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Abstract 

 

Despite its slow development and our capacity for early detection using endoscopy, 

colorectal cancer remains the second leading cause of cancer death in the United 

States. Epidemiological studies indicate a role for estrogen in protecting against 

colorectal cancer. Estrogen receptor β (ERβ) has been found to be the main ER in the 

colon. Cell line studies have implicated that ERβ has anti-tumorigenic and anti-

proliferative effects on colon cancer cells lines while human epidemiological data 

suggest that polymorphisms in the ERβ gene are associated with greater cancer risk and 

lower survival.  

 

Overexpression of ERβ changes the miRnome. Here we show that ERβ can alleviate the 

progression of colon cancer by inhibiting proliferation through decreasing MYC 

transcription and therefore decreasing levels of miR-17-92 (OncomiR-1). This is 

reflected in a decrease in cell number, decrease in migration, and increase in apoptosis. 

Furthermore, addition of miR-17 using miRNA mimics reverses the effects of ERβ. This 

demonstrates that ERβ influences not only the transcriptome, but also the miRnome and 

that the miRnome can be potential targets for novel treatment approaches. 

 

ERβ upregulates miR-205 and downregulates PROX1. This study uncovers the pathway 

in which ERβ downregulates the transcription factor PROX1 by upregulating miR-205 

directly. MiR-205 then targets PROX1 mRNA for degradation. This results in the cells 
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adopting a more adhesive phenotype and reduces the metastatic potential. This study 

uncovers the potential for ERβ to be anti-metastatic in addition to being anti-proliferative 

and anti-inflammatory. 

 

ERβ modulates the NFkB inflammatory cascade. One of ERβ’s attributes is that it has 

anti-inflammatory capabilities. Using a whole genome approach, this study reveals that 

ERβ can modulate the NFkB inflammatory network. In SW480 cells, ERβ downregulates 

NFkB transcription factors and induces apoptosis. In HT29 cells, ERβ prevents p65 

subunit of NFkB from translocating to the nucleus. Overall, ERβ attenuates the NFkB 

signaling cascade by attenuating genes related to inflammation while enhancing genes 

related to apoptosis and cellular defenses. This makes ERβ a useful target for anti-

inflammatory drug treatments for patients suffering from chronic inflammatory diseases. 
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1. Introduction 

 

 

 

 

1.1 Colon cancer 

Colon cancer is defined as cancer that originates in the colon. Colon cancer is often 

grouped together with colorectal cancer (CRC), a term that describes both colonic and 

rectal cancers depending on the origin of the location of the cancer (1). Despite a slow 

development and our capacity for early detection using endoscopy, colorectal cancer 

remains the second leading cause of cancer death in the United States. The American 

Cancer Society estimates that in 2015, there will be 93,090 new cases of colon cancer 

and about 49,700 estimated deaths (1). Worldwide, in 2012, there were over 1.4 million 

cases of colorectal cancer of which 54% of these cancers occurred in developed 

countries. Colorectal cancer is also projected to affect 2.4 million people worldwide by 

2035 (2).  
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Risk factors for developing colon cancer include, but are not limited to: diet, physical 

activity, alcohol, smoking, age, obesity, personal history of inflammatory bowel disease, 

and family history of colorectal cancer or adenomatous polyps (1). While current 

preventative approaches of removing polyps, and long-term aspirin treatment is used, 

the efficacy is low and a truly preventative or targeted therapy against early stages of 

colon cancer remains to be developed. 

 

1.2 Development of colon cancer 

The development of colon cancer is a slow process that involves accumulations of small 

genetic and epigenetic alterations which changes the normal colonic mucosal 

environment and eventually leads to carcinoma (3,4). Unlike other cell types in the body, 

the colonic mucosa is constantly being formed and broken down. The colonic epithelial 

cells originate from stem cells at the base of the crypt and as they migrate towards the 

villi, they differentiate into mature cells. As cells grow from the crypt out towards the 

villus in this maturation process, mutations can accumulate and instead of eventually 

undergoing apoptosis and sloughing off in the intestinal lumen, these cells further 

proliferate resulting in colon polyps or adenomas. Adenomas are not cancerous, but 

further accumulation of mutations and recruitment of inflammatory factors can 

encourage the microenvironment to become primed for tumorigenesis. Even though 

genetic mutations are the cause of colon cancer, non-genetic factors can also 

exacerbate the disease. Chronic inflammation can promote colorectal tumor growth by 

allowing these mutations to further accumulate and promote carcinogenesis. 
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For diagnostic purposes, colon cancer is separated into two categories, hereditary and 

non-hereditary or sporadic colon cancer. Hereditary colon cancer accounts for 5% of 

overall cancer cases (5) suggesting that lifestyle and environmental factors have a 

greater influence on colon cancer development. Hereditary colorectal cancers can 

include syndromes such as Hereditary Non-Polyposis Colon Cancer (HNPCC), Familial 

Adenomatous Polyposis (FAP), and MYH-Associated Polyposis (MAP). These arise 

from mutations in the chromosome instability pathway (CIS), K-ras, BRAF/V600E, 

adenomatous polyposis coli (APC) mutation, and/or p53 mutations. Patients suffering 

from hereditary colon cancers are usually diagnosed earlier life compared to those that 

suffer from sporadic colon cancer which is usually found in patients older than 50 years 

of age (6). Even though hereditary colon cancer is more rare than sporadic colon cancer, 

there is no correlation between family history and survival of patients with hereditary 

colon cancers (7).   

 

One of the most well-known and well-studied forms of hereditary colon cancer is Familial 

Adenomatous Polyposis (FAP). FAP arises when there is a mutation in the 

Adenomatous polyposis coli (APC) gene. APC is a tumor suppressor gene that is also 

known as the “gatekeeper gene” in colon carcinogenesis (8-11). There can be multiple 

mutations in the APC gene which leads to differences in severity of FAP in colon cancer 

patients (12). Adding to the complexity of APC is that certain mutations in the APC gene 

are inherited, while other mutations can be sporadic. It is the latter that is responsible for 

the non-inherited colon cancer cases. APC regulates the breakdown of β-catenin in the 

canonical Wnt/β-catenin signaling pathway. Canonical Wnt signaling pathway plays an 

important role in the regulation of cell proliferation, angiogenesis and apoptosis, but 
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more importantly, in the case of colon cancer, Wnt/β-catenin maintains the intestinal 

homeostasis (13). Wnt pathway is a signal transducer. In the absence of an activating 

ligand, β-catenin is phosphorylated and targeted for degradation. When an activating 

ligand is present, it can bind to the membrane receptor Frizzled. Frizzled in turn 

activates the cytosplasmic protein Disheveled. Disheveled then blocks the action of the 

β-catenin degradation complex. APC is one of the components that can bind to β-

catenin and target it for degradation. When the APC gene is mutated, APC can no 

longer bind to β-catenin and target the complex for degradation (Figure 1.1). 

Accumulation of β-catenin leads to activation of genes in the Wnt signaling pathway. 

Thus, loss of APC function can lead to initiation and progression of colon cancer via 

Wnt/β-catenin signaling pathway. 

 

 

Figure 1.1. Wnt/β-catenin signaling cascade. Mutated APC cannot bind β-catenin and target the complex 

for degradation resulting in β-catenin accumulation in the cytoplasm, which then translocates to the nucleus 

to form transcription factor complexes that turn on genes in the Wnt signaling pathway. 
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Unlike hereditary colon cancer development, for sporadic colon cancer, age is the most 

important risk factor for developing the disease (6,14). As mentioned, certain APC 

mutations are not inherited, thus APC also plays an important role in the development of 

sporadic colon cancer cases. Fearon and Vogelstein described a suppressor pathway in 

the development of colon cancer (3). In this canonical suppressor pathway, there is 

accumulation of mutations in the classical oncogenes and tumor suppressor genes such 

as K-ras, APC, or p53. In fact, in 70% of cases of sporadic colon cancers, APC gene is 

mutated (15,16) causing cells to avoid apoptosis therefore creating an opportunity for 

mutations to further accumulate. 

 

1.3 Chronic inflammation and colon cancer 

As mentioned, one of the risk factors for developing colon cancer is personal history of 

inflammatory bowel disease (IBD). Inflammatory bowel disease, which includes 

ulcerative colitis (UC) and Crohn’s disease (CD), describes the condition in which the 

colon area is in a constant state of inflammation. Thus, another major risk factor for 

development of colon cancer is inflammation. Inflammation itself is helpful, but chronic 

inflammation is one of the hallmarks of tumor growth and promotion, and correlates with 

poor prognosis in many different types of cancer including breast (17) and colon cancer 

(18-20). Acute inflammation in response to infection or injury activates immune cells to 

recruit cytokines, chemokines, and additional immune cells to eradicate foreign 

pathogens while promoting healing and regrowth of the infected area. Thus acute 

inflammation involves apoptotic as well as proliferative processes. Prolonged 

inflammation can cause over-activation of immune cells and therefore opportunistic 

pathogens can invade and damage the gut environment (21). Prolonged inflammation 
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can cause cellular mutations to occur that interfere with the balance of apoptosis and 

proliferation that occurs in acute inflammation. Cells in these chronically inflamed sites 

have usually evaded apoptosis and are proliferative. Inflammation affects all stages of 

colon cancer development from initiation to progression and finally metastasis. Thus, 

controlling or minimizing chronic inflammation can be the key to reducing colon cancer 

development (22). In fact, long-term use of aspirin has been shown to reduce colon 

cancer risk (23) and mortality (24).  

 

1.3.1 Tumor necrosis factor α 

An important player in inflammation is the cytokine tumor-necrosis factor α (TNFα). 

TNFα is a proinflammatory cytokine produced by immune as well as tumor cells. During 

chronic inflammation, TNFα was found to be dysregulated. TNFα thus can mediate 

tumor progression through proliferation, invasion, and metastasis of cells. In estrogen 

receptor positive breast cancer cells, TNFα was found to be regulated in a positive 

feedback loop with TNFα in which estradiol via estrogen receptor α (ERα), kept levels of 

TNFα high in the tumor microenvironment (25). In colon cancer, TNFα is responsible for 

activation of the NOXO1 gene which adds to a more inflammatory environment causing 

many of the symptoms of inflammatory bowel and Crohn’s diseases (26). TNFα works 

through NFkB transcription family of transcription factors. TNFα can bind via two 

receptors, TNFR1 and TNFR2. Once the cytokine binds its receptor, a conformation 

change occurs in the receptor, releasing the inhibitory subunits and activating subunits 

there can bind and initiate activation of NFkB pathway, activation of MAPK pathway, or 

induction of apoptosis (27). 
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1.3.2 NFkB pathway 

As mentioned, TNFα can activate NFkB pathway leading to cellular inflammatory 

responses. NFkB is a family of transcription factors that include two classes: I and II. 

Class I NFkB transcription factors include NFkB1 and NFkB2, these are also known as 

p105 and p100 or the cleaved names p50 and p52, respectively. NFkB1 and NFkB2 

subunits are synthesized as the precursor p105 and p100. Class I NFkB transcription 

factors are activated in the non-canonical NFkB pathway. These two subunits lack a 

transcription activator therefore they are part of an inhibitory NFkB transcription factor 

complex. The precursors can only be activated when they are bound to an NFkB subunit 

that has a transactivating domain and the subunits must be cleaved into their shorter, 

p50 and 52, forms. P50 and p52 can also bind to each other, forming a heterodimer, but 

because there is no transactivating domain, they must be bound to a third protein BCL3, 

which contains a transactivating domain, to be active (Figure 1.2, Pathway 3). 

 

The second class of NFkB transcription factors consists of RELA (p65), RELB, and REL 

(c-REL). These three subunits share a rel homology domain and contain a 

transactivating domain in their C-termini. Class II NFkB transcription factors are kept as 

dimers in the in the cytoplasm and are inhibited by inhibitor-kB subunits (IkB). Once 

NFkB activation is initiated, the IkB subunits are phosphorylated, released and degraded 

by IkB kinases (IKKs) from the NFkB dimers and these translocate to the nucleus to 

activate transcription (28) (Figure 1.2). 
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With permission from Nature Publishing Group1 

 

Figure 1.2 NFkB transcription factors and pathways. Canonical NFkB activation requires 

phosphorylation of inhibiting-kB subunits, which releases p50/RelA transcription factors that translocate the 

nucleus and activate transcription. Non-canonical pathway requires cleavage and maturation of p100 

subunit. Pathway 3 is cleavage of p105 subunit into the shorter isoform; activation requires a third subunit 

that has a transactivating subunit to turn on gene transcription.  

                                                
1 Gilmore TD. Introduction to NF-κB: players, pathways, perspectives. Oncogene. 2006;25(51):6680–6684. 
doi:10.1038/sj.onc.1209954. 

mechanisms of action and how some may prove
important for the treatment of human diseases.

Future perspectives

Even with the many advances since 1999, there continue
to be several unsolved mysteries in the saga of NF-kB. If
I use my crystal ball to predict what the next 7 years
have in store, I suspect that progress will be made in the
following four general areas: basic biochemistry of the

signaling pathway, physiology and disease, therapy and
simple model systems.

Basic biochemistry
Although we have learned a great deal about
the intracellular NF-kB signaling pathway, we still
have very rudimentary knowledge about the dynamics
of the NF-kB pathway in cells in tissue culture and
know essentially nothing about these dynamics in whole
organisms. In most cell types and signaling conditions,
it is still not known what is the contribution of
specific NF-kB complexes (e.g., p50-RelA vs p52-c-Rel
vs c-Rel-c-Rel) to given physiological responses or how
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Figure 2 NF-kB signal transduction pathways. In the canonical (or classical) NF-kB pathway, NF-kB dimers such as p50/RelA are
maintained in the cytoplasm by interaction with an independent IkB molecule (often IkBa). In many cases, the binding of a ligand to a
cell surface receptor (e.g., tumor necrosis factor-receptor (TNF-R) or a Toll-like receptor) recruits adaptors (e.g., TRAFs and RIP) to
the cytoplasmic domain of the receptor. In turn, these adaptors often recruit an IKK complex (containing the a and b catalytic subunits
and two molecules of the regulatory scaffold NEMO) directly onto the cytoplasmic adaptors (e.g., by virtue of the K63-ubiquitin-
binding activity of NEMO). This clustering of molecules at the receptor activates the IKK complex. IKK then phosphorylates IkB at
two serine residues, which leads to its K48 ubiquitination and degradation by the proteasome. NF-kB then enters the nucleus to turn
on target genes. The auto-regulatory aspect of the canonical pathway, wherein NF-kB activates expression of the IkBa gene that leads
to resequestration of the complex in the cytoplasm by the newly synthesized IkB protein is not shown. The non-canonical (or
alternative) pathway is largely for activation of p100/RelB complexes during B- and T-cell organ development. This pathway differs
from the canonical pathway in that only certain receptor signals (e.g., Lymphotoxin B (LTb), B-cell activating factor (BAFF), CD40)
activate this pathway and because it proceeds through an IKK complex that contains two IKKa subunits (but not NEMO). In the non-
canonical pathway, receptor binding leads to activation of the NF-kB-inducing kinase NIK, which phosphorylates and activates an
IKKa complex, which in turn phosphorylates two serine residues adjacent to the ankyrin repeat C-terminal IkB domain of p100,
leading to its partial proteolysis and liberation of the p52/RelB complex. Other distinct NF-kB pathways no doubt exist. For example,
in Pathway 3, p50 (or p52) homodimers enter the nucleus, where they become transcriptional activators by virtue of interaction with
the IkB-like co-activator Bcl-3 (or IkBz). How Pathway 3 is regulated is not known. In all three pathways, various post-translational
modifications (e.g., phosphorylation, acetylation and prolyl isomerization) of the NF-kB subunits can modulate their transcriptional
activity (see Perkins, 2006, this issue).

Introduction to NF-jB
TD Gilmore

6682
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1.4 The role of estrogen receptor β in colon cancer 

Epidemiological studies indicate a role for estrogen in protecting against colorectal 

cancer. Men are at a higher risk for colon cancer, exhibiting an earlier on-set than pre-

menopausal women (29), and among patients with irritable bowel syndrome men are 

60% more likely to develop colorectal disease than women (30). After menopause, 

cancer incidences for women are the same as for men (31), however, when placed on 

hormone replacement therapy, women’s colon cancer incidence decreases (32). Meta-

analysis of 20 case-control cohort studies show that use of oral contraceptives is 

associated with a lower colon cancer incidence (33). In one case, administration of oral 

contraceptives to a patient with familial adenomatous polyposis (FAP) caused polyps to 

regress completely (34). Experimentally, 17β-estradiol (E2) has been demonstrated to 

reduce the formation of preneoplastic lesions in mice (35). Thus it appears that estrogen 

levels can play a critical role in the development and progression of colon cancer. 

 

The effect of estrogen is mediated by the estrogen receptors (ERs). ERs are type I 

nuclear receptors that, like NFkB transcription factors, reside in the cytoplasm. Once 

activated by ER-binding ligands, the nuclear receptors dimerize and translocate into the 

nucleus to activate transcription. ERs bind to DNA at an estrogen-response-element 

(ERE) upstream of genes and control that gene’s transcription (36,37). Depending on 

cofactors that bind on the ER-DNA complex, the binding can be activating or repressing 

in nature. ERs do not necessarily have to bind directly to their EREs on DNA. Another 
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mechanism of regulation of ERs is thru tethering to other transcription factors present on 

DNA such as AP-1 (38,39) or RUNX1 (40) (Figure 1.3).  

 

 

Figure 1.3. Mechanism of ER-DNA binding. ERs are activated by ER-binding ligands and dimerize. Once 

dimerization occurs, they translocate to the nucleus and can either activate or inhibit transcription depending 

on recruitment of coactivators or corepressors. ERs can bind directly to their estrogen response element 

(ERE) or tether to another transcription factor to regulate gene transcription. 

 

There are two subtypes, ERα and ERβ, that are encoded by two distinct genes. ERβ has 

been reported to have ligand-dependent and ligand-independent activities (41). That is, 

ERβ can be activated, dimerized, and translocated to the nucleus all in the absence of 

ligand. While ERα mediates many of the negative effects of estrogen, e.g., proliferation 

of breast cancer cells, ERβ has been associated with more favorable effects in both men 

and women (36). Due to the differences in their ligand binding domains, ERα and ERβ 

can be differentially activated by selective estrogen receptor modulators (SERMs). ERβ 

is thus a potential target for compounds that are structurally similar to estrogen, but that 

do not activate ERα. 
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The transcriptional effect of ERα is well studied in breast cancer cells (42,43). In colon 

cancer, however, ERα is not widely expressed. The predominant ER in normal colonic 

epithelium is ERβ, as determined both at the protein (44) and messenger RNA (mRNA) 

levels (45). Immunohistochemistry has further shown decreased expression of ERβ 

during colon cancer progression (46). Polymorphism in the ERβ gene affects colon 

cancer risk and survival (47-49). In vivo animal studies have demonstrated that ERβ has 

been shown to be antiproliferative in both colon cancer cells (50-53) and in xenografts 

(51). Genome-wide analysis of protein-coding genes allowed us to identify multiple ERβ-

mediated anti-tumorigenic and anti-inflammatory effects of ERβ through regulations of 

microRNAs (miRNAs) and modulations of the NFκB inflammatory cascade. Thus ERβ 

plays an important role in colon carcinogenesis. 

 

1.5 The role of micro-RNAs in colon cancer 

MiRNAs are short (~22 nt), single-stranded non-coding RNA regulators. They regulate 

gene expression through complementary binding between the miRNA 5’-sequence and 

the 3’-untranslated region (3’-UTR) of the target mRNA. Such binding mediates 

degradation of the mRNA transcript and/or suppression of its translation. MiRNA genes 

are transcribed by RNA polymerase II into primary miRNAs. The nuclear protein DGCR8 

and the enzyme Drosha introduce a cleavage to liberate a hairpin loop from the primary 

miRNAs. The resulting hairpin, precursor miRNA (pre-miRNA), is exported from the 

nucleus to the cytoplasm. The protein Dicer then cleaves the loop, leaving a short, 

double-stranded duplex. One strand of the duplex is released and often degraded, 

whereas the other strand, the mature miRNA, is incorporated into the Argonaute 
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containing miRNA-induced silencing complex, which facilitates the interaction between 

the mature miRNA and its mRNA target. A miRNA can target several different genes and 

many of these targets are often in the same pathway (54). As one mRNA can also be 

targeted by several miRNAs, the total impact of miRNAs on the transcriptome and 

proteome can be significant. Currently, there are almost 2,500 miRNA genes in the 

human genome (55) and together they may target and affect the expression of up to 

60% of all protein-coding genes. MiRNAs have been linked to tumorigenesis due to their 

frequent localization at fragile sites and common breakpoint regions (56) and both 

oncomiRs and tumor suppressor miRNAs have been identified (57). Altered levels of 

miRNAs are common in tumors, including those of the colon (58-61). MiRNAs are also 

currently being used as a diagnostic marker in human cancers (62,63) as well as 

therapeutic targets in clinical trials.  

 

In our current study, we propose ERβ as a crucial component in regulating the 

proliferative and inflammatory processes that occur during colon carcinogenesis. We will 

show three mechanisms of ERβ that include: 1) antiproliferation and pro-apoptotic 

mechanism through down regulation of MYC and thus downregulation of miR-17-92 

miRNA cluster; 2) increased cellular adhesion and decreased metastasis through 

downregulation of PROX1 via upregulation of miR-205; and 3) attenuation of 

inflammatory response and increased apoptosis through modulation of NFkB 

transcription factor subunits and genome-wide transcriptomic changes. 
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2. Materials and methods 

 

2.1 Cell culture 

Cell lines were obtained from American Type Culture Collection (Manassas, VA). Full-

length ERβ was stably expressed via lentivirus transduction in three mixed cell 

populations of SW480, HT29, and HCT116, with empty vectors as control, as described 

in (64). Stably transfected cells (SW480, HT29, and HCT116) were cultured in RPMI-

1640 (Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS) and 1% penicillin-

streptomycin (PEST) (Invitrogen). SW403 cells were cultured in RMPI-1640 (Invitrogen) 

with 10% FBS and 1% PEST. SW620 cells were cultured in DMEM (Invitrogen) with 

10% FBS and 1% PEST. All cells were kept at 37oC with 5% CO2.  

 

2.2 RNA extraction 

Total RNA was extracted with TRIzol (Invitrogen) and purified with miRNeasy spin 

columns (Qiagen, Chatsworth, CA), according to standard protocol. On-column DNA I 
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digestion was used to remove remaining genomic DNA. Quantitative and qualitative 

RNA analyses were performed using NanoDrop 1000 spectrophotometer and the Agilent 

2100 BioAnalyzer (Agilent techanologies, Palo Alto, CA), respectively. Samples with 

RNA integrity > 9.5 were used. 

 

2.3 Complementary DNA synthesis of mRNA and miRNA 

populations and quantitative real-time-PCR 

For mRNA analysis, complementary DNA was synthesized from total RNA from either 1 

µg (cell lines) or 500 ng (mouse tissue) using either Superscript III (Invitrogen) and 

random hexamer primers, as described in (41) or using IScript cDNA Synthesis Kit (Bio-

Rad) according to manufacturer’s protocol. 

 

For miRNA analysis, poly(A) tails were added to 1 µg (cell lines) or 500 ng (mouse 

tissue) of total RNA with NCode miRNA First-Strand cDNA Synthesis Kit (Invitrogen) 

followed by complementary DNA synthesis using corresponding universal primer, 

according to manufacturer’s protocol.  

 

For the real-time PCR reaction of miRNA population, a corresponding universal real-time 

reverse PCR primer from the kit and a forward primer based on the mature miRNA 

sequence were used. U6 was used a reference gene. For mRNA analysis, 18S or 36B4 

were used as reference genes. Real-time-PCR reaction were done using either Fast 

SYBR-Green Master mix (Applied Biosystems) or iTaq Universal SYBR Green Supermix 

(Bio-Rad) according to conditions specified by the manufacturer. Real-time-PCR 



  15 

reactions were performed on 7900HT Fast Real-Time PCR System (Applied 

Biosystems). All prier pairs were checked with melting curve analysis. Relative 

expression was calculated as fold-change in relation to control using the ΔΔCt-method. 

Unpaired two-tailed t-test was used to test significance between two parallel treatment 

groups of identical origin and considered significant if p < 0.05. 

 

2.4 Transfection with ERβ plasmids, luciferase plasmids, 

siRNAs, miRNA mimics and miRNA inhibitors 

FugeneHD (Promega, San Obispo, CA) was used for transient transfection of full-length 

ERβ, ERβ-DNA-binding mutant (ERβ-DBD-mutant), or luciferase plasmids. Cells were 

cultured for 24 hours then plasmids were mixed with Opti-MEM (Life Technologies, 

Grand Island, NY) and FugeneHD according to manufacturer’s protocol. All siRNAs, 

miRNAs mimics, and miRNA inhibitors, were purchased through Dharmacon (GE 

Healthcare, Lafayette, CO). Transfections were performed using DharmaFECT reagents 

according to manufacturer’s instructions. In brief, cells were seeded in six-well or 12-well 

plates for 24 hours then transfected in antibiotic-free medium with DharmaFECT I (0.1% 

of total volume) and siRNAs, miRNA mimics, miRNA inhibitors, and appropriate controls. 

Meidum was changed to complete medium 24 hours after transfection, and the cells 

were cultured for additional times before harvest depending on individual experiments. 

All experiments were performed in triplicates. 
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2.5 Estradiol treatments 

After cells were cultured for 24 hours, medium was changed to phenol-free medium with 

5% dextran-coated-charcoal-treated (DCC) FBS and 1% PEST 24 hours before 10 nM 

estradiol (E2) treatments. For E2 treatments involving transfections, transfections were 

done as described above. After 24 hours transfections, cells were washed 3 times with 

phosphate buffered saline (PBS) and E2 were done as described. 

 

2.6 Western blot analysis 

Cells were lysed with RIPA lysis buffer. Protein concentrations were determined using 

Qubit Protein Assay Kit (Invitrogen) along with the Qubit 2.0 Fluorometer (Invitrogen). 

Approximately 50 or 100 µg of total protein were loaded onto a 10% polyacrylamide gel. 

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

were transferred to either polyvinylidene difluoride (Millipore, Billerican, MA) or 

nitrocellulose membrane (Bio-Rad). The membrane was blocked with either 5 or 10% 

non-fat milk in Tris-buffered saline Tween-20 and then incubated with appropriate 

primary antibodies in Tris-buffered saline Tween-20 overnight. The membrane was then 

reprobed with appropriate secondary antibodies conjugated with horseradish peroxidase 

for 2 hours. Blots were processed using ECL kit (Thermo Fisher Scientific, Rockford, IL) 

and exposed to film. 

 

2.7 Luciferase assay 

Luciferase plasmids and appropriate plasmid controls were transfected as previously 

described. 24 hours after transfection, cells were washed with PBS and lysed using 
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Passive Lysis Buffer (Promega). If ligand was used as part of treatment, 24 hours after 

transfection of plasmid, cells were washed 3 times with PBS, changed to appropriate 

10% DCC-FBS medium, treated with appropriate ligand for an additional 4 hours then 

lysed. Lysates were then mixed with reagents in Dual-Luciferase Reporter Assay 

System (Promega) and read on [plate reader]. All experiments were done in triplicates 

and significance determined using unpaired two-tailed t-test. Significance determined by 

p < 0.05. 

 

2.8 Generation of tissue-specific knockout mice and collection 

of samples 

B6.129X1-Esr2tm1Gust mice were crossed over multiple generations with B6.SJL-

Tg(Vil-cre)997Gum/J mice (Jackson Laboratory, Bar Harbor, Maine) to generate 

intestinal-specific ERβ knockout mice (ERβiKO). Mice were genotyped using PCR with 

DNA extracted from either an ear punch or tail clipping at 6 weeks of age. Animals were 

housed in controlled environment at 20oC with illumination schedule of 12 hours light, 12 

hours dark.  Standard pellet food and water were provided ad libitum. Animals and 

procedures performed on animals in this study were approved by Institutional Animal 

Care and Use Committee at University of Houston, Houston, Texas. At 12-20 weeks of 

age, mice were sacrificed and samples were collected by scraping the epithelial cells of 

the colon and stored in Trizol reagent and RNA isolation, cDNA synthesis, and qPCR 

analyses were done as previously described. 
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3. Chapter 1: ERβ expression induces changes in the 

microRNA pool in human colon cancer cell lines2  

 

 

 

 

3.1 Introduction 

Previously, studies have described the effects of ERβ on the transcriptome in colon 

cancer cell lines (41), and that ERβ’s effect on the transcriptome leads to anti-

tumorigenic and anti-proliferative effects in colon cancer cell lines. Here, we examine the 

genome-wide effects of ERβ on the miRnome of colon cancer cell lines. We hypothesize 

that ERβ in part mediates its anti-tumorigenic and anti-proliferative effect through 

miRNAs. 

 
                                                
2 Work in this chapter has been published in: K. Edvardsson*, T. Nguyen-Vu*, Ström, A., Gustafsson J-Å, 

and Cecilia Williams. Estrogen receptor beta expression induces changes in the microRNA pool in human 

colon cancer cells. Carcinogenesis. 2013 Jul; 34(7): 1431-41. *Equal contributors. 
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A key component of cellular control and processes is the interplay between miRNAs and 

nuclear receptors (65-72). Estrogen via the nuclear receptor ERα, has been implicated 

to have an effect on miRNAs in breast cancer cells (73-76). More recently, ERβ was also 

indicated to affect miRNAs in breast cancer (77). Since then, there have been few 

studies examining the effects of ERβ via miRNAs in the colon. In this study, we 

examined changes in the miRNA pool and subsequent downstream effects of these 

changes in cells where ERβ has been overexpressed (41,64). In order to estimate the 

impact of ERβ on the miRnome, we have performed focused functional studies of 

selected miRNAs repressed by ERβ. 

 

3.2 Supplemental materials and methods 

 

3.2.1 Receptor quantification 

Receptor expression was quantified using radiolabeled ligand-binding assay. Cells were 

plated at 500,000 cells per well in six-well plates, incubated at 37oC for 24 hours and 

washed with PBS three times. Cells were then incubated with 0.5 nM [3H]-estradiol in the 

absence or presence of 1 µM unlabeled estradiol (to measure total and unspecific 

binding, respectively) in 10% DCC-fetal bovine serum for 3 hours at 37oC. Cells were 

then washed with PBS three times, lysed with lysis buffer and lysates were mixed with 

LSC-cocktail (Emulsifier-Safe; Packard BioScience, Waltham, MA). Radioacivity was 

measured using liquid scintillation counter (LS-6000-SC; Beckman-Coulter, Brea, CA). 

Experiments were performed in six replicates and measurements of total protein and 

total cell number were performed in parallel. 



  20 

 

3.2.2 Cell counting and viability assays 

Cells were plated in 6-well plates 24 hours prior to any transfections and/or treatments. 

Following trypan blue staining, the cells were counted with the Countess automated cell 

counter (Invitrogen). All experiments were performed in triplicates. 

 

3.2.3 qPCR primers 

For detection of miRNA, a universal reverse primer provided in the NCode miRNA First-

Strand cDNA Synthesis Kit (Invitrogen) was used. The following primers were used for 

qPCR analysis if miRNA expression: 

miR-19a:  F: 5’-TCCTGTGCAAATCTATGCAAAAC-3’ 

miR-19b:  F: 5’-TCCTGTGCAAATCTATGCAAAAC-3’ 

miR-17:  F: 5’-CATCAAAGTGCTTACAGTGCAGG-3’ 

miR-18a:  F: 5’-CGTTAAGGTGCATCTAGTGCAGA-3’ 

miR-92a:  F: 5’-TATTGCACTTGTCCCGGCCTG-3’ 

miR-20a:  F: 5’-TAAAGTGCTTATAGTGCAGGTAG-3’ 

miR-200a: F: 5’-ACGCCACAATTAACAAGCCACATCGTTAC-3’ 

 

For detection of mRNA, the following primer pair were used:  

MYC:  F: 5’-CCACGTCTCCACACATCAGC-3’ 

  R: 5’-CTTGGCAGCAGCAGGATAGTCCTT-3’ 

NCOA3: F: 5’-GCCTGGCTTTGAAGACATAATCCG-3’ 

  R: 5’-TCTTGATAGTGACGCTTCTGGGAC-3’ 
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CLU:  F: 5’-TTCCAGGACAGGTTCTTCAC-3’ 

  R: 5’-GGGACTTGGGAAAGAAGAAG-3’ 

ZEB1:  F: 5’-CGCTTTACCTCTCTGAAAGAAC-3’ 

  R: 5’-TCATGTGACGTTCAAGTTGG-3’ 

E-cadherin: F: 5’-AAAGGGCCTCTACGGTTTCAT-3’ 

  R: 5’-CGTGACTTTGGTGGAAAACT-3’ 

 

3.2.4 Immunoblot 

Primary antibody against NCOA3 (Santa Cruz Biotechnology, Santa Cruz, CA) was used 

at 1:500 dilution; E-cadherin (Santa Cruz Biotechnology) used at 1:1,000 dilution. Both 

antibodies were incubated overnight. 

 

3.2.5 Migration wound-healing assay 

Cell migration was measured using in vitro scratch assays. Cells were seeded in 12-well 

plates and were allowed to attach for 24 hours after which an artificial gap was created 

in the confluent cell monolayer with a pipette tip. Cells treated with miRNA mimics or 

controls were transfected 24 hours before the gap introduction. The medium was 

replaced with fresh medium after the cells were washed twice with pre-warmed PBS to 

remove the debris and to smooth the edges of the scratch. Initial images of the scratch 

(0 hours) were taken with Olympus 1X51 inverted microscope, after which the cells were 

incubated in a 5% CO2 cell incubator at 37oC. Plates were taken out of the incubator 

intermittently to measure cell migration; images of the scratch were taken at 4 and 8 

hours following the initial scratch and image acquisition. Distance of migration and area 
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covered by migrating cells were analyzed quantitatively from the acquired images by 

using Olympus cellSens digital imaging software and ImageJ software, respectively. 

 

3.2.6 Apoptosis assay 

SW480 control cells were transfected with miR-17 inhibitor and control for 48 hours, then 

treated with vehicle (dimethyl sulfoxide, DMSO) or the DNA-damaging agent cisplatin 

(cis-diammineplatinum(II) dicholoride) (Sigma-Aldrich, St. Louis, MO) with a final 

concentration of 10 µg/mL for 24 hours. Cells were stained with trypan blue and counted 

as described previously. Statistical analysis was determined with Chi-square test 

between amount of live and dead control cells with endogenous miR-17 expression, and 

cells were transfected with miR-17 inhibitor, treated with either DMSO or cisplatin. 

 

3.3 Results and Discussion 

 

3.3.1 Exogenously expressed ERβ are within physiological ranges 

In colon cancer cell lines with overexpressed ERβ, using radiolabeled ligand-binding 

assays we determined that the levels of expression in these cell lines are within 

physiological ranges. Cell lines with or without ERβ were incubated with 1 nM [3H]-

estradiol in the absence or presence of 1000 nM unlabeled estradiol and total and 

unspecific binding was recorded, as shown in Figure 2.1. The resulting expression levels 

were calculated and correspond to 3,770 ± 940 receptors/cell (6.3 fmol/106 cells) for 

stably transfected SW480-ERβ cells and 2,470 ± 597 receptors/cell (4.1 fmol/106 cells) 
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for stably transfected HT29-ERβ cells and 3,325 ± 307 receptors/cell (5.5 fmol/106 cells) 

for transiently transfect SW620, which falls within physiological ranges when compared 

with expression of ERα in breast cancer cell lines (78,79). Parental or control cell lines 

did not show significant levels of binding, supporting the lack of endogenous ERβ 

expression. Thus, the exogenously introduced ERβ is expressed at physiologically 

relevant levels and possess ligand-binding abilities. 

 

Figure 2.1 Exogenously expressed ERβ are within physiological ranges. Stably expressed ERβ in 

SW480 and HT29 colon cancer cell lines show ERβ receptor at physiological levels. Transiently expressed 

ERβ in SW620 colon cancer cell line also show ERβ receptor at physiological levels. 
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3.3.2 ERβ affects miRNAs through repression of MYC 

Results from TaqMan Low-Density Arrays show that upon ERβ overexpression in 

SW480 cell line, the majority of miRNAs are downregulated. We could confirm that 25 

miRNAs were upregulated and 3 miRNAs were downregulated. Of the 25 miRNAs 

upregulated, 6 miRNAs were from the miR-17-92 polycistronic miRNA cluster (Figure 

2.2). 

 

Figure 2.2 miRNA expression of miR-17-92 cluster. miR-17-92 cluster is downregulated in SW480 cell 

line when ERβ is overexpressed. Estrogen treatment had no effects on the levels of miRNAs.

 

ERβ regulation of miRNAs can be through indirect mechanisms. Although the ERs can 

regulate genes distant from their chromatin-binding site (80), we can assume that 

miRNAs are also regulated indirectly. Previously, it was observed that the proto-

oncogene MYC is strongly downregulated following ERβ expression in these colon 

cancer cell lines as well as other cell lines (41,42,64). Since ERβ binds the MYC 

promoter within 70 kb, this indicates that it is possible that MYC is directly regulated by 

ERβ (81,82). MYC is a key regulator of miRNAs (83-85), which contributes to its 
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oncogenic properties (86). We observed that when ERβ is, overexpressed, MYC levels 

are decreased in SW480 cells (Figure 2.3).  

 

Figure 2.3 MYC expression levels following ERβ overexpression in SW480 colon cancer cell line. 

Overexpression of ERβ leads to downregulation of MYC on the mRNA level. 

 

It has been noted that several miRNAs are regulated by MYC including the miR-17-92 

cluster (83,84). The overexpression of miR-17-92 cluster has, in colon cancer, been 

associated with MYC gene amplification and overexpression (87) and associated with 

poor survival (88). Therefore, it is plausible that in our system, the downregulation of 

miR-17-92 cluster is an indirect a consequence of ERβ downregulation of MYC. To 

confirm this pathway, we used small interfering RNA to silence MYC. The silencing of 

MYC was efficient and reduced its mRNA by 50% within 48 hours of small interfering 

RNA transfection (Figure 2.4). This resulted in a downregulation of miR-17 and miR-19a 

at 72 hours after transfection. Other miRNAs in the miR-17-92 cluster were not affect 

perhaps due to different processing of individual miRNAs. MiR-200a/b, on the other 

hand, was upregulated upon MYC silencing, whereas miR-221 was unaffected (data not 
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shown). We conclude that MYC does not contribute to the ERβ-mediated repression of 

miR-200a/b and miR-221, but that the miR-17-92 cluster and miR-106 are 

transcriptionally downregulated as a consequence of the ERβ-mediated downregulation 

of MYC.  

 

 

Figure 2.4 Knockdown of MYC via siRNA results in downregulation of miRNAs in the miR-17-92 

cluster. Knockdown of MYC in SW480 cells using siRNA was successful in reducing MYC mRNA levels at 

48 hours. In turn, at 72 hours of MYC siRNA treatment, miR-17 and miR-19a is subsequently downregulated 

as well. 

 

3.3.3 MiR-17 re-expression can override the ERβ-mediated reduction 

of proliferation 

Expression of ERβ resulted in an antiproliferative effect in the colon cancer cells. 

TaqMan Low-Density Array analysis and qPCR confirmation showed that the entire miR-

17-92 cluster was downregulated following ERβ expression (Figure 2.2). The members 

of the miR-17-92 cluster (also called Oncomir-1) are implicated in colon cancer (88) and 

have been related to enhanced cell proliferation (89,90). Since miR-17 was 
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downregulated when SW480 cells were treated with siRNA against MYC, we selected it 

to test whether the downregulation of this cluster had a significant role in the ERβ-

mediated effect on proliferation. We reintroduced miR-17, using a miR-17 miRNA mimic, 

into ERβ-expressing SW480 cells and investigated whether this could oppose the ERβ-

mediated repression of growth. Figure 2.5 shows that transfection with miR-17 mimic, 

reverses the effects of MYC and ERβ resulting in an increase cell proliferation. Thus, 

part of the antiproliferative effect attributed to ERβ in colon cancer cell line SW480 is 

through downregulation of MYC and subsequent downregulation of miR-17. 

 

 

Figure 2.5 Transfection of miR-17 mimic increases cell proliferation in SW480 cells. Overexpression of 

miR-17 using miRNA mimics opposes antiproliferative effects of ERβ in SW480 colon cancer cell line.
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3.3.4 ERβ-mediated repression of miR-17 can enhance apoptosis 

Another aspect of the miR-17-92 cluster besides being proliferative is that this 

ploycistron miRNA cluster can also suppress apoptosis (89). Since ERβ increases 

apoptosis in normal colonocytes (91) and intestines (92), we hypothesize that ERβ may 

mediate this apoptotic effect in SW480 cells through suppression of miR-17-92 cluster. 

Although we did not observe a significant effect on apoptosis by inhibiting miR-17 in 

SW480 cells grown under regular conditions, we noted a clear effect on cell death when 

the cells were challenged with DNA-damaging cisplatin treatment, 56% of the miR-17-

silenced cells died (P-value < 0.001) (Figure 2.6). Our results demonstrate that inhibition 

of miR-17 sensititized the cells to cisplatin-induced apoptosis. This leads us to conclude 

that ERβ, through decreased miR-17 expression can enhance apoptosis after DNA 

damage in colon cells. 

 

 

Figure 2.6 Inhibition of miR-17 leads to more cellular apoptosis in SW480 cells. Downregulation of 

miR-17 using miRNA inhibitor along with cisplatin treatments leads to higher cell death in SW480 cells.  
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3.3.5 MiR-17 mediates the upregulation of NCOA3 and CLU after ERβ 

expression 

Besides proliferative and antiapoptotic effects of miR-17, we wanted to further dissect 

potential downstream targets of this miRNA to infer other potential functional effects. 

Two predicted targets were implicated in colorectal cancer, the nuclear receptor 

coactivator NCOA3 (SRC-3) and the clusterin protein, CLU. NCOA3 may be a direct 

target of miR-17, based on their complementing nucleotide sequences with one 

conserved 8-mer site at position 714-720 of NCOA3 3’-UTR and once conserved 7-mer-

m8 site at position 1296-1302 (Figure 2.7). 

 

 

Figure 2.7. miRNA and mRNA sequence alignment of miR-17 and NCOA3. miR-17 may directly target 

NCOA3 based on their complementing sequences. 

 

In human colon cancer HCT116 cells, miR-17 has been reported to repress CLU levels, 

which contributed to stimulated angiogenesis and cell growth (93). Both NCOA3 and 

CLU were upregulated in ERβ-expressing cells compared with controls (41). We 

confirmed that NCOA3 was upregulated both at the mRNA and protein level (Figure 2.8). 

This led to the hypothesis that ERβ, through MYC and miR-17, regulate a cascade of 

CLU and NCOA3 activity. As NCOA3 regulates the transcriptional activity of ERβ 

(94,95), this may also constitute a feed-forward loop.  
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Figure 2.8 NCOA3 is upregulated with overexpressed ERβ in SW480 cell lines. Overexpression of ERβ 

in SW480 leads to upregulation of NCOA3 at the transcriptional (mRNA) as well as translational (protein) 

levels.

 

To further confirm that the regulation of NCOA3 and CLU are directly due to ERβ-

mediated downregulation of the miR-17-92 cluster, SW480 cells (absent of ERβ) were 

transfected with a miR-17 miRNA inhibitor. Inhibition of miR-17 in SW480 cells using 

miRNA inhibitor led to the upregulation of CLU and NCOA3 (Figure 2.9A) and 

conversely, when miR-17 was overexpressed in SW480-ERβ cells, using miR-17 mimic, 

CLU and NCOA3 levels were correspondingly decreased (Figure 2.9B). This confirms 

that the upregulation of CLU and NCOA3 in ERβ-expressing SW480 cells is a direct 

consequence of the repressed miR-17 levels.  
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Figure 2.9 MiR-17 directly regulates levels of CLU and NCOA3. SW480 cells transfected with miR-17 

inhibitor and miR-17 mimic. A) Overexpression of miR-17 inhibitor increases mRNA levels of CLU and 

mRNA as well as protein levels of NCOA3. B) Overexpression of miR-17 mimic decreases mRNA levels of 

CLU and NCOA3. 

 

As NCOA3 also activates ERβ and functions as a histone acetyltransferase, which acts 

on the chromatin level, making target genes more accessible for the transcriptional 

machinery. The upregulation of NCOA3 is likely to be beneficial in a clinical perspective 

because overexpression of NCOA3 is associated with prolonged overall survival and 

decreased probability of death in colon cancer (96). Although theses results suggest that 

ERβ increases DNA repair in colon cells, it is the axis miR-17/CLU that is responsible for 

increased apoptotic capacity and that other ERβ-mediated mechanisms are responsible 

for increased DNA repair. Thus, we have dissected a pathway where ERβ regulates its 

own coactivator through MYC and miR-17. 
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3.3.6 ERβ modulates miR-200a/b and epithelial-mesenchymal 

transition markers 

Besides changes on the transcriptional level by ERβ, we also noted morphological 

changes to the cell shape of ERβ-expressing cells as well (Figure 2.10A).

Cells that overexpress ERβ adopt a more stretched out and adhesive phenotype. To test 

whether this morphological change has any functional effects, we used a migration 

wound-healing assay to measure cell migration. Indeed, ERβ-expressing cells exhibit 

slower migration compared to controls (Figure 2.10B).  

 

 

Figure 2.10 Effects of ERβ on morphology and migration in SW480 cels. A) Overexpression of ERβ 

changes the morphology of SW480 cells to adopt a more stretched out, adhesive phenotype. B) Adhesive 

phenotype is reflected by reduced migration in ERβ expressing cells as measured with scratch wound 

assay. 

 

MiRNAs are also known to contribute to cellular changes in morphology and migration. 

Two miRNAs that were changed by ERβ in our cells are: miR-200a and miR-200b. The 

miR-200-family of miRNAs has been known to repress epithelial-mesenchymal transition 

(EMT) through the downregulation of repressors of E-cadherin expression, ZEB1 and 

ZEB2 in breast cancer cells (97). In our colon cancer cell lines, we observe that the 
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downregulation of miR-200a/b in SW480 cells coincided with an upregulation of ZEB1 

and a downregulation of E-cadherin (Figure 2.11A). To confirm that the changed levels 

of ZEB1 and E-cadherin were a result of the ERβ-mediated repression of miR-200a/b, 

we re-introduced miR-200a/b into SW480-ERβ cells individually, using miRNA mimics. 

We show that both repressed ZEB1 levels and high E-cadherin levels in ERβ-expressing 

colon cancer cells is a consequence of miR-200a/b levels (Figure 2.11B).  

 

 

Figure 2.11 ERβ expression affects epithelial-mesenchymal transition markers ZEB1 and E-cadherin. 

A) ERβ overexpression leads to increased ZEB1 mRNA levels and decreased E-cadherin mRNA and 

protein levels. B) Overexpression of miR-200a and miR-200b individually is responsible for decreased ZEB1 

mRNA levels and increased E-cadherin levels both on mRNA and protein levels.
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Because the miR-200 cluster has de facto ERβ-binding sites 78 kb upstream and 70 kb 

downstream of the primary miRNA chromosomal region (81), it is possible that ERβ 

directly represses miR-200a/b which are responsible these morphological changes. To 

further support our data, in another colon cancer cell line, HT29, stably expression of 

ERβ leads to downregulation of miR-200a (Figure 2.12). 

 

 

Figure 2.12 MiR-200a levels in HT-29 colon cancer cell line. HT-29 colon cancer cell line stably 

expressing ERβ downregulates miR-200a. 

 

3.3.7 Cell-specific effects of ERβ 

Thus far, we have explored effects of ERβ mainly in the colon cancer cell line SW480. 

SW480 colon cancer cell line is a non-metastatic cell line. To examine whether ERβ 

might have the same described effect in advanced colon cancer, we selected the 

metastatic colon cancer cell line SW620 for subsequent experiments. The SW620 colon 

cancer cell line originates from the same patient as SW480, but the main difference is 
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difference between SW480 and SW620 is that the former is non-metastatic and the latter 

is metastatic. Although transient transfection of ERβ resulted roughly the same number 

of ERβ receptors/cell (SW480: 3,769 receptors/cell; SW620: 3,325 receptors/cell) 

(Figure 2.1) we did not observe any regulation on MYC or miRNAs that were seen as 

changed in SW480 cells. It is possible that ERβ does not mediate the same protective 

mechanism in more advanced and invasive stages, or that stable expression of ERβ is 

required to observe the same changes as seen in SW480. 

  

3.1.4 Conclusion 

The aim of this study was to investigate whether ERβ expression impacts miRNA 

regulation in colon cancer cells and to begin dissecting its potential influence through 

functional studies. Here, we present evidence that introduction of ERβ in SW480 colon 

cancer cells induces significant changes in the miRNA pool and that these changes 

contribute in part to the antiproliferative and antitumorigenic properties of ERβ. Thus, 

miRNAs themselves play an important role in colon carcinogenesis and ERβ also plays 

an important role in regulating these miRNAs. Re-introduction of ERβ resulted in 

subsequent mRNA regulations and functional effects affecting proliferation, apoptosis, 

and migration mainly through downregulation of MYC, which in turns controls the miR-

17-92 miRNA cluster. Morphological changes in cell shape due to ERβ were also 

through miRNAs: 200a/b, which controls E-cadherin. We propose that the capacity of 

miRNAs to target multiple pathways help elucidate the genome-wide anti-tumorigenic 

regulations mediated by ERβ in colon cancer cells. As ERβ appears to have a significant 

potential in preventing or attenuating colon cancer development, our results provide 
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insights into the mechanism whereby ERβ acts in the colon and can aid in the 

development of better diagnostic tools, prevention and treatment of colon cancer. 
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4. Chapter 2: ERβ decreases metastatic potential of 

colon cancer cells through the upregulation of miR-205 

and its direct targeting of PROX1 

 

 

 

 

4.1 Introduction 

Previous studies have found that ERβ could regulate inflammation, apoptosis, and cell 

adhesion pathways along with microRNAs (miRNAs) in colon cancer cells (41,98). 

Particularly, we noted that expression of ERβ in the colorectal cancer cell line SW480 

downregulated the prospero homeobox 1 (PROX1) (41). PROX1 is critical in organ 

development during embryogenesis, and its dysregulation have been correlated with 

several different cancers (99). It is upregulated in colon adenomas and associated both 

with a poor grade of tumor differentiation and with worse outcome, especially in women 

(100). PROX1 is associated with the transition from benign adenoma to carcinoma in 
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vivo, and its silencing reduces size and incidence of human colorectal tumor xenografts 

(101). PROX1 has also been shown to promote EMT in colon cancer cells by inhibiting 

E-cadherin (102). Thus, the regulation of PROX1 by ERβ may be a key mechanism 

whereby ERβ protects against development of colorectal carcinoma. 

 

The mechanism of how ERβ regulates PROX1 in colon cancer cells has not been well-

studied. This regulation could be at the transcript or post-transcriptional level. We have 

previously found that the microRNA (miRNA) miR-205 is significantly upregulated upon 

expression of ERβ in SW480 cells (98). The function of miR-205 is relatively unknown in 

colon cancer, but low miR-205 in colorectal cancer has been correlated with invasion 

into lymphatic vessels (103). MiRNAs can control gene expression through 

complementary binding between the miRNA 5’-sequence and the 3’-untranslated region 

(3’-UTR) of the target mRNA which mediates degradation of the mRNA transcripts 

and/or suppression of its translation. In this study, we hypothesize that part of ERβ’s 

anti-tumorigenic properties is through silencing of PROX1 via upregulation of miR-205. 

 

4.2 Supplemental materials and methods 

 

4.2.1 The Cancer Genome Atlas clinical data 

RNA-sequencing and microarray data from patient colon tumors and adjacent normal 

tissues were downloaded from TCGA data portal. 233 samples were from colon 

adenocarcinoma samples and 21 were from normal control colon samples. Significance 

was determined by two-tailed t-test. 
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4.2.2 Immunoblot 

Primary antibody against PROX1 (Upstate Biotechnology, Lake Placid, NY) was used at 

1:1,000 dilution for incubation overnight.  

 

4.2.3 qPCR primers 

For detection of miRNA primers, a universal reverse primer provided in the NCode 

miRNA First-Strand cDNA Synthesis Kit (Invitrogen) was used. For detection of miR-

205: F: 5’-TGCGGCCCAGTGTTTAGACTATC-3’ and pre-miR-205: F: 5’-

CCTCAGACAATCCATGTGCT-3’. 

 

Primers used for mRNA detection were as follows: 

Human PROX1:  F: 5’-TCATAAAGTCCGAGTGCGGC-3’ 

    R: 5’-TGGGTGACAATCCTTCCTGC-3’ 

Human ERβ exon 1:  F: 5’-AGGAATAAGATGGGCGATTG-3’ 

    R: 5’-AGCAGAGCAAGCACATTCAT-3’ 

Mouse PROX1:  F: 5’-AACGAAAGAGAGATGGCCCC-3’ 

    R: 5’-TGGAAACTCTGTTGCTGCTG-3’ 

Mouse ERβ exon 1:  F: 5’-TCACGAATACTCAGCCATGA-3’ 

    R: 5’-GAAGTTGGCCATAGCACATT-3’ 

Mouse ERβ exon 3:   F: 5’-GCCCTGTTACTACTAGTCCAAGC-3’ 

    R: 5’-CAGGACCAGACACCGTAATG-3’ 
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Primers used for genotyping of mice were as follows: 

B6.129X1-Esr2tm1Gust  F: 5’-ATCAGCCCATGGGCAGAGTGT-3’ 

     R: 5’- CCAGATGCATAATCACTGCAGACG-3’ 

B6.SJL-Tg(Vil-cre)997Gum/J  F: 5’-GTGTGGGACAGAGAACAAACC-3’ 

     R: 5’-ACATCTTCAGGTTCTGCGGG-3’  

 

4.2.4 Generation of tissue-specific knockout mice and collection of 

samples 

B6.129X1-Esr2tm1Gust mice were crossed over multiple generations with B6.SJL-

Tg(Vil-cre)997Gum/J mice (Jackson Laboratory, Bar Harbor, Maine) to generate 

intestinal-specific ERβ knockout mice (ERβiKO). Mice were genotyped using PCR with 

DNA extracted from either an ear punch or tail clipping at 6 weeks of age. Animals were 

housed in controlled environment at 20oC with illumination schedule of 12 hours light, 12 

hours dark.  Standard pellet food and water were provided ad libitum. Animals and 

procedures performed on animals in this study were approved by Institutional Animal 

Care and Use Committee at University of Houston, Houston, Texas. At 12-20 weeks of 

age, mice were sacrificed and samples were collected by scraping the epithelial cells of 

the colon and stored in Trizol reagent and RNA isolation, cDNA synthesis, and qPCR 

analyses were done as previously described. 
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4.2.5 Correlation analyses 

Correlation for ERβ and PROX1, and ERβ and miR-205 were done using Pearson 

correlation, significance was determined if p < 0.05. Correlation for PROX1 and miR-205 

were done using Spearman correlation, significance was determined if p < 0.05. 

 

4.2.6 Cell adhesion 

Cells were treated as described above. 96-well plates were coated with collagen and 

treated cells were trypsinized, counted, and plated on collagen-coated plates. After 1 

hour, plates were washed and standard MTS assay (Promega, San Luis Obispo, 

California) was used to determine amount of cells left on plate. 

 

4.2.7 Zebra-fish migration assay 

We used green-fluorescent-protein-tagged (GFP-tagged) zebra fish embryos to study 

tumor metastasis. Different cell lines have been labeled in vitro with 2 µM of lipophilic 

dye CM-Dil (Invitrogen, Carlsbad, CA, USA). Approximately 5 nL of 5x106 of labeled 

cells have been injected in the perivitelline cavity of embryos 48 hours post-fertilization. 

The embryos are checked 3 hours post-injection; poorly injected embryos (i.e. direct 

blood stream injection) have been removed from the study. Fish embryos were 

incubated in 32oC incubator. Tumor dissemination in fish body (mainly in tail) was 

monitored using the fluorescent microscope 48 hours after initial injection. Fisher’s exact 

test was used to calculate p-value.           
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4.3 Results and Discussion 

 

4.3.1 Expression of ERβ and miR-205 are anti-correlated with 

expression of PROX1 in both primary colon and tumor cell lines 

Our previous studies in SW480 cells suggested that overexpression of ERβ could 

increase miR-205 levels (98) and decrease PROX1 levels (41) in colon cancer cells. To 

determine whether this relationship is relfective in clinical samples, we searched RNA-

sequencing and microarray data from The Cancer Genome Atlas (TCGA) dataset and 

compared the expression of ERβ, miR-205 and PROX1 in patient samples of colorectal 

tumors with adjacent normal tissues (Figure 3.1). This is consistent with earlier findings 

that in the colon, ERβ expression is decreased in the cancerous state compared to non-

cancerous state. In the same data set, miR-205 shows the same trend as ERβ while 

PROX1 levels show the opposite trend.  

 

 

Figure 3.1. Expression of ERβ, miR-205, and PROX1 in clinical samples. RNA expression of ERβ, miR-

205, and PROX1 in normal and cancerous tissues taken from patients. Dataset downloaded from TCGA. P-

values for ERβ, p < 0.001; hsa-miR-205, p = 0.005; PROX1, p < 0.001. 
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We further investigated whether this correlation holds true for different colon cancer cell 

lines. As shown in Figure 3.2, miR-205 levels are in general anti-correlated with PROX1 

in 5 different colon cancer cell lines, SW480, HT29, HCT116, SW403, and SW620, 

respectively (Figure 3.2, left and center panels). SW403 and SW620 show the lowest 

miR-205 levels and the highest PROX1 protein levels (Figure 3.2, left and right panels), 

consistent with our hypothesis that miR-205 targets PROX1. Even through SW403 

PROX1 mRNA levels show less PROX1 than in SW480, while PROX1 is higher, this 

may be due to stability of PROX1 protein in different colon cancer cell lines (Figure 3.2 

center and right panels). Collectively, these data support the overall regulation that ERβ 

is correlated with miR-205 expression, and that both ERβ and miR-205 is anti-correlated 

with PROX1 in colon cancer both in cell lines and in clinical samples. 

 

 

 

Figure 3.2 miR-205 and PROX1 levels are anti-correlated. miR-205 and PROX1 levels are anti-correlated 

on the RNA and protein levels in 5 different colon cancer cell lines: SW480, HT29, HCT116, SW403, and 

SW620. 
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Our results from the clinical samples along with other studies (44,46,104) clearly indicate 

that ERβ possesses anti-proliferative effects and that as cancer progresses, ERβ 

expression is reduced (Figure 3.1, left panel, p < 0.001). Separate studies have shown 

that high levels of PROX1 promotes the progression from benign to malignant colorectal 

tumors (101), and indeed in a study based on 643 European colorectal cancer patients, 

PROX1 was an important prognostic indicator for colorectal cancer-specific survival 

(100). We also observe this phenomenon in which PROX1 levels are higher in 

cancerous tissues as compared with controls (p < 0.001) (Figure 3.1, right panel). MiR-

205 downregulation has been implicated in EMT in cell line studies (97,98,105), but has 

not been clearly described as a prognostic marker in colon cancer. From our analysis, 

miR-205 levels are indeed low in cancer tissues (p = 0.005) as compared with controls. 

Overall, we observe both in clinical samples and in colon cancer cell lines that ERβ and 

miR-205 are loss in the cancerous state while PROX1 levels are increased. Thus, we 

propose that there exist an ERβ-miR-205-PROX1 pathway and it plays an important role 

in colon cancer development.  

 

4.3.2 Tissue-specific knockout of ERβ decreases miR-205 and 

increases PROX1 in the colon of mice 

To explore whether this ERβ-miR-205-PROX1 pathway holds true in vivo and whether 

this pathway is dependent on ERβ, we measured the levels of ERβ, miR-205, and 

PROX1 in intestine-specific ERβ knockout mice (ERβiKO) (Figure 3.3). The Villin/Cre-

driven knockout of ERβ exon 3 (Esr2fl/fl, Vil-Cre), which disrupts the coding frame and 

generates multiple stop codons in the ERβ mRNA in colonic epithelial cells, was 
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confirmed by expression analysis (qPCR) (Figure 3.3A). Because knockout of ERβ exon 

3 causes non-sense-mediated decay of the ERβ transcript, we also measured levels of 

ERβ  exon 1 (Figure 3.3B) to ensure that ERβ is indeed not present in the epithelial cells 

of these knockout mice. As expected, the expression levels of ERβ exon 3 are 

dramatically decreased in ERβiKO mice confirming the knockout. MiR-205 levels are 

significantly downregulated (Figure 3.3C) and PROX1 levels are increased (Figure 

3.3D).  

 

 

Figure 3.3 Expression of ERβ exon 3, ERβ exon 1, miR-205 and PROX1 levels in intestinal-specific 

ERβ knock-out mice (ERβiKO). A) Levels of ERβ exon 3 are significantly lower in ERβiKO mice as 

compared to controls (p = 0.04). B) Levels of ERβ exon 1 are significantly lower in ERβiKO as compared to 

controls (p = 0.04). C) Levels of miR-205 in ERβiKO are lower than in control mice (p = 0.05). D) PROX1 

mRNA levels show an increasing trend in ERβiKO than in controls. 

 

A B 

C D 
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Table 3.1 below shows the correlation between ERβ, PROX1, and miR-205 RNA in 

intestinal epithelial ERβ knockout mice. ERβ and PROX1 are significantly anti-correlated 

(R2=-0.38) while ERβ and miR-205 are significantly positively correlated (R2=0.51). Most 

notably, miR-205 and PROX1 levels are significantly anti-correlated (R2=-0.045). These 

findings are consistent with the data from human clinical samples and colon cancer cell 

lines, and strongly support that ERβ regulates the expression of miR-205 and PROX1 in 

colonic epithelial cells. 

 

Table 3.1. Correlation between ERβ, PROX1, and miR-205 in ERβiKO colon tissue. Expression of ERβ 

and PROX1 are anti-correlated; Expression of ERβ and miR-205 are correlated; Expression of PROX1 and 

miR-205 are anti-correlated. Comparisons between ERβ and PROX1, ERβ and miR-205 were analyzed 

using Pearson correlation. Comparison between PROX1 and miR-205 were analyzed using Spearman 

correlation. Significance was determined as p < 0.05. 

 

  PROX1 miR-205 
	  

ERβ -0.38 0.51 Correlation	  coefficient	  
0.038 0.021 p-‐value	  

PROX1   -0.046 Correlation	  coefficient	  
  0.048 p-‐value	  

 

 

 

4.3.3 ERβ upregulates miR-205 expression in different colon cancer 

cell lines 

We had previously noted that expression of ERβ resulted in upregulation of miR-205 in 

SW480 cell line and that a putative ERβ-binding site is located 104 kb upstream of the 

miR-205 based on genome-wide chip sequencing studies performed in human breast 
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cancer cells (81). To further explore the generality of this mechanism, we tested three 

more colon cell lines with and without expression of ERβ (HT29, SW403, and SW620, 

respectively). None of these three cell lines expresses detectable amounts of ERβ. HT29 

was stably transduced with ERβ (as previously characterized) (41,98) while SW403 and 

SW620 were transiently transfected with ERβ. In cells with overexpression of ERβ, miR-

205 was found to be upregulated in all cell lines (Figure 3.5), consistent with our 

previous observation in SW480 cells. As estrogen receptors can bind to cis-regulatory 

DNA either directly through its DNA-binding domain (DBD) or via a tethering mechanism, 

we tested the effect of an ERβ mutated in the DBD region. In both SW403 and SW620 

cells, this mutation inhibited the increase of miR-205 levels (Figure 3.5), suggesting the 

upregulation of miR-205 is dependent on direct DNA binding of ERβ. Notably, in SW403 

cells, even with ERβ-DBD-mutant, miR-205 is still upregulated. This may be due to an 

ERβ-tethering mechanism much like ERα tethering to other transcription factors such as 

FOXA1, Ap2g, GATA3 and RUNX1 to regulate transcription of genes (reviewed in 

(106)). MiR-205 upregulation is almost completely abolished when transfected with ERβ-

DBD-mutant in SW620 cells. This shows that there are other miR-205 regulatory 

pathways that are specific to each colon cancer cell line. 

 

 



  48 

 

Figure 3.5 ERβ upregulates miR-205 in colon cancer cell lines HT29, SW403 and SW620. HT29 cells 

with stable ERβ expression show increased miR-205 levels. SW403 and SW620 cell lines transiently 

transfected with ERβ also show increases of miR-205 miRNA. Transfection with ERβ-DBD mutant 

decreases miR-205 levels in SW403 and SW620 cell lines. 

 

 

To further examine the mechanism of ERβ upregulation of miR-205, we also measured 

levels of primary- (pri-miR-205) and precursor-miR-205 (pre-miR-205) and whether their 

expression was also influenced by estradiol (E2). In stably transfected SW480 cells, ERβ 

upregulates both the pri-miR-205 and pre-miR-205 transcripts (Figure 3.6). We did not 

see any effects of E2 treatment on the transcript levels. In the transiently transfected cell 

line SW620, we observed upregulation of pri-miR-205 transcript by ERβ, but not in the 

precursor-miR-205 levels (Figure 3.6). This could be due to the processing of the miRNA 

transcript in the cell where precursor-miR-205 has a shorter half-life. Estradiol also did 

not affect pri- or pre-miR-205 transcripts. 
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Figure 3.6 Primary- and precursor-miR-205 levels in SW480 and SW620 colon cancer cells. Primary 

and precursor miR-205 levels are upregulated in the presence of ERβ in SW480 cells. Only primary-miR-

205 levels are upregulated in SW620 cells transiently transfected with ERβ. 

 

 

4.3.4 MiR-205 represses PROX1 expression in colon cancer cells 

The anti-correlative relationship between miR-205 and PROX1 mRNA levels imply that 

miR-205 may affect PROX1 expression directly since miRNAs are known to regulate 

many different targets. To determine whether increased levels of miR-205 can repress 

PROX1, SW480 and HT29 cells were transfected with miR-205 miRNA mimic. Protein 

levels 48 hours after miR-205 mimic transfections showed that PROX1 levels had 

decreased significantly in both cell lines (Figure 3.7). These data show that miR-205 

regulates PROX1 expression in colon cancer cells. 
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Figure 3.7 PROX1 protein levels in SW480 and HT29 cells. SW480 and HT29 cells were transfected with 

miR-205 and levels of PROX1 are thus downregulated. 

 

 

4.3.5 Downregulation of PROX1 by miR-205 regulates cell adhesion 

and metastasis in vitro and in vivo 

PROX1 is upregulated in colon adenomas and associated both with a poor grade of 

tumor differentiation and with worse clinical outcome (100). Previous studies have 

shown that knockdown of PROX1 in SW480 colon cancer cells using siRNA resulted in 

increased expression of genes related to cell adhesion, without affecting proliferation 

(101). Thus, the adverse role of PROX1 in colon cancer includes its anti-adhesion 

effects. To characterize the functional effects of ERβ and miR-205, we measured cell 

adhesion ability using collagen assays in metastatic SW620 cells transfected with miR-

205 mimic. We observe that transfection with miR-205 mimic into metastastic SW620 

cell line leads to decreased levels of PROX1 mRNA (Figure 3.8, left panel) and that this 

in turns makes the cells more adhesive to the collagen medium (Figure 3.8, right panel), 

suggesting that in SW620 cells with low PROX1 levels, cells have become more 

adhesive, and less metastatic. 
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Figure 3.8 miR-205 transcriptional and functional effects in SW620 cells. Left panel, miR-205 mimic 

downregulates PROX1 mRNA levels. Right panel, miR-205 mimic causes SW620 cells to become more 

adhesive.  

 

ERβ overexpression in SW480 has been reported to reduce migration as measured by 

wound-healing assay (98) and here we demonstrated that downregulation of PROX1 via 

miR-205 mimic increases cell adhesion in vitro. To demonstrate the effect of the ERβ-

miR-205-PROX1 pathway on metastasis in vivo, we used the zebrafish model for cell 

migration (in collaboration with Fahmi Mesmar). Colon cancer cell lines (SW480, HT29, 

+/- ERβ, +/- miR-205 mimic) were injected into zebrafish embryos. The migration into the 

circulatory system was observed after 48 hours. Table 3.2 shows that both ERβ and 

miR-205 exhibited a significant anti-metastatic potential in both cells lines SW480 and 

HT29. SW480 cells with overexpressed ERβ had 20.8% metastatic cells as compared to 

36.2% (p-value = 0.020). Similarly, HT29 cells that contained ERβ also had roughly half 

the percentage of metastatic cells (11.0% and 25.9%, respectively, p-value = 0.008). 

When both cell lines were transfected with miR-205 mimic, the percentage of metastatic 
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cells drops to below 10% (9.2% or SW480 and 5.8% for HT29, p-value 0.006 and 0.001, 

respectively). Using zebrafish as an in vivo assay for metastasis is advantageous in that 

we can treat a high number of embryos in a relative short amount of time (107,108). 

Thus, we have demonstrated that the ERβ-miR-205-PROX1 pathway is responsible for 

both cell adhesion and metastasis in vitro and in vivo. 

 

Table 3.2 ERβ and miR-205 reduces metastasis in vivo. SW480 and HT29 cells with either ERβ and ERβ 

in combination with miR-205 exhibit less metastasis in vivo. Significance determined as p < 0.05. 

 

4.4 Conclusion 

ERβ is widely known to have anti-tumorigenic effects in various different cancers. In this 

current study, we have reported anti-metastatic effects of ERβ in colon cancer through 

this ERβ-miR-205-PROX1 pathway both in vitro and in vivo. Of course more studies 

need to be done to investigate the detailed mechanisms of ERβ regulation on processing 

of miR-205 transcript in different colon cancer cell lines. Since miRNAs are known to 

target multiple mRNAs, it would also be noteworthy to look at other targets of miR-205 

and whether they contribute to anti-proliferative and anti-metastasis effects of ERβ-miR-

205. Lastly, in addition to miR-205, other miRNAs can also silence PROX1. It could be 

interesting to look at PROX1 regulation by miRNAs that are not influenced by ERβ. 
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5. Chapter 3: ERβ mediates anti-inflammatory effects via 

modulation of the NFκB networks 

 

 

 

 

5.1 Introduction 

One of the major risk factors for development of colon cancer is inflammation. 

Inflammation itself is crucial, but chronic inflammation is one of the hallmarks of tumor 

growth and promotion and correlates with poor prognosis in many different types of 

cancer including breast (17) and colon cancer (18-20). Thus, controlling or minimizing 

chronic inflammation can be the key to reducing colon cancer development. In fact, long-

term use of aspirin has been shown to reduce colon cancer risk (23) and mortality (24). 

 

It has been previously reported that NFkB-mediated inflammatory response is involved 

in cancer development in colon (109,110) and breast (111-113). ERα and NFkB have 

been shown to interact both in a repressive and synergistic manner in a number of 
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cancers. In the case of breast cancer, there is extensive cross-talk between NFkB and 

ERα where ERα and NFkB can act synergistically to enhance transcription of genes 

such as BIRC3 to protect breast cancer cells against apoptosis (114). Cooperative 

binding of ERα and NFkB to adjacent response elements leads to major increase of the 

multidrug transporter gene ABCG2, whose expression is associated with the 

development of drug-resistance (115). Also, 17β-estradiol (E2) can increased TNFα 

mRNA and protein levels in ERα-positive breast cancer cell lines through ERα (25). 

 

Like ERα, ERβ has also been shown to modulate NFkB signaling. In rat aortic smooth 

muscle cells (RASMCs), treatment with an ERβ agonist was able to attenuate TNFα-

induced inflammatory response by downregulation of mRNA expression of inflammatory 

mediators such as P-selectin, ICAM-1, VCAM-1, MCP-1, and CINC-2β resulting in a less 

inflamed state (116). This was achieved via recruitment of RELA(p65) unit to the 

promoter region of IkBα, thus upregulating the levels of the inhibitor of NFkB activation 

(117). 

 

Our preliminary findings (41) demonstrated that NFkB-regulated IL-6 is strongly 

downregulated by overexpression of ERβ in colon cancer cell line SW480. Although 

overall, ERβ attenuates IL-6 and in turn affects NFkB signaling, the mechanism of 

regulation on the gene level is not known. Here, we further investigate and describe the 

modulation of NFkB activity by ERβ in colon cancer cell lines SW480 and HT29. We 

hypothesize that ERβ may attenuate inflammation by modulating NFκB signaling. 
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5.2 Supplementary material and methods 

 

5.2.1 Microarray and data analysis and mining 

RNA (250 ng) was converted to cRNA using the Illumina TotalPRep-96 RNA 

Amplification kit (Ambion, Carlsbad, CA). Complimentary-RNA was used for 

hybridization onto the Illumina Whole-Genome Gene Expression Direct Hybridization 

microarray (Illumina, San Diego, CA), and 25,559 probes from the microarray were 

included for analysis. Probes for multiple genes were eliminated. The R software running 

lumi and limma packages were used to determine differentially expressed genes. 

Normalized intensity values were log-2 transformed. To correct for false discovery, we 

implemented the Benjamini-Hochberg correction (118). An additional filter for 

differentially expressed genes was set at 1.3-fold change in expression in either 

direction. Array data have been deposited in the NCBI Gene Expression Omnibus 

database [GSE65979]. Bioinformatic analyses of enriched gene sets were made in 

Pathway Studio (Ariadne Genomics, Rockville, MD). Fisher’s exact test was applied to 

determine significantly enriched pathways. Gene Ontology (GO) categories used were 

provided within the software. Heat maps were generated using the Eisen Cluster and 

Treeview software. 

 

5.2.2 Immunoblotting 

Primary antibody against p65, lamin B1 and PARP (Cell Signaling) were used at 1:1,000 

dilution for incubation overnight. Quantification of protein levels was analyzed using the 
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densitometric analysis package in ImageJ software (version 10.2) on triplicate samples 

of western blots. 

 

5.2.3 qPCR primers 

Primers used for mRNA detection were as follows: 

Human RELA:  F: 5’-GGAGCACAGATACCACCAAG-3’ 

   R: 5’-GAGCTCAGCCTCATAGAAGC-3’ 

Human RELB:  F: 5’-ACATATCCGTGGTGTTCAGC-3’ 

   R: 5’-ATTGACAGTCACGGGCTCT-3’ 

Human NFKB1: F: 5’-CCGCTTGGGTAACTCTGTTT-3’ 

   R: 5’-TGGGGTGGTCAAGAAGTAGT-3’ 

Human NFKB2:  F: 5’-GATCTGCGCCGTTTCTGT-3’ 

   R: 5’-CCGCTGCCTCTGAAGTTTT-3’ 

Human BCL3:  F: 5’-CATTTACTCTACCCCGACGA-3’ 

   R: 5’-GTGTCTCCATCCTCATCCAC-3’ 

Human ABTB2: F: 5’-GGGTGTGGAGGAAAGTGATG-3’ 

   R: 5’-CTCAGCGCTGTAGTACATGG-3’ 

Human FOXO1: F: 5’-CAAGAGGGTCCTGGAGACA-3’ 

   R: 5’-CTAGCATTTGAGCTGGTTCG-3’ 

Human CDKN1A: F: 5’-AGGTGGACCTGGAGACTCTCAG-3’ 

   R: 5’-TCCTCTTGGAGAAGATCAGCCG-3’ 

Human PMAIP1: F: 5’-CTGGAAGTCGAGTGTGCTAC-3’ 

   R: 5’-AGGTTCCTGAGCAGAAGAGT-3’ 

Human SGPP2: F: 5’-CTCCTCCCCTCCAGTTGTAA-3’ 
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   R: 5’-AGATAAGGAGGGTGAAGGCA-3’ 

Human EFNA1: F: 5’-CTGGTGGAGCATGAGGAGTA-3’ 

   R: 5’-CGCTGGAACTTCTCAGACAG-3’ 

Human JUNB:  F: 5’-GGCAGCTACTTTTCTGGTCA-3’ 

   R: 5’-GTAAAAGTACTGTCCCGGGG-3’ 

Human GCH1: F: 5’-AGCTGAACCTCCCTAACCTG-3’ 

   R: 5’-TAGCCCTTGGTGAAGAACTG-3’ 

Human ICAM1: F: 5’-TGACGAAGCCAGAGGTCTCAG-3’ 

   R: 5’-AGCGTCACCTTGGCTCTAGG-3’ 

 

5.3 Results and Discussion 

 

5.3.1 ERβ modulates NFkB RELA(p65) nuclear translocation in colon 

cancer cell lines 

From preliminary data, ERβ was reported to be responsible for downregulation of 

inflammatory networks through upregulation of CAV1 and downregulation of IL-6 (41). 

NFkB is a family of transcription factors that are translocated to the nucleus upon 

stimulation. Therefore, it is possible that one of the ways through which ERβ affects the 

inflammatory cascade is via interference of the nuclear translocation of the NFkB 

transcription factor. In the absence of inflammatory signaling molecules, RELA(p65) 

subunits are kept inactive in the cytoplasm by IK-complexes. When there is stimulation 

by cytokines or chemokines, RELA(p65) subunits are released from the inhibitory 

complexes through phosphorylation and then translocated to the nucleus where it can 
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act as a transcription factor to regulate gene transcription. In SW480 and HT29 cells, in 

the absence of TNFα, most of the RELA(p65) subunits are in the cytoplasmic portion of 

the cell lysate (Figure 4.1, lanes 1-4, 9-12). Upon treatment with TNFα, we can see that 

the RELA subunit is now translocated to the nuclear portion of the cell lysate in both cell 

lines (Figure 4.1, lanes 4 and 12). This confirms that in these colon cancer cell lines, 

TNFα does indeed stimulate RELA(p65) translocation to the nucleus. We then wanted to 

know whether ERβ affects RELA(p65) nuclear translocation. Interestingly, in SW480 

cells, without any TNFα treatment, there is more RELA(p65) in the nucleus of ERβ-

expressing SW480 cell line than in control SW480 cells without ERβ expression (Figure 

4.1, lanes 2 and 6).  

 

In HT29 cells, the presence of ERβ itself does not enhance nuclear translocation of 

RELA subunit like in SW480 cells (Figure 4.1, lanes 10 and 14) rather ERβ inhibits the 

nuclear translocation by TNFα treatment. ERβ-mediated effect on RELA(p65) 

translocation is unique to each cell line. When treated with TNFα, we do observe nuclear 

translocation of RELA(p65) subunit in SW480 cells, but it is independent of ERβ (Figure 

5.1, lanes 6 and 8). In contrast however, in HT29 cells, ERβ attenuates the nuclear 

translocation of the RELA(p65) subunit when cells are treated with TNFα (Figure 4.1, 

lanes 12 and 16).  

 

Clearly in SW480 and HT29, ERβ itself and ERβ in conjunction with TNFα, play different 

roles in RELA(p65) nuclear translocation. In a study on RASMCs, ERβ attenuated the 

NFkB response by recruitment of RELA(p65) unit to the promoter region of IkBα, thus 

upregulating the levels of the inhibitor of NFkB activation (117).  Therefore, it is plausible 
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that nuclear RELA(p65) is recruited to the promoter region of the inhibitor of NFkB 

activation and not the inflammatory response genes in SW480 ERβ expressing cells in 

the absence of TNFα stimulation. This would result in more nuclear RELA(p65), but an 

attenuated inflammatory cellular response. In HT29 cells, ERβ inhibited the translocation 

of the RELA(p65) subunit. What is unknown is whether this inhibition is dependent on 

the phosphorylation of IK-complexes. ERβ may inhibit phosphorylation and degradation 

of IkBα, the subunit that is responsible for holding RELA(p65) inactive in the cytoplasm 

or ERβ may inhibit the kinase activity of IKK-NEMO complex that is responsible for 

phosphorylation of IkBα. 

 

 

 

Figure 4.1 RELA(p65) nuclear translocation in SW480 and HT29 cell lines. TNFα and ERβ effects on 

RELA nuclear translocation in SW480 and HT29 colon cancer cell lines. 

 



  60 

5.3.2 ERβ inhibits TNFα activation of NFκB-response element in 

SW480 cells 

Previous published studies have described the estrogenic effects of ERα on the NFkB 

inflammatory response in breast cancer cell lines (114,119). We also observed that in 

SW480 cells with ERβ overexpressed, in the absence of TNFα, there was more nuclear 

RELA(p65) subunit in the nucleus (Figure 4.1, lane 6). We wanted to examine whether 

the presence of ERβ in SW480 would interfere with the NFkB response. When SW480 

cells were transfected with an NFkB-RE luciferase reporter construct, we see that TNFα, 

in the absence of ERβ, can elicit a luciferase response, but when ERβ is present, the 

response is no longer present (Figure 4.2). This suggests that in SW480 cells, the 

presence of ERβ can attenuate the NFkB response. Therefore, ERβ, through direct or 

indirect mechanisms, can block NFkB transcription factors from binding to their response 

elements. From our nuclear translocation results, SW480 cells with stably expressing 

ERβ, had more RELA(p65) subunit in the nuclear fraction even in the absence of TNFα 

(Figure 4.1, lanes 2 and 6). Along with these luciferase assays, it is possible that even 

with RELA(p65) subunits in the nucleus, ERβ can interfere with RELA(p65) transcription 

factor binding. Studies in human endothelial cells have actually shown that ERβ can 

recruit RELA(p65) to the promoter region of the IkBα gene while inhibiting binding of the 

NFkB transcription factor to MCP-1 and CINC-2β genes (117), resulting in attenuation of 

TNFα-induced inflammation. 

 

What is also surprising is that the combination of E2 and TNFα in absence of ERβ can 

diminish the TNFα response in SW480 cells. It is possible that in our control cells lacking 

ERβ, there are other estrogenic responses like the membrane bound G protein-coupled 
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estrogen receptor (GPER). GPER has functions independent from ERα and ERβ. In 

patients suffering from irritable bowel syndrome (IBS), colonic biopsies revealed high 

expression of GPER in mast cells and no expression of either ERα or ERβ (120). It has 

been shown that GPER can bind E2 and mediate non-genomic signaling. In ERα-

positive MCF-7 cells, GPER antagonizes ERα resulting in cell growth inhibition (121). In 

the breast cell line MCF10A, activation of GPER by estrogenic compounds induced 

growth in these non-tumorigenic cells (122). Even though GPER is membrane bound 

protein and our NFkB-response element luciferase is in the nucleus, through indirect 

mechanisms, GPER can still interfere with the NFkB response. Clearly, in our colon 

cancer cell lines, we cannot exclude the possibility of GPER playing a role in 

inflammatory processes involving estrogen signaling.  

 

 

Figure 4.2 NFkB luciferase response. In SW480 cells, the ERβ reduces the luciferase activation in control 

cells treated with TNFα. The combination of E2 and TNFα also reduces the luciferase signal. 
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5.3.3 TNFα induces genome-wide transcription in colon cancer cell 

lines 

Studies in breast cancer cell lines have dissected the transcriptomic changes of ERα 

and NFkB in breast cancer cell lines (114). It is known that for certain groups of genes, 

ERα can inhibit NFkB from binding to DNA, but for other groups of genes, binding of 

ERα and NFkB can be synergistic (114,123). In fact, in the more aggressive luminal B 

type breast cancer, ERα and NFkB act in concert to upregulate the anti-apoptotic gene 

BIRC3 (124). Another study used TNFα stimulation on human microvascular endothelial 

cells (HMECs) and human umbilical vein endothelial cells (HUVECs) reported that after 

4 hours of TNFα treatment, up-regulated genes included those controlling cytokines, 

chemokines, and adhesion molecules. These were all involved in inflammation, 

apoptosis and immune systems (125). This study on HMEC and HUVEC was a 

quantitative-PCR-based study examining expression of 55 selected genes, but the TNFα 

response in these cells is independent of ERs. To our knowledge, there have been no 

genome-wide studies looking at the transcriptomic changes in colon cancer cell lines 

SW480 and HT29 and the effects of ERβ in combination with TNFα. To better 

understand the genome-wide regulation of ERβ on the inflammatory processes, we 

utilized bead microarray to better assess changes in the transcriptome of colon cancer 

cell lines SW480 and HT29 with and without ERβ overexpression in combination with 

TNFα to examine the influence of the combinatory effect of ERβ and TNFα has on the 

transcriptome. 

 

When SW480 and HT29 (control cells lacking ERβ) were treated with TNFα for 2 hours, 

a total of 206 and 774 genes were significantly (Figure 4.3). Of these TNFα responsive 
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genes, 108 genes were changed in both cell lines. These 108 genes here referred to as 

core TNFα genes. Of these 108, all but 7 genes were upregulated, suggesting that the 

addition of TNFα to the cells has stimulatory effect. We note that in addition, 98 genes 

changed by TNFα were unique to SW480 and 666 genes changed were unique to HT29, 

suggesting that in addition to common TNFα responsive genes, there exist TNFα-

responsive genes that are cell line specific. Also, there are more uniquely changed 

genes in HT29 cell line compared to SW480. Table 4.1 lists the top most differentially 

expressed genes in the core TNFα responsive group.  

 

 

Figure 4.3 TNFα responsive genes in SW480 and HT29 cell lines. A total of 872 genes were differentially 

expressed following 2 hours of TNFα treatment in SW480 and HT29 cell lines. 108 genes were commonly 

differentially expressed, while 98 were uniquely changed in SW480 and 666 genes were uniquely changed 

in HT29. 

 

 

 

 

 

 

Venn Diagram

Unique objects: All = 872; S1 = 206; S2 = 774

98 666108

SW480 HT29
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Table 4.1 Top 20 core TNFα responsive genes. List of genes that are most differentially upregulated in 

both cell lines SW480 and HT29 following 2 hours of TNFα treatment. 

 

 

To better understand genes that are regulated by TNFα, we compared our 108 core 

TNFα responsive genes in SW480 and HT29 cells with TNFα-treated MCF-7 cells from a 

previous study in breast cancer cell line (114). Results show that 18 genes are in 

common between the difference cancer cell lines (Figure 4.4). Of these 18 genes, 15 

have a RELA(p65) binding site in the promoter region, suggesting that these genes are 

direct targets of NFkB. 

 

Gene SW480,*fold%change p,value HT29,*fold%change p,value
CCL20 29.12726699 0.023 57.32352662 1.36E+04
BIRC3 17.325711 0.013 32.95757308 1.05E+03
IL8 14.21802386 0.022 56.67956017 2.42E+05
CD83 13.23600289 0.006 9.856950423 1.26E+04
CXCL1 12.81989263 0.012 25.5078676 6.73E+06
BCL3 12.356765 0.017 9.850537642 2.56E+05

TNFAIP3 12.11116604 0.007 14.56277754 6.60E+05
CSF2 10.84231895 0.041 7.473323731 3.05E+04
SDC4 7.371006997 0.037 9.296629269 2.34E+05

TNFAIP2 6.864500659 0.016 12.30169257 2.37E+05
NFKBIA 6.462717293 0.007 12.92003479 6.93E+05
NFKBIZ 6.072459547 0.022 1.502024946 5.59E+03
CX3CL1 5.721017416 0.021 11.90498617 1.73E+03
SLC25A24 5.612434527 0.020 14.62114138 2.42E+05
RELB 5.05774507 0.007 6.939140534 2.65E+04
NUAK2 4.696245742 0.037 5.729643159 9.48E+04
PLAU 4.689748056 0.006 4.002086435 1.05E+02
IL32 4.083372165 0.018 3.891112033 3.81E+04
CXCL6 4.021849774 0.044 2.097241547 1.94E+03
IRF1 3.620823629 0.018 6.897811992 1.40E+03
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Figure 4.4 TNFα-responsive genes in colon and breast. TNFα-responsive genes in both SW480 and 

HT29 colon cancer cell lines compared with TNFα-responsive genes in breast cancer cell line MCF7.

 

 

5.3.4 TNFα and ERβ induces apoptosis in SW480 cells 

To understand the overall functions of TNFα-responsive genes that are common in both 

colon cancer cell lines, we looked at the enriched gene ontologies of each group using 

Pathway Studio software. Table 4.2 lists the overrepresented themes in the core TNFα 

responsive genes. The ontologies that are enriched are known inflammatory, immune, 

and apoptotic responses attributed to TNFα activation of the NFkB pathway. 

 

Table 4.2 Gene Ontology for core TNFα-responsive genes. Overrepresented themes for genes that are 

differentially expressed and commonly regulated in SW480 and HT29 cells. 

 

Gene$Ontology$category p/value

inflammatory+response 5.08E410
apoptotic+process 8.05E409
immune+response 8.69E409

positive+regulation+of+reactive+oxygen+
species+metabolic+process 9.95E409
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One of the main characteristics of colon cancer is the abundant of inflammation found in 

the area of tumor growth. Acute inflammation is helpful as it can induce apoptosis in the 

inflamed cells, but chronic inflammation can stimulate proliferation, cause cellular 

mutations to accumulate, which can drive tumorigenesis. Chronic inflammation is a 

result of increased proinflammatory factors (i.e., cytokines and interleukins) that promote 

proliferation of intestinal epithelial cells. It has been reported that TNFα can induced a 

wide range of cellular effects that leads to a more inflammatory and tumorigenic state, 

but TNFα can also trigger apoptosis through TNFR1 (126) and TRAILs (127). Thus, 

TNFα can have dual roles in exerting proapoptotic and antiapoptotic functions. ERβ is 

known to be antitumorigenic by modulating the transcriptome to become more apoptotic. 

In colon cancer cell lines studies, when ERβ-expressing SW480 were challenged with 

cisplatin, cells were more apoptotic compared to control cells (98). Gene ontologies 

reveal that apoptosis is enriched. We wanted to further examine whether treatment with 

TNFα induces apoptosis and whether ERβ has any influence on TNFα-driven apoptosis. 

In SW480 cell line, treatment with TNFα in the presence of ERβ induces apoptosis as 

measured with PARP cleavage after 72 hours. Figure 4.5 shows that ERβ in 

combination with TNFα treatment significantly enhances PARP cleavage, and therefore, 

triggers the cell the undergo apoptosis. TNFα or ERβ alone was not enough to 

significantly upregulate the PARP cleavage. This is in line with previous studies where 

the presence of ERβ along with a DNA-damaging agent cisplatin made cells more 

susceptible to apoptosis (98).  

 



  67 

 

Figure 4.5 TNFα and ERβ induces apoptosis. A) ERβ and 72 hours TNFα treatment separately induces 

apoptosis through PARP cleavage in SW480 cell line. B) Densitometry data for cleaved PARP western blot 

band, p = 0.004. 

 

5.3.5 ERβ modulates NFkB transcription factors in SW480 colon 

cancer cells 

Indeed the NFkB cascade is an intricate balance of heterodimers of the different NFkB 

subunits (128). In the canonical NFkB activation pathway, the heterodimer RELA/p50 

subunits are held inactive in the cytoplasm. Upon TNFα signaling and phosphorylation, it 

translocates to the nucleus to activate transcription (Figure 4.1). In SW480 cells, we 

observe that NFkB subunits RELA and RELB are transcriptionally upregulated after 2 

hours of TNFα treatment, but with when ERβ is present, this upregulation is no longer 

A 

B 
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present (Figure 4.5). This suggests that ERβ can attenuate the NFkB response be 

downregulating mRNA levels of the NFkB transcription factors. A search in the promoter 

regions of RELA and RELB genes reveal that 9 kB upstream of the transcription start-

site of RELB lies a potential ERβ binding site (Chr19: 45478166-45478295) (81). 

Therefore, it is plausible that attenuation of RELB by ERβ may be through direct DNA-

binding. ChIP assays would be able to determine ERβ binding to the promoter region of 

RELB in the presence and absence of TNFα. We could not find potential ERβ binding 

sites in the regulatory region of RELA. However, ERs have been shown to regulation 

transcription through tethering mechanisms (40) or through a third mechanism where it 

regulates another transcription factor like MYC (98).  

 

 

Figure 4.5 mRNA expression of NFkB subunits following TNFα treatment. RELA and RELB mRNA 

expression in control and ERβ SW480 cells after TNF treatment. 

 

To add to the complexity of NFkB signaling, NFkB1 (p50) and NFkB2 (p52) subunits can 

heterodimerize to form another NFkB transcription factor complex. Since NFkB1 and 

NFkB2 subunits lack a transactivating domain, this heterodimer serves as a 

transcriptional repressor. However, NFkB1/NFkB2 can bind to a third transcription factor 

B-cell lymphoma 3 protein, BCL3, and activate transcription. In SW480 cells, 
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quantitative-PCR confirmation shows that when TNFα is present, NFkB1 and NFkB2 

mRNA levels are unchanged. However, when TNFα and ERβ are both present, the 

mRNA levels are upregulated (Figure 4.6, left and middle panel), suggesting that the 

heterodimer of NFkB1/NFkB2 is serving as a transcriptional repressor. NFkB2 subunit is 

highly upregulated in the presence of both TNFα and ERβ. Upstream of NFkB2, is a 

potential ERβ binding site (Chr10: 104153638-104153847) (81) along with multiple 

RELA(p6) binding sites. It is therefore plausible that ERβ and RELA(p65) can bind 

synergistically to upregulate NFkB2. A luciferase assay to measure potential activation 

by the two transcription factors would confirm out hypothesis.	  

 

The NFkB1/NFkB2 can become activated when bound to BCL3. In the same cells, BCL3 

mRNA levels are increased with TNFα treatment, but when both TNFα and ERβ are 

present, this leads to the downregulation of BCL3 when compared to treatment with 

TNFα alone, however, levels are still high when compared to untreated SW480 cells that 

do not express ERβ  (Figure 4.6, right panel). Therefore, in SW480 cells, the presence of 

ERβ downregulates TNFα response by downregulating the NFkB activating subunits: 

RELA, RELB, and BCL3; while upregulating the heterodimer transcriptional repressor 

NFkB1 and NFkB2. 
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Figure 4.6 mRNA levels of non-canonical NFkB subunits. mRNA levels of NFkB1, NFkB2 and BCL3 in 

SW480 cell line. 

 

Since we have observed the effect of ERβ on NFkB transcription factors, we wanted to 

know whether NFkB could affect an ER-response. When SW480 cells were transfected 

with a TATA-ERE luciferase reporter construct, we see that E2 elicits a luciferase 

response. The combination of E2 and TNFα has no additive effect (Figure 4.7).  

 

 

 

Figure 4.7 TATA-ERE luciferase response. E2 activates ERE transactivation luciferase response in 

SW480 cells.    
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5.3.6 ERβ modulates genome-wide transcription in colon cancer cell 

lines 

To better appreciate the effect of ERβ on the NFkB cascade, we examined how TNFα 

responsive genes were affected by the presence of ERβ in SW480 and HT29 cells. In 

SW480 cell line, 208 genes were significantly changed by TNFα. These genes, when 

ERβ is present along with TNFα, can be clustered into three categories: enhanced, 

attenuated, or unchanged. Figure 4.8 shows a heatmap representative along with qPCR 

confirmation of some of these groups of genes changed by TNFα and/or ERβ in SW480 

cells. In addition, we have measured the NFkB transcription factors that were changed 

by ERβ (Figure 4.5 and 4.6).  

 

 

Figure 4.8 Clustered heatmap and qPCR confirmation of genes changed by TNFα and/or ERβ in 

SW480 cells. A) Heatmap representative of genes significantly changed by TNFα, with and without ERβ, 

red represents upregulation, green represents downregulation; B) qPCR confirmation of genes represented 

in each group: attenuated or enhanced by ERβ in the presence of TNFα. 
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To better understand the transcriptomic changes, we searched for common ontologies of 

the overall TNFα regulated genes in SW480 (208 genes total), then separately, we 

examined the group of genes attenuated and enhance by ERβ. For the 208 genes that 

were TNFα responsive in SW480 after 2 hours treatment, these fall within normal 

inflammatory responses in the cell (Table 4.3A). For the group of genes that were 

attenuated in the presence of TNFα and ERβ combined, responses to chemical and 

organic substances ontologies are overrepresented, but these do not show a clear 

network that ERβ could be influencing (Table 4.3B). When we look at the ontologies for 

the enhanced genes, we see that the category immune response is overrepresented 

(Table 4.3C). This suggests that ERβ further turns on the immune response in the cell.  
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Table 4.3 Gene Ontology categories for TNFα-regulated genes in SW480 cells after 2 hours TNFα 

treatment. A) Gene ontologies for TNFα-regulated genes fall within known inflammatory responses. B) 

Gene ontologies for genes that were TNFα-responsive, but where attenuated in the presence of ERβ. C) 

Gene ontologies for genes that were TNFα-responsive, but where enhanced in the presence of ERβ. 

 

 

 

Similarly, we looked at the same type of regulatory effect of TNFα with and without ERβ 

in HT29 cells. HT29 cells had a stronger response to TNFα than SW480 cells with 774 

genes changed by TNFα. With the addition of ERβ, we see that similar to SW480, there 

are groups of genes that are attenuated and enhanced by the combination of TNFα and 

TNFα%regulated
Gene$Ontology$category p/value

inflammatory%response 5.08E;10
apoptotic%process 8.05E;09
immune%response 8.69E;09

positive%regulation%of%reactive%oxygen%species%metabolic%
process 9.95E;09

ERβ%attenuated
Gene$Ontology$category p/value

response%to%organic%substance 4.96E;03
response%to%oxygen;containing%compound 5.09E;03
cellular%response%to%chemical%stimulus 7.93E;03
cellular%response%to%organic%substance 1.12E;02

response%to%chemical 6.98E;02

ERβ%enhanced
Gene$Ontology$category p/value

regulation%of%response%to%stimulus 7.74E;04
positive%regulation%of%macromolecule%metabolic%process 2.14E;03

positive%regulation%of%cellular%metabolic%process 3.69E;03
negative%regulation%of%cellular%process 4.76E;03

immune%response 6.56E;03

A 

B 

C 
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ERβ. Figure 4.9 shows a heatmap representative of the regulation of TNFα and TNFα in 

combination with ERβ (Figure 4.9A) and qPCR confirmation of some of the attenuated 

and enhanced genes (Figure 4.9B). 

 

 

Figure 4.9 Clustered heatmap and qPCR confirmation of genes changed by TNFα at 2 hours, with 

and without ERβ in HT29 cells. A) Heatmap representative of genes significantly changed by TNFα with 

and without ERβ, red represents upregulation, green represents downregulation; B) qPCR confirmation of 

genes represented in each group: attenuated or enhanced by ERβ in the presence of TNFα. 
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GO analysis for HT29 cells show categories that are different from the known 

inflammatory responses as in SW480 cells. Overrepresented genes in HT29 are mainly 

involved with cellular proliferation and apoptosis (Table 4.4).  
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Table 4.4 Gene Ontology categories for TNFα responsive genes in HT29 cells after 2 hours TNFα 

treatment. A) Gene ontologies for TNFα responsive genes fall within categories pertaining to growth and 

proliferation of cells. B) Gene ontologies for genes that were TNFα responsive, but where attenuated in the 

presence of ERβ. C) Gene ontologies for genes that were TNFα responsive, but where enhanced in the 

presence of ERβ. 

 

TNFα%regulated
Gene$Ontology$category p/value

regulation%of%transcription,%DNA8dependent 4.28E823

negative%regulation%of%apoptotic%process 5.12E814

negative%regulation%of%cell%proliferation 1.51E811
transforming%growth%factor%beta%receptor%signaling%

pathway 1.64E810
angiogenesis 1.65E810

ERβ%attenuated
Gene$Ontology$category p/value

cellular%macromolecule%metabolic%process 1.96E-05
cellular%metabolic%process 2.53E-05

macromolecule%metabolic%process 1.01E-04
primary%metabolic%process 1.75E-04

regulation%of%cellular%macromolecule%biosynthetic%
process 2.51E-04

ERβ%enhanced
Gene$Ontology$category p/value

organ%development 1.64E-04
system%development 1.20E-03

negative%regulation%of%transcription%from%RNA%
polymerase%II%promoter 1.57E-03
biological%regulation 2.43E-03

regulation%of%cell%proliferation 3.74E-03

A 

B 

C 
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We have examined TNFα and TNFα in combination with ERβ responses in SW480 and 

HT29 cells at 2 hours after treatment separately. To focus in on core TNFα genes and 

how they may be affected in both cell lines, we extracted the 108 core TNFα genes and 

clustered these genes accordingly. Figure 4.10 is a clustered heatmap of these 108 

genes in both cell lines in response to TNFα and TNFα in combination with ERβ in both 

cell lines. Most of the core TNFα are upregulated and remain upregulated even when 

ERβ is present. The few genes that were downregulated by TNFα remain 

downregulated.  

 

 

Figure 4.10 Clustered heatmap of core TNFα genes. Heatmap representative of genes significantly 

changed by TNFα with and without ERβ, in SW480 and HT29 cell lines, red represents upregulation, green 

represents downregulation. 
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5.3.7 ERβ modulation on genome-wide transcription at 24 hours 

We have seen and describe the short-term (2 hours) TNFα effects on transcription in 

SW480 and HT29 cells. We wanted to know whether these effects by TNFα and TNFα in 

combination with ERβ were regulated at a longer time-point, 24 hours.  

 

In SW480 cells, after 24 hours of TNFα treatment, we see that the number of genes that 

are TNFα responsive increased from 206 to 313, 55 genes that were TNFα responsive 

at 2 hours remained responsive at 24 hours (Figure 4.11A). This suggests that there are 

secondary and even tertiary effects of TNFα in the cell and these could translate to 

cellular or biological changes. We searched the gene list for common ontologies and at 

24 hours, immune response is still an overrepresented group (Figure 4.11B). At 2 hours 

after TNFα treatment, inflammatory response is overrepresented in the gene ontologies 

(Table 4.3A), but at 24 hours, we see that inflammatory response is no longer an 

overrepresented category, but present are immune and defense responses (Figure 

4.11B). Figure 4.11C show a heatmap of the 55 common genes between 2 and 24 hours 

time-point. From the heatmap, we can see that most of the genes that were upregulated 

strongly by TNFα at 2 hours are not as strongly responsive after 24 hours. However, 

when ERβ is present at 24 hours with TNFα, there is a small subset of genes that are 

enhanced. These genes are upregulated similar to that at 2 hours.  
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Figure 4.11 SW480 TNFα-responsive genes after 24 hours TNFα treatment. A) Venn diagram of TNFα-

responsive genes at 2 and 24 hours in SW480 cells. B) Gene ontology categories of overrepresented genes 

that are responsive at 24 hours. C) Heatmap of 55 common genes between 2 and 24 hours time-point. 

 

In HT29 cells, after 24 hours, we see that the number of genes that are TNFα-

responsive decreased from 774 to 373 (Figure 4.12A). At 24 hours, 105 genes that were 

TNFα responsive at 2 hours remained responsive. This suggests that the primary effects 

of TNFα on the transcriptome at 2 hours are still present at 24 hours. Gene ontology 

showed that processes related to cellular defense, immunity and responses to cytokines 

are still overrepresented (Figure 4.12B). Figure 4.12C show a heatmap of the 105 

common genes between 2 and 24 hours time-point. The attenuating and enhancing 

effects of ERβ are not very clear at 24 hours due to the small number of genes. 

 

GO term P-value
Response to stress 1.25E-14
Defense response 1.26E-13
Response to stimulus 3.82E-13
Resposne to biotic stimulus 7.65E-13
Immune response 1.40E-12

A 

B 

C 
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Figure 4.12 HT29 TNFα-responsive genes after 24 hours TNFα treatment. A) Venn diagram of TNFα-

responsive genes at 2 and 24 hours in HT29 cells. B) Gene ontology categories of overrepresented genes 

that are responsive at 24 hours. C) Heatmap of 105 common genes between 2 and 24 hours time-point. 

 

5.4 Conclusion 

One of the major risk factors for colon cancer is inflammation. Inflammation itself is 

helpful, but chronic inflammation is one of the hallmarks of tumor growth especially in the 

case for colon cancer. Inflammation affects all stages of colorectal cancer development 

including initiation, promotion, progression, and metastasis. Thus, controlling or 

minimizing inflammation can be the key to reducing colon cancer development. Using 

genome-wide techniques to study transcriptional changes in colon cancer cell lines 

SW480 and HT29, we demonstrate that ERβ plays a role in modulating the inflammatory 

response brought by TNFα treatment of these cells.  

A 

B 

C 

GO#term
Gene$Ontology$category p/value

response#to#cytokine 1.16E-31
defense#response 8.28E-28
immune#response 2.49E-26

immune#system#process 1.49E-25
cytokine3mediated#signaling#pathway 5.31E-23
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Our results show that ERβ attenuates the inflammatory response of NFkB in a cell-

specific manner. In SW480 cells, there is actually more RELA(p65) subunit of NFkB in 

the nucleus of ERβ expressing cells (Figure 4.1). However in these same cells, 

attenuation of inflammatory responses was through upregulation NFkB inhibitory 

subunits: NFKB1 and NFKB2, and downregulation of the activating subunit BCL3 (Figure 

4.6). Also, in SW480 cells, ERβ was able to interfere with NFkB response element 

(Figure 4.2) suggesting that through direct or indirect mechanism, ERβ can inhibit NFkB 

transcription factor binding on the DNA. The presence of ERβ along with TNFα 

treatment also induces apoptosis through PARP cleavage in SW480 cells (Figure 4.5). 

In addition, ERβ overall attenuates genes that are TNFα responsive at 2 hours while it 

enhanced genes that were related to cellular inflammatory responses. At 24 hours, more 

genes were differentially regulated when compared with 2 hours. These genes reflected 

cellular responses that were related to cellular defense and immune responses. 

 

In HT29 cells, we also saw that ERβ attenuates the overall inflammatory responses. 

What is different is that in the presence of ERβ, there was less nuclear p65 (Figure 4.1, 

lanes 10 and 14). This suggests that ERβ attenuates the NFkB response by interfering 

with localization of NFkB transcription factor subunits. What is surprising is that despite 

ERβ affecting nuclear localization of the p65 subunit, there were more genes responsive 

to TNFα in HT29 than in SW480 cells at 2 hours. These genes were mainly involved with 

processes such as proliferation and apoptosis. At 24 hours, there were fewer genes that 

were TNFα responsive when compared with 2 hours. Gene ontology revealed that most 

of the genes responsive at 24 hours were cytokine and cellular defense responses. 
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Overall, our data show that ERβ has potential regulatory effects on NFkB signaling by 

attenuation of TNFα responses. This may present a novel preventative or therapeutic 

approach for the treatment of inflammatory-associated colorectal cancers. 
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6. Concluding remarks and future directions 

 

 

 

 

Colorectal cancer remains the second leading cause of cancer death in the United 

States amongst men and women. Preventative and targeted therapies against early 

stages of colon cancer remains to be developed. Epidemiological studies have 

implicated the antiproliferative and anti-inflammatory potential of using ERβ as a target 

for preventative and targeted therapy in the early stages of cancer. Here we have 

demonstrated an important role of ERβ in colon cancer development. Colon cancer has 

two facets: proliferation and inflammation. We have shown that as cancer develops, ERβ 

is lost while inflammation is increased. In order to dissect the molecular mechanisms of 

ERβ, we used colon cancer cell lines to examine changes in the miRnome as well as 

transcriptome.  
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In chapter one, using colon cancer cell lines, we examined the antiproliferative effect of 

ERβ through changes in the miRnome. ERβ was responsible for downregulation of miR-

17-92 cluster. MiR-17-92 cluster, also known as oncomiR-1, is responsible for promotion 

of cancers including breast, leukemia, and brain. In SW480 colon cancer cell line with 

ERβ overexpression, miR-17-92 was significantly downregulated. Upstream of the 

miRNA cluster is a MYC binding site. We noted that the regulation of ERβ on miR-17-92 

was through MYC downregulation. Thus, we have uncovered a regulation pathway 

where antiproliferative effects of ERβ occur through downregulation of MYC and 

subsequently, downregulation of miR-17-92 cluster. This suggests that ERβ has 

protective effects against colon cancer by inhibiting proliferation. What is difficult is that 

as colon cancer progresses, expression of ERβ is lost. Since ERβ is a nuclear receptor, 

it is possible to treat patients with ERβ-specific ligands as a preventative measure or in 

very early stages of colon cancer to maintain the antiproliferative effects of ERβ. During 

latter stages of cancer where expression of ERβ is lost, it is possible to target miR-17-92 

cluster with miRNA inhibitors to decrease proliferation of transformed colonocytes. In 

liver cancer, systemic administration of miR-34a resulted in decreased tumor growth and 

regression (129). It is possible then to treat colon cancer patients with miR-17-92 

inhibitors. Since miR-17-92 is a poly-cistronic miRNA, one could use a single miRNA or 

multiple miRNAs in this pathway in treatments.  Because the nature of miRNAs is that 

they can target multiple mRNAs, further studies would have to be done looking at the 

specific miRNA down mRNA targets as well as potential off target effects.  

 

In chapter two, again using colon cancer cell lines, we examined another branch of ERβ 

regulation of miRNAs, this time through miR-205. In chapter one, we saw that ERβ was 
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responsible for down-regulation of miR-17-92 cluster through downregulation of MYC. 

Thus, ERβ controls an mRNA that in turns controls miRNAs. In this chapter, ERβ 

upregulates miR-205, therefore, it is ERβ that controls a miRNA that in turns controls an 

mRNA. In a previous study, overexpression of ERβ downregulated the transcription 

factor PROX1. MiR-205 can actually bind complementary to the 3’-UTR of PROX1 and 

target the mRNA for degradation. In our study, we show that upregulation of miR-205 by 

ERβ is via direct DNA binding and that high levels of miR-205 is responsible for 

downregulation of PROX1 and thus makes cancerous cells more antiprolierative and 

more adhesive, less metastatic. This suggests that not only is ERβ responsible for 

decrease in proliferation, in cells that are becoming metastatic, ERβ can slow or inhibit 

these cells. Most of the time, when colon cancer reaches the metastatic stage, 

expression of ERβ is ablated. Therefore, treating patients with ERβ ligands would have 

very little efficacy since there is no receptor to target. However, one could use miRNA 

mimics to upregulate levels of miR-205 or siRNA technologies to downregulate 

transcription factor PROX1. Similarly to miRNA treatments described for the first 

chapter, one could treat patients with miR-205 mimic. What is of concern is that high 

levels of miR-205 in colon cancer is beneficial, but in the case of breast cancer, miR-205 

was found at high levels in patient serum (130) and in human ovarian cancer cell lines, 

miR-205 was responsible for promoting invasion through VEGF (131). Clearly for miR-

205 and miRNAs that serve dual functions in different cancers, possible treatments 

would have to be targeted to tissue-specific sites where off-target effects are minimal. 

Studies using colon cancer animal models with miR-205 mimic as treatment would be 

beneficial to observe the potential off-target effects in other tissues like breast or ovaries. 
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Lastly, in chapter three, using a whole-genome approach, we observe that ERβ is 

responsible for attenuating the inflammatory response. While our first two chapters 

focused on specific pathways, this chapter looks at the overall transcriptomic changes 

that are attributed to ERβ in an inflammatory state. We found that ERβ has cell line 

specific mechanisms to attenuate the NFkB cascade. In SW480 cells, ERβ 

downregulated NFkB transcription factors subunits and enhanced apoptosis. In HT29 

cells, ERβ inhibited nuclear translocation of NFkB p65 subunit. This suggests that ERβ 

does possess anti-inflammatory capabilities, but it is cell line specific. Inflammation is 

one of the hallmarks of cancer and many patients suffer from inflammatory bowel 

diseases years before the onset of cancer. In this instance, using ERβ-specific ligands in 

conjunction with NSAIDs to reduce inflammation would be effective in treating these 

ailments. Reducing inflammation helps to prevent the further transformation of 

colonocytes, but in cases where colon cancer is in the latter stages and ERβ is no longer 

present, one could target the downstream effectors of the NFkB cascade. ERβ has been 

shown to attenuate inflammation by increasing levels of the IkBα, the inhibitory subunit, 

or by inhibiting the nuclear translocation of RELA(p65). Further studies into the 

mechanism of how ERβ recruits RELA(p65) to the IkBα promoter or how ERβ prevents 

nuclear translocation would have to be done. 

 

Although cell-line studies like ours is an crucial basic step to understanding the genetic 

changes that occur during colon cancer development, higher-order studies like 

xenografts, knock-out mouse technology, drug treatment trials, etc., are still needed. We 

did observe some of the same transcriptomic changes in our ERβiKO mice that we saw in 

our cell lines suggesting that transcriptomic changes reported here are indeed a result of 
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ERβ. A big hurdle in studying colon cancer and ERβ is that as cancer progresses, ERβ 

is lost. Thus it is important to look at two different aspects: ERβ signal before ERβ is lost 

and downstream ERβ signaling cascade. Since nuclear receptors are transcription 

factors that can bind ligand, it is possible to administer ERβ-specific ligands as a 

preventative measure for those individuals at risk for colon cancer. Once colon cancer 

develops and ERβ is no longer detected, it is possible to activate downstream signaling 

cascade of ERβ with miRNA/siRNA therapeutics and/or suppressing inflammatory 

processes using NSAIDs and other drugs. Figure 5.1 shows the overall regulation of 

ERβ in colon epithelial cells as well as the impact on cellular effects. 

 

 

 

Figure 5.1 Overall schematic of cellular effects of ERβ. ERβ has anti-tumorigenic effects through 

regulation of miRNAs and PROX1 as well as anti-inflammatory effects through attenuation of the 

inflammatory cascade. 
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INTRODUCTION. Transcription factor prospero homebox 1 
(PROX1) is critical in organ development during 
embryogenesis. Dysregulation of PROX1 has been correlated 
with different cancers including brain, breast, liver, pancreas, 
colon, and esophagus. Previous studies have reported that in 
colon cancer cell lines, ERb exerts antitumorigenic effects 
through downregulation of PROX1 (1). In a followup study, we 
have found ERb can upregulate miR-205 (2). Interestingly, 
miR-205 can target PROX1 mRNA through base-pair binding in 
the 3’-UTR region of PROX1 mRNA (3). In this current study, we 
further explore miR-205 regulation on PROX1 and it’s 
implications in colon cancer development.

Conserved miRNA hsa-miR-205/PROX1 alignment

3’ guCUGAGGCCA--CCUUACUUCCu 5’  hsa-miR-205

5’ aaGUCUCUAUUAGCAAUGAAGGg 3’ PROX1

MATERIALS & METHODS. Using  colon cancer cell lines SW480 
and HT-29 with stable ERb expression and addition colon cell 
line SW403 with no ERb expression, we measured levels of 
miR-205 and PROX1. To further examine the regulation of 
miR-205 on PROX1, we transfected SW480 and HT-29 cells with 
miR-205 mimics and measured PROX1 levels on the mRNA and 
protein levels. In SW403 cell lines, we transiently transfected 
with ERb plasmid vector and measured changes in miR-205.

RESULTS. Regulation of 
PROX1 is through ERb (ESR2) 
and miR-205 (Fig. 1a). 
Transient ERb transfection in 
SW403 cells increased 
miR-205 levels (Fig. 1b). Four 
different colon cancer cell 
lines show inverse 
relationship between PROX1 
and miR-205 levels (Fig. 1c).
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Figure 1. Regulation of ESR2 (ERb), PROX1, and miR-205. a) Inhibition 
of PROX1 by ESR2 and miR-205. b) miR-205 levels in transiently ERb 
transfection in SW403 cells. c) Correlation of PROX1 and miR-205 
levels in 4 different colon cancer cell lines.

In ERb expressing SW480 cells, PROX1 levels are lower than in 
controls. When miR-205 mimic miRNAs are transfected into 
these cells, levels of PROX1 are further decreased. PROX1 mRNA 
levels are directly regulated by miR-205 levels (Figure 2).
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Figure 2. Expression of PROX1 mRNA is directly 
influenced by levels of miR-205 in SW480 cells.

0
0.2
0.4
0.6
0.8
1

1.2

EĞŐĂƟǀĞ
ĐŽŶƚƌŽů�ŵŝŵŝĐ

ŵŝZͲϮϬϱ
ŵŝŵŝĐ

PROX1

EĞŐĂƟǀĞ
ĐŽŶƚƌŽů�ŵŝŵŝĐ

ŵŝZͲϮϬϱ
ŵŝŵŝĐ

ZĞ
ůĂ
Ɵǀ

Ğ�
ŵ
ZE

��
Ğǆ
Ɖƌ
ĞƐ
ƐŝŽ

Ŷ Control
ERb

In a third colon cancer cell line HT-29, addition of miR-205 
decreased levels of PROX1 on the mRNA (Figure 3a) and the 
protein levels (Figure3b).
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Figure 3. Expression of PROX1 mRNA is directly influenced by miR-205 in HT-29 cells both on 
the mRNA (a) and protein (b) levels.

Ͳϱ

Ͳϰ

Ͳϯ

ͲϮ

Ͳϭ

0

1

2

3

4
PROX1

ͲϴϬ

ͲϲϬ

ͲϰϬ

ͲϮϬ

0

20

40

60

80

ŵŝZͲϮϬϱ

E
Žƌ
ŵ
Ăů
ŝǌĞ

Ě�
WZ

K
yϭ

�Ğ
ǆƉ
ƌĞ
ƐƐ
ŝŽ
Ŷ�
ůĞ
ǀĞ
ůƐ

E
Žƌŵ

ĂůŝǌĞĚ�ŵ
ŝZͲϮϬϱ�ĞǆƉƌĞƐƐŝŽŶ�ůĞǀĞůƐ

Expression levels of PROX1 and miR-205 levels in human colon 
adenoma samples show inverse relationship between PROX1 
and miR-205 (Figure 5).
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CONCLUSIONS. As colon cancer progresses, ERb expression is 
lost. Currently, no colon cancer cell lines express measurable 
levels of ERb. When ERb is reexpressed in these colon cancer cell 
lines, PROX1 mRNA levels are decreased while miR-205 levels are 
increased. Previous studies have shown ERb directly  
downregulation of PROX1 and this downregulation is associated 
with decreased proliferation. ERb also upregulates miR-205. In 
this study, we have shown that miR-205 can directly influence 
expression of PROX1. Transfection experiments using miR-205 
mimics were successful in downregulating PROX1 levels in 
different colon cancer cell lines. Clinical data also show that ERb 
expression is lost as cancer progresses while PROX1 levels are 
increased. Clinical data also reflects the inverse relationship 
between PROX1 and miR-205.

MiR-205 Mediates Downregulation of Transcription Factor 
PROX1 in Colon Cancer
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In clinical samples, expression of ERb is downregulated as colon 
cancer progresses whereas PROX1 levels are increased (Figure 
4).

Figure 4. Expression of ERb and PROX1 in normal and colon cancer clinical samples

Figure 5. Inverse relationship of PROX1 and miR-205 in colon cancer clinical samples.

FUTURE DIRECTIONS. To further investigate transcriptional 
regulation of PROX1 by miR-205, we will use luciferase assay 
measuring miR-205 binding to 3’UTR region of PROX1 mRNA.  
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(PROX1) is critical in organ development during 
embryogenesis. Dysregulation of PROX1 has been correlated 
with different cancers including brain, breast, liver, pancreas, 
colon, and esophagus. Previous studies have reported that in 
colon cancer cell lines, ERb exerts antitumorigenic effects 
through downregulation of PROX1 (1). In a followup study, we 
have found ERb can upregulate miR-205 (2). Interestingly, 
miR-205 can target PROX1 mRNA through base-pair binding in 
the 3’-UTR region of PROX1 mRNA (3). In this current study, we 
further explore miR-205 regulation on PROX1 and it’s 
implications in colon cancer development.
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MATERIALS & METHODS. Using  colon cancer cell lines SW480 
and HT-29 with stable ERb expression and addition colon cell 
line SW403 with no ERb expression, we measured levels of 
miR-205 and PROX1. To further examine the regulation of 
miR-205 on PROX1, we transfected SW480 and HT-29 cells with 
miR-205 mimics and measured PROX1 levels on the mRNA and 
protein levels. In SW403 cell lines, we transiently transfected 
with ERb plasmid vector and measured changes in miR-205.

RESULTS. Regulation of 
PROX1 is through ERb (ESR2) 
and miR-205 (Fig. 1a). 
Transient ERb transfection in 
SW403 cells increased 
miR-205 levels (Fig. 1b). Four 
different colon cancer cell 
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Figure 1. Regulation of ESR2 (ERb), PROX1, and miR-205. a) Inhibition 
of PROX1 by ESR2 and miR-205. b) miR-205 levels in transiently ERb 
transfection in SW403 cells. c) Correlation of PROX1 and miR-205 
levels in 4 different colon cancer cell lines.

In ERb expressing SW480 cells, PROX1 levels are lower than in 
controls. When miR-205 mimic miRNAs are transfected into 
these cells, levels of PROX1 are further decreased. PROX1 mRNA 
levels are directly regulated by miR-205 levels (Figure 2).
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Figure 2. Expression of PROX1 mRNA is directly 
influenced by levels of miR-205 in SW480 cells.
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In a third colon cancer cell line HT-29, addition of miR-205 
decreased levels of PROX1 on the mRNA (Figure 3a) and the 
protein levels (Figure3b).
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Figure 3. Expression of PROX1 mRNA is directly influenced by miR-205 in HT-29 cells both on 
the mRNA (a) and protein (b) levels.
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Expression levels of PROX1 and miR-205 levels in human colon 
adenoma samples show inverse relationship between PROX1 
and miR-205 (Figure 5).
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CONCLUSIONS. As colon cancer progresses, ERb expression is 
lost. Currently, no colon cancer cell lines express measurable 
levels of ERb. When ERb is reexpressed in these colon cancer cell 
lines, PROX1 mRNA levels are decreased while miR-205 levels are 
increased. Previous studies have shown ERb directly  
downregulation of PROX1 and this downregulation is associated 
with decreased proliferation. ERb also upregulates miR-205. In 
this study, we have shown that miR-205 can directly influence 
expression of PROX1. Transfection experiments using miR-205 
mimics were successful in downregulating PROX1 levels in 
different colon cancer cell lines. Clinical data also show that ERb 
expression is lost as cancer progresses while PROX1 levels are 
increased. Clinical data also reflects the inverse relationship 
between PROX1 and miR-205.

MiR-205 Mediates Downregulation of Transcription Factor 
PROX1 in Colon Cancer
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In clinical samples, expression of ERb is downregulated as colon 
cancer progresses whereas PROX1 levels are increased (Figure 
4).

Figure 4. Expression of ERb and PROX1 in normal and colon cancer clinical samples

Figure 5. Inverse relationship of PROX1 and miR-205 in colon cancer clinical samples.

FUTURE DIRECTIONS. To further investigate transcriptional 
regulation of PROX1 by miR-205, we will use luciferase assay 
measuring miR-205 binding to 3’UTR region of PROX1 mRNA.  
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