role of the
epigenetic changes within the NOTCH pathway [16]. A similar pattern of changes in
DNA methylation landscapes, including an increase in DNA methylation of oncogenes and
demethylation of tumor suppressor genes, in response to RSV was described in another
study in human breast cancer cells [17]. Medina-Aguilar et al. showed that differentially
methylated genes were involved in cellular oncogenic pathways, including Wnt, MAPK,
and JAK/STAT. A subset of oncogenes was hypermethylated upon treatment with RSV,
including AKT1, STAT3, and NOTCH2 [17], which were enriched with pathways identified
in our genome-wide study as well [16]. Among the top hypermethylated RSV targets, we
found upstream activators of several key signaling pathways, and the highest changes were
detected for GLI2-, a transcriptional activator of Hedgehog signaling, and WNT4-, a Wnt
signaling ligand. Pathways controlled by the two genes, Hedgehog and Wnt, have canoni-
cal and non-canonical signaling routes and play essential roles in normal breast stem cell
function and mammary gland development during embryogenesis, postnatal development,
homeostasis, and pregnancy [18–22]. However, once aberrantly overactive, the pathways
become drivers of mammary epithelial cell transformation, cell invasion, and metasta-
sis [18–22]. In breast cancer, Wnt signaling drives cell proliferation and metastasis and was
recently shown to suppress the anti-tumor immune response [20], for example, through its
major target, Myc, that activates expression of cell antigens (e.g., CD47), preventing tumor
cell recognition by the immune cells [23]. The Wnt pathway also activates a variety of genes
that facilitate stemness maintenance (e.g., by increasing the expression of CD44 antigen
characteristic of breast cancer stem cells [24]) and drug resistance (e.g., by activating MDR1
transporter protein [25]). The importance of Wnt signaling specifically in breast cancer
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is further reflected in phenotype shaping and the classification of breast cancer [20]. For
example, invasive lobular carcinoma is characterized by the loss of β-catenin expression,
whereas invasive ductal carcinoma expresses β-catenin and has a poorer prognosis than
the lobular type. As Wnt signaling, the Hedgehog pathway is implicated in breast cancer
stem cell functioning and increases MDR1 transporter protein in cancer stem cells, leading
to drug resistance [26]. Through GLI1, which acts as a transcription factor, Hedgehog
signaling leads to increased expression of CXCR4 receptors that are linked to enhanced
metastatic properties and breast cancer cell survival [27]. While the mechanisms are still
under investigation, the appearance of cancer-associated fibroblasts in the tumor microen-
vironment is accompanied by the activation of Hedgehog signaling and the increase in the
number of breast cancer stem cells [28].

More importantly, crosstalk occurs between these two pathways in cancer due to the
ability of Hedgehog signaling proteins to regulate the activity of the Wnt pathway, and
vice versa [29–33]. This interdependent regulation allows for cancer therapies to mutually
target the activity of both pathways. Interestingly, dietary polyphenols, specifically RSV,
have been shown to suppress the Hedgehog and Wnt signals in breast cancer [17,34,35].
For instance, RSV was shown to induce autophagy in breast cancer cells in vitro and
in xenograft tumors, and thus suppress cancer stem cells via inhibition of the Wnt/β-
catenin pathway [36]. Importantly, these effects of RSV were significantly reduced upon
the overexpression of β-catenin, which delivers mechanistic evidence for the role of Wnt
signaling in RSV effects on autophagy and stemness in breast cancer [36]. When combined
with anti-cancer agents (e.g., salinomycin), RSV synergistically induced apoptosis of ER-
positive cells through the inhibition of Wnt signaling [35]. With regard to the Hedgehog
pathway, RSV effects have not been explored specifically in breast cancer. However, RSV
was demonstrated to inhibit Hedgehog signaling in pancreatic, gastric, and cervical cancers,
which was accompanied by increased apoptosis and decreased cell proliferation, invasion,
and metastasis [37–40].

Despite a growing body of evidence, mechanisms of these RSV-mediated effects on
the Hedgehog and Wnt pathways and their crosstalk are scarcely explored. Our genome-
wide investigation suggests that polyphenols, specifically RSV, may act through DNA
methylation to regulate the oncogenic signaling pathways. However, it remains unclear
whether RSV-mediated increases in the DNA methylation at regulatory regions of upstream
regulators of the pathways, GLI2 and WNT4, have any potential functional effects on the
gene transcriptional activity and signal transduction. In the present study, we, therefore,
test the impact of RSV-mediated DNA hypermethylation at those upstream activators on
chromatin condensation, gene transcription, and transcription factor occupancy, followed
by investigating pathways’ activities.

2. Materials and Methods
2.1. Cell Culture and Treatment

A human MCF10CA1a breast cancer cell line was cultured in DMEM/F12 (1:1)
medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 5%
horse serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1 U/mL penicillin,
and 1 µg/mL streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The
MCF10CA1a cell line was obtained from Dr. Dorothy Teegarden, Purdue University, IN,
USA, and represents poorly differentiated tumors with a high invasive capacity. The cell
line was derived from tumor xenografts of MCF10A cells transformed with constitutively
active Harvey-ras oncogene. The human MCF-7 breast cancer cell line (#HTB-22, ATCC,
Manassas, VA, USA) was maintained in MEM (1:1) medium (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 0.01 mg/mL insulin (Sigma, St. Louis,
MO, USA), 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
1 U/mL penicillin, and 1 µg/mL streptomycin (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). Resveratrol (RSV, Sigma, St. Louis, MO, USA) was resuspended in ethanol and
10 mM stock solution was stored at −20 ◦C. Cells were grown in a humidified atmosphere
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of 5% carbon dioxide at 37 ◦C. A day prior to treatment with RSV at different concentrations,
cells were plated at a density of 3 × 105 per 10 cm tissue culture dish. After 4 days, cells
were split 1:50, allowed to attach overnight, and exposed to RSV for an additional 4 days
(overall, 9-day treatment). The number of viable and dead cells was determined using
a trypan blue exclusion test at 4-day and 9-day time points. The IC50 dose, defined as a
concentration that reduces cell growth by 50% and leads to not more than 10% of dead cells
compared to vehicle-treated cells (ethanol), was established at both time points of exposure
to RSV.

2.2. DNA Isolation and Pyrosequencing

Standard phenol/chloroform extraction protocol was used for DNA isolation. DNA
bisulfite conversion was performed as previously described and amplified with biotinylated
primers specific for tested gene regulatory regions using HotStar Taq DNA polymerase
(Qiagen, Germantown, MD, USA) (please see Supplementary Materials, Table S1, for primer
sequences) [16]. Pyrosequencing of the biotinylated DNA strands was performed in the
PyroMark Q48 Autoprep instrument (Qiagen, Germantown, MD, USA), as previously de-
scribed [41]. Quantification of the percentage of methylation at a single CpG site resolution
was performed using PyroMark Q48 software (version 4.3.3).

2.3. RNA Isolation, cDNA Synthesis, and qRT-PCR

Isolation of total RNA was performed with the TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. AMV
reverse transcriptase (20 U, Roche Diagnostics, Indianapolis, IN, USA) was used to synthe-
size cDNA from 1 µg of total RNA, as recommended by the manufacturer. The quantitative
real-time PCR reaction was carried out in a LightCycler 480 machine (Roche, Indianapolis,
IN, USA) using 2 µL of cDNA (33 ng), 400 nM forward and reverse primers listed in
Supplementary Table S1, and 10 µL of LightCycler 480 SybrGreen I Master (Roche Diag-
nostics, Indianapolis, IN, USA) in a final volume of 20 µL. Amplification conditions were
as follows: denaturation at 95 ◦C for 10 min, amplification for 60 cycles at 95 ◦C for 10 s,
annealing temperature for 10 s, 72 ◦C for 10 s, and final extension at 72 ◦C for 10 min.
Quantification was performed using a standard curve and analyzed using LightCycler
480 software (version 1.5.1). Relative gene expression levels of target genes are presented
as genes of interest/GAPDH (reference gene).

2.4. Chromatin Immunoprecipitation (ChIP) and Quantitative ChIP (qChIP)

Chromatin immunoprecipitation (ChIP) was performed to determine DNA–protein
interactions, as previously described [16,42]. We used the following primary antibodies:
anti-trimethyl-Histone H3 lysine 27 rabbit antibody (H3K27me3, #07-449, MilliporeSigma,
Oakville, ON, Canada), anti-acetyl-Histone H3 lysine 27 rabbit antibody (H3K27ac, #07-360,
MilliporeSigma, Oakville, ON, Canada), anti-acetyl-Histone H3 lysine 9 rabbit antibody
(H3K9ac, #07-352, MilliporeSigma, Oakville, ON, Canada), and anti-OCT1 mouse antibody
(#MAB5434, MilliporeSigma, Oakville, ON, Canada). ChIP DNA was used as a template
for qPCR (quantitative ChIP, qChIP) where 25 ng of input, antibody-bound, and IgG-bound
DNA was used as starting material in all conditions. The levels of occupancy of the proteins
were expressed as (Bound-IgG)/Input.

2.5. Phospho-Antibody Wnt Signaling Array

Wnt Signaling Phospho-antibody Array and Antibody Array Assay Kit (Full Moon
Biosystems, Sunnyvale, CA, USA) were used to determine the phosphorylation levels of
the key Wnt signaling mediators. Alexa Flor 555 Conjugate Streptavidin (Thermo Fisher
Scientific, Waltham, MA, USA) was used as a dye for detection. Array slides were scanned
to detect florescence intensity using the Agilent G4900DA SureScan Microarray Scanner
System (Agilent, Santa Clara, CA, USA). Array images were analyzed using ImageJ software



Nutrients 2024, 16, 699 5 of 21

(version 1.50) for florescence quantification and florescence intensity was normalized to the
blank signal.

2.6. Statistical Analysis

An unpaired t-test with a two-tailed distribution was used for the statistical analysis
of the data. Each value represents the mean ± S.D. of three independent experiments
(biological replicates). The results were considered statistically significant when p < 0.05.

3. Results
3.1. Genes, That Are Hypermethylated upon Exposure to Resveratrol (RSV), Are Associated with
Numerous Oncogenic Signaling Pathways

RSV treatment led to a decrease in cell growth rate in a dose-dependent manner in
both human non-invasive MCF-7 and highly invasive MCF10CA1a breast cancer cells. The
concentration of 15 µM was determined as the IC50 concentration for a 9-day treatment
in MCF10CA1a [16,43] and MCF-7 cells (Figure S1). The IC50 value was higher on day
4 but remained comparable in both cell lines, at approximately 21–22 µM (Figure S1).
Considering the evidence of non-linear dose–response for RSV chemopreventive effects
and the higher efficacy of lower vs. higher RSV doses in cancer chemoprevention [44], our
goal was to select the lowest dose possible for further experiments on RSV effects. As the
same effect, namely 50% cell growth inhibition, was achieved at a lower RSV dose at a 9-day
time point, we proceeded with the 9-day 15 µM RSV treatment in further experiments.

In a study previously conducted by our group, we performed an Illumina 450 K
methylation array and identified alterations in the DNA methylation landscape in human
invasive MCF10CA1a breast cancer cell lines in response to a 9-day treatment with 15 µM
RSV [16]. Herein, exploring this dataset (GSE80794) and applying bioinformatic tools
such as Gene Ontology, KEGG, and the DAVID knowledgebase, we have found that RSV-
hypermethylated targets are enriched with key oncogenic signal transduction pathways,
including Notch, Wnt, Hedgehog, TGF-β, MAPK, and AKT (Figure 1A). These pathways
are well established to drive cancer development [45]. RSV-hypermethylated targets,
which are classified within a specific functional category of a given signaling pathway
and distinguished by the most significant increase in DNA methylation following RSV
treatment compared to the control (Ctrl; cells treated with vehicle-ethanol), are illustrated
in Figure 1A. The differences in the DNA methylation levels, expressed as delta beta values,
are plotted in Figure 1B. One of the highest levels of hypermethylation was detected for GLI2
and WNT4 from the Hedgehog and Wnt signal transduction pathways, respectively. Of
importance, these two genes are upstream components activating their respective pathway
and creating crosstalk between the two pathways [29].

3.2. GLI2 and WNT4 from Hedgehog and Wnt Signaling Pathways, Respectively, Are
Hypermethylated and Downregulated in Response to Resveratrol (RSV)

We further used pyrosequencing to quantify the DNA methylation changes within
enhancers of GLI2 and WNT4 in MCF10CA1a and MCF-7 cells treated with 15 µM of
RSV for 9 days (Figure 2A,F). Within three CpG sites in GLI2 enhancer, we detected a
15–38% increase in DNA methylation upon RSV in the invasive ER(−) MCF10CA1a cell
line (Figure 2B). Similar effects with a 15–20% increase in DNA methylation were observed
in non-invasive ER(+) MCF-7 breast cancer cells (Figure 2C). GLI2 hypermethylation was
linked to gene downregulation by 40% in MCF10CA1a cells (Figure 2D) and by 57% in
MCF-7 cells (Figure 2E). An inverse correlation between DNA methylation of an enhancer
region and gene expression was also identified for the WNT4 oncogene. Across CpG
sites 2 and 3, we detected a 20–40% increase in DNA methylation (Figure 2G), which
was accompanied by a 30% drop in WNT4 expression in MCF10CA1a treated with RSV
(Figure 2I). In non-invasive MCF-7 cells, a 30% downregulation of WNT4 (Figure 2J) was
associated with a 15% hypermethylation at CpG2 (Figure 2H). Taken together, we report
that GLI2 and WNT4 are hypermethylated and downregulated in response to 15 µM RSV
in MCF10CA1a and MCF-7 cells. Of note, WNT4 was downregulated already at a 4-day
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treatment in MCF10CA1a cells, which could possibly imply that WNT4 is an early response
gene in RSV-mediated epigenetic effects (Figure 2I).
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Figure 1. Genome-wide DNA methylation profiling identifies hypermethylated genes that are
linked to regulation of multiple oncogenic signaling pathways in response to resveratrol (RSV) in
breast cancer cells. (A) A scheme depicting oncogenic signaling pathways with their upstream
regulators that are hypermethylated upon RSV exposure. (B) Differences in DNA methylation
between 15 µM RSV-treated and vehicle-treated MCF10CA1a breast cancer cells, as determined by
Infinium HumanMethylation 450 K BeadChIP microarray. The difference is expressed as delta beta,
which corresponds to the difference in bead intensities (beta values). The data were extracted from
GSE80794 from our previous work [16].
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Figure 2. Hypermethylation and downregulation of GLI2 and WNT4 in response to resveratrol (RSV)
in breast cancer cells. (A,F) A map of the GLI2 (A) and WNT4 (F) enhancer region, where the light
blue shaded area represents the entire fragment tested by pyrosequencing and quantitative chromatin
immunoprecipitation (qChIP). Transcription start site (TSS) is indicated by +1, transcription factors
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were predicted using Transfac, and pyrosequenced CpG sites are circled and numbered. CpG covered
on Illumina microarray platform is indicated above the gene map along with CpG loci identifier
number (so-called cluster CG#). (B,C) Average methylation status of CpG sites in GLI2, from the
Hedgehog signaling pathway, in invasive MCF10CA1a (B) and non-invasive MCF-7 (C) breast cancer
cells. (D,E) Expression of GLI2 upon 4-day and 9-day treatment of invasive MCF10CA1a (D) and non-
invasive MCF-7 (E) breast cancer cells with 15 µM RSV, as determined by qRT-PCR. (G,H) Average
methylation status of CpG sites in WNT4, from the Wnt pathway, in invasive MCF10CA1a (G) and
non-invasive MCF-7 (H) breast cancer cells upon 9-day exposure to 15 µM RSV. (I,J) Expression of
WNT4 upon 4-day and 9-day treatment of invasive MCF10CA1a (I) and non-invasive MCF-7 (J) breast
cancer cells with 15 µM RSV. All results represent mean ± SD of three independent experiments;
*** p < 0.001, ** p < 0.01, * p < 0.05.

3.3. Genes Downstream of the Hedgehog and Wnt Signaling Are Downregulated in Response to
Resveratrol (RSV)

In order to validate that the downregulation of components upstream of the Hedgehog
and Wnt pathways in response to RSV is biologically significant and results in the inhibition
of the oncogenic pathways, we measured the expression of genes downstream of both
pathways (Figure 3). In response to 15 µM RSV treatment over the course of 9 days in
the highly invasive MCF10CA1a breast cancer cells, we observed statistically significant
downregulation of a Wnt signaling gene target, EpCam (39% decrease), a Hedgehog signal-
ing gene target, BCL2 (39% decrease), and two common gene targets of both the Wnt and
Hedgehog pathways, CCND1 (37% decrease) and CYR61 (23% decrease) (Figure 3A–D).
Similar to MCF10CA1a, downstream targets of the pathways were reduced in RSV-treated
non-invasive MCF-7 cells, with close to a 20% decrease in expression of EpCam and CCND1,
and a 50% drop in CYR61 and BCL2 (Figure 3E–H). Altogether, our results suggest that the
epigenetic silencing of WNT4 and GLI2 induced by RSV treatment leads to attenuation of
the Wnt and Hedgehog signal transduction, as evidenced by decreased transcription of
target genes of the pathways. Interestingly, treatment with 15 µM RSV over 9 days was ca-
pable of selectively inhibiting cancer cell growth by 50% in MCF10CA1a [16] and in MCF-7
cells (Figure S1), whilst having negligible effects on normal mammary epithelial cells [16].
This suggests that cancer cell growth inhibition by RSV may possibly be partially explained
through downregulation of the oncogenic pro-proliferative Wnt and Hedgehog signaling.

3.4. Compacted Chromatin Structure and Decreased OCT1 Transcription Factor Occupancy at
Regulatory Regions of GLI2 and WNT4 in Response to Resveratrol (RSV)

It is well documented that epigenetic mechanisms of gene regulation possess a great
deal of crosstalk between each other, including DNA methylation and histone modifica-
tions [46–48]. On the one hand, trimethylation of histone H3 at lysine 27 (H3K27me3) is
generally associated with the formation of inaccessible/closed chromatin (heterochromatin)
and ultimately gene repression [49]. On the other hand, acetylation of H3 at lysine 9/27
(H3K9ac/H3K27ac) are active enhancer marks and are typically associated with increased
gene transcription and a more open chromatin state (euchromatin) [50,51].

DNA hypermethylation at GLI2 and WNT4 enhancers and reduced mRNA levels of
GLI2 and WNT4 genes indicate a closed chromatin structure at those regulatory regions. To
assess chromatin, we measured repressive and active histone marks, including H3K27 tri-
methylation, and H3K27 and H3K9 acetylation, in response to MCF10CA1a cells to a 9-day
treatment with 15 µM RSV (Figure 4). GLI2 enhancer was 2.7 times more enriched with a
repressive mark, H3K27me3, simultaneously losing active marks, namely 22% of H3K27ac
and 53% of H3K9ac occupancy (Figure 4A). Within the WNT4 enhancer, we detected a
1.5-fold increase in H3K27me3 binding, which was accompanied by a 14% decrease in
H3K27ac and an 18% decrease in H3K9ac occupancy (Figure 4B).
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Figure 3. Expression of genes downstream of the Hedgehog and Wnt signaling pathways in
response to resveratrol (RSV) in breast cancer cells. (A,B,E,F) Expression of BCL2 (A,E) and
EpCam (B,F), the Hedgehog and Wnt signaling target genes, respectively, as quantified by qRT-
PCR in MCF10CA1a (A,B) and MCF-7 (E,F) breast cancer cells following 4 and 9 days of 15 µM RSV
treatment. (C,D,G,H) Expression of CCND1 (C,G) and CYR61 (D,H), target genes of both the Hedge-
hog and Wnt pathways, as quantified by qRT-PCR in MCF10CA1a (C,D) and MCF-7 (G,H) breast
cancer cells following 4 and 9 days of 15 µM RSV treatment. All results represent mean ± SD of three
independent experiments; *** p < 0.001, ** p < 0.01, * p < 0.05.
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Figure 4. Chromatin accessibility and transcription factor binding at the enhancer regions of GLI2 and
WNT4 in response to resveratrol (RSV). (A,B) Occupancy of trimethylation of lysine 27 of histone H3
(H3K27me3), a histone repressive mark, as well as acetylation of lysine 27 and 9 of histone H3 (H3K27ac
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and H3K9ac), active histone marks, at the GLI2 (A) and WNT4 (B) enhancer regions in MCF10CA1a
breast cancer cells following 9-day exposure to 15 µM RSV. (C,D) Binding of OCT1, a transcription
factor associated with activating genes linked to cancer promotion, at the GLI2 (C) and WNT4 (D)
enhancer regions in MCF10CA1a breast cancer cells upon 9-day exposure to 15 µM RSV. (E) A scheme
depicting a change from open chromatin to condensed chromatin packaging in response to RSV. All
results represent mean ± SD of three independent experiments; *** p < 0.001, ** p < 0.01.

Importantly, our previous studies demonstrated that 80% of RSV hypermethylated
target genes contain a sequence corresponding to the OCT1 response element, which we
quantitatively validated for a set of genes [14–16]. Using chromatin immunoprecipitation
(ChIP), we experimentally confirmed OCT1 binding to GLI2 and WNT4 enhancer regions
in control cells (Figure 4C,D). The compacted chromatin structure at both GLI2 and WNT4
enhancers, as indicated by histone marks (Figure 4A,B) and DNA methylation (Figure 2),
was associated with a robust almost 98% decrease in OCT1 transcription factor binding
upon RSV treatment (Figure 4C,D).

3.5. The Wnt Pathway Activity Is Attenuated as Reflected by Changes in Protein Phosphorylation
upon Exposure to Resveratrol (RSV)

The post-translational modifications of proteins play an important role in signal trans-
duction pathways as these modifications significantly affect the structure and functioning
of upstream signaling mediators [52,53]. Furthermore, it has been previously demonstrated
that numerous mediators of Wnt signaling (e.g., β-catenin, APC, GSK3) are regulated by
phosphorylation, which ultimately affects the activity of the Wnt signaling pathway [54,55],
and, consequently, other pathways Wnt signaling is interconnected with (e.g., Hedge-
hog) [29,30,33]. We therefore asked a question whether RSV-mediated epigenetic silencing
of WNT4 and GLI2 is accompanied by an overall decrease in oncogenic signal transduc-
tion. Utilizing an ELISA-based phosphorylation array, we qualitatively determined the
phosphorylation levels of proteins within the Wnt pathway.

Phosphorylation levels of APC and catenin alpha 1, which are Wnt pathway-inhibiting
proteins, increased in response to RSV treatment indicating an increased activity of APC
and catenin alpha 1 (Figure 5A). In contrast, non-phosphorylated beta-catenin is a strong
activator of the Wnt signaling. Its activity was decreased by RSV, as reflected in increased
phosphorylation levels at serine positions Ser33 and Ser37 [54]. Phosphorylated beta-
catenin is directed into ubiquitination and proteasomal degradation rather than to stimu-
lation of TCF/LEF-mediated transcription (Figure 5B) [54]. On the other hand, exposure
of MCF10CA1a cells to RSV resulted in decreased phosphorylation and thus impaired
activity of two activators of Wnt signaling, namely AKT and CK2-alpha (Figure 5A). Phos-
phorylation levels of GSK3 were also decreased upon RSV treatment (Figure 5A), which
could potentially be explained by suppression of AKT that catalyzes phosphorylation and
consequently inhibition of GSK3 (Figure 5B). Active GSK3, in turn, phosphorylates APC
and beta-catenin, which leads to an increase or decrease in the activity of these targets,
respectively, altogether attenuating the Wnt pathway (Figure 5B). Collectively, changes in
phosphorylation levels of proteins from the Wnt pathway lead to the inhibition of major
routes (marked in red in Figure 5B), which turns off the oncogenic signal transduction.
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Figure 5. The activity of Wnt signaling mediators as measured based on the level of protein phospho-
rylation in response to resveratrol (RSV). (A) Protein phosphorylation ratio between MCF10CA1a
breast cancer cells treated with resveratrol (RSV) and treated with vehicle (ethanol, Ctrl). Wnt Signal-
ing Phospho-antibody Array and Antibody Array Assay Kit were used to determine phosphorylation
levels of key mediators of the Wnt pathway. Streptavidin covalently attached to a fluorescent label
was used as dye for detection. The florescence intensity was analyzed using ImageJ. Changes in
protein activity were quantified using antibodies for the phosphorylated and unphosphorylated
sites in each protein. Values of the phosphorylation ratio are color-coded with red and green colors
corresponding, respectively, to the increase or decrease in phosphorylation levels of a given protein in
response to RSV as compared with control cells (RSV/Ctrl). All results represent mean ± SD of three
independent experiments. (B) A scheme of the Wnt pathway with indicated changes in the activity
and phosphorylation levels of the key mediators. Up and down arrows correspond, respectively, to
the increase or decrease in the activity or phosphorylation of given proteins. A cross through symbol
reflects the inhibition of a given route due to changes in the activity/phosphorylation of an upstream
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regulator in response to RSV. The major regulatory routes in the interplay between the Wnt and
Hedgehog pathways are indicated with blue arrows/lines. Upon activation by GLIs, SFRP1 activates
GSK3-beta, which phosphorylates beta-catenin decreasing its activity. GLI2 can promote nuclear
localization of beta-catenin, thereby increasing Wnt signal transduction. GSK3-beta-mediated phos-
phorylation of GLI3 inhibits GLI1/GLI2 activity and thus the Hedgehog pathway. Biorender was
used to create the scheme.

4. Discussion

One of the mechanisms by which oncogenic growth occurs in breast cancer is through
a variety of established signaling pathways including the Notch, Wnt, Hedgehog, TGF-
beta, MAPK, and AKT pathways [45]. Each pathway consists of a cascade of signaling
molecules resulting in an aspect of development or growth that is crucial during the
early developmental stages of life and silenced following the normal stages of growth
and development. In cancer, these pathways are reactivated in adult tissues to levels not
normally observed, resulting in abnormal cellular growth, tumor formation, and cancer
initiation [20,22]. Moreover, the Hedgehog and Wnt oncogenic pathways constitute key
stemness-associated pathways facilitating self-renewal and cancer stem cell-induced tumor
initiation and progression in different types of cancer, including breast cancer [45]. Of
importance, the co-activation of Hedgehog and Wnt signals has been associated with early
recurrence, decreased survival, and overall poorer prognosis in triple-negative breast cancer
patients [33].

RSV has been previously shown to inhibit oncogenic signaling pathways, includ-
ing Wnt and Hedgehog in different cancers, including breast cancer [34]. However, the
mechanisms of RSV effects remain unexplained. As we and others previously reported,
genes targeted for re-methylation and silencing by RSV in breast cancer cells are enriched
with oncogenic functions and pathways (Figure 1), which might explain RSV-mediated
decrease in cell growth and invasive properties [14–17]. Furthermore, numerous other
bioactive compounds, particularly from a class of polyphenols, have been demonstrated
to impact the DNA methylation patterns and other components of the epigenome [56–58].
The latest results from the randomized clinical trial, DIRECT PLUS study (NCT03020186),
show that the green Mediterranean high polyphenol diet, rich in green tea and Mankai,
shapes the methylome (DNA methylation landscape) and specifically affects components
of the one-carbon metabolism that is one of the key pathways regulating the epigenetic
modifications [57]. This recent finding is especially important as it validates polyphenols’
epigenetic effects in humans.

Of interest, among RSV-hypermethylated targets in MCF10CA1a breast cancer cells,
a gene with the highest magnitude of change, GLI2 (Figure 1B), is a transcriptional co-
activator of Hedgehog signaling, which crosstalks with the Wnt pathway, for example,
through the inhibitory action of GSK3-beta on both GLI and beta-catenin [29]. Because DNA
hypermethylation was the highest at WNT4 among identified hypermethylated WNTs,
and WNT4 is a Wnt ligand shown to be particularly upregulated in breast cancer [59]
and in subsets of breast cancer expressing autocrine human growth hormone (hGH) that
drives transformation [60], we proceeded with the investigation of GLI2 and WNT4. An-
other central aspect in our current study was breast cancer cells with diverse profiles of
hormonal expression, ER-positive MCF-7 and triple-negative MCF10CA1a, to address the
heterogeneity of breast cancer which is a major challenge in clinical settings.

Alterations in DNA methylation patterns in regulatory regions of GLI2 and WNT4
following a 9-day treatment with 15 µM RSV were initially identified using the Illumina
450K DNA methylation microarray in highly invasive MCF10CA1a cells [16] (Figure 1).
Further quantitative analysis with pyrosequencing revealed significant loci-specific in-
creases in DNA methylation in the enhancer regions of both genes in MCF10CA1a cells,
as well as in non-invasive MCF-7 cells (Figure 2). Increases in DNA methylation patterns
in regulatory regions of a gene, such as an enhancer, are consistent with the inhibition of
transcriptional initiation and therefore a decrease in expression of the gene [14,61]. More-
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over, we previously demonstrated that stilbenoid polyphenols specifically target enhancer
regions for epigenetic silencing in breast cancer cells [14]. Using qRT-PCR, we validated
this proposed downregulation with the experimental detection of decreases in GLI2 and
WNT4 mRNA levels following 9 days of 15 µM RSV treatment in MCF-7 and MCF10CA1a
breast cancer cells (Figure 2). Interestingly, the expression of GLI2 and WNT4 was not
affected at a 4-day time point, implying that the tested targets are late-response genes.
WNT4 in MCF10CA1a cells was an exception, potentially indicating the existence of an
alternative mechanism of transcriptional regulation of WNT4 at a 4-day time point and
its role in early response to RSV. As epigenetic components cooperate to regulate gene
transcription in mammalian cells, we measured histone protein marks to further elucidate
changes in chromatin condensation and transcriptional activity of the regions [46,62]. In-
creased binding of H3K27me3 repressive mark and decreased H3K27ac and H3K9ac active
marks were observed, correlating with the detected increases in DNA methylation and gene
silencing following RSV treatment (Figure 4). Our findings indicate that RSV promotes
the formation of condensed chromatin (heterochromatin) in the regulatory regions of GLI2
and WNT4 (Figure 4E). H3K27ac has been shown to specifically mark active enhancers [50],
and thus its decrease would indicate lower enhancer activity. Of note, a strong crosstalk
between DNA methylation and histone methylation has been established when study-
ing DNA methylation maintenance during DNA replication [62]. Furthermore, DNMTs,
including de novo DNMT3A and DNMT3B, interact with histone tails and pre-existing
histone methylation has been shown to participate in the recruitment of DNMTs and the
distribution of DNA methylation in the genome [62]. However, the interplay between DNA
and histone methylation may depend on the position of histone methylation, as exampled
by H3K27me3. Genome-wide studies show that DNA methylation and H3K27me3 are
mutually exclusive in stem cells; however, the two marks can co-exist in low CpG-dense
regions in more differentiated cells [62]. Importantly, enhancer regions are most often char-
acterized by a low level of CpG density, which suggests a co-existence of DNA methylation
and H3K27me3 in mammary epithelial cells—our experimental model.

Increased H3K27me3 occupancy at the target genes in response to RSV could also be
facilitated via the Hedgehog pathway-dependent mechanism. Recent evidence indicates an
intriguing mechanism of regulation of H3K27me3 occupancy via the Hedgehog pathway
in breast cancer. It was shown that GLI1 from Hedgehog signaling recruits JMJD3 histone
demethylase to specific DNA loci, which results in H3K27 demethylation and consequently
activation of oncogenes [63]. Hence, the suppression of Hedgehog signaling upon RSV
would interfere with JMJD3 binding and thereby facilitate H3K27 trimethylation and
oncogene inhibition.

Epigenetic downregulation of GLI2 and WNT4, which are members of breast cancer
signaling pathways driving cell proliferation, differentiation, and oncogenesis, would be
expected to decrease stimulation of the Hedgehog and Wnt pathways, in part justifying
the decreased cell proliferation observed following RSV treatment in MCF10CA1a [16]
and MCF-7 cells (Figure S1). Hence, we have investigated whether the inhibitory signal
is transferred downstream to the pathway target genes by measuring their mRNA levels.
Indeed, we have observed a consistent decrease in the expression of all selected target
genes, which included BCL2 as the Hedgehog target, EpCAM as the Wnt target, and
CCND1 and CYR61 as targets common between the two pathways (Figure 3). Importantly,
epigenetic regulation of the Hedgehog and Wnt pathways has been previously reported
in multiple cancers [64,65]. For instance, the upregulation of WNT2 in colorectal cancer
was mechanistically linked to a decrease in repressive histone mark H3K27me3 [64]. GLI1
was upregulated which coincided with loss of mono-methylation at histone 3 lysine 4,
while SHH was hypomethylated and overexpressed in breast cancer [65]. On the contrary,
increased expression of GLI2 was linked to various microRNAs in numerous cancers,
including breast cancer [65]. To our knowledge, epigenetic regulation of WNT4 has not
been previously reported however recent evidence indicates that WNT4 is secreted by
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colorectal tumors and promotes cancer progression, metastasis, and angiogenesis through
the canonical Wnt signaling pathway [66].

Interestingly, there is a strong regulatory connection between the Wnt and Hedge-
hog pathways and this crosstalk has been shown to play an important role in cancer
development and progression, including breast cancer [29,30,33]. Non-canonical Hedge-
hog signaling, which is PTCH1-dependent and SMO and GLI-independent, is believed
to increase Wnt activity in the intestinal tissue [64]. On the other hand, several studies
in colon cancer show that the canonical Hedgehog pathway inhibits Wnt by regulating
the expression of SFRP1 via its effector proteins, GLI1 and GLI2 [64]. Upon activation
by GLIs, SFRP1 activates GSK3-beta which phosphorylates beta-catenin, abolishing the
signal transfer to TCF/LEF for transcriptional stimulation of Wnt-responsive genes [30]
(Figure 5B). The link between Hedgehog and Wnt seems to be even more complicated as the
existing evidence also indicates that GLI2 can promote nuclear localization of beta-catenin,
thereby increasing Wnt signal transduction and driving cell proliferation of osteosarcoma
cells [64,67] (Figure 5B). With regard to the regulatory influence of Wnts on Hedgehog,
the Wnt pathway has been shown to inhibit GLI-mediated transcriptional regulation of
Hedgehog-responsive genes and thus the Hedgehog signal transduction [30]. This is
achieved by GSK3-beta-mediated phosphorylation of GLI3 that subsequently inhibits
GLI1/GLI2 activity [29] (Figure 5B). Similar to GSK3-beta, which regulates the activity of
GLIs and beta-catenin, SUFU tumor suppressor, a well-known negative regulator of the
Hedgehog pathway, inhibits both Hedgehog and Wnt through the interaction with GLIs
and beta-catenin as well [29]. Of importance, the epigenetic upregulation of both pathways
was demonstrated to occur through miRNA-150-mediated downregulation of SUFU in
gastric cancer, further supporting the crosstalk between the pathways [68].

As Wnts and GSK3-beta-mediated protein phosphorylation appear to form one of the
regulatory connections between the Hedgehog and Wnt signals, and the Wnt pathway is
very well explored in terms of the activity–protein phosphorylation dependence, we further
validated RSV-mediated oncogenic signal attenuation through a detailed investigation of
Wnt signaling. We used a Wnt Signaling Phospho-antibody Array, demonstrating the
activity of signaling pathway molecules based on the level of protein phosphorylation in
MCF10CA1a cells after 9 days of 15 µM RSV treatment. Decreased activity was observed
from key Wnt positive regulators including AKT, CK2-alpha, and beta-catenin. These
key regulators are known to have a role in cancer promotion [45] and their activity was
inhibited in cells following RSV treatment (Figure 5). On the other hand, increased activity
was observed from Wnt negative regulators APC, GSK3, and alpha-catenin, which, conse-
quently, has been linked in the literature with low Wnt signaling activity (Figure 5). Our
model demonstrated an increase in the activity of these proteins, supporting the finding
on the inhibition of Wnt signaling following RSV treatment. The alterations in signaling
molecules of the Wnt pathway in response to RSV are consistent with beta-catenin degra-
dation upon GSK3-beta-mediated phosphorylation resulting in a decline of the Wnt target
gene transcriptional activity (Figure 5B). Simultaneously, GSK3-beta inhibits GLI proteins
and, as a result, the Hedgehog pathway.

In our current study, polyphenols, specifically RSV, were shown to modify epigenetic
marks and change the chromatin condensation in upstream genes positively regulating the
Hedgehog and Wnt pathways, which was accompanied by inhibition of Hedgehog/Wnt
common downstream targets and attenuation of oncogenic signal transduction. We estab-
lished precise target genes that are affected by RSV providing potential targets for novel
therapies. Although the in vitro controlled environment used in our study allows for a
precise investigation of RSV targets, it makes it impossible to capture the effects of RSV
metabolites. Other limitations include using only two cell lines and one single treatment
schedule, which may not be translated into in vivo models and other study designs.

The future significance of RSV for cancer treatment is immense, particularly when
considering usage as an adjunctive treatment to chemotherapy. Studies have begun to
compare traditional chemotherapeutic treatments to combination treatments consisting of
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chemotherapeutics and RSV, as well as other polyphenols [35,58,69,70]. While the body of
evidence demonstrating the effectiveness of these adjunctive treatments is not yet complete
and in vivo data for these studies are growing, the implications of these combination
therapies are robust, for example, potentiating the activity of doxorubicin and increasing
sensitivity to tamoxifen and radiotherapy in breast cancer models [35]. The low-toxic
properties of RSV result in increased treatment tolerability, and its anti-cancer effects may
bring about additive treatment benefits [35,71]. Moreover, nanotechnological approaches
are under investigation to increase RSV bioavailability and efficacy, including nanoparticles
for targeted delivery of RSV in breast cancer [35,71]. Another beneficial aspect of RSV
anti-cancer action, specifically the inhibition of oncogenic signaling pathways, could lie in
overcoming resistance to known pathway inhibitors and chemotherapeutics. For instance,
recent evidence shows the Wnt/beta-catenin pathway as a promoting factor in breast tumor
drug resistance and the inhibition of the pathway by alkaloids indeed enhanced the efficacy
of common chemotherapeutics in breast cancer [72]. This finding delivers the premise for
RSV in reversing drug resistance by inhibiting the Wnt signal transduction and opens the
door to further research.

Recent advances in gut microbiota and metabolomics, including the introduction of
novel and more sensitive technologies (e.g., ultra-high-performance liquid chromatography
coupled to a triple-quadrupole mass spectrometry system), unraveled a wide spectrum of
RSV cellular and gut bacteria-derived metabolites [73,74]. Microbial metabolites, such as
dihydro-resveratrol and lunularin, had even stronger anti-inflammatory and anti-cancer
effects than RSV at in vivo relevant concentrations that were found in mouse tissues upon
exposure to RSV [73]. These discoveries warrant further research on RSV derivatives and
their role in cancer therapy, including their dose-dependent effects, pharmacological targets,
and the possibility of pharmaceutical formulations.

When studying and applying RSV for cancer treatment, potential drug interactions
must be considered as RSV and its metabolites have been shown to interact with drug-
metabolizing enzymes and drug transporters, for example, cytochrome P450 (CYPs) [75].
Inhibiting important CYP enzymes and inducing conjugating enzymes are vital to RSV-
mediated inhibition of carcinogen bioactivation and RSV-mediated elimination of toxic
substances, respectively. However, as the same enzymes/pathways are involved in the
metabolism of a variety of drugs, RSV might disrupt/potentiate their pharmacological
action [75]. It is important to emphasize that these interactions matter when pharma-
cological concentrations of RSV are used; thereby, they might not constitute an obstacle
when RSV-rich foods are consumed, as they contain low RSV concentrations. Importantly,
growing evidence shows the high efficacy of low RSV doses in disease prevention [44],
proving its bioactivity with a minimal possibility of nutrient-drug interactions.

5. Conclusions

Our findings demonstrate that RSV-mediated epigenetic alterations in transcriptional
activity of oncogenes, that are located upstream of the Hedgehog and Wnt oncogenic
signaling, are accompanied by the attenuation of the core oncogenic pathways. Of im-
portance, the effects were detected in breast cancer cells with a different receptor status,
triple negative and highly-invasive MCF10CA1a and non-invasive ER-positive MCF-7 cells.
We provide scientific evidence that suggests dietary bioactive compounds as epigenetic
agents that could combat epigenetic activation of genes driving breast cancer development
and progression, and hence have the potential to be part of effective strategies in cancer
prevention and/or treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16050699/s1, Figure S1: resveratrol (RSV) exerts a dose-
dependent effect on growth of breast cancer cells; Table S1: pyrosequencing, qRT-PCR, and quantita-
tive ChIP (qChIP) primer sequences for the selected gene targets.
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Abbreviations

AKT1 AKT Serine/Threonine Kinase 1
AKT3 AKT Serine/Threonine Kinase 3
APC APC Regulator of WNT Signaling Pathway
BCL2 BCL2 Apoptosis Regulator
CCND1 Cyclin D1
CK2α Casein Kinase Two Alpha
CYR61 Cysteine-rich Angiogenic Inducer 61
EpCam Epithelial Cell Adhesion Molecule
FZD Frizzled Class Receptor
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GLI GLI Family Zinc Finger
GSK3α (GSK3-alpha) Glycogen Synthase Kinase 3 Alpha
GSK3β (GSK3-beta) Glycogen Synthase Kinase 3 Beta
JAK/STAT Janus Kinase/Signal Transducers and Activators of Transcription
KRAS KRAS Proto-oncogene, GTPase
LRP LDL Receptor-related Protein
MAML2 Mastermind-like Transcriptional Coactivator 2
MAPK Mitogen-activated Protein Kinase
NENF Neudesin Neurotrophic Factor
NOTCH Notch Receptor
NOTCH2 Notch Receptor 2
OCT1(SLC22A1) Solute Carrier Family 22 Member 1
PITX2 Paired-like Homeodomain 2
PLCG2 Phospholipase C Gamma 2
PRKCA Protein Kinase C Alpha
PRKCB Protein Kinase C Beta
PTCH1 Patched 1
PTCHD1 Patched Domain Containing 1
PTEN Phosphatase and Tensin Homolog
RARβ Retinoic Acid Receptor Beta
RASAL2 RAS Protein Activator Like 2
RPS6KA2 Ribosomal Protein S6 Kinase A2
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RSV Resveratrol
SFRP1 Secreted Frizzled-related Protein 1
SMO Smoothened, Frizzled Class Receptor
STAT3 Signal Transducer and Activator of Transcription 3
STAT4 Signal Transducer and Activator of Transcription 4
STAT5B Signal Transducer and Activator of Transcription 5B
SUFU SUFU Negative Regulator of Hedgehog Signaling
TCF/LEF T-cell Factor/Lymphoid Enhancer Factor
TGF-β pathway Transforming Growth Factor-beta
Wnt signaling Wingless-related Integration Site
WNT16 Wnt Family Member 16
WNT4 Wnt Family Member 4
WNT6 Wnt Family Member 6
B-Trcp (BTRC) Beta-transducin Repeat Containing E3 Ubiquitin Protein
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