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ABSTRACT 
 
 

 Triple negative breast cancer (TNBC)/ basal-like breast cancer (BLBC) is a highly 
aggressive form of breast cancer. We previously reported that a small molecule agonist ligand 
for the orphan nuclear receptor estrogen-related receptor beta (ERRβ or ESRRB) has growth 
inhibitory and anti-mitotic activity in TNBC cell lines. In this study, we evaluate the association 
of ESRRB mRNA expression, DNA copy number levels, and protein expression with 
demographic, clinicopathological, and gene expression features in breast tumor clinical 
specimens.  
 ESRRB mRNA level expression and clinical associations were analyzed using RNA 
sequencing data. Array-based comparative genomic hybridization determined ESRRB copy 
number in AA and Caucasian women. Transcription factor activity was measured using 
promoter-reporter luciferase assays in TNBC cell lines. Semi-automatic quantification of 
immunohistochemistry measured ERRβ protein expression on a 150- patient tissue microarray 
series.  
 ESRRB mRNA expression is significantly lower in patients with TNBC/BLBC vs. other 
breast cancer subtypes. There is no evidence of ESRRB copy number loss. ESRRB mRNA 
expression is correlated with the expression of genes associated with neuroactive ligand-receptor 
interaction, metabolic pathways, and deafness. These genes contain G/C-rich transcription factor 
binding motifs. The ESRRB message is alternatively spliced into three isoforms, which we show 
have different transcription factor activity in basal-like vs. other TNBC cell lines. We further 
show that the ERRβ2 and ERRβsf isoforms are broadly expressed in breast tumors at the protein 
level and that distinct patterns of ERRβ isoform subcellular localization are key features in 
TNBC/BLBC.  
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Chapter 1: Introduction 

 
1.1 Nuclear receptor function 

1.1.1 Nuclear receptors  

The nuclear receptor (NR) superfamily is a set of transcription factors which have essential 

functions in development, metabolism and homeostasis [2].  To perform these functions, NRs are 

typically activated in the cytoplasm prior to translocating to the nucleus, where they bind DNA 

and up- or down- regulate the expression of their target genes. A phylogenetic tree with all 48 

members of the human NR superfamily is shown in Figure 1.  

All NRs are modular and share a common structure containing domains A-F (Figure 2). 

The A/B domain or the transactivation domain is recognized by coregulators – partner proteins 

that bind NRs and modify their function – and is commonly referred to as activation function 1 

(AF-1). The C domain, or the DNA binding domain (DBD), includes two zinc fingers (Zn) and 

specifies recognition of discrete DNA sequences, termed response elements. The D domain is the 

hinge region which contains the nuclear localization signal or NLS, and the E/F domain or the 

ligand-binding domain (LBD) comprises twelve (12) alpha helices which undergo structural 

rearrangement to accommodate ligand binding and coregulator interactions. This domain is 

commonly referred to as activation function 2 (AF-2). The greatest degree of sequence homology 

between NR family members is found within the LBD and DBD (Figure 2) [3-5].  
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Figure 1. Phylogenetic tree of the 48 known human nuclear receptors. Phylogenetic 

tree of the human nuclear receptors represented by two nomenclatures: NR number and 

gene name.  NR number defines each NR as 1 of 6 subfamilies, group (capital letters), 

individual genes (Arabic numerals), and lowercase letters to represent receptor 

isoforms, where applicable [1] 
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Figure 2. Domain structure of NRs. All NRs contain domains A-F, with the LBD located at the 

carboxy terminus. The DBD contains 2 zinc fingers. DBD: DNA-binding domain, LBD: ligand-

binding domain, Zn+: zinc, NLS: nuclear localization signal. Created with Biorender.com 

(adapted from [3, 4]) 
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 The steroid hormone receptors from subfamilies NR3A (estrogen receptor a and estrogen 

receptor β) and NR3C (glucocorticoid receptor, mineralocorticoid receptor, progesterone receptor, 

androgen receptor) are the best-studied members of the NR superfamily, and their transcription 

factor activity is tightly regulated by endogenous and/or synthetic hormone ligands [6]. In ligand-

controlled NRs, ligand binding induces a conformational change and activates the NR, which in 

turn regulates expression of its target genes. There are four types of NRs, types I-IV, and each type 

regulates their target genes via different pathways. Type I NRs, such as the estrogen receptor (ER), 

have a short helix at the carboxy terminus of the LBD, AF-2, which remains in an open 

conformation in the absence of ligand. Molecular chaperone heat shock protein 90 (Hsp90) 

interacts with the NR and assists with folding, stabilizing the NR to prevent proteasome 

degradation [7, 8]. Once a ligand binds, Hsp90 dissociates from the NR, i.e. via phosphorylation, 

which then undergoes conformational changes so that the NR can now bind to a short helix in 

coactivator proteins with consensus sequence LxxLL. The receptor can then homo or hetero-

dimerize which reveals the nuclear localization signal (NLS) and the receptor then translocates 

into the nucleus. The NR can bind to response elements on the DNA which consist of two half 

sites with inverted repeats [6] (Figure 3, left). 

Type II NRs reside in the nucleus complexed with corepressors in an inactive state until a 

ligand binds to it. Once the ligand binds, the type II NR dissociates from the corepressors, binds 

to coactivators, and can then bind to direct repeats in DNA response elements as heterodimers [9]. 

A classic example of a Type II NR is the retinoic acid receptor, which heterodimerizes with NR 

RXR [7]. Type III NRs are similar to type I NRs in that they can bind to DNA as homodimers, 

however they bind response elements that consist of two half sites with direct repeats. Examples 

of type III NR include RXR and COUP. Type IV NRs, i.e ERRβ and CEB-1, are unique, and bind 
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to a single half site of a DNA response element. Examples include most orphan nuclear receptors 

(ONRs). ONRs do not have any known endogenous ligands. When activated, they bind as either a 

monomer or dimer, but importantly, only one of the DBDs makes contact with the half-site of the 

DNA promoter [10]. In the presence of an agonist, i.e. a synthetic ligand, the agonist can bind to 

the LBD of the ONR and induce a conformation of the protein that is more favorable for co-

activator binding [11, 12].   
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Figure 3. Activation of nuclear receptors with and without ligand. Nuclear receptors are 

activated and translocate into the nucleus where they bind co-activators and DNA.  AF-1:hormone-

independent transcription activation domain, DBD: DNA-binding domain, LBD: ligand-binding 

domain, NLS: nuclear localization signal, P: phosphoryl group. Created with Biorender.com 

(adapted from [10]) 
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1.1.2 Orphan nuclear receptors and estrogen-related receptors 

 Orphan nuclear receptors (ONRs), which are usually type IV NR, are defined as lacking 

any known endogenous ligands and comprise almost half of all known NRs [13, 14]. ONRs differ 

from the rest of the NR superfamily in that while other NRs need to homo-, or hetero-, dimerize 

to bind to DNA, ONRs can bind as monomers to a single half site [5, 15].  The ONR is recognized 

by nucleotides that make up an extended half-site on the 5’ side of the half site. The ONR has a C-

terminal extension (CTE) that is in the DBD which recognizes upstream sequences that are A/T-

rich [5]. This allows for protein- DNA interactions which purportedly will align the ONR to bind 

DNA with high affinity as a monomer [16-18] . 

Since they do not have any known endogenous ligands, ONRs are thought to be activated, 

and subsequently regulate their target genes by different methods. One potential regulatory 

mechanism is that the NR undergoes post translational modification such as phosphorylation  [19-

22] . Most the ONR phosphorylation sites have been found in the AF-1 domain [23].  The NR is 

then able to translocate into the nucleus where it interacts with coregulators and up, or down- 

regulate gene expression (Figure 3, right). Alternatively, the NR can at times interact with other 

proteins, such as c-Src tyrosine kinases and cellular factors SMAD3 and JNK, in the cytoplasm 

and indirectly regulate genes by altering pathways upstream [10, 24-26]. 

One family of ONRs is called the estrogen-related receptors (ERRs), which are named for 

their sequence similarity to the estrogen receptor (ER) but they are unable to bind to estrogen. 

There are 3 known ERRs: ERRa, ERRβ, and ERRg. These three ERRs share a similar homology 

between their AF1, DBD, and LBD domains [4] (Figure 4). Structurally, ERRβ and ERRg  are 

more like each other than to ERRa [27]. Their LBD have 80% homology with the DBD having 
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98% homology (17/19 residues in the “ligand binding pocket”) [28]. ERRβ and ERRg are both 

well-established transcriptional regulators of genes involved in cancer and metabolism [29-32]. 

 

 

 

  

 

Figure 4. Sequence identity of ERR and ER domains. Sequence similarity within regions of the 

ERRs, and between ERRa and the steroid hormone receptor ERa, is shown by percentage. ER: 

estrogen receptor, ERR: estrogen-related receptor, DBD: DNA-binding domain, LBD: ligand-

binding domain. Created with Biorender.com (adapted from [33]) 
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1.1.3 Estrogen-related receptor beta 

ERRβ is one of the founding members of the ONR family. It was first discovered in 1988 by 

Giguère et al along with ERRa. Using the DBD of ERa, the Giguère group screened a cDNA 

library and discovered a sequence of partial similarity that had an open reading frame (ORF) of 

433 amino acids [34]. They determined it to be expressed in rat heart, kidney, prostate, testis, and 

tissues of the central nervous system. ERRβ is constitutively active, meaning that it is a true orphan 

receptor and does not need a ligand to be activated [35].  ERRβ is a type IV NR that can bind DNA 

as a monomer. It can bind to the estrogen response element (ERE), and thyroid hormone response 

element (TRE) [36].  It can also bind the estrogen-related response element (ERRE) [37, 38] and 

Sp1 sites [39]. Castet, et. al showed that ERRE can modulate transcription activity on sp-1 

containing promoters, i.e p21, by tethering to proximal Sp-1 sites [39]. The DBD of ERRβ, 

specifically one of the zinc fingers, is necessary for this interaction [40].  

 

1.1.4 Alternative splicing of estrogen-related receptor beta 

Alternative splicing (AS) is a phenomenon in which different exons from one gene are included 

or excluded in a messenger RNA (mRNA) transcript, resulting in different protein products. 

Studies in most organisms have found only one ERRβ transcript but at least two other transcripts 

have been found in primates [41-43]. The primate-specific AS of ERRβ makes it one of the genes 

(40-60% of the human genome) that is responsible for the great variance in proteins found in 

higher organisms [44, 45].  AS of ERRβ results in three known protein products, or isoforms: 

ERRβsf, ERRβ2 and ERRβ-∆10 [32]. These isoforms are depicted in Figure 5. ERRβsf which is 

90% homologous to murine Esrrb/ERRβ, terminates at exon 9 to produce a 433-amino acid 

protein. ERRβ2 includes sequences from exons 10, 11, and part of exon 12. ERRβ-∆10 excludes 
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exon 10, and includes exon 11 plus all of exon 12 [32]. The ERRβ2 and ERRβ-∆10 isoforms 

have 67 and 75 amino acid carboxy terminal extensions, respectively, that lengthen the AF2 or 

LBD. This leads to different functions and localization of the three isoforms. While ERRβsf and 

ERRβ-∆10 mostly localize in the nucleus, ERRβ2 tends to localize in the cytoplasm. This has 

been shown repeatedly in exogenously expressing the splice variants [32, 46] and has also been 

shown endogenously [46]. It is hypothesized that this difference in localization is due to a change 

in the function of the nuclear localization signal at the carboxy terminus of the gene [32].  
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        508 aa 

 

 

 

 

Figure 5. Alternative splicing of ERRβ into three distinct protein isoforms. All three isoforms 

share the first 433 aa in common. C-terminal extension with known aa sequence predicted 

structure shown with green alpha-helices and blue beta-sheets. ERRβ2 has 67aa CTE and ERRβ 

- D10 has a 75aa CTE [47]. 
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1.1.5 Known functions of estrogen-related receptor beta 
 
Development 

ERRβ is known to play a crucial role in embryonic development. Whole-mouse gene 

knockout is embryonic lethal, as mice are unable to develop a placenta [48, 49]. It is important to 

note that most studies have been done in murine models, meaning these functions are ERRβsf-

specific. Previous studies have detected Esrrb at 6.5 days post-coitum (dpc), 7.5d dpc, and 13.5dpc 

(Figure 6). Expression of Esrrb during these developmental periods suggest that ERRβ may play 

a role in: 1. chorion development, 2. diploid trophoblast (cells that form the outer layer of the 

blastocyst thus nourishing the embryo) differentiation, and 3. in germ cell differentiation and 

proliferation [48, 49].  

ERRβ is also known to play a role in inner ear development.  In mice, it is detected in the 

cochlea and in the inner ear. ERRβ null mice (from mutation not deletion), have hearing 

impairment, malfunction in their vestibular function – meaning decreased balance and spatial 

orientation, and exhibit head bobbing and spinning. In humans, there is a known autosomal 

recessive nonsyndromic hearing impairment known as DFNB35. This has been reported in 

Turkish, Tunisian, and Pakistani families [50-52]. Specifically, there are mutations in the DBD 

and LBD which are predicted to disrupt the domain structure of ERRβ. Since the structure is 

disrupted, the integrity of the protein and thus function is lost and results in hearing loss.  Post-

natally in mice, ERRβ is detected in rod cells and immature photoreceptors. This leads us to believe 

that ERRβ also plays a role in the development of the retina [53-55].  
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Figure 6. Known detection and absence of ERRβ during embryonic development. Embryonic 

development in human, mouse and rat is shown by days. Expression of Esrrb mRNA is shown. 

(adapted from  [48, 49, 56]) 

 

  

Stage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Human Days 1  2-3  4-5  5-6  7-12 13-15 15-17 17-19 20 22 24 28 30 33 36 40 42 44 48 52 54 55 58
Mouse Days 1 2 3 E4.5 E5.0 E6.0 E7.0 E8.0 E9.0 E9.5 E10 E10.5 E11 E11.5 E12 E12.5 E13 E13.5 E14 E14.5 E15 E15.5 E16

Rat Days 1 3.5  4-5 5 6 7.5 8.5 9 10.5 11 11.5 12 13 13.0 14 14 14.5 15 15.5 16 16.5 17 17.5
Amniotic fold 

Chorion
Gonads 

Brain

Absent Present

Detection of ERRb during development 
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The most compelling evidence of the role of ERRβ in development is its role in stem cell 

biology. ERRβ is one of the many NRs involved in mouse embryonic stem cell (mESC) 

pluripotency. To both increase chromatin accessibility and stimulate gene transcription, mESCs 

depend on factors such as Nanog which recruits other factors such as Oct4, Sox2 and Esrrb [57]. 

The Wnt/Gsk signaling pathway can activate Esrrb via Nanog. Importantly, Esrrb has been shown 

to maintain self-renewal of ESCs without the presence of Nanog, but the presence of Nanog 

enhances the effectiveness of Esrrb in self-renewal [58].  Wnt is also able to suppress the repressor 

activity of Tcf to activate Esrrb. Multiple studies have established that Esrrb interacts with 

pluripotent factors Oct4 and Sox2 and is able to bind RNA polymerase II by binding coactivator 

Aib1/Ncoa3 [58, 59] (Figure 7). There is no evidence of the utility of Esrrb in human ESCs. Mouse 

and human ESCs have analogous genes but do exhibit differences in which genes control cell cycle 

regulation, apoptosis control, and cytokine expression which likely contribute to the different 

functions of Esrrb/ESRRB in human ESCs [60]. There is also the high probability that either the 

ESRRB-2 or ESRRB-∆10 variants may be involved in ESCs instead of ESRRB-sf, which is 

equivalent to mouse Esrrb. 
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Figure 7. Esrrb and its partners in mouse embryonic stem cell transcription. Oct4, Sox2, and 

Esrrb recruit the coactivator Ncoa3 (Aib1), which further engages RNA pol II to enhance gene 

transcription. Created with Biorender. Adapted from [61] 
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Metabolism 

One function of the ERRs is the ability to control cellular metabolism [62]. There is an 

ERRE embedded in the nuclear receptor response element NRRE-1 of Medium-chain acyl-

coenzyme A dehydrogenase (MCAD), which is involved in the first step of mitochondrial β-

oxidation of fatty acids and is the limiting factor for fatty acid oxidation [63]. ERRa is the main 

NR that binds to this NRRE, affecting the metabolic potential of tissues. In addition to regulating 

genes that are a part of the machinery that controls fatty acid oxidation, ERRa and [64] ERRg also 

function in the regulatory regions of genes in metabolism [62]. This includes: the TCA cycle, 

OXPHOS, and ATP production  [65-69]. Due to its localization in tissue i.e. heart, muscle, etc., it 

can be postulated ERRβ serves a purpose in tissues with high energy demands. Though there is 

evidence, the least amount is known on the specific activity of ERRβ in cellular metabolism. 

 

Cell cycle 

Esrrb is known to interact with mitotic chromatin, its level of expression fluctuating throughout 

cell cycle [40, 70, 71].  Little is known about ERRβ-D10 function due to a lack of validated 

antibodies to detect this isoform at the protein level [47]. The other two isoforms – ERRβsf and 

ERRβ2 – have been more comprehensively studied (with the most information known about 

ERRβsf) and are known to have opposing functions in regulating cell cycle progression [46, 72]. 

ERRβ splice variants, ERRβsf and ERRβ2, have been shown to differentially regulate cell cycle 

arrest in a cancer setting. Multiple labs, including ours, has shown that ERRβsf, drives G1 arrest 

and induces p21 expression [40, 46, 72]. Conversely, ERRβ2 plays a role in G2/M arrest. 

Additionally, we have demonstrated that ERRβ2 is a dominant-negative inhibitor of ERRβsf-

dependent transcriptional activation [46, 72]. 
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1.1.6 ERRβ and its role in cancer 

The first report of ERRβ in a cancer setting was in 2005 when a group looked at the expression 

of ERRβ in prostate cancer. It was determined that the expression of ERRβ was decreased in cancer 

compared to normal tissue [31]. Several years later, another group reported that ERRβsf, but not 

ERRβ2 or ERRβ-D10 were expressed in prostate cancer cell lines and immortalized (but 

nontransformed) cells, with the highest expression found in the latter [40]. This was also the first 

report of ERRβ localization in the nucleus. ERRβ, along with ERRa and ERRg, are able to bind 

similar response elements and transactivate genes that are mediated by the estrogen signaling 

pathway. Specifically, they have been shown in prostate cancer cells to transactivate estrogen 

response elements and steroidogenic factor -1 -driven reporter elements as well as bind the same 

transcriptional coactivators [31].  

ERRβsf and ERRβ2 have also been found expressed in normal endometrium tissue. When 

looking at ERRβ during the menstrual cycle, the highest levels were observed during proliferative 

stages. At the protein level, ERRβ is detected at early stages of endometrial cancer. In endometrial 

cancer cell lines, it has been shown that ERRβsf attenuates ERa activity, induced by estrogen, at 

the ERE reporter while ERRβ2 increases the transcriptional activity [73].  

In glioblastoma (GBM), it has been shown that low expression of ERRβ is associated with 

poorer survival in patients. ERRβsf and ERRβ2 have differing functions in cell cycle arrest in this 

setting. ERRβsf drives G1 arrest and induces the expression of p21 while ERRβ2 drives G2/M 

arrest. The extent of cell cycle arrest is associated with which ERRβ isoform is prevalent.  Our lab 

has published that treatment of GBM cell lines with ERRβ agonist, DY131, inhibits cellular 

proliferation, induces cell death, and prevents colony formation [72]. 
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1.2 The association of ERRβ with breast cancer  

1.2.1 Breast cancer   

Breast cancer is the number one most commonly diagnosed cancer in women in the United 

States and is the number two cause of cancer-related death [74]. It is predicted that every day in 

2019, 785 women will be diagnosed with invasive breast cancer and 114 women will die from the 

burden of this disease. Due to the discovery of new and improved treatments, women diagnosed 

with breast cancer have significantly improved 5- and 10-year survival rates today as compared to 

almost 50 years ago (Figure 8) [75].  

To determine the optimal treatment option, cancerous lesions are biopsied and processed 

for immunohistochemical (IHC) staining and/or fluorescence in situ hybridization for three 

biomarkers: estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

factor receptor two (HER2). Based on the expression of these three receptors, patients can be 

classified as having ER+, HER2 overexpressing, triple positive (ER+ and HER2+), or triple 

negative breast cancer (TNBC) [76] (Figure 9).  
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Figure 8. Number of breast cancer-related fatalities per 100,000 women per year in the 

United States. Seminal breast cancer treatment discoveries are overlaid on a graph showing the 

number of fatalities observed over the years. CMF: cyclophosphamide, methotrexate, and 

fluorouracil (adapted from [77-80]) 
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Figure 9. Breast cancer subtypes as clinically defined using immunohistochemistry (IHC) 

and fluorescence in situ hybridization (FISH).  HR: hormone receptors (adapted from [81]) 
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 Most patients diagnosed with breast cancer have tumors that are hormone receptor positive 

(ER and PR). There are regimented treatment plans with targeted therapies for these patients, 

specifically targeting the ER.  For patients with ER+, HER2-, and whose cancer has not spread to 

lymph nodes, the Oncotype DX is given to predict the likelihood of recurrence and drive treatment 

decisions [82]. Per the American Society of Clinical Oncology’s (ASCO) guidelines, Oncotype 

DX -which is classified as 0-100 – is used to determine whether chemotherapy will be 

administered. Chemotherapy is not considered beneficial for patients under 50 with a score <16, 

or for patients older than 50 with a score <26; these patients should be given endocrine treatment 

only. Any patients with scores 26-30 may be considered for chemo-endocrine therapy and >30 

would likely benefit from chemo-endocrine therapy [81].  

For patients who are ER-, PR-, but HER2+, first line treatment is Trastuzumab, 

pertuzumab, and a taxane. Trastuzumab emtansine is recommended for second-line treatment. For 

third-line, clinicians should offer other HER2-targeted therapy combinations, pertuzimab or 

trastuzumab emtansine if the patient has not already received it [81]. 

Because of the introduction of these drugs that are anti-HER2 (i.e. Herceptin) and anti-ER 

(i.e. aromatase inhibitors), the survival rate for breast cancer, especially these subtypes, has 

significantly increased in the past 40-50 years [83]. Figure 8 shows the number of fatalities from 

breast cancer per 100,000 women over the last ~50 years which has steadily decreased due to 

improvements in early detection and the discovery of new therapies. There are significant 

decreases in the number of fatalities associated with the introduction of every new targeted therapy. 

Figure 10 represents statistically improved overall survival of patients who are ER+/ HER2- and 

ER-/ HER2+ from 1992 to 2006. Overlaid is the discovery of targeted treatments, as done for 

figure 8. Importantly, the discovery of Herceptin in 1999 did not result in an immediate change in 
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the number of fatalities or overall survival, but there was a decrease in overall fatalities and 

improved overall survival of patients with HER2+ with the introduction of breast cancer IHC 

subtypes in 2000 showing the value of improving our subclassification of breast cancer.   

 

 

 

 

Figure 10. Five-year breast cancer-specific overall survival rate by IHC breast cancer 

subtypes ER+/HER2- and ER-/HER2+. Discovery of breast cancer treatments and subtypes 

overlaid on top of survival graphs.  Based on SEER data (adapted from [80])   
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1.2.2 Triple negative breast cancer   

Patients who are diagnosed with TNBC are clinically defined as lacking expression of ER, PR, 

determined by IHC, and amplification of HER2, determined by fluorescence in situ hybridization 

(FISH) [84]. Overall, TNBC, which accounts for 12-15% of all breast cancers, is a more 

biologically aggressive subtype of breast cancer with characteristic high genomic instability [85]. 

TNBC is diagnosed more frequently in younger, premenopausal women, African-American (AA) 

women, and in women with a mutated BRCA1 gene. Patients with TNBC have a high-risk of 

relapse, higher frequency of metastasis, and shorter progression-free survival (PFS) and overall 

survival (OS) [86].  

There are multiple published guidelines for the treatment of TNBC [87-89]. The consensus 

from societies such as the National Comprehensive Cancer Network (NCCN) and the European 

Society for Medical Oncology (ESMO) includes neoadjuvant chemotherapy with cytotoxic 

chemotherapy drugs which target rapidly dividing cells such as anthracyclines (i.e. doxorubicin), 

alkylating agents (i.e. cyclophosphamide) and taxanes (i.e. paclitaxel).  ASCO also recommends 

the use of paclitaxel in combination with PDL-1 inhibitor atezolizumab for metastatic TNBC 

patients with tumors that express PDL-1 in more than 1% of tumor-infiltrating immune cells [90].   

Often fluorouracil and platinum-based therapies (cisplatin) are also used. Each one of these 

therapies are incredibly cytotoxic and lead to adverse effects in patients [89]. These toxic side 

effects worsen the experience of patients with TNBC who suffer from an extremely aggressive 

disease. FDA approval of atezolizumab for patients with metastatic TNBC is passed on 

progression-free survival indicating the success of emerging targeted therapies. However, the 

median progression-free survival was 7.4 (4.8 months for placebo plus paclitaxel); hazard ratio = 
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0.60; 95% confidence interval = 0.48–0.77; P < .0001 indicating the great need to find other 

strategies [90]. 

 

1.2.3 Disparity in triple negative breast cancer   

Overall, AA women have higher breast cancer- specific mortality, especially in TNBC, in 

comparison to Caucasian/White (CW) women. This great disparity can be due to differences in 

income, screening and treatment barriers, which attribute to higher stage at diagnosis, and 

increased TNBC diagnosis frequency, though women with higher socioeconomic status do have 

higher incidence of breast cancer [91] (Figure 11). This increased diagnosis of TNBC in AA 

women is seen across all age groups and those diagnosed with TNBC have a much worse prognosis 

than those with ER+ breast cancer (Figure 11a, 11b). Amongst patients with TNBC, AA women 

have much worse prognosis in comparison to CW women (Figure 11c) [92].  

When adjusting for factors such as age, stage, grade, and poverty index, this disparity is still 

apparent indicating that the disparity that is observed is due to biology and not only socio-

economic factors (Figure 11d) [92]. There is the idea that there is an interaction between disparity 

and cancer signaling pathways that may account for this difference that is seen in the biologically 

aggressive cancer. AA patients have been shown to have lower ESR1, PGR, ERBB2, and FOXA1 

(cell cycle regulator) gene expression in comparison to CW patients [93]. Amongst patients with 

TNBC, AA are more likely to have the basal-like 1 subtype which is characterized by high genomic 

instability (odds ratio = 6.21) [94, 95].  
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Figure 11. Disparity in TNBC. a. TNBC diagnosis by race across all age groups b. Survival of 

AA women diagnosed with breast cancer, ER+ versus TNBC c. Survival of patients with TNBC, 

by race d. Calculated odds ratio of breast cancer diagnosis by subtype adjusted for race, age, stage, 

grade, and poverty index [92] 
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1.2.4 Basal-like breast cancer   

Based on certain criteria, a biopsied breast tumor may also undergo evaluation of its gene 

expression profile using the Pam50 test, now known as Prosigna Breast Cancer Prognostic 

Signature Assay [96, 97]. This test is done by Nanostring and analyzes a set of genes in the tissue 

biopsy. The tumor is then defined as Luminal A, Luminal B, HER2-enriched, Basal-like, or 

normal-like. These are identified as the molecular, or Pam50 subtypes. Basal-like breast cancer 

(BLBC) is named from its expression of genes commonly expressed in basal epithelial cells, i.e. 

cytokeratin 5 and 6 - positive [98]. Patients with BLBC have a worse prognosis in comparison to 

the other molecular subtypes. Many of the overexpressed genes in BLBC are associated with 

increased proliferation, decreased apoptosis, increased cell migration and invasion. Genes under 

expressed include ER and ER-controlled genes. There is also decreased expression of genes on the 

HER2 amplicon whose DNA that is often overexpressed in breast cancer [98, 99].  

BLBC largely overlaps with TNBC ~75% and often shows a phenotype reminiscent of TNBC 

[100] . Often in literature BLBC and TNBC are referred to as the same disease, however since they 

do not completely overlap, BLBC and TNBC should not be used interchangeably. While BLBC is 

representative of a more homogenous population – which is due to it’s definition by gene 

expression, the TNBC definition is used more often because it is identified in clinic more robustly. 

Specifically, biopsied tissue from patients are always sent to the laboratory to test for ER, PR, and 

HER to by IHC/ FISH, and subsequently guiding treatment decisions [101].The large overlap does 

give a definition to 75% of patients which increases the likelihood of finding targeted therapies, 

however because the overlap is not 100%, these diseases must continue to be studied in parallel. 

 

 



 
 

27 

1.2.5 TNBC subtyping    

 In 2011, the Lehmann group first published TNBC subtypes. They identified the huge need 

for targeted therapies in TNBC and used a similar in silico approach to Perou, et al which first 

used gene expression to subtype breast cancer and establish the Pam50 subtypes defined above 

[102]. Lehmann, et al revealed 6 distinct groups within TNBC based on gene expression and 

ontologies: basal-like 1 and 2 (BL1 and BL2), immunomodulatory (IM), mesenchymal (ML), 

mesenchymal stem-like (MSL), and luminal androgen receptor (LAR), which were later regrouped 

into 4 groups: BL1, BL2, ML, and LAR, removing the IM and MSL subtypes whose original 

definition was attributed to infiltrating lymphocytes and tumor-associated stromal cells, 

respectively [103, 104]. 

TNBC subtyping not only identified gene expression signatures that define these groups, but also 

predicted which of these may be more responsive to different drug classes (Figure 12). This 

approach also classified commonly used TNBC cell lines into the different subtypes so that they 

can be better used in in vitro studies of these therapeutic agents. One of the more interesting 

outcomes of this study was the establishment of the LAR subtype, which expresses the androgen 

receptor (AR) and accounts for approximately 16% of all TNBCs [104]. One group looked at 

treatment response by TNBC subtype and saw extremely different responses to treatment with 

anthracyclines, taxanes, carboplatin, and various combinations, with the LAR subtype having 

the lowest pathologic complete response (pCR) (14%) in comparison to all of the other subtypes 

(43%) [105]. In the clinic, several trials have been completed or are still active in which patients 

with metastatic TNBC are treated with FDA-approved AR-targeting drugs such as bicalutamide 

– a competitive inhibitor for AR [106] -  or enzalutamide- a non-steroidal antiandrogen which 

inhibits translocation of AR into the nucleus after ligand binding [107], which are typically used 
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to treat patients with prostate cancer [108-110]. The first Phase II clinical trial looking at 

bicalutamide in TNBC resulted in a 6-month clinical benefit rate (CBR) in 19% of the patients 

who qualified (³10% AR nuclear staining by IHC) [108]. Another clinical trial found a 16-week 

CBR for 35% of the patients enrolled, and further evaluation for an AR gene signature found that 

those patients with the gene signature had improved CBR in comparison to the rest of the 

patients [110].   Overall clinical trials with these drugs in addition to other anti-AR drugs and 

additional combinations, have shown a 6-month CBR for a range of 19-29% of patients with 

metastatic TNBC [111]. The improvement lends to the idea of further establishing the genetic 

profile of patients who are benefitting from this treatment and continuing to re-purpose this 

already FDA-approved drug, as well as applying the same standards to other drugs [112]. A 

schematic of current clinical trials is depicted in figure 12 [111].  
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Figure 12. Current and future use of AR pathway targeting in breast cancer. AR, androgen 

receptor; TNBC, triple-negative breast cancer; CDK, cyclin-dependent kinase; CYP17, 

cytochrome P450 17α-hydroxylase/17,20-lyase; LAR, luminal androgen receptor-like; mTOR, 

mechanistic target of rapamycin; P13K, phosphatidylinositol-3-kinase [111]. 
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1.2.6 TNBC and ERRβ    

The role of ERRβ in breast cancer, especially in TNBC or BLBC, has not been well studied. 

Most publications focus on ER+ breast cancer, where it has been shown that all three ERRs are 

able to induce transcription of pS2 via response elements ERE and ERRE in the gene promoter 

area of the gene [113]. pS2 is a small protein that is cysteine–rich and is inducible by estrogen 

[114]. Its expression is associated with improved survival in ER+ breast cancer [115].  

Ariazi, et al determined that ERRβ mRNA was lower in cancer breast tissues in comparison 

to normal mammary epithelial tissues by using quantitative PCR with a primer pair that recognizes 

all splice variants [29]. Other studies have also confirmed this decrease in ERRβ mRNA in breast 

cancer in comparison to normal-like breast cancer tissue using in silico methods [1, 116].  

Both ERRβ2 and ERRβsf have been independently shown to interact with ERa. ERRβ2 

can interact with ERβ when exogenously overexpressed in breast cancer (Figure 13). Importantly, 

ERRβ can attenuate ER-mediated transcriptional activity and estrogen-mediated ER+ breast 

cancer cell line proliferation. In the absence of estrogen, ERRβ can form a complex with ERa and 

ERβ. In a TNBC setting, exogenously expressed ERRβsf can suppress cell line proliferation. Our 

lab has shown that activation of ERRβ using agonist DY131 inhibits breast cancer cell line 

proliferation, with a more robust effect seen in TNBC cell lines. We also showed that DY131, via 

ERRβ2, causes G2/M arrest and mitotic spindle defects and that cell death occurs via the p38 stress 

kinase pathway. 

In breast cancer, we have previously published that decreased ERRβ mRNA expression is 

associated with decrease recurrence-free and metastasis-free survival in patients with breast 

cancer.  
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Figure 13. ERa and ERβ are interacting partners of ERRβ splice variants. Depiction of ERa 

and ERβ  interactions with ERRβ via it’s AF1 domain, hinge region, or LBD. Created with 

Biorender  [117, 118] 
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1.3 Research goals   

 Nuclear receptors (NR) have traditionally been great targets for cancer therapy. We have 

previously published that in patients with BLBC only, those with higher ERRβ expression have 

significantly improved DMFS and RFS. This coupled with the knowledge that ERRβ mRNA 

expression is decreased in the cancer setting, and our own publications which show that activating 

ERRβ leads to anti-proliferative effects in TNBC and BLBC lends to further investigate ERRβ and 

its association with breast cancer. This study focuses on characterizing the copy number of ESRRB, 

expression of ESRRB mRNA, and ERRβ protein products in TNBC or BLBC by using several 

techniques including IHC, in silico analyses of multiple large data sets, and in vitro studies. This 

research provides further insight to the role of ERRβ in breast cancer with an emphasis on TNBC.  
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Chapter 2: ONR estrogen-related receptor beta (ERRβ) in TNBC 

2.1 Introduction  

Breast cancer is the most commonly diagnosed cancer in women and is the number two 

cause of cancer-related death [119]. Breast cancer subtypes are predominantly classified by two 

methods:  immunohistochemistry (IHC) or gene expression. IHC tests for three proteins: estrogen 

receptor (ER), progesterone receptor (PR), and human epidermal growth factor two (HER2)  

amplification by FISH, and based on the expression of these three receptors, patients are classified 

as having ER+, HER2 amplified (by FISH), or triple negative breast cancer (TNBC). Patients who 

are diagnosed with TNBC are clinically defined as lacking ER, PR, and HER2 [76]. Gene 

expression profiling uses a 50-gene panel to determine if a breast cancer is one of 5 intrinsic, or 

Pam50 subtypes: luminal A, luminal B, HER2-enriched, normal-like and basal-like (BLBC) [97, 

120]. In clinic, TNBC and BLBC largely converge [100],  with greater than 75% of patients with 

TNBC also categorized as having BLBC. TNBC/BLBC is a biologically aggressive subtype of 

breast cancer with characteristic high genomic instability [85]. It is diagnosed more frequently in 

African-American (AA) women with much worse prognosis than Caucasian/White (CW) women 

[121].  

Since patients diagnosed with TNBC have tumors that lack ER and HER2, they are 

unresponsive to ER and HER2–targeted therapies. Patients must instead be given systemic 

chemotherapy, which is accompanied by toxic side effects [122]. Due to the aggressive nature of 

TNBC, it is important to identify new prognostic marker genes capable of defining targets and 

conversely subtypes within TNBC. Historically, nuclear receptors (NR) have been great targets 

for cancer treatment, such as the ER in ER+ breast cancer. The NR superfamily consists of many 

members including orphan nuclear receptors (ONRs) [123] which are defined as lacking any 
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known endogenous ligands. One ONR subgroup contains what are known as the estrogen related 

receptors (ERRs), named for their resemblance to the ER, although they do not bind or respond to 

estrogen [123]. ERR beta (ESRRB, ERRβ) which is alternatively spliced, is one of the first 

discovered ONRs and is known to have important functions in development [34]. Our lab and 

others, have previously shown the function of ERRβ in cancer. Our 2016 publication showed that 

patients with BLBC whose tumors have high ESRRB mRNA expression have significantly 

improved distant-metastases free, and recurrence- free survival in comparison to patients with low 

expression [46]. Previous publications have shown that patients with BLBC overall have tumors 

with significantly lower ESRRB mRNA expression in comparison to other breast cancer subtypes 

[1, 116]. 

 The goal of the present study is to: (1) define ESRRB expression levels in breast cancer, 

specifically in BLBC and TNBC; (2) determine DNA copy number and protein levels in various 

data sets to determine if the previously observed decrease in ESRRB is caused by copy number 

loss, and the effects of decreased mRNA on protein expression and function; (3) characterize 

clinical correlations found in breast cancer. We show that ESRRB mRNA expression is 

significantly lower in patients with BLBC/ TNBC and that there is no observed decrease in DNA 

copy number.  ERRβ splice variants have differential transcription factor activity in TNBC cell 

lines. Lastly, we also show that ERRβ splice variant protein levels are different in breast cancer 

patient samples depending on the IHC subtype. Patients with HER2 or TNBC have similar ERRβ 

protein expression and cellular localization vs. patients with ER+. Our study supports further 

investigation into the establishment of ERRβ as a TNBC/BLBC therapeutic target or prognostic 

marker, and as a tool to provide more insights into this aggressive cancer and its mechanism of 

progression. 
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2.2 Materials and Methods 

2.2.1 In silico analyses  

Illumina HT 12 gene array data from the Molecular Taxonomy of Breast Cancer 

International Consortium (METABRIC) study was analyzed via KMplotter using a subset of 

patients who did not receive systemic treatment. A total of 300 patients with breast cancer (145 

luminal A, 85 luminal B, 22 HER2, 48 basal-like) were included in the hazard ratio analysis. 

Pam50 status was determined by KMplotter using St. Gallen criteria using expression of the HER2, 

ESR1, and MKI67 genes [124]. 

RNA-sequencing (RNAseq) data was obtained from two publicly-available datasets sets: 

the Sweden Cancerome Analysis Network – Breast (SCAN-B) [125, 126] and The Cancer Genome 

Atlas (TCGA) [127]. Gene expression profiles of GSE96058 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE96058) were downloaded from Gene 

Expression Omnibus (GEO) database for the SCAN-B data analyses. This SCAN-B cohort 

contained 3273 samples (136 were replicates) analyzed by Illumina paired-end RNAseq and 

expression estimation. This data comes from Sweden and country law states that the submitter 

cannot provide raw sequence data in a public repository as sequencing may contain personally-

identifiable information and hereditary mutations. Data was processed as previously described 

[125, 126] and gene expression data was generated as FPKM (fragments per kilobase of transcript 

per million; expression measurement +0.1 FPKM followed by log2 transformation). Clinical 

information was publicly available on GEO Accession Viewer and kindly provided in a 

comprehensive, table format by Dr. Lao Saal (Lund University, Sweden). TCGA raw, processed 

and clinical data were obtained from the GDC legacy archive (https://portal.gdc.cancer.gov) and 

accessed using TCGABiolinks.  s 



 
 

36 

Gene expression analysis was performed using Rstudio (version 3.6.0) and Bioconductor. 

Gene expression levels, measured as FPKM, were determined for all breast cancer patient tumors 

as two datasets: Pam50 subtypes reported by the authors, or IHC subtypes parsed out using clinical 

information. Overall survival was determined using survminer. Differentially expressed genes 

(DEGs) were detected using edgeR. Genes with p<0.05 and fold change ≥2 were considered 

significant (Table 1). Pathway and represented disease analyses were performed on overexpressed 

DEGs using KEGG pathway analysis [128, 129]. TNBC subtypes were determined using 

Vanderbilt’s TNBCtype tool [103, 130]. 

 For SCAN-B data, cox regression was used to determine correlations between ESRRB 

expression and clinical characteristics. For promoter analysis, Bioconductor was used to isolate 

DEGs found within annotated genome UCSC, hg19 and search the promoter region of these genes, 

-4000 to +500 bp from the transcription start site for enriched short, ungapped, redundant 

sequences of up to 8 base pairs using Discriminative Regular Expression Motif Elicitation 

(DREME, [131]). The primary set of sequences was shuffled to create a control set. Significantly 

overrepresented motifs were determined using Fisher’s Exact test. We then used TomTom [132] 

to compare our overrepresented motifs to the publicly-available JASPAR CORE database 

[133]which provides the binding preferences of a large database of known transcription factors. 

Source code for SCAN-B and TCGA analyses can be found at 

https://github.com/RigginsLabGU/Rmarkdown/blob/master/SCANB%20analysis.Rmd  and 

https://github.com/RigginsLabGU/Rmarkdown/blob/master/TCGA%20analysis.Rmd . 

 

 



 
 

37 

2.2.2 Array comparative genomic hybridization 

The 106-patient cohort of 37 Caucasian (CW) and 69 African American (AA) patients with 

TNBC and non TNBC (NTN) was collected and processed as previously described by Sugita, et 

al [134], 17 CW/TNBC; 20 CW/NTN; 39 AA/TNBC; 30 AA/NTN. Copy number was determined 

using five ESRRB probes on the Agilent SurePrint aCGH platform. Log2 intensity >3 was defined 

as amplification, ≥/ ≤ 0.25 were defined as copy number gain and loss respectively, and ≥3 was 

defined as deletion. PRISM 8.0 (Graphpad, San Diego, CA) was used for all statistical analyses of 

copy number and clinical demographic information.  

 

2.2.3 Cell Culture  

 HCC1806 breast cancer cells were purchased from ATCC (Manassas, VA). MDA-MB-

453 breast cancer cells were a gift from Dr. Anna Riegel (Lombardi Comprehensive Cancer Center 

(LCCC). BT549, MCF7, and MCF10A breast cancer cells were obtained from the LCCC Tissue 

Culture Shared Resource. Cells were routinely tested for Mycoplasma spp. and tested negative and 

fingerprinted using 9 standard STR loci and Y chromosome- specific amelogenin to verify 

authenticity. All cells were maintained in a humid carbon dioxide (CO2) incubator, 95% air: 5% 

CO2. HCC1806 and MDA-MB-453 cells were grown in improved minimal essential media 

(IMEM; Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS, purchased from LCCC Tissue Culture Shared Resource). BT549 cells were 

cultured in IMEM with 10% FBS and 10 µg/mL insulin (purchased from Life Technologies, Grand 

Island, NY).  
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2.2.4 Plasmids and transfection  

 The psG5 empty vector, ERRβsf (murine ERRβ, >90% homology to human ERRβ, 

Addgene #52188), ERRβ2 (Addgene #52186), and ERRβ-∆10 (Addgene #52187) constructs have 

all been published previously [46, 72]. The ERRE-luciferase (Addgene #37851) and p21-luciferase 

(Addgene #21723) have been previously described [72]. Plasmids were introduced using Mirus 

TransIT-X2 Dynamic Delivery System (Mirus Bio LLC; MIR600Q) according to manufacturer’s 

instructions.  

 

2.2.5 Dual-luciferase promoter-reporter assays  

 Cells were seeded into 24-well plastic tissue culture dishes at 150,000 cells per well on day 

0. On day 1, cells were transfected using 500 ng DNA/ well (137 ng receptor; 360 ng luciferase 

reporter plasmid; 3 ng Renilla control) for 24 hours. On day 2, media containing the transfection 

complexes was removed and fresh media was added to the cells. On day 3, at 48 hours, cells were 

harvested for luciferase assay (https://www.promega.com/prod ucts/reporter-assays-and-

transfection/reporter-assays/dual_luciferase-reporter-assay-system/) according to the 

manufacturer’s instructions. Luciferase activity was normalized to Renilla. All experiments were 

performed 3-5 times.  

 

2.2.6 Western blotting and antibodies  

 Lysate collected from the dual-luciferase activity assays were run on 4-12% poly 

acrylamide gels using electrophoresis for 90 minutes. After protein was transferred to 

nitrocellulose membranes, the membranes were blocked for one hour in 5% nonfat dry milk in 

Tris-Buffered Saline with Tween-20 (TBST) and probed overnight at 4°C with ERRβ #PP-H6707-
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00 (cl.07) 1:500. All membranes were then re-probed with loading control β-tubulin at 1:10:000 

for 1 hour at room temperature or overnight at 4°C. Horseradish peroxidase enzyme-conjugated 

anti-mouse whole immunoglobulin (IgG) secondary antibody (GE #NXA931 Buckinghamshire, 

U.K.) was used the following day at 1:5000 for 1 hour at room temperature. The membranes were 

then imaged for enhanced chemiluminescence (ECL, Denville Scientific, Holliston, MA) on the 

Amersham Imager 600 (GE Life Sciences).  

 

2.2.7 Image analysis and statistical analysis of in vitro work  

 Images and figures were composed using Adobe Photoshop, Illustrator and InDesign. FIJI 

was used to perform densitometry on imaged blots. Statistical analyses of dual-luciferase activity 

assay and western blot densitometry were done using PRISM 8.0 (Graphpad, San Diego, CA). 

 

2.2.8 Invasive Ductal Carcinoma Breast Cancer TMA series 

The Histopathology and Tissue Shared Resource (HTSR) at Georgetown University 

Medical Center’s Lombardi Comprehensive Cancer Center (LCCC) constructed the Invasive 

Ductal Carcinoma Tissue Microarrays (TMA) series.  The cohort consists of 150 patients with 

breast cancer distributed as 50 patients each on a series of 3 TMAs.  All patients are research-

consented through the HTSR, the Survey, Recruitment and Biospecimen Shared Resource 

(SRBSR), and/or Indivumed groups under the following respective Georgetown University 

Medical Center IRB protocols: 1992-048, Pr0000007, and 2007-345. The 50 patients for each 

TMA were grouped based on the following subtypes of their tumors: ER alpha positive TMA 

(>10% ER alpha positivity, PR+/-, HER2 negative), HER2 positive TMA (ER+/-, PR+/-) and 

Triple Negative Breast Cancer (TNBC) TMA. The TMAs were stained for ER alpha, PR, HER2, 
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Ki67 and panCytokeratin in a single multiplexed assay. High resolution images are available for 

all stained cores as well as quantification of percentage positive for ER, PR, and Ki67 and threshold 

analysis for HER2 positivity. 2 cores for each patient are available side by side on the TMA.  Each 

TMA has matching biological and immunological controls including tonsil, spleen, testis, 

reduction mammoplasty (benign breast), placenta and 6 well characterized breast cancer cell lines. 

Inclusion criteria for the TMA were female patients diagnosed with invasive ductal carcinoma 

with at least 3 years clinical follow up (majority with 5-year follow up, or otherwise deceased) 

with a primary breast cancer surgical resection at MedStar Georgetown University Hospital 

(MGUH) between 2004-2014.  Exclusion criteria were male patients, patients diagnosed with 

ductal carcinoma in situ only or lobular carcinoma, known BRCA or familial mutation carriers, or 

evidence of neoadjuvant therapy.  Self-reported racial distribution of the patients was 64% 

White/Caucasian, 26% Black/African American, 10% other or unknown, allowing for support for 

projects analyzing racial disparities. Clinical, treatment and follow up data were retrieved by the 

Innovation Center for Biomedical Informatics (ICBI) from the MGUH Cancer Registry. Pathology 

data was manually extracted from the original surgical pathology reports. All demographic, 

clinical, pathology, and available follow up data were de-identified and uploaded into a REDCap 

database for query and analysis. High resolution images of hematoxylin and eosin stained cores 

are available for all cores on the TMA.  
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2.2.9 Immunohistochemical staining 

IHC staining of breast cancer tissue was performed for ERRβ.�Five micron sections from 

formalin fixed paraffin embedded tissues were de-paraffinized with xylenes and rehydrated 

through a graded alcohol series. Heat induced epitope retrieval (HIER) was performed by 

immersing the tissue sections in Target Retrieval Solution, Low pH (DAKO) in the PT Link 

(DAKO). IHC staining was performed using the VectaStain Kit from Vector Labs according to 

manufacturer’s instructions.  Briefly, slides were treated with 3% hydrogen peroxide, avidin/biotin 

blocking, and 10% normal goat serum and independently exposed to primary antibodies for 

ERRβsf- cl .07, 1:150, 1:240 (R&D systems, #PP-H6707-00) and ERRβ2- cl .05, 1:150 (R&D 

systems, #PP-H6705-00) for 1 hour at room temperature.  Slides were exposed to appropriate 

biotin-conjugated secondary antibodies (Vector Labs), Vectastain ABC reagent and DAB 

chromagen (Dako). Slides were counterstained with Hematoxylin (Fisher, Harris Modified 

Hematoxylin), blued in 1% ammonium hydroxide, dehydrated, and mounted with Acrymount.  

Control tissues with the primary antibody omitted were used as negative controls. Images of the 

full TMA slide stained for of hematoxylin and eosin, ERRβsf- cl .05, and ERRβ2- cl .07 are 

available on figshare (https://doi.org/10.6084/m9.figshare.9992891.v1). 

 

2.2.10 Scanning and Analysis using Vectra3 

Stained slides were scanned using the Vectra3 Multi-Spectral Imaging Microscope with 

Vectra and Phenochart software (Perkin Elmer).  Every available TMA core was imaged as a 3x3 

composite image to capture almost the entire core in one image.  The scanned images were 

analyzed in inForm software version 2.3 (Akoya).  The inForm software is trained to identify 

individual cells within the TMA core by hematoxylin staining and intensity, average cell size, and 
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cell splitting algorithms.  Brown DAB staining that overlapped with hematoxylin staining was 

identified by the software as being a nuclear staining, while staining without overlap with the 

nuclear signal was considered cytoplasmic.     In this way, nuclear versus cytoplasmic staining was 

differentiated.  An average of 11,000 cells were counted per TMA core 

 

2.2.11 Statistical analysis of tissue microarray data 

To prepare for statistical analysis, individual cores were manually examined and matched 

to their corresponding coordinates defined by Vecta3 software. Any cores missing more that 50% 

of tissue due to adipose tissue or folding were omitted from final analysis. The two cores from 

each patient were individually scored then averaged to determining the 50 scores per TMA slide 

used in the analyses. 

ERRβ-clone 07 (recognizes ERRβ2), ERRβ-clone 05 (recognizes ERRβsf), and their ratio, 

as well as demographic variables were summarized by using mean (standard deviation, sd) and 

median (interquartile range, IQR) for continuous variables and frequency and percentage for 

categorical variables. Kruskal-Wallis tests were used to test whether median ERRβ2 and ERRβsf 

expression, and their ratio, were significantly different among the three IHC receptor subtypes. To 

assess whether the expression of each isoform was significantly different among the three IHC 

subtypes while considering lymph node status, race, and age, and if there was any interaction 

between IHC subtype and demographic variables, we first made a logit transformation of ERRβ2- 

clone 07 and ERRβsf- clone 05 which achieved approximate normality. Then two-way ANOVA 

was used for analysis following ANOVA procedure. If a significant difference was observed, 

pairwise comparisons were performed by Dwass, Steel, Critchlow-Fligner multiple comparison 

procedure (DSCF). 
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Nuclear staining and cytoplasmic staining were summarized by IHC subtype using mean 

(sd) and median (IQR). Spearman’s correlation coefficient was calculated to measure the 

association between the nuclear and cytoplasmic staining in each IHC subtype. 

All tests were two-sided at a significant level 0.05. No method was used for adjusting 

multiple comparisons. All analyses were performed using SAS 9.4 and Rstudio (Version 0.99.902) 

software. 

 

2.3 Results 

2.3.1 Low ESRRB mRNA expression is associated with shorter overall survival 

We previously published that high expression of ESRRB mRNA is associated with 

improved recurrence-free and distant-metastasis free survival in a merged cohort of patients with 

BLBC from multiple independent studies [46, 135]. Here, we analyzed the association of ESRRB 

mRNA expression with overall survival by analyzing Illumina HT 12 gene array data from the 

Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) study [136]. 

Importantly, the subset of patients selected for this analysis did not receive systemic treatment, 

providing a more compelling link between ESRRB expression and clinical outcome that is not 

confounded by treatment effect. We found that low ESRRB expression (defined as below median) 

is associated with significantly shorter overall survival (OS) only in patients with  BLBC (Figure 

14).  
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Figure 14. ESRRB association with overall survival (OS) in women with systemically 

untreated breast cancer. Hazard ratios, 95% confidence intervals, and log-rank p-value for low 

ESRRB expression (METABRIC RNAseq data, below median) relative to OS.  
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2.3.2 ESRRB mRNA expression levels are significantly decreased in BLBC and TNBC, but 

not associated with age, grade, or lymph node status 

We used two large, publicly-available RNAseq data sets –SCAN-B [125, 126] and The 

Cancer Genome Atlas (TCGA) [127] – to analyze ESRRB mRNA expression in association with 

demographic, clinicopathologic, and gene expression features. ESRRB expression as FPKM was 

measured in both data sets in patients stratified by either IHC or Pam50 breast cancer subtypes for 

analysis (Figure 15 In SCAN-B, ESRRB expression was significantly lower in patients with BLBC 

compared to patients with luminal A or normal-like breast cancer (Figure 15a). ESRRB expression 

was also significantly lower in patients with TNBC vs. patients with ER+ and ER+/HER2+ breast 

cancer (Figure 15b). In TCGA data, we confirmed the previously published findings of Garattini, 

et al. [1] and found that patients with BLBC had significantly lower ESRRB expression compared 

to patients with luminal A breast cancer (Figure 15c). Like the SCANB cohort, patients classified 

as TCGA-TNBC also had significantly lower ESRRB expression compared to patients with ER+ 

and ER+/HER2+ breast cancer (Figure 15d).  

SCAN-B is a 3273-patient data set collected in Sweden starting in 2010 [125, 126]. 

Biospecimens were collected and RNAseq was performed on biopsy cores as previously described 

[125]. Comprehensive clinical and demographic information was also collected, allowing for 

analysis of ESRRB association with these data for both the Pam50 and IHC subtypes Analysis of 

Pam50 subtype revealed patients with BLBC were significantly younger than patients with luminal 

A, luminal B, and HER2 breast cancer (Figure 16a a characteristic commonly found in patients 

with BLBC, while analysis by IHC subtype showed that patients with HER2 were significantly 

younger than patients with ER+ breast cancer (Figure 16b).  
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Figure. 15. ESRRB mRNA expression in SCAN-B and TCGA data sets. Analysis of RNAseq 

data from SCAN-B (a, b, e, f, g) and TCGA (c, d) data. Kruskal-Wallis one-way ANOVA and 

Tukey multiple comparisons of means with 95% family-wise confidence level. a-d. ESRRB 

mRNA FPKM (fragments per kilobase of transcript per million) levels by PAM50 subtype in 

SCAN-B (a) and TCGA (c) data. ESRRB mRNA levels by IHC subtype in SCAN-B (b) and TCGA 

(d) data. Shown as mean ± standard deviation, p < 0.0001 **** e - f. Correlations in SCAN-B 

dataset. e. Correlation of ESR1 to ESRRB mRNA expression f. ESRRB mRNA expression by age 

g. Correlation of ESRRB high and low expression, frequency of node status, age at diagnosis, 

NHG, endocrine treatment, and chemotherapy in all patients with breast cancer in the dataset. 

Spearman correlation. White spaces were not significantly different. Light to dark colors, 

correlation observed and statistically significant, p< 0.001 
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We also assessed the correlation between ESRRB high and low mRNA expression and 

clinical characteristics. Across the entire SCAN-B cohort, there was a weak but statistically 

significant positive correlation between estrogen receptor (ESR1) and ESRRB mRNA expression 

(p = 8.1 e-05, Figure 15e). There was no significant correlation between ESRRB expression and 

age (Figure 15f). Filtered data sets were split into tertiles with the top third considered ESRRB 

“high” expression and the lower third considered “low” expression. Analysis within the Pam50 

and IHC subtypes showed that there was no significant difference in age between patients with 

high versus low ESRRB within the Pam50 subtypes (not shown). There also were no significant 

differences observed in lymph node status, Nottingham grade (NHG), endocrine treatment or 

chemotherapy treatment between patients with high versus low ESRRB. However, receipt of 

chemotherapy was negatively correlated with age at diagnosis (p < 5e-107) and positively associated 

with Nottingham grade (NHG, p < 6.7e-127), which is broadly reflective of clinical management 

decisions made in the treatment of younger women and higher grade disease (Figure 15g) [137].  

OS was assessed comparing patients with ESRRB high versus ESRRB low breast cancer 

(upper vs. lower tertiles) of all subtypes, BLBC, and TNBC from TCGA and SCAN-B datasets. 

There was no statistically significant difference in OS found for patients with ESRRB high vs. low 

expression in SCAN-B or TCGA data (Figure 16c-16h). This is likely because in SCAN-B, >80% 

of the patient population remain alive, while in the TCGA data set filtering out patients with TNBC 

or BLBC leaves a low number of patients with an event (n = 123/1098), decreasing the power of 

these analyses. Though not statistically significant, patients with BLBC in the TCGA data set with 

high ESRRB expression did trend towards better OS than patients with ESRRB low (hazard ratio = 

2.13). Overall, these data confirm lower ESRRB expression in patients with TNBC or BLBC from 
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two large-scale cohorts but identify no statistically significant associations between ESRRB 

expression and age, grade, lymph node status, or treatment. 
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Figure 16. Age at diagnosis and association of ESRRB with OS in SCAN-B and TCGA data 

sets. a, b. Average age of patients in SCAN-B data set by Pam50 (a) and IHC (b) subtypes. 

ANOVA with multiple comparisons ***p<0.001, **** p<0.0001 

c-h. KM plots showing overall survival comparing patients with ESRRB high and ESRRB low 

expressing tumors categorized as all patients with breast cancer (c,f), patients with BLBC (d,g), 

and patients with TNBC (e,h) in SCAN-B (c-e) and TCGA (f-h) datasets 
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2.3.4 ESRRB does not exhibit copy number loss in TNBC 

Next, we sought to determine if the observed decrease in ESRRB mRNA expression found 

in TNBC/BLBC may be due to copy number loss. We approached this by analyzing an 

independent, 106-patient cohort of Caucasian (CW) and African American (AA) patients with 

TNBC and non TNBC (NTN; all other breast cancer subtypes, i.e. ER+ and HER2-amplified) 

using array comparative genomic hybridization (aCGH) as previously described by Sugita, et al 

[134]. ESRRB copy number was calculated and defined as deletion, loss, gain, or amplification, 

and demographic information was analyzed for associations with ESRRB copy number changes 

(Figure 17a-e). Fisher's exact test showed that in our cohort, patients with TNBC had significantly 

higher grade than patients with non-triple negative (NTN) at diagnosis (p < 0.0001), as is often 

seen in clinic in the TNBC population (Figure 18a). There were no significant differences observed 

between CW and AA patients with TNBC and NTN in relation to the total number of copy number 

alterations. However, > 75% of all patients (AA and CW) showed copy number gain rather than 

loss at the ESRRB locus, 14q24.3 (Figure 18b).  

Since self-reported race and ethnicity data are not always concordant with genotyping 

analyses, we also assessed ancestry informative markers (AIMs) and the distribution of ESRRB 

copy number in a small subset of our cohort [136, 138] . This 20-patient subset included 6 patients 

with TNBC and 14 patients with NTN and due to the small number is exploratory. Principal 

component analysis (PCA) of 3000 AIMs overlaid with self-reported ethnicity of our cases showed 

separation of distinct ancestral populations [134] when merged with four populations from the 

1000 Genomes Project [138]: African descent (AFR), ad mixed American (AMR), European 

(EUR), and East Asian (ASN)  (Figure 18c). The mean rank for ESRRB was markedly lower in 

the AA, but there was no statistically significant difference in the average ESRRB copy number in 
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breast tumors from the AA women (clustered with the AFR group) versus the CW (clustered with 

the AMR group) (Figure 18d).  

 

 

 

 

Figure 17. Demographics of aCGH cohort. A-E. Distribution of (a) age, (b) tumor size and 

ESRRB copy number, (c) pathology, (d) lymph node status and (e) metastasis, by TNBC, NTN, 

CW and AA. 

 
 

Age 
Race mean Classification n mean 

CW 53.68 
TNBC 17 56.76 
NTN 20 52.59 

AA 53.23 
TNBC 39 53.29 
NTN 30 54.18 

Pathology 
Race Classification Pathology  % patients 

CW 

TNBC In situ/IDC  23.5% 
  IDC 64.7% 
  Other 11.8% 

NTN  In situ/IDC  - 
  IDC 80.0% 
  Other 20.0% 

AA 

TNBC In situ/IDC  30.8% 
  IDC 69.2% 
  Other - 

NTN  In situ/IDC  60.0% 
  IDC 23.3% 
  Other 16.7% 

  Lymph node status 
   % patients  

Race Classification Negative Positive NA 

CW TNBC 47% 29% 24% 
NTN  45% 40% 15% 

AA TNBC 56% 44% 0% 
NTN  50% 37% 13% 

  Metastasis 
   % patients  

Race Classification None Local Distant 

CW TNBC 59% 24% 18% 

NTN  45% 30% 25% 

AA TNBC 62% 21% 18% 

NTN  63% 23% 13% 

A.

B.

C. D.

E.
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Figure 18. ESRRB copy number in breast tumor specimens. a. Women with TNBC have higher 

grade than women with nonTNBC, Fisher's exact test p<0.0001 **** b. Copy number determined 

from five ESRRB probes on the Agilent SurePrint aCGH platform. Log2 intensity 

>3=amplification, >0.25=gain, ≤0.25=loss, ≥3=deletion. Shown by Caucasian (CA) vs. African 

American (AA) women, patients with TNBC vs nonTNBC. Fisher’s exact test, all tumors, CA vs 

AA, n.s. c, d. Ancestrality. SNP chip Illumina Infinium QC Array (Illumina Inc., CA) looking at 

~3,000 ancestral informative markers in a portion of the Caucasian American (CW) and African 

American (AA) patients included in the ESRRB copy number study. Four major populations, as 

determined by the 100 genomes project were used as a reference from clustering: European 

(EUR), African (AFR), Ad mixed American (AMR), and East Asian (ASN). d. ESRRB copy 

number in self-identified AA or CW redistributed as 1000s genomes project AFR descent or AMR 

descent. Mann-Whitney, n.s 
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2.3.5 Differentially expressed genes in patients with tumors characterized by ESRRB high 

versus ESRRB low expression 

We next identified DEGs in patients with tumors characterized by ESRRB mRNA-high 

versus ESRRB mRNA-low expression to determine what other genes are co-modulated with 

ESRRB expression. First, we compared patient tumors that are ESRRB high and low (upper and 

lower tertiles, respectively) and assessed genes that were high in patients with ESRRB-high (left/ 

pink) and low in patients with ESRRB-high (right/ purple) (³2-fold up- or down-regulated, p < 

0.05, Figure 19a-d; Table 1). We determined the overlap of DEGs between data sets and between 

BLBC and TNBC, finding the most overlap within datasets (Figure 19e, Figure 20a, b). Prior 

studies report that greater than 75% of patients with TNBC also have BLBC [99] and our analysis 

of the SCAN-B and TCGA data sets shows a similar overlap (Figure 20c,d). KEGG pathway 

analysis [128, 129] found enrichment of genes associated with neuroactive ligand-receptor 

interaction (fold change ≥ 3.65) and metabolic pathways (fold change ≥ 2.34) overexpressed in 

patients with ESRRB high. Three fourths of the DEGs lists included deafness as one of the disease 

associations. Mutations in ESRRB are linked to a hereditary autosomal recessive hearing disorder 

[50, 139] (Figure 19f).  

  We then searched for transcription factor binding motifs of up to 8 base pairs within the 

promoter region (-4000 to +500 bp from the transcription start site) of the enriched DEGs in the 

SCAN-B dataset [131]. DEGs in BLBC samples had 39 enriched motifs which aligned to 320 

known transcription factors  TNBC samples had 40 enriched motifs which aligned to 611 known 

transcription factors (TOMTOM [132]; JASPAR [133], Figure 20e). Top matches for both BLBC 

and TNBC in the SCAN-B dataset were extracted, E<0.05. The top motifs found in BLBC and 

TNBC were GGCACGTGCC and CCACCGACA, respectively. These motifs aligned to multiple 
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known transcription factors, including basic helix-loop-helix (bHLH) and AP-2 motifs, both 

characterized as G/C-rich (Table 2). 

Figure 19. Differentially expressed genes (DEGs) associated with ESRRB expression in 
SCAN- and TCGA data sets. DEG analysis in patients with BLBC (a, c) and TNBC (b, d). 
Shown are DEGs that are high in patients with high ESRRB mRNA, and low in patients with 
ESRRB mRNA expression in SCANB data, p<0.01, fold change (FC) > 4. e. Heat map depicting 
DEG overlap between the four analyses shown in a-e. f. Top pathways and diseases represented 
by overexpressed DEGs in patients with ESRRB high-versus- low. 

BLBC, SCAN-B
DEGs        Upregulated        Downregulated

BLBC, TCGA

SCAN-B, TNBC TCGA, BLBC TCGA, TNBC
n=138 n=180 n=124

SCAN-B, BLBC
n=131

SCAN-B, TNBC
n=138

TCGA, BLBC
n=180

2322
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Table 1. All DEGs found in comparing patients with ESRRB high vs. low tumors. 

 

List of DEGs found in patients with BLBC and TNBC from SCAN-B and TCGA data sets, 

p<0.01, fold change (FC) > 4. 

 

Gene logFC P.Value Gene logFC P.Value Gene logFC P.Value Gene logFC P.Value
SPTBN5 7.639370222 0.000873051 SPTBN5 8.474119915 0.00276 ALPI 4.769925 0.00191946 ADAM7 5.714245518 0.03321954
FLG 6.994851245 0.030036705 EXOC3L4 8.03463058 0.00008 PRAMEF8 4.70043972 0.00392003 LOC642929 4.857980995 0.00145424

BC065766 6.718097379 0.031511173 KIAA2022 5.909117267 0.00019 SSX2 4.67939373 0.01316319 GAGE2D 4.810456685 0.0383465
SFTPA2 6.27596873 0.00234021 UGT2B15 5.198585536 0.04513 OSTN 4.1337835 0.00176187 ELSPBP1 4.169925001 0.02105551
TMEFF2 5.935253136 0.029022906 PAH 4.903177801 0.00259 UGT2B11 3.81531009 0.02233415 SSX2 4.005907392 0.03025068
CIB4 5.542421462 0.006344489 IL17REL 4.801767819 0.00336 XAGE1D 3.78646867 0.02639049 GAGE8 3.973611276 0.03966881
TLL2 5.502385296 0.006993371 TRIML2 4.668769472 0.01595 PABPC1L2B 3.6701519 0.02132082 SPACA1 3.807354922 0.04874737
IFITM5 5.239709767 0.041785865 RP11 4.502733507 0.03916 PTPRT 3.64983451 8.50E-06 OR8A1 3.709460499 0.00316211
TIPARP 5.021939147 0.039978781 TBX10 4.472770595 0.00959 OR8A1 3.60992113 0.00195742 CGA 3.437170756 0.00198869
SLC8A1 5.018940109 0.043888801 AK093002 4.428159445 0.01006 CGA 3.55726059 0.04434046 LOC348021 3.32492902 0.01818799
AK091729 4.779418674 0.046404664 LOC494141 3.979636105 0.03110 MAGEB6 3.34063247 0.00924267 C7 3.170246407 5.68E-05
NTN3 4.699663842 0.006911973 GRIK5 3.943006643 0.04724 NCRNA00200 3.30297421 0.01912291 PABPC1L2B 2.881018425 0.01344203
FAM9C 4.697800912 0.007437151 ATP10B 3.901132671 0.02228 BPESC1 3.20943162 0.00595498 PIGR 2.853126792 0.00173869
NXNL2 4.673342092 0.019596239 FGB 3.863986331 0.01190 GPR64 3.09924532 5.14E-05 GABRG2 2.83078452 0.03458823

LOC100506730 4.652089627 0.047854364 AK056887 3.719072657 0.00493 PANX3 3.08017506 0.0059142 CRTAC1 2.813519774 1.59E-05
AK094577 4.593986107 0.000103129 ABHD1 3.713649521 0.03670 HS3ST4 3.07527343 0.00034294 TFF1 2.792195812 0.01268613
TBX10 4.525318833 0.013276925 GRIN3A 3.706993954 0.02539 GABRG2 3.05749104 0.00239052 SLC38A8 2.757270334 0.00919325
TMIE 4.517565838 0.029484905 DEFB124 3.543091681 0.03805 ZIC2 3.0465538 0.00261145 SLC44A4 2.735312897 0.00056991
GRIK1 4.47475979 0.02821595 ZP1 3.522836667 0.01918 FAM123A 3.01202226 0.00131872 ANGPTL7 2.729189436 0.00385304
PRKAG3 4.331722869 0.026115227 AK123450 3.516912447 0.00428 DRD2 2.99742808 3.08E-06 GAGE2A 2.725929618 0.04538448
SLC6A4 4.124948641 0.04062148 CLEC9A 3.513366355 0.02036 TP73 2.96144635 1.50E-07 OR7E5P 2.672449623 0.03534633
LPAR4 4.056102105 0.04268291 TPO 3.497630719 0.01047 VIT 2.94667087 8.10E-06 FCAMR 2.669343994 7.34E-05
ANXA13 4.052885868 0.011945107 GLOD5 3.426685794 0.02329 NFASC 2.92584207 7.86E-06 NCRNA00052 2.661039672 0.01195538
FGB 4.025989727 0.005187143 RASA4CP 3.348876404 0.01468 LOC348021 2.92492902 0.05180449 LY6G6D 2.624832194 0.03215633
MAR4 3.870006874 0.043287681 RPH3A 3.245058593 0.00579 CYP4X1 2.9207511 0.0001008 NGFR 2.554816762 5.74E-07

AK024736 3.774088451 0.014528722 GUCA1B 3.232226545 0.02331 CRTAC1 2.87404731 0.0002275 PTPRT 2.552657607 0.00027074
AK128708 3.692015861 0.001341628 C19orf83 3.191135457 0.01322 ADCY5 2.85809697 3.28E-05 ABCA8 2.541942223 2.03E-05
GRIA4 3.651999261 0.02865887 SLC6A10P 3.145316915 0.00038 ZBTB8B 2.85808806 8.16E-05 VIT 2.525664901 0.00022548

LINC00491 3.603976673 0.036705444 FCRL1 2.997812435 0.03861 SSX4 2.84121691 0.02141746 DRD2 2.514807943 2.19E-05
DKFZp434J0226 3.558614319 0.010748635 AQP4 2.99580351 0.00601 LEFTY2 2.82537633 0.000636 ABCA13 2.351888464 0.00097296

MYOM2 3.540636408 0.025883866 LOC155060 2.991451077 0.05002 KIAA0319 2.80204189 7.37E-06 PEG3 2.350533558 0.00562794
AK124970 3.358091144 0.049041097 TAT 2.913089419 0.01823 FAM135B 2.74453756 0.00033217 C1orf146 2.321928095 0.03256025
LHX1 3.350989863 0.027099116 LRRC46 2.84854943 0.01623 NGFR 2.72813728 1.92E-06 CADM3 2.315570702 0.00011626

LINC00964 3.323078307 0.006463981 CSN1S1 2.800142359 0.01606 BMP7 2.71770217 0.00054048 SLC7A3 2.308138396 0.00092039
LOC389705 3.308892993 0.01250708 SCGB1A1 2.749999611 0.04515 ADAMTS18 2.68419729 2.44E-05 DSCAML1 2.304323823 1.46E-05
NKX2 3.212344494 0.006488279 LINC00202 2.747357412 0.02140 GP2 2.68028343 0.01533261 ALB 2.282947622 0.00016014

BC033241 3.145756283 0.033993858 CFHR1 2.71708801 0.04710 FSTL4 2.67952329 0.00012373 KIRREL2 2.27486237 0.00043675
AK021876 3.135691395 0.052528899 SEMA3A 2.702752905 0.00592 HOXB13 2.65050022 0.01111597 C20orf114 2.262569516 0.046725
SLC5A11 3.096699035 0.010702889 KRT9 2.637140327 0.01601 NTRK2 2.6485934 1.83E-06 TP73 2.258174427 1.87E-05
AK097921 3.045190181 0.003364293 AL592528 2.631859891 0.01351 SPSB4 2.59502837 0.00036131 SERPINA11 2.257518278 0.00202861
BC044608 3.03622691 0.012132061 BC036382 2.630416346 0.03850 RET 2.59075573 8.03E-06 COL11A2 2.235717668 0.00121666
LOC155060 2.826289683 0.014577276 BX648455 2.427905175 0.03460 DEFB132 2.57646585 0.02185179 PLA2G2A 2.234948466 0.00394852
CT45A1 2.820927706 0.001908482 RGS9BP 2.426216685 0.02888 C1QL1 2.56560947 0.00015401 HPCAL4 2.226773342 2.85E-07
LINC00886 2.789380613 0.003908043 PACRG 2.403796277 0.01022 MYBPC1 2.55612213 0.01002825 FBN3 2.226347371 0.00915598
AK128252 2.785083511 0.022883708 LOC100506022 2.368848311 0.04098 ABCA13 2.5477581 0.00079225 TCEAL2 2.209844999 0.00321494
ANKRD30B 2.690610855 0.037723802 RP11 2.343006996 0.00004 IGFBPL1 2.53874659 0.00014519 BCAN 2.206988398 0.00307728
NCR1 2.682998696 0.002128345 HPSE2 2.341521669 0.03457 PEG3 2.52592355 0.00710329 C3orf15 2.200495244 3.10E-05
GAST 2.675539776 0.020999989 ADAMTS8 2.320057907 0.00719 MYO16 2.51022257 1.64E-05 ADH1B 2.195065528 0.02945002
CETN4P 2.666792752 0.037100539 PLD5 2.31540911 0.01285 KCNB1 2.5009036 0.00019427 KCNH3 2.194414286 2.65E-06

LOC101059948 2.651440569 0.001045381 BCAN 2.283520792 0.00526 UNC5D 2.49116825 0.0063889 LEFTY2 2.188631546 0.00366389
SIGLEC17P 2.636115466 0.029118709 STK32B 2.267200192 0.00626 MUC16 2.49083659 0.00478554 TMEM59L 2.171111076 3.24E-06
LRRC46 2.562091538 0.026033824 LOC100130298 2.257475943 0.02049 DSCR4 2.49020853 0.05402415 FAM135B 2.147689477 0.0005946
BC141952 2.508584977 0.026633284 RPRM 2.254338594 0.03880 C10orf90 2.48512597 0.00055527 CRLF1 2.128669932 0.00274967
KIAA2022 2.499643714 0.013209174 CYP4F22 2.231054987 0.00107 TCEAL2 2.4755231 0.00249308 CMTM5 2.122300929 0.02677471
KF274612 2.481023208 0.023280248 BC062291 2.217284554 0.01233 C2orf40 2.47185514 0.00268219 KCNC2 2.112916521 0.03583952
AL832163 2.466024503 0.000275446 COL23A1 2.214001182 0.00032 HOTAIR 2.47133479 0.00025374 KCNB1 2.111357095 0.00070605
KCNH3 2.445352169 0.007857042 BC040901 2.130167212 0.02284 EGF 2.46034714 0.00017737 ADCY5 2.109804586 0.00027355
ABHD1 2.42579731 0.050058955 SLC25A21 2.122326393 0.00040 MGAT5B 2.46019527 0.00015097 MUC4 2.109687118 0.00087332
CBLN2 2.383375531 0.030188307 AGR3 2.077650249 0.00286 SCARA5 2.45647702 0.00017773 ALPPL2 2.107448434 0.01653342
BC068290 2.365398509 0.025128632 GREB1L 2.070130776 0.00702 SLC35F3 2.45607303 0.00071146 CD300LG 2.105907769 0.00054585
TAT 2.344279688 0.002168722 C3orf15 2.45428124 4.07E-05 DARC 2.104579101 8.98E-05
OTOF 2.342409809 0.001042041 PPP1R36 -2.005576658 0.01689 LGR6 2.43062482 0.00259813 PSD2 2.094292737 9.25E-06

AK311558 2.341525373 0.019807594 MKRN9P -2.089792473 0.01668 ACSL6 2.42609176 0.00054393 VSIG2 2.074173441 0.0041471
RGS9BP 2.264883564 0.04496302 TNFSF12 -2.096986869 0.00258 AQP5 2.4126752 0.01414582 SLC13A2 2.073157637 0.00826831
DQ593432 2.246610581 0.041841021 DNASE1L2 -2.124655199 0.01402 CSMD3 2.40356486 0.00166836 FIGF 2.069070848 2.42E-05
CYP4F22 2.217945918 0.010289675 IDI2 -2.146826115 0.04456 SLC17A8 2.39853304 0.01252614 HS3ST4 2.063154337 0.01461291
VSIG8 2.186892825 0.022232452 BC035726 -2.201031184 0.00289 ADAM22 2.39450391 3.24E-05 GRPR 2.054248392 0.00014734
PACRG 2.150946354 0.004838196 TMEM151B -2.205214875 0.04913 FABP7 2.38690602 0.0067096 PGM5 2.049250323 3.01E-06
FCRL1 2.097513229 0.002802256 PFKFB1 -2.205971096 0.03231 MSTN 2.36776749 9.52E-07 GRIK3 2.041626159 0.00064521
MIR29C 2.073467429 0.044759358 BC033961 -2.211363702 0.03733 FCAMR 2.35728859 0.00207052 FABP4 2.037073051 0.01629332
KCNE2 2.022137329 0.008502552 LOC100128398 -2.223668441 0.00749 COL11A2 2.3546374 0.00059659 HLF 2.034362803 1.26E-06
EGOT 2.010978885 0.000112788 LOC100289333 -2.227575745 0.02743 ZNF541 2.35341686 1.39E-06 FAM163B 2.028231216 0.00587802

FCN2 -2.2700934 0.02713 APLP1 2.35165613 1.01E-05 HTR3E 2.022609093 0.00103446
SFTA1P -2.075774235 0.035199114 EML5 -2.292035404 0.04741 PDZD4 2.35058517 0.00011228 CA10 2.020131286 0.04210319
AK092862 -2.092409032 0.03439314 ABCA17P -2.302978936 0.00079 TFF1 2.34396247 0.04663419 PHF21B 2.016670795 0.00336995
BC069004 -2.095062307 0.009578383 ACVR2B -2.342205582 0.03647 LONRF2 2.341803 0.00047517 ABCA10 2.014581087 6.35E-06
LCE3D -2.106312802 0.028925308 TPRG1 -2.366380985 0.02611 KIRREL2 2.34124529 0.00076958 SLC17A8 2.012416243 0.00990096

CNTNAP3B -2.119882001 0.015782902 IL22RA1 -2.369708498 0.03686 11-Mar 2.34123976 0.01117983 AGR3 2.011578159 0.02519675
NPBWR1 -2.128822225 0.022033416 PNLIPRP3 -2.376175473 0.02572 RNF157 2.3384221 1.46E-07 OLFM1 2.0070064 7.51E-05
MS4A8 -2.129663717 0.006067197 MYOM2 -2.387244692 0.00513 ALB 2.33614795 0.00103669 OGN 2.003993588 0.00232626
RP11 -2.154236682 0.018675995 MPO -2.392922726 0.01483 NRG3 2.32672907 0.00124581 CYP4X1 1.986477622 0.00209963
PARD3 -2.205534591 0.01748693 AKAP3 -2.438775309 0.02834 DCX 2.32240806 0.01011941 MPPED2 1.98472198 2.92E-05
SPRR4 -2.231220213 0.027253698 AK127124 -2.447778624 0.03559 ANGPTL7 2.31884339 0.01048173 CPLX3 1.975764542 0.00400472
FIGLA -2.271935823 0.031572529 ADAMTS18 -2.453459151 0.00422 NCAM1 2.31289858 8.54E-05 TPO 1.969731233 7.04E-06
FSTL5 -2.305181207 0.034505526 LINC00634 -2.458454493 0.03953 CDH4 2.31233991 0.00213577 NTRK2 1.969211345 0.00043381
PTPRR -2.309334031 0.031935166 PSMG3 -2.470744306 0.00702 SNAP25 2.31108231 6.53E-06 TCP10 1.968963532 0.04247502
PHYHIP -2.321287084 0.052782296 CDX2 -2.478733777 0.00034 CEACAM22P 2.30800314 6.99E-05 RGS9 1.96840678 0.00067495
TAPT1 -2.323169452 0.018752984 AK098303 -2.48590786 0.03733 DACH2 2.2951729 0.00064429 CYP4Z1 1.954322961 0.04180635

KIAA0319 -2.334514256 0.022963902 NAA11 -2.493976286 0.00005 FIGF 2.29337546 3.07E-05
C6orf165 -2.357103563 0.047830985 NEB -2.526419563 0.04379 REEP1 2.293073 3.68E-05 KRT78 -1.999247481 0.00325512
PCDHGA1 -2.391610048 0.010382972 OR7A5 -2.532456953 0.01883 SORCS3 2.28951488 0.02494373 OR51B4 -2.000174484 0.01801397
CFTR -2.400518371 0.035090334 CALB1 -2.543602972 0.03556 TAGLN3 2.27539333 0.00140709 C10orf99 -2.004527097 0.00803887

SCAN-B, BLBC SCAN-B, TNBC TCGA, BLBC TCGA, TNBC 

6XSSOHPHQWDU\�WDEOH���
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 Table 1. continued 

 

 

 

 

 

CDX2 -2.401169832 0.006452237 NKPD1 -2.546634759 0.02303 LAMA3 2.26834126 8.19E-06 EPS8L3 -2.009043403 0.02682371
SPRR3 -2.441228869 0.024739367 HPD -2.549056925 0.03248 DKK1 2.26454674 0.00370069 FAM25A -2.031415226 0.04227349
ANKRD53 -2.453846199 0.001878242 AK054623 -2.549610161 0.03992 CNTN2 2.26353702 0.0002526 FOXG1 -2.057088689 0.04731655
GABRQ -2.501146314 0.044903436 KIAA1045 -2.564911299 0.03499 TMEM59L 2.26255183 1.51E-05 TNP1 -2.069800224 0.04517713
KRTAP2 -2.548637667 0.033642949 GQ868703 -2.58909239 0.02489 KCNH3 2.26151492 8.65E-06 CSRP3 -2.163951032 0.04043304
DTHD1 -2.565486595 0.047570692 FGF3 -2.59115296 0.03127 TRIM9 2.25569206 1.30E-05 S100A8 -2.213164841 0.00232077
CEACAM3 -2.723405288 0.025017413 RAB3C -2.627685687 0.01705 UGT2B15 2.25447906 0.00578208 PLA2G2F -2.227270831 0.0184851
PKD1L2 -2.763740872 0.007404966 GLIPR1L2 -2.769083613 0.03207 MPPED2 2.25353199 8.87E-05 MMP1 -2.247894759 0.00145372

ST6GALNAC1 -2.831387322 0.031461658 NANOGP1 -2.769676445 0.00240 TRPM6 2.25316513 0.00056613 CNBD1 -2.299309881 0.00964119
PCDHA5 -2.848343512 0.036222013 CTB -2.77607856 0.03741 EPHA10 2.25203238 2.55E-05 LY6D -2.32050497 0.00640054
C5orf58 -2.855074592 0.041675064 ZNF205 -2.779595924 0.00515 NALCN 2.22742649 0.00067743 SPANXA2 -2.395383247 0.04964038
NEB -2.866211337 0.015925502 AFF2 -2.801298499 0.04650 C1orf94 2.22193896 0.03469977 C10orf129 -2.395843219 0.01357891

AK055145 -2.934714236 0.008211822 SPDYE3 -2.845122886 0.02677 CRLF1 2.21909243 0.00822098 DGAT2L6 -2.464385619 0.03097603
UCN3 -2.979796716 0.049892677 DQ570052 -2.861320139 0.02268 PPP1R1A 2.21105315 0.0057855 TMEM8C -2.471679166 0.03811362

TAS2R20 -2.997311776 0.054397372 AJ004954 -2.928448457 0.00170 AGR3 2.2087265 0.02547382 KRT79 -2.508123781 0.00695036
LDLRAD1 -3.080739492 0.049392514 HMX2 -2.954219402 0.01644 KGFLP1 2.20705129 4.03E-05 DPP10 -2.648165149 0.01644482
ACER1 -3.129316164 0.028042973 BC022047 -2.983168874 0.01477 BPIL3 2.19615871 0.03740995 RPTN -2.876242708 0.02371727
VSIG1 -3.213610381 0.011822165 CBLN1 -2.996123794 0.03118 RELN 2.19497413 0.00095133 CA9 -2.894237811 0.00016249
TERT -3.234428481 0.001813266 AK055145 -3.11419025 0.01352 MYRIP 2.19429425 0.00035178 C17orf77 -2.895891196 0.00960288

LOC101929371 -3.327295945 0.028241422 RP11 -3.145722571 0.00621 CNTFR 2.19336756 0.00715889 HTR3B -3.272896374 0.05281384
LINC00704 -3.380455548 0.000121024 ZNF541 -3.150156428 0.00349 BCAN 2.18998729 0.01191845 S100A7A -3.306489796 0.01346404
KLRC2 -3.418587544 0.035159152 GAS6 -3.20021277 0.04143 GKN2 2.18738401 0.001227 F9 -3.564641508 0.0383062

LOC100128885 -3.545123825 0.046663413 BC112312 -3.205005731 0.01768 PAK7 2.18548205 0.00010519 MT4 -3.704695468 0.00434049
SLC5A9 -3.570385843 0.010350715 NLRP7 -3.221972591 0.03801 ATP4B 2.18438628 0.00049823 S100A7 -3.73998807 0.0037761
TPTE2 -3.59066614 0.005005009 OPRD1 -3.276302988 0.02109 LRRN2 2.17953256 9.22E-05 PTPN20A -4.279735821 0.03365632
KCND3 -3.767100661 0.006359175 MLLT10P1 -3.32902785 0.00832 AGXT 2.1792395 0.04670918 SPINT3 -4.321928095 0.0243849
LIPK -3.786606068 0.018155876 AX746967 -3.411509805 0.01393 CNTN5 2.16892078 0.0048458 PMCHL2 -4.33974005 0.04461753
SYCP1 -4.013518443 0.000737165 USP41 -3.536409211 0.02375 LYPD6 2.16662767 2.91E-05 CFHR5 -4.690492758 0.0022544
PTENP1 -4.026026206 0.007491011 RAB6C -3.549294489 0.00866 ZBTB16 2.16609198 0.00034971 VSTM2B -4.857980995 0.02629207
HTR1B -4.099249722 0.000673801 TPTE2 -3.59066614 0.04414 SYT13 2.16583311 0.0261753 PNLIP -5.166577675 0.00124963
BC042048 -4.252234712 0.021526668 BC015433 -3.600395762 0.03024 CD300LG 2.16443805 0.00461307 GJA8 -5.459431619 0.0013155
FSIP2 -4.330980777 0.006775693 KCP -3.630038375 0.02330 FLJ12825 2.16374654 2.95E-05 ISX -5.873288558 0.0096147
BARHL2 -4.533341133 0.036224616 LOC101929371 -3.779123688 0.01185 ALX4 2.14540075 0.00790716 NXF2 -7.633624223 0.00017764
TRIM61 -4.824186152 0.045914257 GBX2 -3.868045023 0.00145 JAKMIP1 2.14070524 0.00026679
PLA2G4D -4.851159208 0.00494489 TEKT3 -4.279954838 0.01309 C4BPA 2.13922351 0.00670343
PSD2 -5.03177704 0.00264492 INS -4.327887578 0.00222 LHX2 2.13830816 0.00093837
MIR1287 -6.807836626 0.001615764 A2M -4.328395239 0.01081 PHF21B 2.13249013 0.00550671
MRVI1 -7.471754307 0.001013811 CEACAM3 -4.329816963 0.04844 KSR2 2.11876042 0.00040847

LOC149134 -9.346958153 0.009217588 KLRC2 -4.543365862 0.02354 ATRNL1 2.11314974 0.0077298
CTNNA3 -9.503987925 0.001025283 UGT2A3 -4.909014752 0.00005 RGS9 2.09671095 0.00244697

WFDC5 -4.950341087 0.00959 ABCA10 2.08971301 4.75E-06
SLC10A4 -5.59297842 0.00606 ODZ2 2.08772057 0.00040929
MEGF11 -5.652401261 0.02145 USP44 2.08068645 0.00021401
FGF19 -5.79777243 0.01919 FRMPD4 2.07884547 0.00282057
C6orf165 -5.930897098 0.00263 MATN2 2.07706237 3.09E-05

TCRBV13S5 -6.383193393 0.00524 CMTM5 2.06633074 0.03014593
PRSS41 -6.931128841 0.00011 TMPRSS5 2.0619219 0.00079965
CCDC17 -7.019501525 0.02745 TFF3 2.06031957 0.02679928
NPFFR1 -7.812356257 0.02420 SCUBE2 2.05956914 0.00016425

LOC1001909382.05765454 3.78E-05
MEGF10 2.05489027 0.00099338
CHRDL2 2.05247932 0.0096111
GPR143 2.04964277 0.00015707
CCDC129 2.0458384 0.00883065
XIST 2.04569904 5.01E-06

ALDH8A1 2.03645167 1.49E-06
SLC22A3 2.02000602 0.00041539
CACNB4 2.00331001 0.00017743
PAK3 2.00313111 0.0002573
PSD2 1.99954317 0.00065213
HTR3E 1.99835795 0.0012338
SOX8 1.99514575 0.01273639

S100P -1.9614501 0.02631588
KRT4 -2.0020207 0.04588919
LCN2 -2.1019715 0.00842713
CWH43 -2.1232815 0.01570089
ADH7 -2.1415763 0.05358521

ZCCHC16 -2.1756875 0.01463716
KRT79 -2.2267249 0.02585675
PSAPL1 -2.2332604 0.03963001
TDRD1 -2.2892698 0.02376192
SPRR1A -2.2925772 0.01926323
CA9 -2.4991546 0.00119703
LCE2A -2.6297223 0.01631921
LY6D -2.631763 0.00681274
OC90 -2.6996269 0.04516405
VSTM2B -2.9321935 0.04889516
S100A7 -3.0333387 0.04802538
DPP10 -3.1546539 0.00503713

PRAMEF1 -3.169925 0.00428433
MT4 -3.3219281 0.04564901

C10orf129 -3.6892849 2.89E-06
RETNLB -3.7004397 0.01522475
SEMG2 -4.2637385 0.02098346
DNAJC5G -5.1978951 3.22E-05
GJA8 -5.4594316 4.54E-05
FTHL17 -5.9985009 0.00500081
NXF2 -8.4426696 0.00020272
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Table 2. TOMTOM analysis of enriched transcription factor binding motifs. 

 

Top motifs from DEGs aligned to JASPAR non-redundant DNA database. Known transcription 

factors that align with these motifs are shown for SCAN-B and TCGA data. Determined in patients 

with BLBC and TNBC from SCAN-B dataset. 
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Table 2. continued 
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Figure 20. Overlap of patients with BLBC and TNBC. a, b. Heat map representing differential 

expression of all identified overlapping genes in SCAN-B and  TCGA data sets. c, d. Venn diagram 

of patients in SCAN-B (c) and TCGA (d) data. e. List of overrepresented motifs found in promoter 

region  of the DEGs in SCAN-B data sets 
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2.3.6 ERRβ isoform transcription factor activity differs across cellular models of TNBC 

molecular subtypes  

A key challenge in defining bona fide ESRRB target genes amongst DEGs from high 

dimensional data sets is that ERRβ, at the protein level, is expressed as at least three distinct 

isoforms: ERRβsf, ERRβ2, ERRβ-D10 [140, 141]. These isoforms are produced via alternative 

splicing in which a genetic alteration at intron-exon boundaries, or splice sites, are altered at the 

mRNA level resulting in different proteins [142]. Two of these isoforms – ERRβsf and ERRβ2 – 

have opposing functions in regulating cell cycle progression [46], while less is known about ERRβ-

D10 due to a lack of validated antibodies to detect this isoform at the protein level [47]. We first 

established basal level of two ERRβ isoforms – ERRβ2 and ERRβsf – in a panel of TNBC cell 

lines reflective of diverse TNBC subtypes. TNBC subtypes were initially defined as a step to 

further personalize medicine. There are 6 distinct TNBC subtypes based on gene expression and 

ontology [103, 104]. Cell lines representing 5 of the 6 subtypes, as well as non-transformed 

mammary epithelial cells MCF10A and estrogen-receptor positive cells MCF7, were probed for 

ERRβ2 and ERRβsf using two monoclonal antibodies we have previously characterized as 

selective for each isoform [46, 72]. TNBC cell lines had a trend toward lower ERRβ protein levels 

in comparison to the MCF10As and MCF7s (Figure 21a-c, Figure 22 a, b). HCC1806s (basal-like 

2, BL2) had the lowest ERRβ2:ERRβsf ratio while MDA-MB-453s (luminal androgen receptor, 

LAR) had the highest ratio, though these differences did not reach statistical significance (Figure 

21c). Consistent with this, assessment of TNBC subtypes, classified using TNBCtype [103, 130], 

at the mRNA level in SCAN-B tumor also showed no significant differences in ESRRB expression 

between the subtypes (Figure 22c).  Analysis of publicly available gene expression data in cell 

lines showed similar ERRβ2 mRNA expression (Figure 22d, e).  
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Figure 21. Basal levels of ERRβ in TNBC cell lines. a,b. Endogenous expression of ERRβ2 (a)  

and ERRβsf (b) protein levels in cell lines representing TNBC subtypes. c. Ratio of ERRβ2 and 

ERRβsf expression in cell lines, determined by densitometry for each receptor and corrected by 

expression of the b-actin loading control  
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Figure 22. Protein and mRNA levels of ERRb / ESRRB. Densitometry quantifying ERRb splice 

variants ERRb2 (a) and ERRbsf (b) protein levels in cell lines as depicted by western blots in 

figure 21 c. ESRRB mRNA levels in SCAN-B patients, sorted into TNBC subtypes. d, e. ESRRB 

mRNA levels in cell lines representing the TNBC cell lines from publicly available data 

  

 

To measure transcription factor function of ERRβ isoforms, we overexpressed cDNAs for 

each isoform in three different TNBC cell lines and measured their ability to induce transcription 
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from heterologous promoter-reporter constructs. The three cell lines used were HCC1806, MDA-

MB-453, and BT549, representing 3 of 6 TNBC subtypes [103].  The promoter-reporter constructs 

contained sequences corresponding to 2 established ERRβ�response elements: estrogen related 

response element (ERRE, TNAAGGTCA) [37, 38] and specificity-protein-1 (SP1, 

(G/T)GGGCGG(G/A)(G/A)(C/T)) [39] (Figure 23a) . SP1 was also one of the top motifs identified 

in the BLBC subtype from the SCAN-B data set (Table 2). In HCC1806 (BL2) cells, there was 

significantly higher activity of both the ERRE and SP1 response elements induced by all three 

splice variants in comparison to empty vector. ERRβsf had significantly higher activity on the 

ERRE than ERRβ2 or ERRβ-D10, while ERRβ-D10 had significantly higher activity on the SP1 

response element than ERRβsf or ERRβ2. In MDA-MB-453 (LAR) cells, ERRβsf had 

significantly higher activity on both the ERRE and SP1 response elements, while ERRβ-D10 had 

significantly higher activity on SP1 in comparison to empty vector. In BT549 (mesenchymal-like, 

ML) cells, ERRβsf and ERRβ-D10 had significantly higher activity on both the ERRE and SP1 

response elements in comparison to empty vector. For both MDA-MB-453s and BT549s, ERRβ2 

had no significant transcription factor activity on either ERRE or SP1. Western blot analysis 

confirmed overexpression of ERRβ isoforms in transfected cells (Figure 23b-d). These data 

suggest that patterns of ERRβ isoform transcription factor activity may differ between basal-like 

and other TNBC molecular subtypes, which may be explained by the expression of different 

coregulators in basal-like cancer cells compared to other cancer cells. The presence of different co 

regulators may attribute to differing binding affinities of  the isoforms to DNA response elements 

in these various cellular contexts.   
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Figure 23. Transcription factor activity as determined by heterologous promoter-reporter 

assays in vitro. a. Measure of luciferase activity on sp1 and ERRE response elements in TNBC 

cell lines HCC1806, MDA-MB-453, and BT549 overexpressing ERRβ splice variants. Kruskal-

Wallis one-way ANOVA, ** p< 0.001, ***p<0.0001. (b-d) Western blot confirming 

overexpression of ERRβ splice variant plasmid DNA in cell lines.  
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2.3.7 ERRβ isoform expression in breast tumor tissue varies by IHC subtype 

We next assessed the protein expression of ERRβsf and ERRβ2 isoforms in patient tissues 

from a 150-patient TMA assembled by the HTSR at Georgetown University Medical Center’s 

LCCC. The TMA series consists of 50 invasive ductal carcinoma breast cancer patients each 

diagnosed with ER+, HER2 overexpressing, and TNBC IHC subtypes, with corresponding 

demographic and clinical information (race, pathological stage, age, treatment, Table 3). Post 

antibody optimization, consecutive sections of the TMA were stained for 1 of 2 antibodies: ERRβ-

clone 05 (recognizes ERRβsf) or ERRβ-clone 07 (recognizes ERRβ2). Staining was quantified in 

a semi-automated fashion and nuclear versus cytoplasmic staining were differentiated using the 

Vectra3 Multi-Spectral Imaging Microscope. (Figure 24a-c). Representative images show the 

differential staining of the two antibodies (Figure 24d). Statistical analyses were performed to 

determine the relationship of each isoform with lymph node status, race, and age.  

The median of ERRβ2, but not ERRβsf, expression was significantly different amongst the 

three IHC receptor subtypes: ER+, HER2, TNBC (p = 0.016). Post hoc analysis showed that 

ERRβ2 was significantly different between patients with ER+ and HER2 breast cancer (p = 0.017, 

Figure 25a, Table S2.1). Median ERRβsf : ERRβ2 expression ratio was lowest in TNBC subtypes 

(indicating lower ERRβ2 or higher ERRβsf expression), however this ratio was not statistically 

significantly different amongst the three IHC receptor subtypes (Figure 7b). 
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Table 3. Demographics of the 150-patient cohort included in the invasive ductal carcinoma  

(IDC) tissue microarray (TMA). 

 

 

 

Table 3. Overall Demographics, n = 150

Cohort Period
Duration of follow up 

Freq(%)  | Mean(sd), Median[IQR] n % n % n %
Female 149 (99.33%) 50 100% 50 100% 49 98%
Male 1 (0.67%) 0 0% 0 0% 1 2%

Positive 47 (32.41%) 18 36% 17 34% 12 24%
Negative 98 (67.59%) 32 64% 32 64% 34 68%

Not documented 5 (0.03%) 0 0% 1 2% 4 8%

White/Caucasian 96 (64%) 31 62% 33 66% 32 64%
Black/African American 40 (26.67%) 15 30% 12 24% 13 26%
Asian/Pacific Islander 6 (4%) 2 4% 2 4% 2 4%

Other 5 (3.33%) 0 0% 2 4% 3 6%
Unknown 3 (2%) 2 4% 1 2% 0 0%

Under 40 3 6% 9 18% 6 12%
40-55 18 36% 16 32% 21 42%

Over 55 29 58% 25 50% 23 46%
Age Range

Non-Spanish; non-Hispanic 125 (83.33%) 41 82% 42 84% 42 84%
Hispanic or Latino Origin 1 (0.67%) 0 0% 0 0% 1 2%

Unknown 24 (16%) 9 18% 8 16% 7 14%

0 1 (0.77%)
1 38 (29.23%)
2 1 (0.77%)
4 2 (1.54%)

1, 1 2 (1.54%)
1, 1A 1 (0.77%)
1, 2A 2 (1.54%)
1A 15 (11.54%)
2A 35 (26.92%)

2A, 1A 2 (1.54%)
2A, 2B 1 (0.77%)

2B 19 (14.62%)
3A 5 (3.85%)
3B 1 (0.77%)
3C 5 (3.85%)

Vital Status Alive 122 (81.33%) 35 70% 46 92% 41 82%
Deceased 28 (18.67%) 15 30% 4 8% 9 18%

Distant Metastasis Yes 7 (0.047%) 3 6% 0 0% 4 8%

Recurrence Yes 11 (0.07%) 5 10% 2 4% 4 8%

15 30% 9 18% 9 18%
21 42% 20 40% 21 42%
29 58% 36 72% 37 74%
15 30% 15 30% 17 34%

27.63-88.32 28.06-88.52

Hispanic, Latino, 
Spanish Origin

Pathologic Stage 
Group

Breast Cancer 
Treatment

Surgery alone
Surgery + radiation

Surgery + chemotherapy
Surgery + radiation + chemotherapy

Sex

Lymph Node Status

Race

Age at diagnosis 54.45(12.97), 55.05[43.89, 63.68]

30.7-88.23

Range (in years) 1.05-11.14 0.84-13.96 1.24-22.63

Median (in years) 6.39 5.48 6.49

ER+ HER2+ TNBC
2004-2011 2004-2014 2004-2012
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Figure 24. ERRb isoform expression by IHC. (a-c). Automatic scanning and semi-automatic 

quantification of ERRb splice variant specific mouse monoclonal antibodies (ab) on 150-patient  

tissue microarray (TMA). a. Blue/brown staining with ERRb ab. Automatic  b. cellular 

phenotyping and c. detection of  cells “positive”/ above threshold vs. “negative”/ below  threshold 

for antibody. Threshold set by software.  
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Figure 24. continued d. ERRb protein expression in breast tumors. Representative images of ER+, 

HER2, and TNBC tumor tissues from 150 patient tissue microarray series stained with ERRb 

antibodies. 
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Figure 25. Semi-automated quantification of percent cell positive for ERRb by IHC. A. Total 

percent (%) of cells per patient tumor that are ERRb positive, by IHC subtype, *p<0.01. b. Ratio 

of total ERRb2 : total ERRbsf determined for patients with ER+, HER2+, and TNBC. c-e. ERRb 

expression by race.  Interactions between ERRb2 receptor expression (c,d) and ERRbsf expression 

(e,f) and race. Two- way ANOVA, followed by DSCF pair-wise comparison *p < 0.05 
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Table 4. ERRb isoform expression and subcellular localization in TMA. 

 

  

 

 (4.1) Mean (sd) and median (IQR) percent cell expression of ERRb2 receptor, ERRbsf receptor, 

and total ERRb2 : total ERRbsf in patients with ER+, HER2+, and TNBC. (4.2) Mean and median 

percentage of cells staining positive for ERRb2 or ERRbsf receptors in either the nucleus or the 

cytoplasm in three IHC breast cancer subtypes 

 

 

 

 

4.1
Mean (sd) Median [IQR] Mean (sd) Median [IQR] Mean (sd) Median [IQR]

0.016* 0.086 0.095

 1.27 [1.11, 0.49]

 1.28 [1.13, 1.45]

1.17 [1.07, 1.30]

0.71 [0.59, 0.82]

0.77 [0.65, 0.88]

1.39 (0.52)

1.36 (0.39)

1.28 (0.53)

ERRβ2 ERRβsf ERRβ2:ERRβsf

0.86 (0.10)  0.87 [0.82, 0.94]

0.90 (0.13) 0.95 [0.87, 0.98]

0.85 (0.23)  0.94 [0.82, 0.98]

0.66 (0.16) 

0.70 (0.17)

0.71(0.23)

0.68 [0.58, 0.77]

TNBC
(n=50)

Kruskal-Wallis p -value

ER+
(n=50)
HER2+
(n=50)

4.2

Mean (sd) Median [IQR] Mean (sd) Median [IQR] Mean (sd) Median [IQR] Mean (sd) Median [IQR]
ER+
(n=50)
HER2+
(n=50)
TNBC
(n=50)

0.09 [0.04, 0.14]

 0.16 [0.07, 0.29]

0.15 [0.07, 0.31]

ERRβsf

 0.67 [0.37, 1.00]

 1.00 [0.99, 1.00]

1.00 [1.00, 1.00]

 0.47 [0.16, 0.96]

0.01 [0.00, 0.03]

0.01 [0.00, 0.02]

 0.13 [0.03, 0.29]

0.37 [0.13, 0.46]

0.32 [0.11, 0.43]0.96 (0.17) 0.07 (0.19) 0.33 (0.25) 0.22 (0.20)

ERRβ2
Nuclear Cytoplasmic Nuclear Cytoplasmic

0.98 (0.05), 0.03 (0.06) 0.35 (0.25), 0.20 (0.18)

0.65 (0.36) 0.55 (0.40) 0.17 (0.15) 0.11 (0.09)
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We next assessed statistical interactions and main effects of three variables: IHC subtypes 

(variable 1), lymph node status, race or age (variable 2), and ERRβ status (variable 3).  For ERRβ2 

expression, there were no statistical interactions between the IHC subtypes and lymph node status, 

race or age that affected ERRβ status. There was no significant main effect on ERRβ2 expression 

by IHC subtypes with lymph node status, or, by IHC subtypes with age. However, race did show 

a significant main effect (p = 0.024) or difference in ERRβ2 expression amongst the different races 

(Figure 25c, Table 5).  Follow-up post-hoc Kruskal-Wallis found that the ERRβ2 median was 

significantly different amongst the three IHC subtypes in AA patients (p = 0.0312, Figure 25d). 

Further pairwise comparisons with DSCF method showed this observed difference was between 

patients with ER+ and TNBC (p = 0.0212, Figure 25b, d). 

There were no significant statistical interactions between the IHC subtypes and lymph node 

status or age that affected ERRβsf status, however we did see significant interaction effect with 

race (p = 0.009) indicating differential ERRβsf expression within the 5 races between the 3 IHC 

subtypes (Table 5, Fig. 25e). This significant interaction was followed up with a Kruskal-Wallis 

post hoc analysis which showed that median ERRβsf expression was significantly different among 

5 races in the HER2 IHC receptor subtype (p = 0.0102). Follow-up pairwise comparisons showed 

that this significant difference was between AA and CW patients (p = 0.0282, Figure 25f). 
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Table 5. ERRb isoform expression and clinical features.  

 

Statistical analysis of ERRb2 and ERRbsf receptor expression in the IHC subtypes and lymph 

node status, race, and age, with and without interaction. Differences in the expression of isoform 

among the IHC subtypes were assessed when considering the demographic information (node 

status, race, and age). 

 

 

 

 

 

Source DF Anova SS Mean Square F Value Pr > F Source DF Anova SS Mean Square F Value Pr > F

Receptor Status 2 15.34 7.67 3.03 0.052 Receptor Status 2 5.63 2.82 2.41 0.094

Lymph Node Status 1 1.26 1.26 0.5 0.482 Lymph Node Status 1 2.72 2.72 2.32 0.13

Receptor Status*Lymph Node Status 2 0.8 0.4 0.16 0.856 Receptor Status*Lymph Node Status 2 0.71 0.35 0.3 0.741

Source DF Anova SS Mean Square F Value Pr > F Source DF Anova SS Mean Square F Value Pr > F

Receptor Status 2 15.34 7.67 3.03 0.052 Receptor Status 2 5.63 2.82 2.41 0.094

Lymph Node Status 1 1.26 1.26 0.5 0.482 Lymph Node Status 1 2.72 2.72 2.32 0.13

Source DF Anova SS Mean Square F Value Pr > F Source DF Anova SS Mean Square F Value Pr > F

Receptor Status 2 14.55 7.28 2.88 0.059 Receptor Status 2 4.22 2.11 1.95 0.147

Race 4 29.45 7.36 2.92 0.024 Race 4 6.93 1.73 1.6 0.179

Receptor Status*Race 6 19.08 3.18 1.27 0.27 Receptor Status*Race 6 19.46 3.24 2.99 0.009

Source DF Anova SS Mean Square F Value Pr > F

Receptor Status 2 14.55 7.28 2.88 0.059

Race 4 29.45 7.36 2.92 0.024

Source DF Type III SS Mean Square F Value Pr > F Source DF Type III SS Mean Square F Value Pr > F

Receptor Status 2 0.72496893 0.36248447 0.13 0.8753 Receptor Status 2 0.37197751 0.18598875 0.15 0.859

Age (years) 1 1.09642755 1.09642755 0.4 0.5264 Age (years) 1 0.14527096 0.14527096 0.12 0.7308

Receptor Status*Age 2 0.26823291 0.13411645 0.05 0.9519 Receptor Status*Age 2 0.14740298 0.07370149 0.06 0.9415

Source DF Type III SS Mean Square F Value Pr > F Source DF Type III SS Mean Square F Value Pr > F

Receptor Status 2 12.56 6.28 2.34 0.1 Receptor Status 2 3.7 1.85 1.54 0.219

Age (years) 1 1.13 1.13 0.42 0.518 Age (years) 1 0.18 0.18 0.15 0.699w
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We next analyzed the subcellular localization of ERRβsf and ERRβ2 isoforms amongst the 

different IHC subtypes. Previous studies have shown that ERRβsf and ERRβ2 have different 

localization and functions within cells [46], with ERRβsf predominantly nuclear and ERRβ2 

expressed in both the nucleus and cytoplasm. ERRβ2 had higher cytoplasmic vs. nuclear staining 

in patients with ER+ compared to patients with HER2 or TNBC, while ERRβsf had both nuclear 

and cytoplasmic staining in all three IHC subtypes (Figure 26a, 26b, Table 4). We performed 

Spearman rank analysis to measure the association between the nuclear and cytoplasmic staining 

of ERRβ2 and ERRβsf in each IHC subtype. In the ER+ group, both ERRβ2 and ERRβsf nuclear 

staining were significantly positively correlated with cytoplasmic staining (r= 0.945, p < 0.0001 

and r=0.488, p = 0.00038, respectively) meaning the expression of nuclear ERRβ2/ERRβsf 

increases when the value of cytoplasmic ERRβ2/ERRβsf increases. In the HER2 group, ERRβ2 

nuclear staining was significantly negatively correlated with cytoplasmic staining (r= -0.922, p 

<0.0001), while ERRβsf nuclear staining was positively correlated with cytoplasmic staining 

(r=0.928, p <0.0001). In the TNBC group, ERRβ2 nuclear staining was also significantly 

negatively correlated with cytoplasmic staining (r= -0.729, p <0.0001), while ERRβsf nuclear 

staining was positively correlated with cytoplasmic staining, (r=0.93, p <0.0001). (Figure 26c).  

 

 

 

 

 

 

 



 
 

75 

 

 

 

Figure 26. Subcellular localization of ERRb2 and ERRbsf in TMA cores. Expression of 

ERRb2 (a) and ERRbsf (b)  was determined as cytoplasmic or nuclear localization within the three 

IHC subtypes. c. Correlation coefficient of ERRb2 and ERRbsf between nuclear and cytoplasmic 

staining, by IHC subtype 
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2.4 Discussion 

 In this study, we characterize ONR ESRRB/ERRβ copy number and expression and its 

clinical correlations in breast cancer. Patients with low ESRRB mRNA expression have 

significantly shorter overall survival.  ESRRB mRNA expression is significantly lower in 

TNBC/BLBC vs. other breast cancer subtypes, but not significantly associated with age, lymph 

node status, or grade. In an independent dataset, we find no evidence of ESRRB copy number loss 

in patients with TNBC, suggesting that reduced mRNA expression is driven by other mechanisms. 

We further find that ESRRB expression is correlated with that of genes associated with neuroactive 

ligand-receptor interaction, metabolic pathways, and deafness, and that these genes contain G/C-

rich transcription factor binding motifs. We show that the ESRRB message, which is alternatively 

spliced into three distinct isoforms, leads to different isoform transcription factor activity in TNBC 

cell lines that are characterized as basal-like vs. the mesenchymal or luminal androgen receptor 

subtype. Finally, we show in clinical samples that the ERRβ2 and ERRβsf isoforms are broadly 

expressed at the protein level. 

We found that the loss of ESRRB mRNA in patients with TNBC/BLBC was not due to a 

loss of copy number, and in fact there was a gain in ESRRB copy number in all breast cancer 

subtypes. Though the copy number gain was not significant, it does suggest that there is a 

mechanistic variance occurring during transcription of this gene in patients with breast cancer that 

drives the loss of mRNA that is consistently and significantly observed especially in TNBC/BLBC. 

While our ancestrality marker results were not significant, in the subset which had a small number 

of patients, we saw a trend toward reduced ESRRB copy number in AA versus CW patients which 

aligned with 1000 Genome Project-defined AFR and AMR individuals, respectively. This 

addresses a clinical diagnosis issue frequently encountered in which demographic information is 
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misreported [143]. In this case, we looked at self-reported race in comparison to refined race and 

ethnic information from genotyping, and saw a difference in copy number that was not seen with 

only the self-reported race. The trend suggests that with a statistically-powered analysis (more 

patients) we would see more definitive results. Our results suggest that there is value to the addition 

of ancestrality markers to future analyses. It may also address an issue with accessibility to race 

data. For example, because of the limited amount of clinical data on race, when we filter for AA 

patients with TNBC whose tumors express ESRRB there are < 29 out of the 1098 in TCGA.  

When looking at transcription factor activity we found that the three known splice variants 

ERRβsf, ERRβ2, ERRβ-D10 when exogenously expressed, have differential activity on known 

ESRRB response elements. In basal-like TNBC cell line, BL2, ERRβsf had higher activity on the 

ERRE while ERRβ-D10 had higher activity on the sp1 response element. Meanwhile in LAR and 

ML TNBC cell lines, ERRβsf and ERRβ-D10 had higher activity on both response elements, while 

ERRβ2 had no change in activity. The LAR and ML subtypes are consistent with our previous 

publication in which we showed that in a ER+ setting ERRβsf has higher activity on the ERRE 

while ERRβ2 shows no change in activity [46]. The difference in activity may be explained by the 

differing C-terminus of the splice variants. While all three isoforms share exons 3 - 9, ERRβsf is 

truncated at exon 9, ERRβ2 has exon 10 and part of 11 and ERRβ-D10 skips exon 10, but contains 

exons 11 and 12. Due to the different exon combinations, the 3 variants have different functional 

domains which may cause steric hindrance and thus may alter the binding of each variant to DNA. 

To further validate these findings, stable cell lines with inducible overexpression of ESRRB 

isoforms should be established. Transient overexpression limits the time frame in which 

experiments can be carried out to 24-72 hours, with optimal expression ~48 hours in the TNBC 

cell lines. Stable overexpression would allow us to further evaluate other features such as 
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proliferation, cell death, migration, and invasion in association with overexpression of specific 

ESRRB isoforms. Non-transformed mammary epithelial cells MCF10As should also be established 

with both stable overexpression and knockdown/knockout with rescue.  

This is the first reported comparative quantification of ERRβsf and ERRβ2�protein 

expression in IHC breast cancer subtypes. Our 150-patient TMA revealed that in all three IHC 

subtypes (ER+, HER2, TNBC) a higher percentage of tumor cells are ERRβ2+ than ERRβsf+. We 

established that ERRβ2 was significantly different between patients with ER+ or HER2, and that 

the ratio of ERRβ2:ERRβsf was lower in patients with TNBC that it was in patients with ER+ or 

HER2. Though this difference was not statistically significant, it did suggest that in the more 

aggressive breast cancer subtype there is either an increase in expression of the ERRβsf splice 

variant, or a decrease in expression of the ERRβ2 splice variant. Our previous publications have 

led to the hypothesis that ERRβ-specific, ligand-mediated mitotic arrest is due to the ERRβ2 splice 

variant, and that the loss of this splice variant is an effect of the malignant transformation 

associated with TNBC/BLBC [46].  

We have previously published that in breast cancer cell lines ERRβ2 localizes to the 

cytoplasm and centrosomes in the nucleus while ERRβsf localizes in the nucleus [46]. We further 

looked at this localization to see if there were differences amongst the three IHC subtypes. We 

established that while in ER+ tumors there was a positive correlation between nuclear and 

cytoplasmic staining for ERRβ2 and ERRβsf, both HER2 and TNBC - clinically aggressive 

subtypes - showed a positive correlation for ERRβsf and a negative correlation for ERRβ2. 

Furthermore, ERRβ2 localized almost exclusively in the nucleus in both of those settings. The 

inconsistency from our previous findings points to the question of heterogeneity and how to best 

treat patients with cancer based on the different cells within a tumor. 
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This study has provided insight into the expression of ERRβ and its implications in 

TNBC/BLBC, an aggressive subtype of breast cancer which, to date, does not have any targeted 

therapies. Limitations of our study include the underrepresentation of African-American patients, 

a group that is disproportionally affected by this breast cancer subtype. Though the SCAN-B data 

set is very large, it has limited racial and ethnic diversity. Our TMA had ~1/3 AA patients, which 

is an improvement over past studies some of which did not include any AA patients. Additionally, 

we have shown the value ancestrality information can provide in lieu of self-reported race.  

Another limitation of our analyses includes the inability to properly examine splice variant 

– specific ESRRB at the mRNA level. Due to the overall loss of ESRRB observed in the cancer 

setting, it is extremely difficult to look at individual isoform expression. To properly quantify 

splice variants at the RNA level, we would need to use ultra-deep RNAseq [144, 145]. This 

increases genome coverage and improves sequencing accuracy, providing assurance that we are 

accurately looking at isoform mRNA expression. 

 Future steps include in vitro validation of our DEG, pathway, and promoter analyses to 

further determine ESRRB co-regulatory partners. As previously stated, the establishment of stable 

cell lines will be instrumental in these validation studies. With this information ESRRB/ERRβ 

could serve as a future therapeutic target or as a biomarker in TNBC. 
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CHAPTER 3: Summary of results and future directions 

3.1 Summary of results  

This body of work comprehensively characterizes ONR ESRRB/ERRb in breast cancer. 

DNA copy number, mRNA expression, and protein expression of ERRb are analyzed and 

clinical correlations addressed. We observe that patients with low ESRRB mRNA expression 

have significantly shorter overall survival. In an independent cohort, we see that ESRRB mRNA 

expression is significantly lower in TNBC or BLBC vs. other breast cancer subtypes and/or in 

normal-like breast tissue, confirming previous findings by Garattini, et. al in a larger dataset.  

There are no significant associations between ESRRB mRNA expression and age, lymph node 

status, or grade. ESRRB expression in patients with TNBC is correlated with the expression of 

genes associated with neuroactive ligand-receptor interaction, metabolic pathways, and deafness. 

Based on previous literature and the known roles of ERRb, we would expect to these pathways 

and pathologies represented. The genes that are overexpressed in breast tumors with high ESRRB 

expression contain G/C-rich transcription factor binding motifs, this is relevant because most 

transcription factors are known to bind to GC-rich areas which are more readily accessible on the 

genome [146-148] .    

Analyzing an independent dataset of both AA and CW women no evidence of ESRRB 

copy number loss in patients with TNBC, implying that reduced mRNA expression may not be 

due to a reduction in copy number. Interestingly, in all patients with breast cancer, there is in fact 

a gain in ESRRB copy number. However, it is important that mRNA expression be measured in 

the same dataset to confirm this preliminary conclusion. This, coupled with our, and others’, 

finding that ESRRB mRNA is decreased in tumor vs normal breast tissue, suggests that 

transcriptional and/or post-transcriptional regulatory mechanisms control expression of this gene 
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in breast cancer. When reanalyzing copy number data to look at self-identified AA and CW 

patients (re-defined as AFR and AMR patients with 1000 genome projects ancestrality 

informative markers) there is a trend toward reduced ESRRB copy number in AFR-defined 

patients. This difference in copy number when looking at the refined race and ethnic information 

from genotyping in comparison to self-reported race data, in addition to the previously published 

differences seen in TNBC biology when comparing race and ethnicity versus self-reported race 

information [92], supports the importance of including ancestrality informative markers to future 

work.  

ERRb isoforms, when exogenously expressed, have differential activity on known 

ESRRB response elements, and there is a difference between TNBC cell lines. The LAR and ML 

subtypes behave similarly to ER+ cell lines [149, 150] . In LAR and ML TNBC cell lines, 

ERRbsf and ERRb-D10 are active on both ERRE- and Sp1-driven promoter-reporter constructs, 

with ERRbsf consistently more active than ERRb-D10. By contrast, ERRb2 has no significant 

transcription factor activity in comparison to the empty vector control. However, in the BL2 

TNBC cell line (HCC1806) ERRb2 has significant activity at both ERRE and Sp1 sites, albeit 

much less than either ERRbsf or ERRb-D10 in the case of Sp1. On ERRE sites in this cell line, 

ERRb-D10 has the highest transcription factor activity. The difference in activity between the 

isoforms is likely explained by the carboxy terminus of the splice variants. Due to the different 

exon combinations, the 3 variants have different functional (AF-2) domains. This causes steric 

hindrance and may alter the binding of each variant to DNA as we have seen with AIB1, a 

known coregulatory protein of, and necessary transcriptional factor for the functions of, ERRβsf 

[151]. In the ER+ setting, exogenous expression of AIB1 has been shown to not only induce 

ERRE activity on its own, but also increase ERRβsf activity on the ERRE; on the other hand, 
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ERRb2 inhibits A1B1 activity on the ERRE [46]. The difference between the two splice variants 

activities plus the difference in the CTE could explain the inference. By altering the tertiary 

structure of the ERRβ protein, the ability of the NR to recruit and bind to its coregulators and 

thus regulate gene expression is affected. Though ERRβ is known to be constitutively active with 

Helix 12 helping to form the groove that allows for coregulatory protein binding [11, 12], the 

CTE of ERRβ2 is likely altering this groove. It can also be speculated that it is the DNA itself 

affecting allosteric control of coregulator binding. For instance, the response element of NR 

thyroid receptor has been shown to alter coactivator binding to the NR by inducing a 

conformational change of DNA itself [152]. 

In a cohort of clinical samples representing the three major immunohistochemical breast 

cancer subtypes, there is broad expression of the ERRb2 and ERRbsf isoforms. ERRb2, but not 

ERRbsf, is significantly different among three IHC receptor subtypes (ER+, HER2, TNBC). 

Median expression in TNBC shows a lower ERRb2: ERRbsf expression ratio in comparison to 

ER+ and HER+ subtypes. When looking at interactions between (1) IHC subtypes, (2) lymph 

node status, race or age, and (3) ERRb status, ERRb2 expression is different amongst the 

different races, specifically amongst AA patients, ERRb2 expression significantly higher in 

patients with TNBC compared to ER+. ERRbsf expression is significantly higher in AA 

compared to CW patients with HER2 breast cancer. 

We also find different subcellular localization of the isoforms. In ER+ tumors, a higher 

number of cells show cytoplasmic ERRb2 staining vs. nuclear staining compared to patients with 

HER2 or TNBC. ERRbsf has both nuclear and cytoplasmic staining in all three IHC subtypes. In 

the ER+ setting, ERRb2 and ERRbsf nuclear staining is significantly positively correlated with 

cytoplasmic staining. However, in HER2 and TNBC ERRb2 nuclear staining has a negative 
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correlation with cytoplasmic staining while ERRbsf nuclear staining has a positive correlation 

with cytoplasmic staining. The nuclear localization of ERRb2 in the biologically more 

aggressive breast cancer subtypes HER2 and TNBC leads to the hypothesis that this isoform is 

involved in up-, or down-, regulating a different set of genes that are contributing  to a. more 

aggressive biology. 

 

3.2 Novelty of findings 

This study has provided insight into the expression of ERRb and its implications in 

TNBC/BLBC, an aggressive subtype of breast cancer that lacks targeted therapies.  

Multiple large datasets confirm that ESRRB mRNA expression is decreased in TNBC compared 

to other breast cancer subtypes. Furthermore, in TNBC cell lines there is increased 

transcriptional activity on known ERRb response elements by splice variants ERRbsf and 

ERRb-Dd10, but not by ERRb2.  

  Additionally, this report begins to address the value ancestrality informative markers can 

provide in lieu of self-reported race. Previous studies have shown the added benefit in 

determining breast cancer risk by using AIMs. For example, one group showed increased risk of 

developing breast cancer in Latina women with higher European ancestry but a 2-fold increased 

risk of breast cancer-mortality in women with <50% Indigenous American ancestry versus 

women with ³50% [153, 154]. For both of these studies, the risk was not seen without the 

stratification being done. Furthermore, it is established that there is a difference in the biology of 

breast cancer seen among racial and ethnic groups. Stewart, et al showed that AA women show 

increased gene expression of components of the p53, BRCA1, Aurora A/B, and polo-like kinase 

signaling pathways in comparison to CW women [94]. Other groups have found increased 
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signaling of insulin-like growth factor 1 receptor [155]; enhancer of zeste homologue 2 [156, 

157]; WNT–β-catenin pathway [158]; aldehyde dehydrogenase 1 (ALDH1) - cell surface 

markers associated with self-renewal capacity [159, 160], all of which may contribute to 

aggressive TNBC biology.  

This is the first reported comparative quantification of ERRbsf and ERRb2 protein 

expression in IHC breast cancer subtypes. There is translational component added by using 

clinical samples that is not obtained from cell line work. In the clinical samples, we see that the 

levels of ERRb2 are higher that ERRbsf in all IHC breast cancer subtypes and that the ratio of 

ERRb2: ERRbsf is lower in TNBC compared to the other subtypes. The expression of ERRbsf is 

significantly higher in AA patients compared to CW and amongst AA patients the level of 

ERRb2 is significantly higher in patients with TNBC than patients with ER+. We also see that 

while the nuclear and cytoplasmic localization of ERRbsf are positively correlated for the three 

IHC subtypes, ERRb2 localization is positively correlated only for ER+. The negative nuclear: 

cytoplasmic correlation of ERRb2 in the HER2 and TNBC subtypes, which are both 

phenotypically more aggressive breast cancer subtypes leads to many avenues that can be 

explored. Namely, what is the association of the individual splice variants with these two IHC 

breast cancer subtypes? Is ERRb2’s almost complete localization to the nucleus in these settings 

driving the expression of a different set of genes that is causing a more aggressive cancer 

phenotype? If yes, is this an associate or a causation? Is the higher expression indicative of a 

potential target in this disease? If this genes’ splice variants are having such different effects on 

gene expression- are there splice variants of other genes that should be examined closer? 
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3.3 Study limitations  

There is an established race disparity in TNBC and BLBC. AA patients are diagnosed 

more frequently and have a worse prognosis. One of the biggest challenges to addressing this 

disparity is the accessibility to data for researchers. In vitro, though race information is known 

for the patients that cell lines are derived from, these cell lines are not a true way to look at the 

impact of race and ethnicity on cancer. This means that clinical samples need to be used instead. 

TNBC and BLBC have a large race disparity that transcends socio-economic factors [92, 95]. To 

properly address this disease and establish new targets, it is important to look at different races in 

the quest for personalized medicine.  By working to eliminate the race disparity aspect of cancer 

treatment, we can shift our focus entirely to the biology of cancer, ridding our research of 

additional confounding factors.  

One limitation of this work when trying address this cancer is the underrepresentation of 

AA patients in clinical samples. When analyzing TCGA data, removal of patients with TNBC or 

BLBC by race based on ESRRB expression left a limited number of patients (<10). Additionally, 

though the SCAN-B data set is very large, it has limited racial and ethnic diversity because it is 

based out of Sweden where the population is primarily of Scandinavian descent, with ~20% of 

the population being foreign [161, 162]. The TMA had ~1/3 AA patients, an improvement over 

past studies some of which do not include any AA patients, though an improvement over the 

RNAseq data, this only partially aids in addressing racial differences. 

 Historically, AA patients have been less likely to participate in clinical studies [163-

166]. The reason for this is two-fold: (1) past studies, guinea pig fear factor, barriers to trust and 

(2) researchers not asking AA patients to participate. The first part begins with past studies, for 

example the Tuskegee syphilis study, or the establishment of HeLa cells without consent, and an 
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effect of systemic racism that is deep-rooted in our society [167-171]. This limits accessibility of 

patients to trials and studies, and researchers to patients [172] . Additionally, there is a lack of 

information and this causes fear and hesitation in participating in studies and clinical trials [173, 

174]. Studies have shown that AAs have significantly higher Guinea Pig Fear Factor than CWs 

[175] .  AA representation in research, experienced mistreatment, lack of clinician 

professionalism, and financial difficulties have all been identified as barriers to trust [176-179]. 

Additionally, fear of negative outcomes (consuming toxic chemicals, mistreatment, lack of 

confidentiality) has also been reported as a reason for lack of AA participation in studies [179, 

180].  

However, recent studies demonstrate that when AA are specifically asked to participate 

in trials, they are just as likely to be willing participants as CW patients [181, 182]. This leaves 

other potential barriers to AA participation that need to be addressed. For example study design 

such as inclusion and exclusion criteria, i.e co-morbidities; lack of cultural competency; and 

limited amounts of clinical trials available in home institutions (for example in areas that are 

readily accessible) [181, 182] . 

Another layer to barriers to patients of different races and ethnicities is that frequently 

demographic information is misreported [183]. This is partly due to intake from the clinical side. 

In 1999, a study showed that ethnic classification based on medical records underestimated the 

cancer incidence rate [184]. Studies in 2003 which looked at CW, AA, and other (Hispanic, 

American Indian, Asian and Pacific Islander) and 2005, which looked at CW, AA, Asian, and 

American Indian did not show major improvements with a 60% and 47-95% discordance, 

respectively between administrative data on race and self-reported race/ ethnicity [185]. 
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The discrepancy in race and ethnic demographic information in clinic is also due to self-

reported race. Interestingly, a group did an AIMs analysis of established cell lines and found that 

of those collected from patients that self-reported or were listed in clinic as CW, 97% of them 

matched with EUR ancestry. However, for cell lines established from self-reported AA patients, 

one prostate cancer cell line resulted to have 99% EUR ancestry, another 92% EUR ancestry, 

and breast cancer cell line MDA-MB-468 breast cancer cell line resulted in 23% Native 

American (NA) ancestry which the authors suggest is likely Afro-Hispanic/Latina ancestry 

[186]. In our study, self-reported race is compared to refined race and ethnic information from 

genotyping. There was a lower ESRRB copy number in the patients defined as AFR by 1000 

Genomes Project, but this difference was not observed when analyzing the data with only the 

self-reported race. There is value in the addition of ancestrality informative markers to future 

analyses as it would add more insight to the differences in biology and in treatment response and 

can help guide treatment decisions. This lends support to further refining AIMs analyses and 

making its use more streamlined so that it can be effectively used in clinic in a rigorous and 

reproducible manner. 

For in vitro studies in TNBC cell lines, transient overexpression of ERRb limits the time 

frame in which experiments can be carried out to 24-72 hours, with optimal expression ~48 

hours in the models we used.  Our current findings should be further validated using stable cell 

lines with inducible overexpression of ESRRB isoforms. Stable overexpression also allows for 

further evaluation into the mechanism of the ERRb isoforms by looking at other features such as 

proliferation, cell death, migration, and invasion. Non-transformed mammary epithelial cells 

MCF10As should also be established with both stable overexpression and knockdown/knockout 

with rescue.  
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To validate the specificity and sensitivity of the monoclonal anti-human ERRb antibody 

several steps must be taken. First, we know that there are two monoclonal antibodies for ERRb 

which preferentially detect ERRbsf and the ERRb2, as shown by western blot. To confirm the 

antibody sensitivity in an ER+ setting (as previously described the isoforms are known to 

differentially bind to ERa/b), stable overexpression and knockout cell lines for ERRb  and ERa 

can be used. If the binding of ERa to ERRb  does not alter  the sensitivity of the antibody, we 

should be able to detect the same levels of ERRb  in an ER+ setting with and without ERa 

expression. Alternatively, protein complex immunoprecipitation (Co-IP) by first pulling down 

ERRb, then ERa, and vice versa in an ER+ setting should also yield similar levels of ERRb  

protein by western blot. 

After these cell lines are established, antibody specificity is confirmed, and in vitro work 

is done in 2D and 3D culture, the next step would be to perform mouse studies with these cell 

lines. By injecting these inducible cell lines into mice, we will be able to assess the function of 

ERRb in a whole-animal model system. This will better consider extracellular components and 

the influence of these additional factors on the function of the protein on tumorigenesis.  

Another limitation is the inability to properly examine splice variant – specific ESRRB at 

the mRNA level in all current sources of publicly available RNAseq data. Across multiple 

studies, ESRRB expression is markedly reduced in tumor vs normal tissue, and this makes it 

difficult to accurately measure expression of each transcript variant [1, 28, 31, 40, 116]. To 

properly quantify ESRRB variants at the RNA level, ultra-deep RNAseq should be performed 

[144, 145]. This increases genome coverage and improves sequencing accuracy, providing 

assurance that we are accurately looking at transcript variant mRNA expression. 
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3.4 Future directions 

 Future steps include in vitro validation of our DEG, pathway, and promoter analyses to 

further determine ESRRB co-regulatory partners. As previously stated, the establishment of 

stable cell lines will be instrumental in these validation studies. This can help to determine the 

utility of ERRb, and specifically the splice variants, as a target or prognostic marker in breast 

cancer, and better define the role of this gene in this setting. Having a stable, inducible system 

will also allow for establishment of a targetable pathway. In addition, findings from our TMA 

studies should be followed up with FISH analysis for ESRRB to properly assess copy number 

and directly correlate it with protein expression in this cohort. 

To date, there have been several ESRRB targeting drugs, one of the more promising ones 

being ESRRB – selective synthetic drug is DY131 (DY) [187].  In vitro studies in breast cancer 

have shown that DY decreases cancer cell proliferation, but does not alter growth of non-

transformed mammary epithelial cells. It induces apoptosis and mediates cell cycle arrest 

through the splice variants ERRbsf and ERRb2. Treatment with DY also induces defects in 

spindle polarity and localization of the ERRb2 splice variant suggests this is the driving factor 

[46]. It can be hypothesized that treatment with DY will target ERRb2 preferentially in the 

cancer setting because this current work shows that there is a higher amount of ERRb2 compared 

to ERRbsf (Figure 25, Table 4). However, this drug needs to be further studied and refined for 

use in humans.  

Alternatively, one of ESRRB co-regulatory partners may have an already FDA-approved 

drug that can target it. Combination of multi-omics approach plus in vitro validation will be 

useful in determining the value of targeting the various differentially expressed genes in the 
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cancer setting. With this information ESRRB/ERRb could serve as a future therapeutic target or 

as a biomarker in TNBC. 
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