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The discovery of the Estrogen Receptor Beta (ERB) in 1996 opened new perspectives in the diagnostics and therapy of
different types of cancer.
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1. The Molecular Pathways of Estrogen Receptor Alpha and Beta in
Cancer

Decades ago, it became clear that estrogen has a carcinogenic effect. In the meantime, it has been discovered that it has
a dual role in the proliferation and the cell cycle WEEl The discovery of ERB means that the dual role of estrogen is
possibly mediated through two receptors, ERa and ERP, and probably through the complex profile of its isoforms KB,

The classical, direct genomic action of estrogen starts upon ligand binding to the cytosolic receptor, followed by nuclear
translocation, dimerization, and binding to ERE sites in target genes. Other estrogen-dependent pathway signals originate
from a pool of membrane ERs, and this pathway is triggered by ligand binding and mediated through signaling cascades
(Akt, PKA, and ERK1/2) and usually activated STAT, CREB, NF-kB, and Jun transcription factors. Although both
receptors, ERa and ER, share a similar domain structure and can bind estrogen and initiate transcription from ERE sites,
in the case of ERp, the activation function of the AF-1 domain is weaker than that of ERa, while the AF-2 function of ER[3
is similar to ERa. In addition to the ligand activation, by tethering to the other transcription factors, such as AP1, SP1, or
NF-kB, ERp activates the expression of a unique sets of genes (ligand-independent action in the absence of estrogen),
and this pathway is usually related to growth factor signaling via activated kinases. According to the study of Acconcia and
coworkers, it seems that the main difference in the specific activation of survival pathways mediated by ERa and apoptotic
pathways mediated by ER is through its non-genomic, membrane-initiated pathways. In a study on HelLa, HepG2, and
DLD1 cell lines containing transfected or endogenous ERa and ER, the authors showed that, after estrogen stimulation,
the ERa rapidly activates multiple signal transduction pathways (ERK/MAPK and PI3K/AKT) related to the cell cycle
progression and prevention of the apoptotic cascade, while ERB induces the rapid and persistent phosphorylation of
p38/MAPK, which is involved in caspase-3 activation and cleavage of poly(ADP-ribose)polymerase, driving cells into the
apoptotic cycle. They also showed that ER( did not activate any of the ERa-mediated pathways of cell growth signaling
(4. Another important study was reported by Helguero and coworkers on HC11 mammary epithelial cells that express both
receptors, treated with ERa- and ERpB-specific new developed agonists [&. They showed that, after exposure to the ERa-
selective agonist, 4,4',4"-(4-propyl-(1H)-pyrazole-1,3,5-triyl)trisphenol (PPT), there was a 50% increase in cell number, but
2,3-bis(4-hydroxy-phenyl)-propionitrile (DPN)- Erp-selective agonist decreased the cell number by 20-30%. After
exposure to E2, the cell number was unchanged. They also showed that E2 and PPT treatment increased cyclin D1
expression, while DPN did not. The expression of proliferating cell nuclear antigen (PCNA) expression also decreased
following DPN treatment, as well as the mitotic index and Ki67 expression. Their study demonstrates that estrogen
signaling via ERa favors entry into the cell cycle, but ERP transiently inhibits it, and the loss of ER[3 expression favors cell
transformation.

In line with in vitro studies are findings from association studies on clinical samples of prostate, breast, and thyroid
carcinomas. The results of these studies showed that the ERA/ER( ratio changes, with ERa being upregulated and ER3
being downregulated BIEILAILLNZ |t has become clear that the antiproliferative activity of ERB qualifies this receptor as
an important therapeutic target, in cancers that involve estrogen signaling (breast, prostate, and colon) and in those that
are gender-related (stomach, chronic lymphocytic leukemia, and thyroid) as reviewed in 131,



| 2. Epigenetic Regulation of ERB

Epigenetic regulation is crucial for many biological processes: chromosome X inactivation, genomic imprinting, RNA
interference, and reprogramming of the genome during differentiation and development 4. The disruption of these
processes manifests through aberrant gene methylation and/or histone acetylation, which leads to alterations in gene
expression. The loss of cell adhesion proteins and the excessive stimulation of signaling pathways of estrogen receptors
lead to abnormal growth and differentiation of tissue. Migration of cells increases; many intracellular pathways of
apoptosis, DNA reparation, and detoxification are activated 3. The disrupted epigenetic processes cause many
diseases, including cancer.

One of the most important epigenetic mechanisms that lead to cancer initiation and progression is the methylation of CpG
islands. CpG islands are located in the promoter regions and sometimes in the first exons of genes, spanning from 500 to
several thousands of nucleotides. The frequency of CpG dinucleotides in these islands is higher than in other gene
locations 87 Non-methylated CpG islands are usually situated in the promoter regions of housekeeping genes,
essential for the general functions of the cells, and in some tissue-specific genes 18l Excessive activity of DNA
methyltransferases (DNMT) leads to CpG islands hypermethylation in cancer DNMT catalyzes the transfer of the methyl
group from S adenosy! L-methionine (SAM) to 5'-cytosines of CpGs 3. The most important human DNMTs are DNMT1,
DNMT3a, and DNMT3b. The most abundant is DNMT1, which sustains the methylation pattern. The other two mediate in
de novo methylation 22, The consequence of hypermethylation is the reversible inactivation of tumor suppressor genes,
which is a heritable change that passes to the next generation of cells through mitosis [40]. In cancer cells, the global
hypomethylation of internal exons and introns of genomic DNA and the hypermethylation of nonmethylated regions of
gene promoters lead to methylation imbalancel22. Methylation of CpG islands in promoter regions leads to long-term gene
silencing and chromatin unavailability for transcription 2. In hormone-dependent cancers, the expression of estrogen
receptors is associated with clinical outcomes 22, For example, in breast cancer, the methylation of specific gene clusters
leads to the expression or absence of ERs and PR, causing metastases and relapse of the disease [23. ERa is expressed
in 75% of breast cancers, and ERa-positive patients better respond to therapy and therefore have a better prognosis 24,
ERa-negative patients have a worse prognosis. One of the assumed mechanisms of a lack of ERa is hypermethylation of
the ERa gene promoter. There is no methylation in normal breast tissue in these regions. Hypermethylation of CpG
islands occurs in all tumor stadiums with a higher frequency in the transition phase from the ductal carcinoma in situ to
metastasis 22, The expression of ER also changes during the progression of breast cancer. In the initial phases of the
disease, the receptor level decreases, to be lost in the advanced stages of the disease (2811271281 On the other hand, there
is a high level of ERB in most prostate metastases, in the bones, and in lymph nodes 22l The role of ERB in metastases is
unclear. It could be assumed that local factors lead to the re-expression of ERp in metastases 29,

Li and coworkers cloned and characterized the promoter region of human ERp in 2000 B, Soon afterwards, Hirata and
al. described the two isoforms originating from the first two non-translational exons of the ER3 gene, exon OK and ON.
These exons splice to exon 1 and form two isoforms, OK-1 and ON-1. Exon OK is located 50 Kb upstream of exon ON
(32 The scientists also described whole-length transcripts that have neither the exon ON nor the exon OK 23l |n 2001,
Smith and coworkers discovered the third promoter region, which transcribes to the functional transcript B4, The
distribution of the OK and ON isoforms in the tissues is different, and it changes in cancer cells (22135,

ERp is a dominant form of ER in the prostate and the increased promoter methylation is primarily discovered in prostate
cancer 39, Nojima et al. showed that methylation in the 5-untranslated region correlated inversely with ERB expression in
the prostate. They analyzed 19 CpG places between 376 and 117 bp upstream from ATG, in exon ON, in human prostate
carcinoma, and in benign prostate hyperplasia (BPH). All 19 CpG places were methylated, and associated with the loss of
ERp expression. In BPH, CpGs were not methylated, and there was ER[ expression. Treatment of prostate cancer cells
with 5-aza-2-deoxicytidine (5-AZAC) led to the reexpression of ERB, which proves that the methylation is a reversible
process 28, zhu and al. included the promoter region upstream of exon ON and compared different stages of prostate
cancer and metastatic tissue. They concluded that the methylation level increased in both CpG islands in parallel with
more advanced cancer stages. They identified three CpG clusters with a high level of methylation, while there was no
transcription. These results have been confirmed in the cell lines, too B4, ERPB expression is lower in breast and ovarian
tumors than in normal tissue. Therefore, it is assumed that ERB has a tumor suppressor role [B8I9139]40]141]142] pNA
methylation regulates the expression of ERp in breast and ovary cancers. Zhao et al. measured the CpG methylation level
in the ESR2 promoter region and the expression of ERP in breast cancer cell lines and primary tumors. They showed that
a lower level of ERB expression is associated with ON promoter methylation, unlike the OK promoter, which was
unmethylated in normal and tumor cells 23], Rody et al. showed the increased level of methylation of the ON promoter.
The treatment of cells with 5-AZAC was associated with an increased expression of ERB 4. In our study, we observed a
significant association between ERB promoter ON methylation and nodal metastasis in invasive breast cancer [42],



The other mechanism of epigenetic regulation of ER includes histone post-translational modifications. The important
post-translational modifications of histones are acetylation, methylation, and phosphorylation. All of these modifications
together result in transcription or an inhibition of transcription, depending on the aminoacid residue. Histone
acetyltransferases (HATSs) transfer acetyl groups to lysine residues in histones, leading to the uncoiling of chromatin and
allowing for the accessibility of transcription factors and other regulators. Histone deacetylases (HDACs) remove the
acetyl groups from histones. Histone methyltransferases (HMTs) add methyl groups to lysine or arginine residues in
histones, while histone demethylases (HMDs) remove them 8. There is not much information on the role of histone
modifications in ERB expression. Some studies showed that treatment with trichostatin, an HDAC inhibitor in breast,
ovary, and prostate cancer cell lines, led to the re-expression of ERB. The addition of 5'-aza-2-deoxycytidine (DNMT
inhibitor) pronounced this effect even more, as reviewed in 4. This means that histone deacetylases and DNA
methylation supplement each other in inhibiting gene expression. Methylation can also act upon DNA-protein interactions
and the activation of histone deacetylases, thus inducing chromatin condensation and the inactivation of gene expression
(48149 | vitro studies show that DNA demethylation agents, especially combined with HDAC inhibitors, induce apoptosis,
cell differentiation, and/or growth termination in lung, breast, prostate, and colon cells BU5EL,

The small non-coding RNAs or microRNAs (miRNA) also participate in an important mechanism of epigenetic regulation
of ERp. Still, there is much to be learned about targeting ER by miRNAs. The most experimented with is miR-92, which
targets the 3'-untranslated region of ER[, thereby downregulating its expression. In MCF-7 cells, inhibiting miR-92 in a
dose-dependent manner induces ER[B1lexpression. ERB also regulates some miRNAs. It downregulates miR-145, miR-
30a-5p, and miR-200a/b/429, which play a role in the inhibition of epithelial-mesenchymal transition. It upregulates miR-
181a-5p, miR-10, and miR-375, which inhibit cholesterol biosynthesis in TNBC cells, regulate the composition of the
extracellular matrix, and suppress proliferation, respectively. The studies so far show that miRNAs play an important role
in regulating ERP expression and cancer development (reviewed in [22]),

| 3. ERB Role in the Metabolism of Cancer Cells

ERB plays an important role in cancer cell metabolism. The studies on cell lines and animal models show that it
participates in many metabolic pathways, as are lipid metabolism, oxidative phosphorylation, and glycolysis, as reviewed
in 231 In adipose tissue, ERP, together with ERa, influences glucose and insulin metabolism, but estrogen predominantly
binds to ERa 24, Glycolysis is a very important process in tumor cells. Unlike normal cells, which metabolize glucose into
lactate in anaerobic conditions, tumor cells do this in the presence of oxygen. Therefore, they, in some way, bypass the
process of oxidative phosphorylation. In tumor cells, glucose intake increases, and the membrane glucose transporters
(GLUTSs) play a role in this process. Recent studies show that the key of glycolysis in tumors is the generation of the many
intermediates they will use in the anabolic processes, which cancer cells need for their growth and energy sources 52, In
malignant mesothelioma cells, it was shown that ER[ represses succinate dehydrogenase B, a part of complex Il of the
electron transport chain of mitochondria. Therefore, ER[3 lowers the activity of oxidative phosphorylation in mitochondria
B8l |n ERo-negative breast cancer stem cells that expressed ERP, adding its agonist, 2,3-bis(4-hydroxyphenyl)-
propionitrile (DPN), increased glycolysis and lactate secretion in the growth media. In addition, oxygen consumption rates
decreased, but this was reversed by adding ER[ antagonist 4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-
yllphenol (PHTPP). In ERB-negative cells, the expression of glycolytic genes decreased, but the expression of genes
participating in oxidative phosphorylation increased. This indicates that ERB in tumor cells accelerates glycolysis and
inhibits oxidative phosphorylation. The authors of the study argue that ERP is a possible target for therapy with
antagonists 7. However, Song et al. found that the upregulation of mitochondrial ERB in TNBC cells activated oxidative
phosphorylation 58], 27-Hydroxycholesterol (27-HC) is a metabolite of cholesterol, and many studies have shown it is
associated with BC. 27-HC is also a SERM that binds to ERa and ERP, but with a higher affinity to ER[3, causing its
conformational change. However, the observed association of plasma 27-HCT and ERp in tumors is weak 39,

There is still much work to be done in research on the role of ERB in the metabolic pathways of cancer cells and its
possible utilization in therapy.

| 4. ERB as a Potential Target in Clinical Practice

The important role of ERf in carcinogenesis leads to the conclusion that it could be used in clinical practice as a potential
therapeutic target. Several molecules that can bind to ER( are being examined. One of them is genistein, a powerful
phytoestrogen that is a natural constituent of a soy bean and binds to ERp. It is a selective estrogen receptor modulator
(SERM). Many in vitro and in vivo studies have shown the anticancer effects of genistein. However, many studies have
also shown that genistein promotes cancer cell growth, as reviewed in [9. Its potential to be used as an effective cancer
treatment has been examined in a number of clinical studies. One of them investigated the effect of genistein on



cytogenetic markers in postmenopausal women and showed a reduction of cytogenetic markers of cancer 8, There was
also a study where genistein combined with FOLFOX/FOLFOX-bevacizumab was proved safe for patients with colorectal
cancer 82, A clinical trial in phase 2, where genistein was used in prostate cancer patients, proved the safety and efficacy
of genistein treatment 3. The studies so far show that genistein could be a potential agent alone or in combination with
other agents for the treatment of cancer. Several synthesized ER[-selective agonists have been examined.
Diarylproprionitryle, 83-VE2, and SERBA-1 have all proved to prevent or reverse hyperplasia in prostate cancer animal
models [B4I6SI68I67] o]l these agonists could potentially be used in new therapies, but there is still much research to be
conducted.

As we stated above, the main problem in hormone treatment is acquiring resistance to therapy in endocrine-related
cancers. This has been seen in breast cancer (tamoxifen and aromatase inhibitors) and prostate cancer (anti-androgens).
Other signaling pathways that bypass ER or AR signaling are probably being activated. One of the solutions to this
problem is to target the cell growth PI3BK/AkYmTOR signaling pathway. This has been shown in advanced breast cancer,
where inhibition of this pathway increased progression-free survival, as reviewed in 8],
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