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Abstract 

Estrogen receptor has long been the most effective diagnostic and prognostic tool 

in the management of breast cancer. For ER-positive breast cancers, this means better 

prognosis, more available treatment options, lower recurrence rates, and better overall 

survival. Meanwhile, ER-negative breast cancers have more aggressive disease 

phenotypes and fewer treatment options, culminating in poorer prognoses. However, this 

broad distinction between ER-positive and ER-negative tumors takes only one ER status 

into account. Until 1996, ERa was the only known estrogen receptor. With the discovery 

of another estrogen receptor called ERl3 in 1996, there are two major estrogen receptors, 

ERa and ERl3 . ERa is thought to be the predominant ER in breast cancer, with every 2 

out of 3 breast tumors being ERa-positive, and notably, is the only ER that determines 

the aforementioned "ER status". More and more studies conclude that ERl3 expression 

may be just as widespread as ERa. However, the role that ERl3 plays in breast cancer is 

not straightforward , and many studies offer conflicting views of ERl3. The broad objective 

of this dissertation work is to contribute to the elucidation of ERl3 in the breast cancer 

field , as it pertains to p53. Triple negative breast cancers (TNBCs) have poorer 

prognosis and more aggressive phenotypes compared to other breast cancer subtypes. 

These tumors are negative for estrogen receptor a (ERa), progesterone receptor, and 

Her-2/neu receptor, and therefore, are poor candidates for traditional hormone therapy 

and Herceptin . Although TNBCs respond to cytotoxic chemotherapy initially, they soon 

become resistant. While all TNBCs are negative for ERa, many still express estrogen 

receptor 13 (ERl3) . Similar to ERa, ERl3 can directly bind and interact with p53, resulting in 

inhibition of its functions . Previous studies in our lab have discovered opposing roles for 

ERl3 in different p53 contexts . In breast cancer cells (such as MCF-7) expressing wild-
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type (WT) p53, ERl3 will directly bind WT p53 and block p53-target gene transcription , 

and therefore block tumor suppression . In mutant p53-expressing TNBC cells (MDA-MB-

231 ), ERl3 binds mutant p53 and sequesters it away from p73, allowing for restored p73 

tumor suppressor activity. However, in addition to differing p53 statuses, these cell lines 

are vastly different. In Aim 1, an isogenic system was created using CRISPR/Cas9 

technology to genetically knock out p53 in an MDA-MB-231 variant cell line. When WT 

and mutant p53 are re-expressed into this cell line, they both have opposite effects on 

gene transcription and cell growth, confirming that they are behaving as expected and 

validating the system. When WT p53 is added back into the isogenic system, ERl3 can 

still inhibit WT p53-target gene transcription and downstream functions . Therefore, p53 

context is a significant factor in ERl3 functioning . In Aim 2, it is determined how ERl3 

ligands regulate the ERl3-mutant p53 interaction . The prototypic ERa antagonist 4-

hydroxy tamoxifen (4-0HT) increases the ERl3-mutant p53 interaction by elevating total 

ERl3 protein levels, while simultaneously decreasing the mutant p53-p73 interaction , 

leading to an increase in p73 activity. Conversely, PHTPP (an ERl3-specific antagonist) 

disrupts the ERl3-mutant p53 interaction , which allows more mutant p53 to bind and 

inhibit p73. The ERl3-specific agonist, DPN showed no effect on the ERl3-mutant p53 

interaction , but was still able to initiate apoptosis, presumably through direct ERl3 

signaling . The effects of 4-0HT and PHTPP are also dependent on mutant p53, further 

confirming that ERl3 is regulating downstream p73 activity through its interaction with 

mutant p53. Finally, Aim 3 determines if 4-0HT can be used to increase the efficacy of a 

chemotherapeutic agent through restored p73 activity. Combining 4-0HT with 

doxorubicin increases the efficacy of doxorubicin by decreasing the ICso. This 

combination also increases the activation of apoptosis, seemingly mediated through the 

restored p73 activity induced by 4-0HT. In conclusion , ERl3 ligands can differentially 
xiii 



modulate the ERl3-mutant p53 interaction and control downstream p73 activity, resulting 

in increased efficacy of doxorubicin . The lack of targeted and effective therapies 

available for the treatment of TNBCs leaves these patients with worse prognosis and 

overall survival than other breast cancer subtypes. There is an immediate need to 

identify novel therapies, as well as increase the efficacy of current therapies . The current 

work suggests that tamoxifen, an already FDA-approved and well-tolerated drug, could 

be repurposed for the treatment of TNBC due to its ability to increase the efficacy of 

doxorubicin . When screening for new drugs to target ERl3, consideration should also be 

given to the effect of the drug on ERl3's binding capabilities to p53, as well as its effect 

on ERl3 transactivation . Additionally, p53 status of the tumor should also be considered 

when attempting to target ERl3. While targeting ERl3 in the mutant p53 context may be 

beneficial, targeting ERl3 in a WT p53 context could lead to worse clinical outcomes. 
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Chapter 1: General Background 

Breast Cancer subtypes and treatment strategies 
Breast cancer is the most frequently diagnosed cancer in women , and the 

2nd most leading cause of cancer-related deaths in women 1. Once discovered, a 

diagnostic biopsy is performed2 . The biopsy specimens are tested for the 

expression of estrogen receptor (ER), progesterone receptor (PR), and human 

epidermal growth factor 2 (HER-2/neu). The presence or absence of any or all of 

these receptors will identify the tumor as a specific breast cancer subtype, and 

more importantly, the presence of these receptors will dictate the best treatment 

strategy for the patient. In most cases, regardless of subtype, surgical resection 

is performed to remove the primary tumor. Surgery is then followed up by a 

regimen of chemotherapy, radiotherapy, and/or targeted therapies, depending on 

the subtype. For example, tumors that are positive for ER, will typically receive 

some form of hormone therapy, while ER-negative tumors will not. 

Traditionally, the subtype classification has been solely determined by 

immunohistochemical (IHC) staining of ER, PR, and HER-2/neu in the tumor 

tissue and almost all breast tumors will fall into one of three subtype 

classifications based on the expression of ER, PR, and/or Her-2/neu receptors . 

These three receptor status subtypes are (1) ER/PR-positive (ER+/PR+/HER2-), 

(2) HER-2/neu overexpressing (ER-/PR-/HER-2+), and (3) triple negative (ER

/PR-/HER-2)3.4 _ More recently, IHC staining has been complemented with testing 

the genetic material of the tumor. The PAM50 (Prediction Analysis of Microarray 

50) assay profiles tumors using a 50 gene signature to classify tumors into one of 

6five molecular subtypes5· . These molecular subtypes are (1) luminal A, (2) 



luminal B, (3) HER-2 enriched , (4) basal-like, and (5) normal-like. While the 

receptor classification and PAM50 classification systems do not match up 

identically, there is significant and substantial overlap between certain receptor 

statuses and molecular subtypes. The ER+/PR+ receptor subtype comprises of 

mostly the luminal A and luminal B molecular subtypes. Both systems identify a 

HER-2 overexpressing group based on receptor status and PAM50 molecular 

subtype. Finally, the triple negative subtype significantly overlaps with the basal

like molecular subtype. An overview of the breast cancer subtypes is found in 

Figure 1. Emerging methods of subtype classification take into account genomic 

9rearrangements and copy number alterations (CNAs)7- . Integrative clustering of 

CNAs results in 10 cluster groups, some of which capture the other subtypes 

(described above), while other cluster groups represent novel subtypes9•10 . 

PAM50 classifications are mostly used for research purposes, not for 

treatment decisions. Additional "multi-gene" tests are also available to better 

inform treatment strategies. These include the Oncotype DX and Mammaprint 

tests, which look at gene signatures within the biopsy specimen. The results of 

these tests may identify a higher risk of recurrence for some patients, indicating 

the need for adjuvant chemotherapy to be given. However, the clinical utility of 

these types of tests are not yet as informative as the receptor markers (ER, PR, 

Her-2/neu), and they cannot replace them completely because the receptor 

status remains the best indicator for treatment decisions. 

2 



The ER+/PR+ (or luminal A/B) subtype oftentimes has the best prognosis 

and best overall survival among all of the breast cancer subtypes. This is mostly 

due to the localized nature of the disease, which is easily treated with surgical 

resection . Moreover, the expression of ER and PR also make these patients 

excellent candidates for hormonal therapy. These ER+ tumors rely heavily on ER 

growth signaling, therefore targeting ER with anti-estrogens is very effective. 

Patients who present with ER+/PR+ tumors will undergo surgical resection , 

followed by chemotherapy, then hormone therapy (such as tamoxifen or 

aromatase inhibitors). Chemotherapy is usually a short high dose administration , 

while hormone therapy is administered as a daily oral pill for 5-10 years . The five

year survival rate for this subtype is 89.7%. While these tumors are easily 

treated , and many patients will be declared as "cured" after 5 years without 

recurrence, a percentage of patients will experience disease recurrence. When 

this recurrence happens, the tumors can become resistant to the hormone 

13therapy with which they were originally treated 11 - . 

The HER-2 overexpressing subtype used to have very poor prognosis and 

survival , until the discovery of HER-2 targeted therapies14. Herceptin 

(trastuzumab) is a humanized antibody that targets the HER-2 receptor and 

blocks its constitutive signaling. These tumors are addicted to the constitutive 

HER-2 signaling, so blocking the receptor is detrimental to the tumor, making for 

a very effective anti-tumor effect. Due to the high expression of H ER-2 in tumor 

tissue compared to normal tissues, this therapy is also very specific to the tumor 
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tissue over normal tissue. Again , the primary tumor will be surgically resected , 

13followed by chemotherapy and then Herceptin treatment for a year11 - . 

The triple negative (or basal-like) subtype has the most aggressive 

phenotypes, poorest prognoses, and worst survival. TNBCs also tend to be 

diagnosed at much younger ages and more frequently in African American 

women 15 . A woman diagnosed with breast cancer (any subtype) has a five-year 

survival rate of 89.7%; however survival drops to 77%, if the breast cancer is 

specifically triple-negative breast cancer (TNBC)1. This stark decrease in survival 

is due to both the aggressive disease phenotype and the lack of effective 

therapies . The treatment strategy for TNBC is still surgery, following by systemic 

chemotherapy. However, there are currently no approved targeted therapies for 

13this subtype, and chemotherapy is often ineffective11 - . 

Current treatments for TNBCs 
As mentioned in the previous section , there are currently no approved 

targeted therapies available for TNBC. Adjuvant chemotherapy is given based on 

the same guidelines as other subtypes. These guidelines recommend 

13anthracycline- and taxane-based regimens 11- _ Anthracyclines are often 

accompanied by severe dose-limiting cardiotoxicity16 , therefore investigations 

have aimed towards improving these regimens by adding additional agents. One 

study added the nucleoside analog gemcitabine to an anthracycline

cyclophosphamide-taxane regimen , but it was not successful in improving 

18survival1 7· . Addition of a platinum agent (carboplatin) was able to improve 

pathological complete response in early-stage TNBC from 41-54% However, this 

clinical benefit comes at the cost of increased toxicity19,20 . 
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While there are no targeted therapies that have garnered approval , there 

are some potential therapies in various stages of the clinical trial process. 

Immune checkpoint inhibitors targeting PD-1/PD-L 1 signaling have shown 

promise in preclinical studies21 . PARP inhibitors have also made it into clinical 

29trials for BRCA-associated TNBC22- . Other targeted pathways include Pl3K

AKT-mTOR pathway inhibitors, androgen receptor targeted therapies, and folate 

receptor targeted therapies30 . There is an immediate clinical need to come up 

with better treatment options for TNBCs. Most research focuses on either 

improving the already existing options or developing novel therapies. 

Estrogen Receptor 13 
Estrogen receptors are a class of steroid receptors that are responsible for 

mediating the physiological effects of estrogenic compounds. For decades, there 

was only thought to be one main estrogen receptor, ERa. In 1996, a second 

34estrogen receptor was discovered, termed estrogen receptor beta (ERl3)31- . 

ERl3 is encoded from the ESR2 gene, located on chromosome 14q23.2. The 

gene contains 8 exons, spanning 61.2 kb31 . 

Along with ERa, it is part of the nuclear receptor superfamily. Both ERs 

are classified as type I nuclear receptors because they reside in the cytosol and 

will translocate to the nucleus after ligand binding . ERl3 follows the protein 

domain structure of other nuclear receptors . The N-terminal "A/B" domain is 

responsible for interactions with coactivators . This domain also contains an 

Activation Function-1 (AF-1) domain , which is necessary for transcription. The 

"C" domain contains the DNA Binding Domain (DBD). As its name implies, this 

5 



domain is responsible for directly interacting with the DNA. The "D" domain is the 

hinge region , which also houses the nuclear localization signal. The "E/F" domain 

contains the Ligand Binding Domain (LBD), which is responsible for interacting 

with ligand. This domain also includes the Activation Function-2 (AF-2) region , 

and an additional nuclear localization signal35 . See Figure 2 for an illustration of 

ERl3 gene and protein structure. 

Similar to ERa and other nuclear receptors, ERl3 dimerizes and transports 

to the nucleus to act as a transcription factor in a ligand dependent manner. 

Upon binding of ligand in the cytosol , ERl3 dissociates from the chaperone 

complex, consisting of heat shock proteins. ERl3 will then dimerize and 

translocate to the nucleus. Once in the nuclear compartment, ERl3 will bind to 

Estrogen Response Elements (ERE) in the DNA, usually containing a 

palindromic repeat sequence. Once bound to the DNA, ERl3 dimers will recruit 

cofactors . When an agonist binds to ERl3, it induces a conformational shift in the 

protein , allowing the helix 12 to shift and create a pocket for interactions with 

coactivators . Failure to form this pocket results in the recruitment of 

39corepressors36- . 

Both ERa and ERl3 are both able to bind to 17!3-estradiol (E2)33A0.4 1 _ Many 

estrogen receptor ligands (including antiestrogens, such as tamoxifen) can bind 

both ERa and ERl3 and may elicit distinct actions through the two receptors42 .43 _ 

While tamoxifen acts as a selective ER modulator (SERM) on ERa, it has been 

determined to have pure antagonist activity on ERl344 . ERl3 can also be activated 

by androgen metabolites45 . 
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ERl3 can also function in a ligand independent manner. ERl3 can be 

activated by post translational modifications, incurred from activated upstream 

signaling . For example, epidermal growth factor receptor (EGFR) signaling can 

activate MAPKs and Pl3K signaling46 . Activation of these kinases can result in 

phosphorylation of ERl3, resulting in subsequent activation of the receptor sans 

ligand binding . Another mechanism of ligand independent activation of ERl3 

involves the receptor tethering to other transcription factors47 . See Figure 4 for an 

illustration of ERl3 mechanism of action . 

In addition to its role in gene regulation , ERl3 can also play an extranuclear 

role. It can be found in the mitochondria, as well48.49 _ Razandi et. al. have shown 

that tamoxifen induced cytotoxicity mediated through mitochondrial ERl3 . 

Tamoxifen downregulated manganese superoxide dismutase (MnSOD), leading 

to an increase in reactive oxygen species (ROS), which was found to be 

dependent on mitochondrial ERl350 . 

Expression profile of ERl3 
While ERa and ERl3 both function as nuclear receptors, there are distinct 

and significant differences in their physiological functions . This is apparent in the 

different consequences of their respective knock out in mice. ERl3 knock out mice 

undergo normal mammary gland development, with subtle effects in 

differentiation, and a subfertility phenotype51 . There is also increased proliferation 

53in the alveoli of lactating mammary glands52 · . This is in stark contrast to ERa 

55knock out mice, which do not develop functional mammary glands54, . 
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There are also differences in their expression profiles. ERl3 has a broader 

expression profile than ERa. While ERa expression is mostly contained in the 

female reproductive organs (breast, ovary, etc.), ERl3 can be found in the lungs, 

bladder, prostate, testes, and brain 56 . The two ERs can be co-expressed , or 

expressed alone in normal tissues57 . This is also the case for tumors . 

Importantly, since the system of receptor status characterization of breast cancer 

was established before the discovery of ERl3, tumors deemed "ER+" have only 

been determined to be positive for ERa, not ERl3 . Therefore, when a tumor is 

described as being ER-positive, one can only assume to know the ERa status of 

said tumor, but nothing can be assumed about the ERl3 status of that tumor3. 

ERa expression in breast cancer has been widely assessed to be present in 2 

out of 3 breast tumors. It is now becoming clear that ERl3 is expressed in both 

ERa -positive and negative tumors. ERl3 is co-expressed with ERa in 59% of 

primary breast cancers, and 60-80% of TNBC express ERl358-6°_ 

ERl3 isoforms 
ERl3 has five known isoforms, named ERl31 , ERl32, ERl33, ERl34, and 

ERl3561 (Figure 3). Each of the five isoforms has a completely conserved N

terminal sequence coded from exon 1 to exon 7. Alternative splicing of exon 8 

results in five proteins with different C-terminal ends. ER131 is designated as the 

full-length wild-type receptor. ER132 contains a unique sequence encoded from 

exon ex and therefore is sometimes referred to as ERl3cx, as well. ERl33 is the 

only one of the isoforms that is not found in breast cancer, but is found in the 

testis62 ·63 . 
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Because these isoforms differ in their C-terminal ends, they have 

truncated LBDs. ERl32, ERl34, and ERl35 have different AF-2 regions and may 

not have a complete helix 12. These changes in the LBD suggest that these 

isoforms are unable to be activated by ligands. ER132 has an undetectable affinity 

for estrogen and other ligands. Despite a lack of ligand activation, these isoforms 

63can still impact transcription by heterodimerizing with the full-length ERl31 62 · . 

Controversy over ERl3 function 
Targeting ERa revolutionized the way breast cancer was treated and 

made breast cancer a manageable disease. The discovery of a second ER (ERl3) 

brought hope that it would be just as impactful of a tool. However, despite over 

20 years of research since its discovery, there is still no consensus on whether 

ERl3 is pro- or anti-tumorigenic. Therefore it is unclear how to approach ERl3 

therapeutically. Conflicting studies, both in clinical and basic research , have 

stalled the field and prevented ERl3 from becoming clinically useful. 

In clinical studies, some groups have found high levels of ERl3 to be 

associated with poor prognosis. Studies have also correlated ERl3 expression 

with Ki67 staining64-68, suggesting that ERl3 is pro-proliferative. Overexpression 

of ERl3 stimulated growth and metastasis of MDA-MB-231 and MDA-MB-435 cell 

lines69•70 . Some groups have even determined ERl3 to have no prognostic value 

71 74at all68 , - . Collectively, these studies suggest that ERl3 may be playing a pro

tumorigenic role. 

Others offer evidence to the contrary, demonstrating an anti-tumorigenic 

role of ERl3. These studies link high ERl3 levels to be associated with good 
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71 75prognostic markers and better clinical outcomes64 · · . Total ERl3 levels have 

also been shown to decline over tumorigenesis76 . Ectopic expression of ERl3 

80leads to decreased proliferation77- . Overexpression of ERl3 can also increase 

E-cadherin and oppose the epithelial-to-mesenchymal transition (EMT)81 . 

Recently, Leygue and Murphy have extensively reviewed these 

contrasting bodies of work82 . Rather than deem one side as "right" and the other 

"wrong", they have suggested a bi-faceted role for ERl3 in tumorigenesis . They 

have offered possible mechanisms and factors that support a duality when it 

comes to ERl3. The most well understood factor that influences ERl3 functions is 

the presence of ERa. When the two ERs are co-expressed , they are able to 

79 83 84heterodimerize, leading to inhibition of their functions77· · · . Later on , we will 

discuss the role that p53 plays in ERl3 duality. 

Tamoxifen action in TNBC 
Some studies have suggested approximately 5-10% of ERa-negative 

74 85 87patients will respond to endocrine treatment67 · · - , despite being declared 

negative for ERa. These patients were treated with chemotherapy in addition to 

tamoxifen , and clinical responses to treatment were observed. One of the most 

limiting factors of this observation was the small number of subjects evaluated . In 

1998, the Early Breast Cancer Trialists Collaborative Group (EBCTCG) reported 

a reduced mortality rate for patients with ERa-negative tumors receiving 

tamoxifen 86 , however later analyses including more clinical trials concluded no 

difference in mortality89•90 . These later analyses were expanded to include much 

larger numbers of subjects (5000-6000 subjects) . Many of these patients 
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received chemotherapy treatment regimens such as CMF (cyclophosphamide, 

methotrexate, fluorouracil) , anthracycline-based regimens (including doxorubicin , 

fluorouracil , and cyclophosphamide), or FEC (fluorouracil , epirubicin, 

cyclophosphamide) with tamoxifen or ovarian suppression. The clinical endpoints 

evaluated were recurrence and overall survival. While the observed results of 

these studies were highly intriguing because they suggested that tamoxifen could 

be used in a previously unindicated patient population, the significance of these 

studies is limited due to the small number of subjects and modest improvements 

in clinical outcomes. Additionally, while tamoxifen may provide an immediate 

benefit in terms of clinical response in a limited number of cases, this benefit may 

decrease or disappear entirely when evaluating the long-term survival benefits . 

Identifying the factors which allow ERa-negative tumors to respond to tamoxifen 

treatment may allow for better designed drug regimens (ie, including treatment 

regimens based on patient stratification) moving forward . 

As mentioned earlier, many TNBCs will still express ERl3. There is 

evidence that suggests that ERl3 could be responsible for mediating a clinical 

benefit of tamoxifen treatment in an ERa-negative setting . Yan et. al. (2013) 

showed that high expression of ER131 and its coregulator, Steroid Receptor RNA 

Activator Protein (SRAP) is predictive for benefit from tamoxifen treatment in 

patients with ERa-negative tumors91 . In patients with ERa-positive tumors, 

expression of ER131 and SRAP did not predict any clinical benefit. Even though 

this patient population does not represent a true TNBC cohort, it still supports the 

notion that tamoxifen can work in an ERa-negative setting, presumably through 
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ERl3 . These correlative studies support this idea, but ERl3 has not yet been 

directly implicated in a mechanistic study of tamoxifen action in TNBC. A Phase II 

clinical trial was conducted in Australia and New Zealand recently to address the 

efficacy of tamoxifen in TNBC patients who test positive for ERl3 . Unfortunately, 

the trial was stopped early due to difficulties in recruiting, and the results are still 

93pending92 · . 

p53 
In its wild-type form, p53 is the "guardian of the genome"94 , responsible for 

maintaining genomic integrity. p53 is a 53 kDa protein that is encoded by the 

TP53 gene, located at chromosome 17p13.1. The TP53 gene consists of eleven 

exons and three known promoter sites. The protein is divided into three domains. 

The N-terminal transactivation (TA) domain is responsible for transcription . Next, 

the DNA Binding Domain (DBD) is the domain that interacts directly with the 

DNA. Finally, the C-terminal Oligomerization domain (OD) is responsible for the 

97tetramer formation during the p53 signaling cascade (Figure 5)95- . 

p53 functions as a sequence specific transcription factor in response to 

stress signals (Figure 6). In a normal unstressed environment, the cell will keep 

p53 protein levels to a minimum. Once the cell senses DNA damage, it will 

quickly upregulate p53 protein levels to respond . p53 forms tetramers and will 

move to the chromatin and bind to p53 response elements (p53RE) in the 

promoter regions of target genes. p53 is then quickly degraded, to avoid the 

damage that may result from a prolonged stress response95-97 . 
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The p53 target genes encode proteins that act as mediators of a large 

variety of cell processes but are mostly involved in regulating cell cycle, DNA 

damage, apoptosis, and senescence. The cell will first try to arrest cell cycle 

progression to give time to repair the damaged DNA, but if the damage is 

extensive, apoptosis or senescence may be activated to prevent any genomic 

97damage from being passed on to the daughter cell95- . 

p53 Mutations 
TP53 is the most frequently mutated gene in cancer98 . Since p53 is the 

cell 's major tumor suppressor, it is very advantageous to a cancer cell to 

dysregulate p53. Unlike other tumor suppressors, most p53 mutations are 

missense mutations within the DBD. These are single point mutations, which 

result in a single amino acid switch within an otherwise unchanged full length 

protein99 . The array of mutations found in patients is broad 100 , meaning that there 

isn't one specific mutation that is more prominent than others. However, there 

are six mutations that have been dubbed the "hotspot" mutations, for being the 

most frequently occurring p53 mutants. As illustrated in Figure 7, these "hotspot" 

mutations occur at the following residues: R175, G245, R248, R249, R273, and 

R282. These are also the most frequently found p53 mutations in the Basal 

breast cancer subtype of the Metabric cohort101 . 

While wild-type (WT) p53 functions as a sequence specific transcription 

factor, mutant p53 functions differently. Since p53 mutations occur within the 

DBD, this significantly alters their ability to bind to the DNA in the same sequence 

specific manner as WT p53. Therefore, they lose their ability to transcribe 
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prototypical p53 target genes and control prototypical p53 functions . It is thought 

instead that mutant p53 mainly functions through interactions with other 

proteins102 . Mutant p53 can bind WT p53 in a dominant-negative fashion 103,104, 

where a tetramer consisting of just one mutant p53 molecule to three WT p53 

molecules will still be antagonized by the presence of mutant p53 in the tetramer. 

Mutant p53 can also bind other p53 family members (p63, p73) and antagonize 

their tumor suppressor functions105- 110 . 

Another way that mutant p53 is different from WT p53 is that while WT 

p53 protein levels are kept to a minimum and only upregulated in times of stress, 

mutant p53 protein levels are usually stabilized , and have a longer half-life111 . 

Therefore, while WT p53 protein levels are tightly regulated and only induced 

during stress, mutant p53 proteins are omnipresent, making their interactions 

with other proteins more impactful. 

p53 in TNBC 

11 280% of TNBCs express mutant p5398· . It has already been 

demonstrated that p53 is involved in tumor processes such as tumor growth, 

metastasis, and angiogenesis, and that loss or mutation of p53 can cause 

116significant alterations in these processes specifically in breast cancer113- . 

Loss of WT p53 favors expansion of the stem cell population , contributing to 

tumor growth and aggressiveness115 . Genes differentially expressed between 

WT and mutant p53 tumors include genes involved in processes such as 

metastatic spread, epithelial-to-mesenchymal transition (EMT), and stem cell 

phenotype117, which can all contribute to metastasis, angiogenesis, and tumor 

14 



growth . Mutant p53 can also promote VEGF expression 118 and contribute to the 

stabilization of other pro-angiogenic factors, such as IL-8 and GRO-a119 . Mutant 

p53 also plays a role in epithelial-to-mesenchymal transition (EMT) by repressing 

epithelial markers120, while promoting mesenchymal markers121 ·122,ultimately 

contributing to metastasis. 

p53 Family Members, p63 and p73 
The p53 family consists of p53, and its two homologues, p63 and p73123-

125. Similar to p53, these family members act as tumor suppressors. They are 

encoded by the TP63 gene on chromosome 3q27 and TP73 gene on 

chromosome 1 p36, respectively. They have a similar protein domain structure, 

consisting of a TA domain , a DBD, and an OD; but they also have a C-terminal 

sterile alpha motifs (SAM) domain (Figure 8). Importantly, the highly basic C

terminal end of p53 (aa 363-393) is unique to p53, and there is no resemblance 

of this section found in the protein sequences of p63 or p73126 . Unlike p53, these 

130family members are rarely mutated among all types of cancer127- . Mutations in 

TP63 and TP73 were also not frequently detected specifically in breast cancer131 . 

p63 and p 73 knock out mice have developmental defects, but no tumor 

133phenotypes 132, . While in contrast, p53 knock out mice present with a 100% 

early tumor penetrance134 . 

p63 and p73 function in similar ways to p53. There is a significant overlap 

of target genes of p53, p63, and p73135 . p73 is also capable of responding to 

DNA damage by upregulating protein levels of p73 and inducing apoptosis, much 

like p53136 . Because of these functional redundancies, p63 and p73 are not often 
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co-expressed with p53. p63 and p73 were found to be exclusively expressed in a 

subset of mutant p53-expressing TNBC tumors 137 . It is speculated that only once 

p53 becomes mutated and loses tumor suppressor functions, p63 and p73 

expression will arise. 

Estrogen receptors and p53 in breast cancer 
The correlation between ERa expression and TP53 mutations among 

breast cancer subtypes has always pointed to a significant link between these 

two proteins. In the ERa-positive (Luminal A/B) breast cancer subtype, the 

mutation rate for p53 is very low. Less than 20% have p53 mutations, meaning 

over 80% express WT p53. In contrast, subtypes that are known to be negative 

for ERa expression, such as Her-2 and TNBC, have much higher p53 mutation 

frequency. 80% of TNBCs express mutant p53, while 72% of the Her-2 subtype 

139express mutant p53138· . While there is no definitive explanation for this pattern, 

it certainly suggests that the relationship between ERs and p53 is an important 

one in breast cancer. Our lab initially demonstrated that ERa and p53 directly 

ago140 143interact with each other several years - . Since then, we have also 

demonstrated that ERl3 can interact with p53, as well. The following sections will 

review what we, and others, have discovered from studying these interactions. 

ERa-p53 in Luminal Breast Cancer 
Previously, the Das lab has discovered that ERa and WT p53 directly 

143interact140- . The interaction was determined in vitro using GST-pull down 

assays and co-immunoprecipitation assays. The interacting domains were found 

to be located in the very C-terminus of p53 (amino acid residues 319-393) and in 
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the LBD of ERa (amino acid residues 179-595 [Bansal & Das, unpublished]) 

(Figure 9). This interaction has been detected in human breast cancer cell lines, 

as well as mammospheres142 and human breast tumors (unpublished data). The 

results of this interaction are antagonism of p53 tumor suppressor functions. ERa 

represses p53-target gene transcription by recruiting corepressors (NCoR and 

SMRT) to promoters of target genes, such as the p21/CDKN1A promoter. This 

interaction is also subject to modification by different ligands. E2 enhances ERa

WTp53 binding, while tamoxifen and fulvestrant disrupt this interaction on the 

p21/CDKN1A promoter. Ionizing radiation can also disrupt the interaction141 . 

Thus, ERa, in addition to its canonical role of activating transcription from ERE

containing pro-proliferative gene promoters in presence of estrogen, can also 

bind and inactivate WT p53 leading to downregulation of expression of p53-target 

genes that are usually anti-proliferative. 

Based on the evidence that antiestrogens decreased the interaction 

between ERa and WT p53, a small clinical trial was designed to examine if this 

mechanism also occurs in tumors of patients treated with tamoxifen . The early 

results of this trial suggest that tamoxifen does disrupt the interaction between 

ERa and WT p53, leading to an increase in p53 transcriptional activity. This data 

suggests that antiestrogens can block ERa growth signaling, as well as the ERa

WT p53 interaction , resulting in an increase of p53 signaling . Both of these 

phenomena could be anti-tumorigenic and may be contributing to better clinical 

outcomes. 
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ER/3 and p53 
Similar to ERa and p53, there is evidence that suggests a strong link 

between ERl3 and p53. ERl3 specific agonists were able to induce p53-mediated 

apoptosis in MC4-L2 mouse mammary adenocarcinoma cells (ERa- and ER13-

positive )144 . Lewandowski, et. al. demonstrated that ERl3 could block E2-induced 

cytoplasmic translocation of p53, leading to an increase in transcriptional activity 

of p53 in MCF-7 cells145 . Skliris et. al. (2007) found that ERl3 correlated with 

psoriasin expression only in a cohort of tumors that express WT p53 or were 

p53-null. There was no correlation in the mutant p53 cohort146 . 

The links between ERl3 and p53 are not just isolated to breast cancer. 

Overexpression of ERl3 in a colon cancer cell line (Lo Vo) inhibited cell survival by 

enhancing growth arrest and apoptosis, mediated by p53147 . ERl3 expression was 

also found to alter the expression of p53 in SW480 and HCT116 cell lines, which 

are also colon cancer cell lines148 . While these studies demonstrate a connection 

between ERl3 and p53, none of them implicate these two proteins as interacting 

partners. Indeed, we have found that ERl3 directly interacts with p53, similar to its 

interaction with ERa. Next, we will expound on our studies on this interaction . 

ER(3-WT p53 Interaction 
The ERl3-p53 interaction was determined by GST pulldown assays, co-

immunoprecipitation assays, and proximity ligation assays (PLA). The minimally 

necessary domains for the interaction were determined to be the very C-terminus 

of p53 (amino acid residues 361-393) and the DBD and hinge region of ERl3 

(amino acid residues 149-248) (Figure 9). The consequences of this interaction 

seem to be similar to that of the ERa-p53 interaction ; ERl3 is antagonizing p53-
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mediated transcription (Mukhopadhyay, et. al. submitted) . In MCF-7 cells (which 

express WT p53), ERl3 knock down results in an increase of WT p53 binding to 

the promoters of genes that are targets of transcriptional activation by p53 (such 

as p21/CDKN1A and PUMA/BBC3), leading to their increased expression. On 

the other hand, there is a decrease in expression of genes that are targets of 

transcriptional repression by p53 such as CD44 and VEGFA. These changes in 

mRNA levels also lead to changes in cell cycle and apoptosis. Overall , our data 

suggests that ERl3 can also interact with p53, and impede its functions, similar to 

ERa. This demonstrates a pro-tumorigenic role for ERl3 as it pertains to WT p53. 

ER(3-mutant p53 Interaction 
While ERa is mostly found co-expressed with WT p53 in the Luminal 

subtype, ERl3 is expressed in all breast cancer subtypes, including those that 

mostly express mutant p53. Therefore, it was obvious to also examine if ERl3 

interacts with mutant p53. Using co-immunoprecipitation assays and proximity 

ligation assays in MDA-MB-231 cells with endogenous mutant p53, we can 

detect the interaction between ERl3 and mutant p53. ERl3 can similarly interact 

with WT or mutant p53 in MCF-7 or MDA-MB-231 cells; however, this is where 

the similarities end . When ERl3 is knocked down in the mutant p53-expressing 

cells (MDA-MB-231 ), the effect on the p53 target genes is diametrically opposite 

to what was observed in the WT p53-expressing cells (MCF-7) . Upon further 

elucidation , it was determined that p73 is playing a part in this mechanism, as 

well. When ERl3 binds to mutant p53, it is sequestering mutant p53 away from 

p73. This allows p73 to bind to the promoters of p21/CDKN1A and PUMAIBBC3, 
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since p73 is compensating for the loss of WT p53 in this system. Therefore, 

when ERl3 binds to mutant p53, it causes an upregulation of these genes (via 

increased recruitment of p73 to the promoters), resulting in ERl3 acting in an anti

tumorigenic manner. Whereas when ERl3 binds to WT p53, it causes a 

downregulation of these genes (because WT p53 is not available to bind to the 

promoters) (Mukhopadhyay et al. , Manuscript submitted)149 . A summary of these 

different mechanisms is found in Figure 10. 

Another group has also reported on the ERl3-mutant p53 interaction and a 

similar, yet still distinct mechanism. Bado, et. al. found that ERl3 can directly 

interact with mutant p53 and inhibit it, but through a different mechanism 

involving a different p53 family member than p73. They reported that mutant p53 

cooperates with p63 to regulate a set of mutant p53 target genes, conferring an 

invasive phenotype in TNBC cell lines. ERl3 can bind to the mutant p53-p63 

complex and oppose this invasiveness150 . Here, they are demonstrating through 

an alternative mechanism how ERl3 is acting in an anti-tumorigenic fashion 

through its interaction with mutant p53. 
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Hypothesis and Specific Aims 
Triple negative breast cancer (TNBC) is a subtype of breast cancer that is 

characterized by its lack of expression of estrogen receptor alpha (ERa), 

progesterone receptor (PR), and Her-2/neu . It is the most aggressive type of 

breast cancer, and has poorer prognosis than ERa/PR-positive or Her-2/neu 

overexpressing tumors31 . Although TNBCs are negative for ERa, about 80% of 

151TNBCs still express estrogen receptor beta (ERl3)59· . ERl3 is a relatively new 

player to the game of breast cancer, having only been discovered in 

32 34 152199631 , , , . However, despite over 15 years of research , there is no current 

consensus on whether ERl3 is pro- or anti-tumorigenic. In clinical studies, some 

have found high levels of ERl3 to be associated with good prognostic markers or 

71 75better clinical outcome64 · · , while other studies have found high levels of ERl3 

to be associated with poor prognosis65-68 ·153 , or even to have no prognostic 

71 73 154value68, - , . In vitro studies have demonstrated similar opposing results, with 

some studies suggesting an antiproliferative/proapoptotic role for ERl3, while 

others suggest a proproliferative/antiapoptotic role for ERl382 . This has led the 

field to suggest that ERl3 has a bifaceted role in breast cancer, however the exact 

mechanisms of its duality are still being dissected. Findings from our lab have 

suggested p53 status as a major determinant of ERl3 function , and this is the 

focus of this proposal. Tumor suppressor p53 is a transcription factor which 

functions in controlling cell cycle and apoptosis, among other things. On average, 

p53 is mutated in approximately 23% of all breast cancer samples; however, it is 

mutated in 80% of TNBC98·114 . p53 mutants often lose their tumor suppressor 

functions, and some actually gain oncogenic functions . In TNBC, these p53 gain-
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of-function (GOF) mutants contribute to increased invasiveness, angiogenesis, 

and chemoresistance114,155 _ 

Our lab has previously demonstrated that ERa has the ability to bind p53 

156directly and antagonize its tumor suppressive functions 143· . Since ERa and 

ERl3 have high homology in the region of ERa that binds p53, it is not surprising 

that we found that ERl3 can also physically interact p53 (demonstrated by (co-IP), 

GST-pulldown, and proximity ligation (PLA) assays). Similarly, co-IP and PLA 

assays were carried out in a cell line expressing mutant p53 (MDA-MB-231 ). 

ERl3 is able to bind both WT and mutant p53. However, we found that this 

interaction elicits opposing functional consequences. Therefore, in the WT p53 

context, ERl3 is acting in a pro-tumorigenic fashion , but in the mutant p53 

context, ERl3 is acting in an anti-tumorigenic fashion . Since TNBCs mostly 

express mutant p53, being able to target this interaction to stabilize it could be 

therapeutically beneficial. Therefore, our hypothesis is that p53 status is a 

determinant of ERl3 function , and by targeting this interaction , we can exploit the 

anti-tumorigenic role of ERl3 in TNBC to increase the efficacy of chemotherapies. 

Aim 1: Determine the impact of ER/3 on WT p53 in an isogenic system. 

In this aim, we created an isogenic system to study the effect of ERl3 on 

WT and mutant p53 signaling . Starting with the LM2-4Luc+ cells, which are ERl3-

positive and express endogenous mutant p53, we used CRISPR/Cas9 

technology to completely knock out mutant p53 and create a p53KO cell line. 

Then we re-expressed WT p53 in the p53KO cell line and knocked down ERl3 to 
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determine if the opposing effects of ERl3 on WT and mutant p53 signaling were 

dependent on p53 status. 

Aim 2: Analyze the effect of ER/3 ligands on the ER/3-mutant p53 interaction. 

In this aim, we tested whether ERl3 ligands could modulate the interaction 

between ERl3 and mutant p53, and control the p73-mediated downstream 

mechanisms and functional consequences. Proximity ligation assays (PLA) and 

co-immunoprecipitation assays were used to determine the effect of the ligands 

on the interaction . The p53KO cell line was used to determine the requirement of 

mutant p53. 

Aim 3: Determine the effect of tamoxifen on the efficacy of doxorubicin in vitro 

and in vivo. 

Based on the results from Aim 2, we hypothesized that we could exploit 

the effects of tamoxifen on the ERl3-mutant p53 interaction by combining it with a 

DNA damaging agent, such as doxorubicin . Doxorubicin was chosen because it 

is a drug that is commonly used to treat TNBC in the clinic. We tested the effect 

of tamoxifen in vitro by calculating ICso values of doxorubicin from dose response 

curves. Again , the p53KO cell line was used to demonstrate the requirement of 

mutant p53 in this mechanism. Finally, an orthotopic xenograft model using LM2-

4Luc+ cells was used to determine the effect of the combination on tumor growth 

in vivo. 
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Chapter 2: Materials and Methods 

Cell culture 

MDA-MB-231 and MDA-MB-468 cell lines were obtained from American Type 

Culture Collection (ATCC, Manassas, VA) . MDA-MB-231-LM2-4Luc+ cells 

(abbreviated to LM2-4Luc+ throughout the text for brevity) were a kind gift from 

the laboratory of Dr. John Ebos (Roswell Park Comprehensive Cancer Center, 

158Buffalo, NY) and described previously157· . Briefly, these cells were implanted 

into the mammary fat pad of SCIO mice and allowed to grow primary tumors . 

Primary tumors were resected and the mice were observed for metastatic 

disease, specifically to the lungs. The lungs from one mouse with detectable 

metastatic lesions (in the lungs) were adapted to in vitro cell culture . After three 

passages in vitro , these cells were implanted into the mammary fat pad of 

another SCIO mouse, developed primary tumors, underwent resection , and 

allowed time for metastatic disease to develop. Metastatic lesions from the lungs 

were adapted to in vitro cell culture, and became the cell line that is used in these 

studies. All cell lines were cultured in DMEM supplemented with 10% FBS and 

penicillin (50 IU/ml) and streptomycin (50 g/ml). All cells were maintained at 

37°C with 5% CO2 humidified atmosphere. All cell lines were authenticated by 

short tandem repeat (STR) analysis in October 2017 at Roswell Park 

Comprehensive Cancer Center (Buffalo, NY) . 
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Generation of p53 knockout cells using CRISPR/Cas9 

Mutant p53 knockout (KO) cells were generated at the Genome Engineering and 

iPSC center at Washington University School of Medicine (St. Louis, MO). MDA

MB-231-LM2-4Luc+ cells were nucleofected with Cas9 and a TP53-specific guide 

RNA (gRNA, 5'-TCCTCAGCATCTTATCCGAGNGG-3'). Cells were single cell 

sorted , expanded , and genomic DNA was extracted . DNA was amplified using 

the following forward and reverse primers: 5'-CCATGAGCGCTGCTCAGAT-3' 

and 5' -TCATGGGGTTA TAGGGAGGTCA-3'. Clones were screened for 

frameshifts by sequencing the target region with lllumina MiSeq at approximately 

500x coverage. Multiple clones showed indels resulting in a frameshift mutation , 

but only two were additionally screened for mutant p53 protein. Both of these 

clones show a complete knock out of mutant p53 protein by immunoblotting. One 

of these two clones was chosen to use for these experiments, and these cells are 

referred to as "LM2-4Luc+ (p53KO) cells" throughout the dissertation . LM2-4Luc+ 

(p53KO) cells were authenticated by short tandem repeat (STR) analysis in 

October 2017 at Roswell Park Comprehensive Cancer Center (Buffalo, NY) and 

confirmed to still be MDA-MB-231 cells . 

Reagents 

4-hydroxytamoxifen (4OHT) was from Sigma or Tocris . Diarylpropionitrile (DPN), 

PHTPP (Chemical Name: 4-[2-Phenyl-5, 7-bis(trifluoromethyl)pyrazolo[1 ,5-

a]pyrimidin-3-yl]phenol), and doxorubicin hydrochloride were from Tocris . 4-OHT, 

DPN, and PHTPP were dissolved in ethanol, and doxorubicin was dissolved in 

25 



water, to stock concentrations of 1 0mM (stored at -20°C). Working stocks were 

diluted fresh for each treatment. 

siRNA Transfections 

Cells were plated at 2.5 x 105 cells/60mm dish the day before transfection . Cells 

were transfected with siRNA using Lipofectamine 3000 (ThermoFisher) 

according to manufacturer's protocol. Immediately before preparation of 

transfection reagents, cell media was removed and replaced with 2ml OptiMEM 

(Corning). Lipofectamine 3000 reagent and siRNA was diluted in 250ul 

OptiMEM in separate tubes. Diluted siRNA was added to diluted Lipofectamine 

3000 and incubated for 20min at room temperature (RT). For ERl3 siRNA 

knockdown, cells were transfected with a final concentration of 120nM Silencer

Select Negative Control #1 (ThermoFisher) or pre-designed siERl3 (ESR2-

HSS 103380, ThermoFisher) and a volume of 7.5ul of Lipofectamine 3000 . For 

p73 siRNA knockdown, cells were transfected with a final concentration of 80nM 

Silencer-Select Negative Control #1 (ThermoFisher) or pre-designed sip73 

(AM16708, ThermoFisher) and a volume of 5ul Lipofectamine 3000. After 

incubation, 500ul of Lipofectamine-siRNA complex was added to each 60mm 

dish. Cells were supplemented 5-6hr post-transfection with DMEM containing 2X 

FBS (no antibiotics) . Cells were harvested at indicated timepoints for various 

assays. 
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Plasmid Transfections 

Cells were plated at a density of 2.5x105 cells/60mm dish the day before 

transfection . Cells were transfected with plasmids using Lipofectamine 3000, 

according to manufacturer's protocol. Immediately before preparation of 

transfection reagents, cell media was removed and replaced with 2ml OptiMEM 

(Corning). Lipofectamine 3000 reagent and plasmid DNA was diluted in 250ul 

OptiMEM in separate tubes. Reagent 3000 (supplied with Lipofectamine 3000, to 

be used for plasmid DNA transfections specifically) was also added to diluted 

plasmid DNA (2ul per 1 ug of plasmid DNA). Diluted plasmid DNA was added to 

diluted Lipofectamine 3000 and incubated for 20min at RT. After incubation, 

500ul of Lipofectamine-siRNA complex was added to each 60mm dish. Cells 

were supplemented 5-6hr post-transfection with DMEM containing 2X FBS (no 

antibiotics) . Cells were harvested at indicated timepoints for various assays. 

Plasmids used were a WT p53 expression plasmid and a p53-mutant (R280K) 

expression plasmid, which was a gift from Bernard Futscher (Addgene plasmid # 

22933). 

Sequential transfections 

In Chapter 3 Study 1.3, LM2-4Luc+ (p53KO) cells were transfected with a 

sequential combination of ERl3 siRNA and WT-p53 plasmid overexpression . 

Cells were plated the day before transfection, and transfected with ERl3 siRNA 

(as described in siRNA transfections) . The next day, cells were transfected with 

WT-p53 plasmid DNA (as described in plasmid transfections). On the third day, 
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cells were harvested and processed for protein or RNA isolation . The total time 

for ERl3 siRNA knockdown was 48hr, while WT-p53 plasmid overexpression was 

24hr. An overview of this procedure is found in Figure 20. 

Proximity Ligation Assay (PLA) 

In situ PLA was performed using the Duolink II reagent kit (Sigma) according to 

manufacturer's protocol. Briefly, cells were seeded on 12mm coverslips, and 

fixed with 2% paraformaldehyde (PFA) for 30 min at room temperature then 

washed twice with PBS. Coverslips were blocked and permeabilized for 1 hr at 

room temperature with a solution of 2% BSA and 0.1% Triton-X 100 in PBS, then 

washed twice with PBS. Coverslips were additionally permeabilized with a 

solution of 2% BSA and 0.1 % NP-40 in PBS for 30min at room temperature, then 

washed three times with PBS. Primary antibodies were diluted 1: 100 in the 

supplied antibody dilution buffer and applied to the coverslips in an open droplet 

manner for 1 hr at room temperature . Coverslips were washed three times with 

Buffer A from the kit. Secondary probe hybridization , ligation , and amplification 

were performed as per the manufacturer's protocol. During the final wash, DAPI 

or SYTOX Green Nucleic Acid Stain (ThermoFisher) was added at a dilution of 

1:30,000 for nuclear staining . Coverslips were mounted using Prolong Gold 

mounting medium (ThermoFisher) and left to dry at room temperature overnight. 

Slides were subsequently stored at -20°C to preserve PLA signal. Photographs 

were taken with a fluorescent microscope (Zeiss Axioskop 2 MOT). PLA dots 

were quantified by counting the number of dots per cell for 5 fields of 
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approximately 5-6 cells per field. This was repeated for each biological replicate . 

Primary antibody pairs used were: ERl3 (EMO Millipore) and p53 (001 , Santa 

Cruz), or p73 (Bethyl Laboratories) and p53 (001 , Santa Cruz). 

Protein Lysis 

Cells were harvested from culture dishes using cell scrapers or trypsinization , 

then pelleted by centrifugation for 5min at 2000rpm at room temperature (RT). 

Pellets were resuspended in RIPA buffer (100mM sodium chloride, 20mM Tris 

pH 8.0, 1 % TritonX-100, 0.5% sodium deoxycholate, 0.1 % sodium dodecyl 

sulfate, 1 mM EOTA) with freshly added protease and phosphatase inhibitors (1X 

EOTA-free Complete Protease Inhibitor Cocktail , 1OmM sodium fluoride, and 

1mM sodium orthovanadate) . Lysates were incubated on ice for 30min , with 

occasional agitation . Lysates were centrifuged for 1Omin at 1 O,OOOrpm at 4 °C to 

clear cell debris. Protein estimation was done using Bradford method (BioRad) 

according to the manufacturer's protocol. For each protein estimation, a standard 

curve was prepared and r2 values of less than 0.95 were not accepted . Lysates 

were stored at -80° C, if not able to be processed immediately. 

Western blotting 

Sodium dodecyl sulfate (SOS) sample buffer (5X) was added to cell lysates 

(50ug of protein) to a final concentration of 1X. Samples were incubated in a heat 

block at 95° C for 15min and were resolved on a 10% SOS-PAGE gel , 

transferred to PVOF membrane, and blocked with 5% Milk in TBST for 1 hr at RT. 
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Blots were incubated with primary antibodies diluted in 1% Milk in TBST rocking 

O/N at 4° C. Then blots were washed 3x 5min with TBST, and incubated with 

secondary antibodies diluted in 1% Milk in TBST rocking for 3hr at RT. Blots 

were washed again 3x 5min with TBST, incubated with ECL reagents 

(ThermoFisher Pierce) for 1min. ECL signal was imaged using BioRad 

ChemiDoc lmager. Proteins of interest were detected using the following primary 

antibodies: ERl3 (rabbit polyclonal , diluted 1: 1000, EMO Millipore), p53 (DO1 , 

mouse monoclonal , diluted 1: 1000, Santa Cruz), p73 (rabbit polyclonal , diluted 

1 :1000, Bethyl Laboratories), PARP (rabbit polyclonal , diluted 1 :1000, Cell 

Signaling), Caspase-3 (rabbit polyclonal , diluted 1 :1000, Cell Signaling), and 13-

actin (mouse monoclonal , diluted 1 :10,000, Sigma). Goat anti-mouse-HRP and 

Goat anti-rabbit-HRP secondary antibodies were used at dilutions of 1: 10,000 

(Jackson Laboratories) . 

RNA Isolation and cDNA synthesis 

Cellular RNA was isolated using Trizol reagent, according to manufacturer's 

instructions. Briefly, cells were lysed directly in 60mm plates by adding 1ml 

Trizol reagent and washing cells off plate. Trizol lysates were incubated for 

approximately 5-1 0min at room temperature to ensure complete dissociation of 

the nucleocomplex. Next, 200ul chloroform was added , and samples were 

inverted vigorously by hand for 15s. Samples were centrifuged for 15min at 

12,000xg at 4° C. The top layer was transferred to a new tube carefully, making 

sure not to make contact with the interface. Next, RNA was precipitated by 
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adding 500ul isopropanol and incubated at room temperature for 10 min . 

Precipitated RNA was pelleted by centrifugation for 1 0min at 12,000xg at 4° C. 

RNA pellets were washed twice with 75% ethanol, and once with 100% ethanol 

to ensure no contamination of organic solvents. Finally, RNA pellets were air

dried for 10min, then resuspended in 30-50ul water for 10 min at 55° C. RNA 

concentrations were measured using a NanoDrop. Approximately 2ug RNA was 

DNAse-treated (Amplification grade, lnvitrogen), and used to synthesize cDNA 

using the iScript™ cDNA Synthesis Kit (BioRad). 

Quantitative real-time PCR (qRT-PCR) 

Quantitative real time PCR was performed using iTaq™ Universal SYBR Green 

Supermix (BioRad) in the ABI Prism 7300 Real time PCR machine (Applied 

Biosystems). Data was analyzed using the Ll.LlCt method . 13-actin mRNA was 

used as a reference gene. Primer sequences used are as follows : 13-actin 

(Forward: 5'- ATG GGT CAG AAG GATTCC TAT GT-3' ; Reverse: 5'- AAG GTC 

TCA AAC ATG ATCTGG G -3'), p21/CDKN1A (Forward: 5'- GAG ACT CTC 

AGG GTC GAA AAC G -3' ; Reverse: 5'- GAT GTA GAG CGG GCC TTT GA-3'), 

PUMAIBBC3 (Forward: 5'- ATG CCT GCC TCA CCT TCA TC -3'; Reverse: 5'

TCA CAC GTC GCT CTCTCT AAA CC -3'), C3 (Forward : 5'- GTG AGC GAG 

CAG AGGCTT AAG -3' ; Reverse: 5'- GAG CCC TTG GAC GGC TTT -3'). 
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Co-immunoprecipitation (ColP) assay 

Cells were washed with PBS twice and collected in the second PBS wash using 

a cell scraper. Scraped cells were pelleted by centrifugation for 5min at 2000rpm 

at room temperature. Pellets were resuspended and lysed in RIPA buffer (see 

Western blotting section for components) for 30 minutes rotating end-over-end at 

4 °C. Lysates were pre-cleared with recombinant Protein G Agarose beads 

(lnvitrogen) for 1.5 hr rotating end-over-end at 4 °C. After pre-clearing, protein 

estimation was performed using the Bradford method (BioRad). Depending on 

protein yield , approximately 1.5-2 .5 mg of pre-cleared lysate was 

immunoprecipitated overnight rotating end-over-end at 4°C with 5 ug of normal 

rabbit lgG (EMO Millipore), ERl3 (EMO Millipore), or p73 (Bethyl Laboratories) 

antibodies. The next day, antibodies were pulled down using recombinant Protein 

G Agarose beads (lnvitrogen) for 3hr rotating end-over-end at 4°C. Beads were 

washed 5X in RIPA buffer lacking detergents (SOS, TritonX-100, sodium 

deoxycholate) and eluted by adding 2.5X SOS-PAGE sample buffer and boiling 

for 15min. Samples were resolved by SOS-PAGE and immunoblotted with 

primary antibodies as described previously in Western blotting section . Light 

chain specific secondary antibodies (Jackson Laboratories) were used at 

1:20,000 dilution in 1 % Milk-TBST. 

Propidium Iodide staining for cell cycle analysis 

Cells were fixed in 95% ethanol, washed twice with PBS, and resuspended in a 

working stock of 0.05 mg/ml propidium iodide. DNAse-free RNAse A was added 
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to a final concentration of 1 00ug/ml. Samples were incubated at room 

temperature protected from light for 45 minutes, then immediately analyzed using 

a BD Biosciences LSRII flow cytometer and BD FACSDiva software. Data 

analysis was performed using Modfit software. 

Annexin V staining for apoptosis analysis 

Cells were stained with FITC Annexin V and propidium iodide to detect apoptotic 

cells using the FITC Annexin V Apoptosis Detection Kit II (BD Pharmingen). 

Briefly, 100,000 cells were washed twice with PBS, and resuspended in 1X 

Binding Buffer. FITC Annexin V and Pl were added to the cell suspension , gently 

vortexed , and incubated at room temperature protected from light for 15 minutes. 

Samples were immediately analyzed using a BD Biosciences LSRI I flow 

cytometer and BD FACSDiva software, and data was quantifed using Winlist 

software. 

ICso determination using SRB assay 

Cells were seeded in 24 well plates and left overnight to adhere. Cells were then 

treated with increasing concentrations of doxorubicin , with or without the 

presence of 2uM 4-OHT. After 72 hr, cellular proteins were fixed to the plate by 

adding 10% trichloroacetic acid (VWR) directly to cells to a final concentration of 

3.33% TCA. After incubating at 4C for 1 hr, wells were washed four times with 

water, then stained with 0.04% (w/v) sulforhodamine B (SRB) solution for 1 hr at 

room temperature. Wells were quickly washed four times with 1 % (v/v) acetic 
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acid to remove unbound dye. Plates were left to air dry completely. Protein

bound dye was solubilized by adding 1 0mM Tris (pH 10.5) and shaking for 20-30 

min at room temperature. Absorbance was measured at 510nm. Dose-response 

curves and ICso values (half maximal inhibitory concentration) were determined 

using GraphPad software (GraphPad Software, Inc. , La Jolla, CA, USA). 

Cell viability assays using Crystal Violet 

At the end of treatment duration , cells were washed with PBS and fixed with ice

cold 95% ethanol for 10 min at room temperature. After fixing, plates were 

washed once with water and stained with 0.1 % (v/v) crystal violet solution for 20 

min at room temperature . After staining, plates were washed four times with 

water and left to air dry completely. Crystal violet dye was solubilized by adding 

10% acetic acid and shaking for 20 min at room temperature. Absorbance was 

measured at 590 nm and values were normalized to control. 

Clonogenic assay 

Cells were plated in a 6 well plate at a density of 2000 cells per well. Cells were 

incubated for 8-10 days undisturbed to allow for formation of colonies . On day 9 

or 10, colonies were fixed with 95% ethanol for 1 0min at room temperature, 

washed once with water, and stained with 0.1 % (v/v) crystal violet solution for 

20min at room temperature . After staining, plates were washed four times with 

water and allowed to dry completely. Total number of colonies were counted for 

each well. 
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In vivo studies 

Orthotopic xenograft model 

LM2-4Luc+ cells (parental or p53KO) were injected orthotopically into seven week

old female SCIO mice. 1 x 106 cells (in a volume of 1OOµL) were injected directly 

into the mammary fat pads of each mouse, under direct visualization . Regular 

tumor measurements started seven days post-implantation , when tumors first 

became palpable. Tumor dimensions were measured using vernier calipers and 

tumor volume was calculated using the formula (width2 x length x 0.5) . When 

average tumor volume reached 200 mm3, mice were randomized by tumor size 

and treatment started the following day. Experimental endpoint was determined 

once the control group tumors reached ~2000 mm3 . Bioluminescent imaging was 

performed on whole animals. Excised lungs were also imaged (see below for 

details). Necropsies were performed to determine any metastatic disease. 

Primary tumors were weighed and imaged, then dissected . A portion of each 

primary tumor was fixed in 10% zinc-buffered formalin (Z-FIX, Anatech Ltd. , 

Battle Creek, Ml , USA) for 24 hours, then stored in 70% ethanol. The remaining 

tumor tissue was flash frozen in liquid nitrogen. Excised lungs were weighed and 

imaged, and the entire organ was fixed in 10% zinc-buffered formalin for 24 

hours, then stored in 70% ethanol. All animal experiments were performed after 

obtaining Roswell Park Comprehensive Cancer Center IACUC approval 

(Protocol : 1227M). 
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Drug treatments 

Tamoxifen citrate was dissolved in 100% ethanol and heated to 55°C until 

completely dissolved. The volume was then adjusted using corn oil to reach a 

final concentration of 6mg/ml Tamoxifen citrate in 5%ethanol-corn oil (v/v) . 

Doxorubicin hydrochloride was first dissolved in a small volume of water, then in 

a larger volume of Dulbecco's Phosphate Buffered Saline to make a final 

concentration of 0.2 mg/ml Doxorubicin hydrochloride in PBS. Drug stocks for 

the entire experiment were prepared prior to treatment start. Drug stocks were 

aliquoted and stored at -20°C. During preparation and storage, efforts were made 

to protect both drugs from exposure to light. Both drugs were administered by 

intraperitoneal injection , with a volume of 1 0µL per 20g body weight. Mice 

received a dose of 60 mg/kg tamoxifen citrate every day Monday-Friday, and 

they received a weekly dose of 2mg/kg doxorubicin hydrochloride on Friday. 
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Chapter 3: p53 context dictates ERl3 function in TNBC 

INTRODUCTION 
Previous studies from our laboratory strongly suggest that p53 status 

dictates opposing functional effects of ERl3. These previous studies were 

conducted in two cells lines differing in p53 status. MCF-7 cells were used as a 

system expressing WT p53, while MDA-MB-231 cells were used as an example 

of a system expressing mutant p53. In addition to contrasting p53 statuses, these 

cell lines also differ in ERa status and represent two different subtypes of breast 

cancer. MCF-7 cells are positive for ERa and represent the Luminal A subtype of 

breast cancer. Meanwhile, MDA-MB-231 cells are negative for ERa, and 

represent the TNBC subtype. The difference in these cell lines extends far 

beyond p53 status. MCF-7 cells are responsive to E2, while MDA-MB-231 cells 

are not. The morphologies of these cells are opposite; MCF-7 are of an epithelial 

shape, while MDA-MB-231 cells are mesenchymal. MDA-MB-231 cells have 

increased expression of other p53 family members, p63 and p 73, but these 

proteins are minimally detected in MCF-7 cells . Therefore, in order to definitively 

state that p53 status is the determinant in ERl3 function , an isogenic system is 

needed. The goal of Aim 1 is to create and utilize an isogenic system to study the 

effect of p53 status per se, on ERl3 function. The use of an isogenic system will 

eliminate all other factors and strictly differ in only p53 status. It has been well 

established that ERa can antagonize p53. It is also well established that ERa and 

ERl3 can heterodimerize and impact each other's functions . Given these 

observations, an ERa-negative system was chosen to study the ERl3-p53 

interaction , to completely exclude ERa's influence. 
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The strategy for creating an isogenic system is to knock out mutant p53 

from the LM2-4Luc+ cell line, then ectopically re-express WT p53. The LM2-4Luc+ 

cell line is a metastatic variant of MDA-MB-231. These LM2-4Luc+ cells were 

selected through multiple rounds of in vivo selection 157 . As compared to the 

MDA-MB-231 parental cells, the LM2-4Luc+ variant used here is more aggressive 

in vivo, evidenced by faster tumor growth and frequent metastasis in a xenograft 

model. This cell line was chosen to carry out these mechanistic experiments over 

MDA-MB-231 cells to facilitate any future studies to look at tumor growth and/or 

metastasis. 

RESULTS 

Study 1.1 ERl3 interacts with and regulates mutant p53 in TNBC 
ERl3 interacts with mutant p53 in two TNBC cell lines (Figure 11 ). 

Proximity ligation assay (PLA) was performed in TNBC cell lines transfected with 

control siRNA or ERl3-specific siRNA. These cell lines were LM2-4Luc+ and MDA

MB-468. Western blot confirmed that these cell lines are positive for ERl3 and 

mutant p53 (Figure 11 ). Positive PLA signal (red fluorescent dots) was detected, 

indicative of a detectable level of interaction between ERl3 and mutant p53 . 

When comparing the magnitude of the interaction (by comparing the magnitude 

of the PLA signal), LM2-4Luc+ cells have higher levels of ERl3-mutant p53 

interactions present. Upon knock down of ERl3, the PLA signal was significantly 

diminished . These TNBC cell lines include representatives of Basal A (MDA-MB-

468), and Basal B (LM2-4Luc+) types of TNBC. There are also two different p53 

mutations represented in this panel. Most p53 mutants expressed in TNBC are 
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"hotspot" mutations and can be categorized as either "structural" or "contact" 

mutants. LM2-4Luc+ and MDA-MB-468 cells express contact mutants of p53. 

R273H is one of the most common p53 mutations found in the Basal subtype of 

the Metabric cohort101 , and this p53 mutation is represented by MDA-MB-468 

cells. LM2-4Luc+ cells express the R280K p53 mutant, which is also found in the 

Basal subtype of the Metabric cohort, albeit at a lower frequency101 . These data 

demonstrate that the ERl3-mutant p53 interaction occurs in two TNBC cell lines, 

which also represent different p53 mutants. 

Previous work (manuscript in preparation) has shown that ERl3 sequesters 

mutant p53 away from p73, resulting in an upregulation of p73-mediated 

transcription of p21/CDKN1A and PUMAIBBC3 genes in the MDA-MB-231 cell 

line. ChlP assays showed that p73 was directly interacting with the promoter 

regions for p21/CDKN1A and PUMAIBBC3. To determine whether this 

mechanism is also at play across this panel of TNBC cell lines, mRNA levels of 

p21/CDKN1A and PUMAIBBC3 were measured following siRNA knockdown of 

ERl3 (Figure 12). Consistent with the mechanism previously studied , mRNA 

levels of p21/CKDN1A and PUMAIBBC3 are downregulated following ERl3 

knockdown in MDA-MB-231 , MDA-MB-231-LM, and MDA-MB-468 cells (Figure 

12.). Importantly, ERl3 knockdown has no effect on p21/CDKN1A and 

PUMAIBBC3 mRNA levels in the LM2-4Luc+ (p53KO) cell line (Figure 12). This 

data suggests that mutant p53 is required for ERl3 to regulate these genes, 

presumably through the interaction between ERl3 and mutant p53. This p53KO 
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cell line was generated using CRISPR/Cas9, and will be discussed in further 

detail in Study 1.2 and Study 2.4. 

To determine if ERl3 could regulate functional changes downstream of the 

gene transcription of p21/CDKN1A and PUMAIBBC3, LM2-4Luc+ cells were 

subjected to cell cycle and apoptosis analyses (Figure 13). Cell cycle distribution 

was assessed by propidium iodide staining detected by flow cytometry. 

Apoptosis was assessed by dual staining with Annexin V and propidium iodide, 

also detected by flow cytometry. Here, ERl3 knockdown results in changes in cell 

cycle distribution, consistent with a downregulation of p21/CDKN1A mRNA 

(Figure 13A). There is a decrease of cells in G1 phase, concomitant with an 

increase of cells in S phase. However, there were no changes detected in the 

amount of apoptotic cells (defined as Annexin V positive population) following 

ERl3 knockdown (Figure 13B), even though PUMAIBBC3 mRNA levels were 

decreased. Taken together, these data demonstrate that ERl3 and mutant p53 

interact in TNBC cell lines and that ERl3 can control downstream p73 activity, 

presumably through the previously established mechanism. 

Study 1.2 Creating an isogenic system to study p53 context 
In order to definitively address the role of p53 context on ERl3 function, an 

isogenic system was created. Previous studies supporting the opposite effects of 

ERl3 in a WT- versus mutant-p53 context were performed in breast cancer cell 

lines that not only have opposing p53 contexts, but also have additional genetic 

differences. To eliminate the influence of these additional genetic differences, a 

TNBC cell line was rid of endogenous mutant p53 to create a clean, p53-null 
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foundation . LM2-4Luc+ cells were genetically modified using CRISPR/Cas9 to 

disrupt the TP53 gene, creating a clean p53 knockout system. CRISPR/Cas9 is a 

newer technology that has become popular in recent years, due to its simplicity 

160and power159· . CRISPR/Cas9 works by expressing a Cas9 endonuclease 

along with a guide RNA (gRNA), which will guide the Cas9 endonuclease to a 

desired sequence anywhere in the genome. Next, the Cas9 endonuclease will 

induce a double strand DNA break, which is repaired by the cell 's endogenous 

DNA repair mechanism. Non-homologous endjoining (NHEJ) repair will most 

likely result in lnDel mutations causing a frameshift in the open reading frame, 

effectively knocking out the gene. 

To guide the Cas9 endonuclease to the TP53 gene, gRNA sequences 

were designed to target exon 6 of TP53 gene (Figure 14). The rationale for 

targeting exon 6 was to target downstream of all promoter start sites, while still 

targeting upstream of any C-terminal alternative splicing sites. This would ensure 

that all p53 isoforms are targeted . To discourage off-target effects, multiple gRNA 

sequences were screened and evaluated for potential binding to other 

sequences. Following selection of single-celled colonies, multiple clones were 

screened by Next Gen Sequencing and found to have lnDels in exon 6 (Figure 

14, bottom). Of these, two clones were chosen to be screened for protein levels 

of p53. Both clones were found to have complete knock out of p53 protein 

(Figure 15). The clone chosen to proceed with in further experiments was chosen 

based on a simple screen of phospho-Akt levels (via Western blot, data not 

shown), as an indicator of cell proliferation. While both clones showed similar 
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levels of p53 knock out, clone 2 displayed a slight decrease in phospho-Akt 

levels (via Western blot) when compared to the parental cells . This difference 

between the clones was attributed to the clonal selection process, and no follow

up experiments were performed . (Design of gRNA sequences, transfection of 

Cas9, selection and expansion of colonies, and Next Gen sequencing of clones 

was done in collaboration with the Genome Engineering & iPSC Center at 

Washington University in St. Louis, MO). 

The next step was to ensure that WT p53 would still be functional in the 

LM2-4Luc+ (p53KO) cells. WT p53 was ectopically expressed in the LM2-4Luc+ 

(p53KO) cells using a plasmid expression vector. Overexpression of WT p53 

upregulated mRNA levels of three p53 activation targets (p21/CDKN1A , 

PUMAIBBC3, GR01), and downregulated mRNA levels of one repression target 

(FOXM1) (Figure 16, blue bars compared to black bars) . In contrast, 

overexpression of p53-R280K downregulated mRNA levels of p21 , PUMA, and 

GRO1 , while upregulating mRNA levels of FOXM1 (Figure 16, red bars 

compared to black bars) . Therefore, WT and mutant p53 exert opposite effects 

on gene transcription of p53 target genes, similar to the trends observed in 

previous studies. WT and mutant p53 also exert opposite effects on cell growth in 

this isogenic system. In a clonogenic assay, WT p53 overexpression in the LM2-

4Luc+ (p53KO) cells decreases the number of colonies, while mutant p53 

overexpression demonstrates an increase in the number of colonies (Figure 17). 

Collectively, these data demonstrate that WT and mutant p53 exert opposite 

functional effects in the isogenic system, which is consistent with how 
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endogenous WT and mutant p53 behave in the cell lines used in previous 

studies. 

It was also confirmed that the exogenously expressed p53 proteins were 

interacting with ERl3 . In the LM2-4Luc+ (p53KO) cell line, WT p53 was 

overexpressed as described previously (via a plasmid expression vector), and 

PLA was performed to confirm that ERl3 and the transiently transfected WT p53 

interact (Figure 18). No PLA signal was detected in the control cells (LM2-4Luc+ 

(p53KO) transfected with empty vector), which also serves as another PLA 

technical control showing that there is no spurious PLA signal when one of the 

interacting proteins (mutant p53) is not present. [Single antibody PLA controls 

were also performed (Appendix Figure 1 ).] But when WT p53 was expressed , 

there is a detection of positive PLA signal. Western blot analysis shows the 

relative protein levels of ERl3 and p53. Of note, the overexpression of WT p53 

does not affect protein levels of ERl3. 

In addition to WT p53, exogenously expressed mutant p53 proteins were 

also tested for their interaction with ERl3. Again , LM2-4Luc+ (p53KO) cells were 

transfected with a plasmid expressing p53 R280K mutant, and PLA was 

performed (Figure 19). Similiarly to the re-expression of WT p53, there was no 

PLA signal detected in the EV control cells . Upon expression of mutant p53, PLA 

signal was detected . Western blot analysis shows relative protein levels of the 

p53-R280K mutant and ERl3 . Overexpression of mutant p53 had no effect on 

ERl3 protein levels. In summary, the data collected in Study 1.2 confirms the 
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generation and validation of an isogenic system suitable to study the p53 

dependent effects of ERl3 . 

Study 1.3 ER/3 regulates wild-type p53 in isogenic system 
To determine if ERl3 can still regulate WT p53 in the isogenic system, a 

strategy of sequential transfections was used, depicted in Figure 20A. LM2-4Luc+ 

(p53KO) cells were transfected with ERl3 siRNA on Day 1, followed by 

transfection of WT p53 plasmid on Day 2. The total duration of the ERl3 

knockdown was 48 hours, while the total duration of the p53 overexpression was 

24 hours. On Day 3, cells were harvested for either protein analysis, RNA 

analysis, cell cycle analysis or apoptosis analysis. Figure 20B shows the relative 

protein levels of ERl3 and p53 at the end of the transfections. It should be noted 

that the decreased levels of ERl3 protein do not seem to have any effect on the 

transfected levels of WT p53, and vice versa. 

In Figure 21 , RNA analysis was performed following the same transfection 

strategy described in Figure 20 . Transcript levels of p21/CDKN1A and 

PUMAIBBC3 were measured. Overexpression of WT p53 alone sufficiently 

upregulates p21/CDKN1A and PUMAIBBC3 mRNA levels, which is consistent 

with Study 1.2 (Figure 16). When overexpression of WT p53 is combined with 

ERl3 knockdown , mRNA levels of p21/CDKN1A and PUMAIBBC3 increase even 

more. This data shows that when ERl3 is knocked down, its inhibition of WT p53 

is decreased, allowing for increased transcription of p21/CDKN1A and 

PUMAIBBC3. ERl3 knockdown without WT p53 overexpression in the LM2-4Luc+ 

(p53KO) cell line increases p21/CDKN1A and PUMAIBBC3 mRNA levels slightly, 

but this is not statistically significant. In Figure 22, cell cycle and apoptosis 

44 



analyses were also performed using the same transfection strategy described in 

Figure 20 . When observing cell cycle changes (Figure 22A), WT p53 

overexpression alone increased cells in G1 phase, accompanied by a decrease 

in S phase. This is indicative of a cell cycle arrest, and it is the expected result 

following WT p53 overexpression . However, this effect is not further increased 

with ERl3 knock down, which was not expected based on the changes in mRNA 

transcript levels of p21/CDKN1A in Figure 21 . In the apoptosis assay, WT p53 

overexpression on its own is enough to induce apoptosis, as expected . When 

ERl3 is knocked down in the presence of WT p53, the percent of apoptotic cells is 

even more increased than WT p53 expression alone. These data taken together 

demonstrate that WT p53 is functional in an isogenic cell background , and that 

ERl3 can still regulate WT p53 in an isogenic cell background . 

SUMMARY 
These studies demonstrate that ERl3 and mutant p53 interact across 

multiple TNBC cell lines (MDA-MB-231 , LM2-4Luc+, MDA-MB-468). These cell 

lines all express ERl3 and some variant of mutant p53. These cell lines represent 

two different p53 mutants, therefore suggesting that the ERl3-mutant p53 

interaction may not be limited to only one p53 mutant, and could most likely be 

occurring across many TNBC tumors clinically. 

Based on previous work from the Das lab, it is known that the ERl3-mutant 

p53 interaction will influence the downstream mutant p53-p73 interaction , 

ultimately leading to regulation of p73-regulated genes, p21/CDKN1A and 

PUMAIBBC3. Here, ERl3 knockdown regulates p21/CDKN1A and PUMAIBBC3 
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mRNA similarly across all of the TNBC cell lines tested . Importantly, ERl3 

knockdown does not regulate p21/CDKN1A and PUMAIBBC3 mRNA levels in 

the LM2-4Luc+ (p53KO) cell line, suggesting the importance of mutant p53 in the 

mechanistic sequence linking ERl3 and p73. This will be elaborated on later in 

Chapter 4. These mechanisms are illustrated in Figure 23. 

The previous work suggesting that ERl3 has opposite effects in WT versus 

mutant p53 context was performed using cell lines with different p53 statuses 

(Mukhopadhyay, et. al. , submitted) . However, in addition to differences in p53 

status, these cell lines had many other genetic differences, as well. In order to 

control for these genetic differences, an isogenic system was created by 

knocking out p53 from a TNBC cell line that endogenously expressed mutant 

p53. This eliminated the contribution of other genetic differences, such as ERa. 

The interplay between ERa and ERl3 is well established , and is only further 

complicated by the presence of p53, since both ERs also interact with p53 (refer 

to "Estrogen receptors and p53 in breast cancer" section in Chapter 1 ). 

Collectively, the data in this chapter demonstrates that ERl3 can regulate 

WT p53 and mutant p53 in an isogenic system, resulting in changes in both 

p21/CDKN1A and PUMAIBBC3. However, these changes did not always lead to 

functional changes in cell cycle progression or apoptosis. In the isogenic system, 

ERl3 knockdown increased apoptosis in the presence of WT p53, but had no 

effect on cell cycle progression (Figure 22). In the mutant p53 context, ERl3 

knockdown increased cell cycle progression, but had no effect on apoptosis 

(Figure 13). This discrepancy may be due to the intrinsic contribution of WT 
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versus mutant p53's behavior on overall cell proliferation. WT p53 is known to be 

pro-apoptotic, while mutant p53 is pro-proliferative. Therefore, the ability of ERl3 

to regulate apoptosis, but not cell cycle, is more apparent in the WT p53 context, 

while its ability to regulate cell cycle, but not apoptosis, is more apparent in the 

mutant p53 context. Overall , these data still support the conclusion that ERl3 acts 

in opposing manners in the presence of WT versus mutant p53. ERl3 acts in a 

pro-tumorigenic fashion in the WT p53 context, and an anti-tumorigenic fashion 

in the mutant p53 context. 
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Chapter 4: ERl3 ligands modulate the ERJ3-p53 interaction 

INTRODUCTION 
Similar to ERa and other nuclear receptors, ERl3 transcription can be 

regulated by ligands binding to the C-terminal LBD. While ERa and ERl3 share 

only 53% homology in their ligand binding domains, many ligands exist that will 

bind to both receptors . Estrogen (E2), for example, can bind and activate both 

receptors. Certain anti-estrogens have also been shown to activate both 

receptors42 . 4-hydroxytamoxifen (4-0HT, the active metabolite of tamoxifen) can 

bind both receptors44 . However, their ligand binding domains are also still 

different enough to allow for the design of ligands that are very specific to only 

one of the ERs. Two such ligands, DPN and PHTPP, are highly specific for ERl3 

over ERa, and are often used as research tools to study the selective 

transactivation of ERl3161 . 

Here, we sought to determine if ERl3 ligands had any effect on the ERl3-

mutant p53 interaction . The ligands chosen were 4-0HT, PHTPP, and DPN . 4-

0HT was chosen as a clinically relevant ligand, since tamoxifen is already 

extensively used in the treatment of ERa+ breast cancer. PHTPP and DPN were 

chosen as prototypical ERl3 ligands; one as an antagonist (PHTPP) and the other 

as an agonist (DPN) of ERl3. Although 4-0HT can also bind ERa, it is not 

relevant here because TNBCs are negative for ERa. 

RESULTS 

Study 2. 1 ER/3 ligands modulate the ER/3-mutant p53 interaction 
differentially 

The ERl3 ligands used in this study were 4-0HT, PHTPP, and DPN. 4-

0HT and PHTPP both have antagonist activity against ERl3, while DPN is an 
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ERl3-specific agonist. The effect of these ligands on ERl3 activity was confirmed 

by looking at transcript levels of an ERl3 target gene, C3. The C3 gene encodes 

Complement Component 3, which functions as part of the innate immune 

response. Here, this gene is used strictly as an indicator of ERl3 transcriptional 

activity, not as an indicator of immune function . C3 has been shown to be 

regulated by ERl3 in multiple TNBC cell lines and has multiple estrogen response 

163elements (ERE) sites in its promoter region 162 · . This target gene was also 

validated in the current system, LM2-4Luc+ cells (Appendix Figure 6) . 

Overexpression of ER131 elevated C3 levels, while siRNA knockdown of ERl3 

depressed C3 mRNA levels. In LM2-4Luc+ cells, treatment with 4-0HT and 

PHTPP decreased mRNA levels of C3, while treatment with DPN increased 

mRNA levels of C3 (Figure 24). This confirmed that the ligands were acting on 

ERl3 as expected . 

Next, it was assessed how these ligands affect the interaction between 

ERl3 and mutant p53. LM2-4Luc+ cells were treated with 2µM 4-0HT and PLA 

was performed at a short time point (3hr) and a long time point (24hr) . 4-0HT 

increases the interaction between ERl3 and mutant p53, which is demonstrated 

by an increase in PLA dots. This increase seems to be time-dependent, since the 

increase in PLA dots is apparent at the 3hr time point, but subsides by the 24hr 

time point (Figure 25A). Based on previous work, it is known that 4-0HT 

increases ERl3 protein levels. To determine if the 4-0HT-induced ERl3 protein 

changes are also time-dependent, LM2-4Luc+ cells were treated with 2µM 4-0HT 

and protein was harvested at 1 hr, 3hr, 6hr, 12hr, and 24hr. Following 4-0HT 
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treatment, ERl3 protein levels increase by 3hr, are sustained until 6hr, and return 

to basal levels by 24hr (Figure 25B). Mutant p53 protein levels do not change 

over the time course of 4-OHT treatment. Co-immunoprecipitation assays were 

also performed to confirm the increase in the ERl3-mutant p53 interaction (Figure 

25C). In subsequent experiments, the 3hr time point was used for 4-OHT 

treatment, in order to study the consequences of the increased ERl3-mutant p53 

interaction . 

In contrast to 4-OHT treatment, it was found that PHTPP treatment 

decreases the interaction between ERl3 and mutant p53. LM2-4Luc+ cells were 

treated with 50nM PHTPP and PLA was assessed at a short time point (3hr) and 

a long time point (24hr) . The decrease in PLA dots is apparent by 3hr and 

sustained until 24hr (Figure 26A). Unlike 4-OHT treatment, PHTPP has no effect 

on ERl3 protein levels. LM2-4Luc+ cells were treated with 50nM PHTPP and 

protein was harvested at 1 hr, 3hr, 6hr, 12hr, and 24hr. ERl3 and mutant p53 

levels do not change over the course of 24hr, even though there is a decrease in 

the ERl3-mutant p53 interaction (Figure 26B). The reduction in the ERl3-mutant 

p53 interaction was also confirmed by co-immunoprecipitation assays (Figure 

26C). ERl3 pulls down less p53 protein after PHTPP treatment in a co

immunoprecipitation assay. 

The ERl3 agonist, DPN, has no effect on the interaction between ERl3 and 

mutant p53 (Figure 27). LM2-4Luc+ cells were treated with 50nM DPN for 24hr 

and PLA was performed to assess the ERl3-mutant p53 interaction . There was no 

detectable difference in the interaction following DPN treatment. Protein was also 
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harvested and there were no changes in overall ERl3 or mutant p53 protein levels 

(Figure 27B). A co-immunoprecipitation assay was also performed to corroborate 

the PLA findings. 

Study 2.2 ER/3 ligands regulate the mutant p53-p73 interaction 
Previous mechanistic studies show that the ERl3-mutant p53 interaction 

exists in equilibrium with the mutant p53-p73 interaction . When the ERl3-mutant 

p53 interaction is disrupted, it frees up more mutant p53 to bind and inhibit p73. 

In Study 2.1, it was shown that the ERl3-mutant p53 interaction can be 

differentially modulated by 4-0HT and PHTPP. It was next determined if these 

changes in the ERl3-mutant p53 interaction also affects the downstream mutant 

p53-p 73 interaction. 

LM2-4Luc+ cells were treated with 2µM 4-0HT for 3hr and PLA and co

immunoprecipitation assays were performed to look at the mutant p53-p 73 

interaction . 4-0HT treatment decreases the mutant p53-p73 interaction , 

evidenced by a decrease in PLA signal (Figure 28A). There is also less mutant 

p53 being pulled down by p73 in a co-immunoprecipitation assay (Figure 28B). 

As determined in Study 2.1 , 4-0HT does not change overall protein levels of 

either mutant p53 or p73. This change in the mutant p53-p73 interactions is in 

agreement with the effect of 4-0HT on the ERl3-mutant p53 interaction . As 4-

0HT increases the interaction between ERl3 and mutant p53, it sequesters more 

mutant p53 away from p73, leading to a decrease in the mutant p53-p73 

interaction . 

In contrast, PHTPP treatment increases the mutant p53-p73 interaction 

(Figure 29). PLA signal is increased following treatment. There is an increase in 
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the amount of mutant p53 being pulled down by p73 in a co-immunoprecipitation 

assay. This effect on the mutant p53-p73 interaction is expected according to the 

observed effect of PHTPP on the ERl3-mutant p53 interaction . As PHTPP 

disrupts the interaction between ERl3 and mutant p53, there is more mutant p53 

available to bind to p73. As determined in Study 2.1 , PHTPP has no effect on 

overall protein levels of mutant p53 or p73. 

Study 2.3 ER/3 ligands regulate downstream functions ofp73 
The next step was to determine if the ERl3 ligands also regulate p73 

functions. This includes the transcription of p73 target genes, and the cell 

functions cell cycle and apoptosis. Based on the effects of the ligands on the 

ERl3-mutant p53 and mutant p53-p 73 interactions, it was expected that 4-OHT 

would increase p73 activity, PHTPP would decrease p73 activity, and DPN would 

have no effect on p73 activity. 

In Figure 30, LM2-4Luc+ cells were treated with 4-OHT, PHTPP, or DPN to 

look at mRNA transcript levels of p21/CDKN1A and PUMAIBBC3. 4-OHT 

treatment increased mRNA levels of p21/CDKN1A and PUMAIBBC3. In contrast, 

PHTPP treatment decreased mRNA levels of p21/CDKN1A and PUMAIBBC3, 

while DPN had no effect on p21/CDKN1A and PUMAIBBC3 mRNA levels. These 

effects on p73 target gene transcription are in agreement with the expected 

outcomes. 

In Figure 31 , LM2-4Luc+ cells were again treated with either 4-OHT, 

PHTPP, or DPN, and then assessed for cell cycle distribution as described 

previously. Following 4-OHT treatment, there was an increase of cells in G0-G1 
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phase accompanied by a decrease of cells in S phase. These changes are 

indicative of a cell cycle arrest, and are expected based on the increased 

transcript levels of p21/CDKN1A. Following PHTPP treatment, there was a 

decrease of cells in G0-G1 phase. This is expected based on the decrease of 

p21/CDKN1A transcript levels, and opposite of the effect seen with 4-OHT 

treatment. Finally, DPN treatment did not induce any changes in cell cycle 

distribution , also in agreement with the lack of effect on p21/CDKN1A transcript 

levels. 

In Figure 32, LM2-4Luc+ cells were treated with 4-OHT, PHTPP, or DPN 

then analyzed for apoptosis by dual staining with Annexin V and Pl as described 

previously. 4-OHT treatment increased apoptosis, which was expected based on 

the increase in PUMAIBBC3 mRNA levels. PHTPP treatment did not affect 

apoptosis, even though PHTPP treatment decreased PUMAIBBC3 mRNA levels. 

Interestingly, DPN treatment also increased apoptosis, despite having no effect 

on the other aspects of p73 activity (p21/CDKN1A and PUMAIBBC3 mRNA 

levels, cell cycle distribution). However, this is not unexpected based on other 

165reports that DPN is pro-apoptotic164· . Due to the fact that DPN has no effect on 

the ERl3-mutant p53 interaction , or other p73 functions, it is assumed that this 

pro-apoptotic effect of DPN is mediated solely through ERl3 signaling, and not 

through the ERl3-mutant p53 interaction controlling p73. 

Study 2.4 Effect of ER/3 ligands require mutant p53 
To determine how important mutant p53 is to this mechanistic control of 

p73 activity, a series of experiments were done using the mutant p53 KO cell line 
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(LM2-4Luc+ (p53KO)) developed in Study 1.2. First, the LM2-4Luc+ (p53KO) cell 

line was analyzed for p 73 protein . In Figure 33A, Western blot analysis of the 

LM2-4Luc+ (p53KO) cells show no changes in p73 protein levels, but are 

completely lacking mutant p53 protein . When comparing the LM2-4Luc+ (p53KO) 

cell line to its parental cell line LM2-4Luc+, the LM2-4Luc+ (p53KO) cells have 

higher basal levels of p21/CDKN1A and PUMAIBBC3 mRNA levels (Figure 33B). 

The LM2-4Luc+ (p53KO) cells also show an increase in G0-G1 phase and a 

decrease in S phase when compared to its parental cell line, indicative of a 

decrease in cell cycle progression (Figure 33C). These data show that just by 

eliminating mutant p53, even without an increase in p73 protein levels, there is 

an increase in p73 activity. These data demonstrate that mutant p53 is inhibiting 

p73 in this system, and these data are also in agreement with the published 

literature. 

Next it was determined if the ERl3 ligands (4-OHT, PHTPP, and DPN) 

could still regulate p73 activity in the absence of mutant p53. This was done by 

treating the LM2-4Luc+ (p53KO) cell line with 4-OHT, PHTPP, and DPN and then 

analyzing the same p73 functions as done previously in Study 2.3. First, it was 

confirmed that the 4-OHT, PHTPP, and DPN treatments were still capable of 

antagonizing or activating ERl3 transcriptional activity by looking at their ability to 

regulate the ERl3 target gene, C3 (Figure 34). 4-OHT and PHTPP treatment still 

decreased C3 mRNA levels, while DPN upregulated C3 mRNA levels in the LM2-

4Luc+ (p53KO) cell line, to similar extents as observed in the parental line (Figure 
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24). Therefore, the absence of mutant p53 does not affect the ability of the 

ligands to directly regulate ERl3 transcriptional activation . 

Next, the LM2-4Luc+ (p53KO) cell line was treated with 4-0HT, PHTPP, or 

DPN and mRNA levels of p21/CDKN1A and PUMAIBBC3 were analyzed . While 

4-0HT and PHTPP induced changes in these gene targets in the parental cells 

which express mutant p53 (Figure 21 ), they can no longer regulate p21/CDKN1A 

and PUMAIBBC3 in the LM2-4Luc+ (p53KO) cell line (Figure 35). DPN also has 

no effect on these target genes in the LM2-4Luc+ (p53KO) cell line (Figure 35), 

which is similar to the effects of DPN in the parental cell lines, as well (Figure 

This trend continues when analyzing the effects of 4-0HT, PHTPP, and 

DPN on cell cycle and apoptosis in the LM2-4Luc+ (p53KO) cell line. In Figure 36, 

4-0HT and PHTPP no longer have any effects on cell cycle in the LM2-4Luc+ 

(p53KO) cell line, and DPN consistently has no effects on cell cycle. When 

analyzing apoptosis (Figure 37), 4-0HT is no longer able to induce apoptosis in 

the LM2-4Luc+ (p53KO) cell line. Again , consistent with the previous data (Figure 

32), DPN is still able to induce apoptosis in the LM2-4Luc+ (p53KO) cell line 

(Figure 37). This further confirms that DPN is activating apoptosis through ERl3 

signaling, independent of the ERl3-mutant p53 mechanism regulating p73 activity. 

SUMMARY 
The data in this chapter suggests that the ERl3-mutant p53 interaction can 

be controlled by using ERl3 ligands. But not all ERl3 ligands have an effect on the 

ERl3-mutant p53 interaction . Figure 38 summarizes the mechanistic differences 
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observed between the different ligands. In this study, only 4-0HT and PHTPP 

affected the ERl3-mutant p53 interaction . This also suggests that the effect of 

ERl3 ligands on the ERl3-mutant p53 interaction does not always parallel with the 

direct effect of the ligands on ERl3 functions that are independent of p53 and p73. 

Both 4-0HT and PHTPP are ERl3 antagonists, but they have opposite effects on 

the ERl3-mutant p53 interaction . 

The observation that 4-0HT increases ERl3 protein levels in a time

dependent manner seems to correlate with the increases in the ERl3-mutant p53 

interaction , suggesting that these two phenomena are inter-connected . The 

simple explanation is that 4-0HT treatment increases ERl3 protein levels, 

allowing ERl3 to bind to more mutant p53. However, there is still the possibility 

that 4-0HT is reinforcing the binding affinity between ERl3 and mutant p53 

cannot be ruled out. Further studies will be required to make such a claim. In the 

case of PHTPP, there is no change in ERl3 protein levels, while there is still a 

disruption of the ERl3-mutant p53 interaction . This suggests that the binding of 

PHTPP may alter the conformation of ERl3 to an extent where the p53 binding 

site is inaccessible, which in turn prevents the binding of mutant p53. 

Both of the ERl3 antagonists, 4-0HT and PHTPP, were able to modulate 

the ERl3-mutant p53 interaction, leading to subsequent changes in the 

downstream p73 activity, including cell cycle progression and apoptosis. 

Meanwhile, the ERl3 agonist, DPN, had no effect on the ERl3-mutant p53 

interaction or downstream p73 activity, but it is still able to induce apoptosis. This 

165pro-apoptotic activity of DPN has been reported previously164· . Therefore, it 
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seems that there are two mechanisms involving ERl3 through which these ligands 

can activate apoptosis. One through directly transactivating ERl3 signaling, and 

one through increasing the ERl3-mutant p53 interaction, leading to an increase in 

p73 activity . DPN activates apoptosis through the former, while 4-0HT activates 

apoptosis through the latter. 
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Chapter 5: Combination of 4-OHT with doxorubicin increases apoptosis 
and cell death through p73 in TNBC 

INTRODUCTION 
It is well accepted that p 73 will take on the tumor suppressive 

responsibilities of WT p53, when WT p53 is absent from the system. This 

includes responding to DNA-damaging stressors, such as chemotherapeutic 

166 167agents124, , . p73 has been shown to induce an apoptotic response to some 

common chemotherapies, such as cisplatin and doxorubicin . Vayssade et. al. 

specifically demonstrated this in breast cancer cells . They showed that in the 

absence of p53, p73 induced an apoptotic response to doxorubicin. In Chapter 4, 

it was determined that 4-0HT was able to increase the p 73 target genes, 

p21/CDKN1A and PUMAIBBC3, as well as increase apoptosis. This was a direct 

result of an increase in the ERl3-mutant p53 interaction and a concomitant 

decrease in the mutant p53-p73 interaction . However, while these changes were 

found to be statistically significant, the magnitude of these changes was modest. 

If the end goal is to eventually use these ligands to induce p73 activation through 

the ERl3-mutant p53 interaction in order to elicit a lethal killing effect in tumor 

cells, these modest changes are not convincing of being clinically impactful. 

Therefore, in this chapter, we will determine if 4-0HT can be combined with 

doxorubicin to increase the efficacy of doxorubicin . The hypothesis is that 4-0HT 

will be able to boost the p73 apoptotic response in response to doxorubicin . 

Doxorubicin is a well-characterized chemotherapy that is currently used to treat 

TNBC. However, many TNBC patients will not respond completely to 

doxorubicin 168- 170, therefore there is room for improving the efficacy of this drug. 

Additionally, doxorubicin treatment is accompanied by many lethal , dose-limiting 
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toxicities, and an individual patient cannot exceed a lifetime cumulative dose in 

their treatment171 . Therefore, there is also a need for reducing the dose of 

doxorubicin. 

RESULTS 

Study 3. 1 4-0HT increases efficacy of doxorubicin to induce cell death 
To assess the effect of 4-OHT on the efficacy of doxorubicin , dose 

response curves were completed for doxorubicin with and without 4-OHT. LM2-

4Luc+ and MDA-MB-468 cell lines were treated with increasing doses of 

doxorubicin in the presence or absence of a single concentration of 4-OHT 

(Figure 39). ICso values were calculated from the dose response curves. The ICso 

value is the concentration where the inhibitory effect reaches 50% of the 

maximum inhibitory effect. In LM2-4Luc+ cells, the ICso value of doxorubicin alone 

is 1.049 µM, and the ICso value of doxorubicin plus 4-OHT is 0.15 µM, 

approximately a ten-fold reduction . This means that a lower concentration of 

doxorubicin is needed to reach the same effect when 4-OHT is included in the 

treatment. In MDA-MB-468 cells, the ICso value of doxorubicin alone is 0.64 µM, 

and the ICso value of doxorubicin plus 4-OHT is 0.27 µM. The shift of the ICso 

value in MDA-MB-468 cells is not as robust as that observed in LM2-4Luc+ cells, 

but still follows a similar trend of lowering the dose of doxorubicin needed to illicit 

the same effect. Dose response curves and ICso values for doxorubicin with or 

without 4-OHT were also determined for the LM2-4Luc+ (p53KO) cell line (Figure 

40). There was no shift in the ICso values whether 4-OHT was present or not in 

the LM2-4Luc+ (p53KO) cell line. The ICso value of doxorubicin alone is 0.10 µM , 
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and the ICso value of doxorubicin plus 4-OHT is 0.14 µM . Importantly, this IC50 

vale of doxorubicin alone is similar to what was observed in LM2-4Luc+ cells when 

treated with doxorubicin and 4-OHT combination (0.15) demonstrating that 4-

OHT's effect is relevant only in the context of mutant p53. This further 

strengthens the idea that 4-OHT activates p 73 by increasing ERl3-mutant p53 

interaction resulting in decreased p73-mutant p53 interaction . This observation 

is consistent with the findings in Study 2.4, which concluded that 4-OHT has no 

effect on p73 activity in the LM2-4Luc+ (p53KO) cell line. 

To confirm that the combination of 4-OHT and doxorubicin was better than 

doxorubicin alone, combination treatments were performed with a single dose of 

4-OHT and a single dose of doxorubicin . LM2-4Luc+ and MDA-MB-468 cell lines 

were treated with 2µM 4-OHT and the ICso concentration of doxorubicin plus 4-

OHT (0 .1 µM and 0.2 µM, respectively, as determined in Figure 39). After 48hr, 

signs of cell stress were visible and were clearly different between doxorubicin 

alone and the combination (Figure 41 ). Phase contrast microscopy images 

showed that cells were visibly stressed following treatment with doxorubicin 

alone. The cells receiving the combination treatment were also visibly stressed 

(ie, showed rounding and detachment), but also showed more dead cells . At 

72hr, the cells were fixed and stained with crystal violet (Figure 42). LM2-4Luc+ 

(p53KO) cells were also treated with the combination treatments and fixed and 

stained with crystal violet. Representative images of the staining intensity 

showed a visible difference between treatment with doxorubicin alone and 

doxorubicin plus 4-OHT in LM2-4Luc+ and MDA-MB-468 cells, but not LM2-4Luc+ 
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(p53KO) cells. Crystal violet stain was solubilized and quantified , indicating that 

the combination treatments left less viable cells at the conclusion of the treatment 

than doxorubicin treatment alone. 

Study 3.2 Combination of 4-0HT and doxorubicin increases apoptosis 
mediated by p73 

The hypothesis is that 4-0HT increases the efficacy of doxorubicin due to 

the contribution of increased p73 activity. In mutant p53 systems, p73 will 

respond to DNA damage induced by doxorubicin . First, it was confirmed that the 

increase in cell death observed in Study 3.1 was also correlated with apoptosis, a 

p73-regulated process in this system. In Figure 43, the same treatment strategy 

from Study 3.1 was also used in this experiment, however the assay was 

performed at a 24hr time point. Similar to the effect on cell viability, the 

combination of doxorubicin with 4-0HT induced more apoptosis than either 

treatment alone in both LM2-4Luc+ and MDA-MB-468 cells . This was evidenced 

by an increase in Annexin V positivity, as well as an increase in cleaved PARP 

and a concomitant decrease in full length caspase 3. 

To determine the requirement of p73 in this mechanism, LM2-4Luc+ and 

MDA-MB-468 cells were treated with the combination of 4-0HT and doxorubicin 

after being transfected with control siRNA (siNS) or p73-targeting siRNA (sip73) 

(Figure 44 ). Knocking down p73 abrogates the ability of the 4-0HT/doxorubicin 

combination to induce apoptosis in both LM2-4Luc+ and MDA-MB-468 cells . This 

is evidenced by a decrease in Annexin V positivity and cleaved PARP upon 

combination treatment when p73 is knocked down (Figure 44A, B). Also of note, 
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ERl3 and mutant p53 protein levels are not altered upon knock down of p73 

(Figure 44C). 

Study 3.3 Effect of the combination of tamoxifen and doxorubicin on tumor 
growth 

An orthotopic xenograft model was used to determine if the in vitro effects 

induced by the tamoxifen-doxorubicin combination on apoptosis and cell viability 

would be recapitulated in tumor growth assays. Depicted in Figure 45, mice were 

implanted with LM2-4Luc+ cells directly into the mammary fat pad . Tumors 

became palpable after approximately 7 days, and tumor volume measurements 

were assessed regularly using vernier calipers . After 15 days, the average tumor 

volume reached ~200 mm3 . Mice were randomized into four groups according to 

tumor size and treatment was initiated the following day. The average tumor 

volumes were determined to not be statistically significant between groups. 

Group 1 received vehicle for both drugs, group 2 received tamoxifen and the 

vehicle for doxorubicin , group 3 received doxorubicin and the vehicle for 

tamoxifen , and group 4 received both tamoxifen and doxorubicin . Both drugs 

were administered by intraperitoneal injection. The dosing schedule was as 

follows : tamoxifen (60mg/kg) was given daily Monday-Friday, and doxorubicin 

(2mg/kg) was given once weekly on Fridays. The initial experimental design was 

to repeat this dosing schedule for four cycles, however the experiment was 

terminated prematurely due to toxicity issues. Therefore, only one full cycle of 

treatment was completed and the tumor growth curves only include data up to 

day 24 (Figure 45). 
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There were no significant or drastic changes in body weight between 

groups throughout the study (Figure 45B). Despite only completing one full cycle 

of treatment, the tumor growth curves (Figure 45C, and Figure 45D for individual 

animals) show that all three of the treatment groups tended to slow tumor growth 

consistently when compared to the control group. On the last day of the 

experiment, the trends also show that the Tam + Doxo combination group is 

displaying a stronger suppression on tumor growth than either intervention on its 

own. These trends are also consistent with the endpoint analysis of the primary 

tumors in Figure 46. At endpoint, the primary tumors were excised and weighed . 

The mean tumor weight from the control group was the highest, while the mean 

tumor weight from the Tam + Doxo combination group was the least. Images of 

the tumors show relative size comparisons between the groups. 

An additional group of mice were implanted with the LM2-4Luc+ (p53KO) 

cell line to observe tumor growth kinetics . This group was not treated with any 

drugs, but did receive the same vehicle treatments as the control group, so as to 

keep experimental conditions consistent. These tumors were measured at the 

same time as the treatment groups. In Figure 47, the curves show a significant 

decrease in tumor growth in the p53KO group compared to the control. The 

endpoint analyses also show a significant decrease in tumor weights (Figure 48). 

Finally, the excised lung weights show a similar trend to tumor weights in 

the treatment groups (Figure 49). Lung weights were measured as an indirect 

measure of metastatic burden . Due to the metastatic nature of these cells, they 

are most likely to metastasize to the lungs. Interestingly, the p53KO cell line did 
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not show a decrease in lung weights, despite showing a significant decrease in 

primary tumor weight. It should be noted that none of the animals had extensive 

macrometastatic disease during necropsies. However, additional molecular 

analyses will need to be done to further corroborate any of these metastatic 

observations. 

SUMMARY 
In this chapter, the ICso values of doxorubicin were determined in three 

cell lines. The ICso of doxorubicin alone in LM2-4Luc+ cells was 1.049 µM , and 

0.64 µM in MDA-MB-468. These values are consistent with the literature172 . The 

ICso values of doxorubicin with 4-OHT are lower in both LM2-4Luc+ and MDA-MB-

468 cells, indicating that lower doses of doxorubicin are needed when combined 

with 4-OHT to illicit similar cytotoxic effects of doxorubicin alone. In LM2-4Luc+ 

cells, this reduction is approximately 10-fold, while in MDA-MB-468 cells, the 

reduction is only about 3-fold. There may be limited room for improving the p73 

response with 4-OHT in MDA-MB-468 cells. 

The ICso values of doxorubicin were also determined with or without 4-

OHT in the LM2-4Luc+ (p53KO) cell line. In this cell line, 4-OHT did not shift the 

ICso value at all. This is consistent with the mechanistic data in Chapter 4 (Study 

2.4), where 4-OHT could no longer induce p21/CDKN1A or PUMAIBBC3 gene 

expression, or regulate cell cycle or apoptosis in LM2-4Luc+ (p53KO) cells . Of 

note, the ICso value of doxorubicin alone in the LM2-4Luc+ (p53KO) cell line (0.10 

µM) is significantly lower than the ICso value of doxorubicin alone in the LM2-

4Luc+ cell line (1.05 µM). It is not entirely surprising that knocking out mutant p53, 
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knowing that it functionally inhibits p73, would sensitize the LM2-4Luc+ (p53KO) 

cell line to doxorubicin more than LM2-4Luc+ cells. Also of note, the ICso values in 

the LM2-4Luc+ (p53KO) cell line (0 .10 µM, 0.14 µM) are similar in numerical value 

to the ICso value of doxorubicin with 4-OHT in the LM2-4Luc+ cell line (0.15 µM) . 

Therefore, in the mutant p53 expressing LM2-4Luc+ cells, 4-OHT is able to shift 

the ICso of doxorubicin to a similar extent as knocking out mutant p53. This 

suggests that 4-OHT is able to functionally inactivate mutant p53 to the same 

extent as genetically eliminated mutant p53, as it pertains to the chemosensitivity 

to doxorubicin . 

We also confirmed that the combined effect of doxorubicin and 4-OHT had 

an increased effect on apoptosis . We confirmed that the increased apoptosis we 

observed was mediated through p73, by using siRNA knockdown of p73 to 

abrogate the effects. In summary, this in vitro studies demonstrate that 4-OHT 

can increase the efficacy of doxorubicin by reducing the ICso value of doxorubicin 

and increasing apoptosis through p73. 

Finally, we observed the effect of combining tamoxifen and doxorubicin on 

tumor growth in vivo . Using an orthotopic xenograft model , we found that trends 

in tumor growth show the most decrease in the Tam + Doxo group, more than 

either Tamoxifen or Doxorubicin alone. Unfortunately, two mice succumbed to 

toxicity early in the study, and we were unable to follow the trends to significance. 

We also followed the tumor growth kinetics of the LM2-4Luc+ (p53KO) cells . 

These cells form tumors that grow significantly slower than the mutant p53-

expressing LM2-4Luc+ cells. This is consistent with the in vitro data in Figure 33, 
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showing that these cells are less proliferative. In conclusion , this chapter has 

shown that tamoxifen is able to increase the efficacy of doxorubicin both in vitro 

through cytotoxicity and apoptosis assays, and in vivo, through tumor growth 

assays. This mechanism is summarized in Figure 50. 
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Chapter 6: General Discussion 
Previous work from our lab has shown that ERl3 and p53 directly interact 

through PLA, co-IP, and GST pulldown assays. The interacting domains of these 

proteins include the hinge region of ERl3 and the C-terminal regulatory domain of 

p53 (Mukhopadhyay, et. al., submitted, Figure 9). Therefore it is not surprising 

that p53 mutants can also interact with ERl3, since most p53 mutations occur 

within the DBD, and thus would not impede the domain which interacts with ERl3. 

Here, we further demonstrate this interaction with different mutations of p53 

through PLA assays in TNBC cell lines expressing different p53 mutants. More 

evidence that ERl3 can interact with various p53 mutants comes from a TMA that 

was created at Roswell Park Comprehensive Cancer Center comprised of tumor 

cores of only the TNBC subtype. PLA was performed on this TMA to show that 

ERl3 and p53 interact (Mukhopadhyay, et. al., submitted) . While the TP53 gene 

sequencing information is not available for this data at this time, it is very likely 

that many of these tumor cores express mutant p53, given that TNBC has a high 

frequency of p53 mutations. It is also likely that many of these cores express 

different p53 mutations. While most p53 mutations occur in the DBD, and not 

within the region that interacts with ERl3, some of these mutations can also affect 

the structure of the p53 protein . While these structural changes may not prevent 

ERl3 from binding to p53 altogether, it may affect the affinity of this binding 

interaction, thus some p53 mutants may bind to ERl3 more strongly. Further 

studies are needed to confirm this . 

The ESR2 gene, which encodes for the ERl3 protein, undergoes 

alternative splicing to create five known isoforms of ERl3173 . Of the five isoforms, 
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only four are found in breast cancer. The isoforms differ enough in molecular size 

to be resolved by SOS-PAGE, however a lack of specific antibodies makes 

detecting the endogenous isoforms difficult. Here, we feel confident that ER131 is 

the main isoform that is interacting with p53. This is based on the molecular size 

of the most intense band that is detected by Western blot, which is 60 kDa and is 

consistent with the size of ERl31. However, this does not rule out the possibility 

that other ERl3 isoforms can also interact with p53. The isoforms only differ in 

their C-terminal ends, which does not directly affect the hinge region that is 

responsible for binding to p53. Further studies are needed to delineate which 

isoforms are able to bind p53, and what the functional consequences of such 

interactions are. 

While we detected the ERl3-p53 interaction in both LM2-4Luc+ and MDA

MB-468 cell lines, we observed less frequent and less robust PLA signal (both in 

signal intensity and number of dots) in MDA-MB-468 cells (Figure 11 ). But ERl3 

knockdown in these cells still resulted in a decrease of mRNA levels of 

p21/CDKN1A and PUMAIBBC3 to a similar extent as LM2-4Luc+ (Figure 12). This 

discrepancy could be due to a number of different factors . First, MDA-MB-468 

cells may express a broader expression profile of ERl3 isoforms. These isoforms 

may be able to bind p53, or they may heterodimerize with ER131 and prevent 

ER131 from binding p53. Another factor could be dependent on the p53 mutation 

present in this cell line. The p53 mutant (R273H) in MDA-MB-468 cells may have 

a different affinity for binding to ERl3. Studies in our lab are currently underway to 
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explore this further. Additionally, there may be more nuanced differences in p73 

signaling in these two cell lines. 

Despite the discrepancy between the degree of the ERl3-p53 interaction 

and the extent of p21/CDKN1A and PUMAIBBC3, we do observe a consistent 

pattern in terms of the effect of 4-OHT on the efficacy of doxorubicin in MDA-MB-

468 cells . We observed a more modest shift in the ICso values in MDA-MB-468 

cells ( ~3-fold decrease) compared to LM2-4Luc+ cells ( ~ 10-fold decrease) (Figure 

39). This is expected based on the relative frequency and relative robustness of 

the ERl3-p53 interactions observed in MDA-MB-468 cells (ie, the ERl3-p53 

interaction is more frequent/robust in LM2-4Luc+ cells, therefore there is a larger 

shift in ICso values) . 

In Chapter 3, we show that ERl3 is able to regulate both WT and mutant 

p53 in an isogenic system. This leads to opposing functional results . ERl3 blocks 

WT p53 from directly transcribing its target genes, p21/CDKN1A and 

PUMAIBBC3, leading to an inhibition of apoptosis. In contrast, ERl3 blocks 

mutant p53 from inhibiting p73, which allows p73 to activate p21/CDKNA 1 and 

PUMAIBBC3, leading to a decrease in cell cycle progression . In both scenarios, 

ERl3 is able to bind either form of p53. But based on the innate functional 

differences of WT versus mutant p53, this leads to diametrically opposite 

consequences. This demonstrates that ERl3's role as pro-apoptotic versus pro

proliferative is linked to p53 status, which could have more clinical implications 

for ERl3 in breast cancer. For this dissertation work, we chose to focus on the 

mostly p53-mutated TNBC subtype. However, ERl3 has been found to be 
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expressed across all breast cancer subtypes, which means it is often found co

expressed with WT p53, as well as mutant p53. Therefore, while we have 

demonstrated this mechanism in TNBC, it may also apply to other breast cancer 

subtypes, like Luminal or HER-2-enriched. In contrast to TNBC, Luminal breast 

cancers express WT p53 80% of the time. Also unlike TNBC, luminal breast 

cancers express ERa, in addition to ERl3 . This adds more complexity to this 

143mechanism since our previous work shows that ERa will also bind to p53140- . 

Recently, Lu and Katzenellenbogen have begun to unravel the intricacies of ERa, 

ERl3, and WT p53 in the Luminal subtype174 . They have found that ERl3 prevents 

ERa from binding to WT p53, and antagonizes ERa-WT p53-mediated 

transcriptional regulation , while directly interacting with WT p53. 

The focus of the current work is how the ERl3-p53 interaction impacts p53 

functions. However, the inverse is also possible; the ERl3-p53 interaction may 

impact ERl3 functions . In some cases, this may present a situation where these 

functional consequences are contradictory, or possibly synergistic. More studies 

are needed to elucidate the ERl3 side of this interaction, and also to determine 

which functional consequences are the most important and clinically relevant. In 

the current studies, we observed no effect of ERl3 on the regulation of p53 levels 

or vice versa. For example, knocking down ERl3 has no effect on p53 protein 

levels. However, this observation is not consistent across all systems or cell 

lines. Other projects from the Das lab have shown that ERl3 knockdown does 

affect p53 levels and vice versa . Therefore, while these current studies show no 
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indication of a regulatory loop between ERl3 and p53, ERl3 and p53 may be able 

to regulate each other in other tissue- or disease-specific contexts . 

A recently completed clinical trial , initiated by our lab, determined that 

tamoxifen-treated Luminal breast cancer patients showed a decrease in the 

interaction of ERa and p53, demonstrated by PLA assays performed on a TMA 

constructed specifically for the clinical trial . Through RNA-seq analysis, these 

tumors show an upregulation of p53 transcription targets, supporting the notion 

that blocking the ERa-p53 interaction leads to an increase in p53 tumor 

suppression . This clinical data shows that the interaction between ERs and p53 

is not only clinically relevant, but detectable in clinical specimens. This offers a 

translational approach for the mechanisms delineating the consequences of 

these interactions. 

PLA assays qualitatively show that the location of the interaction between 

ERl3 and mutant p53 in MDA-MB-231 , LM2-4Luc+, and MDA-MB-468 cells is 

almost entirely in the nucleus. Additionally, treatment with ERl3 ligands (in 

Chapter 4) showed no changes in this observed localization . While this has not 

been formally addressed by fractionation experiments, it is not surprising due to 

177the fact that mutant p53 is known to be concentrated in the nucleus175- . 

Previous PLA assays in MCF-7 cells show the interaction occurring in both the 

nucleus and the cytoplasm (Mukhopadhyay, et. al. , submitted). This is consistent 

with WT p53 playing a significant mitochondrial role . Others have demonstrated 

that ERl3 is also found in the mitochondria48.49 , however it is unclear if the ERl3-
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p53 interaction exists specifically in the mitochondrial compartment or what the 

significance of this is178 . 

In the nuclear compartment, WT p53 will directly bind to the promoters of 

target genes, in a very sequence specific manner. These target genes mediate 

control of several functional processes, including cell cycle and apoptosis. The 

role that mutant p53 plays in the nuclear compartment is more complex. Most of 

the time, mutant p53 loses its sequence-specific transactivation capabilities of 

the prototypical WT p53 target genes, while gaining other mutant p53 target 

107genes. Mutant p53 can also bind p63 and p73 in the nucleus115 105, - 110,179 . p63 

and p73 are responsible for the sequence specific gene transcription in the 

absence of WT p53110•180•181 . Mutant p53 also alters chromatin structure, by 

contributing to "loosening" of the chromatin to allow access for more transcription 

183factors 182· . There is evidence from our group and others that ERl3 can bind to 

mutant p53 and prevent it from functioning through multiple mechanisms. In this 

body of work, we have focused on the mutant p53-p73 interaction mechanism, as 

it pertains to the ERl3-mutant p53 interaction. We show that ERl3 sequesters 

mutant p53 away from p73, allowing for p73 to transactivate target genes, such 

as p21/CDKN1A and PUMAIBBC3. Others have shown that mutant p53 and p63 

cooperate to mediate mutant p53 target gene transcription leading to EMT and 

invasion , and that ERl3 opposes this by binding to mutant p53 and p63150 . ERl3 

may be sequestering mutant p53 from altering chromatin structure, as well 

although there is no current literature to support or deny this . These studies 

suggest that ERl3 can bind mutant p53 and inhibit it from multiple different 
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mechanisms in the nuclear compartment. Therefore, this beneficial effect of ERl3 

binding to mutant p53 is not limited to just the reactivation of p73 studied here, 

but could potentially be a method of disabling mutant p53 altogether. 

In Chapter 4, ERl3 ligands were used to modulate the ERl3-mutant p53 

interaction . The results showed that two antagonists of ERl3 (4-0HT, PHTPP) 

had opposite effects on the interaction , while the ERl3 agonist (DPN) had no 

effect on the interaction . 4-0HT increased the interaction , while PHTPP 

decreased the interaction. This not only concludes that ERl3 ligands can regulate 

the ERl3-mutant p53 interaction , but it also concludes that this regulation is not 

directly correlated with the ligand's effect on transactivation of ERl3 . 4-0HT was 

able to increase the interaction between ERl3 and mutant p53, as a result of 

increasing ERl3 protein levels. Two additional antiestrogens, fulvestrant and 

endoxifen , have been shown to increase ERl3 protein levels in both MCF-7 and 

185MDA-MB-231 cell lines and xenograft tumors184· . While it is not clear whether 

fulvestrant or endoxifen have any effect on the ERl3-mutant p53 interaction , it is 

possible that it would increase the interaction through elevated ERl3 protein 

levels, similar to 4-0HT. Thus, there could be other potential options to try to 

target the ERl3-mutant p53 interaction therapeutically. 

By increasing the interaction between ERl3 and mutant p53, 4-0HT also 

simultaneously decreased the mutant p53-p73 interaction , leading to an induction 

of apoptosis. Despite having no impact on the ERl3-mutant p53 interaction , DPN 

was also capable of inducing apoptosis to a similar extent. We hypothesize that 

187DPN is able to induce apoptosis by activating ERl3 signaling 186· , completely 
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independent from the ERl3-mutant p53-p 73 mechanism through which 4-OHT is 

working. However, it was not formally addressed whether these ligand effects are 

dependent on ERl3 . While PHTPP and DPN are highly selective for ERl3 over 

ERa, it is also possible that these ligands have ERl3-independent activity. Future 

studies should include treating cells with abrogated ERl3 expression (through 

transient siRNA or stable knock out) . 

The differential effects of the ligands on the interactions between ERl3 and 

p53 not only adds another layer of complexity to ERl3, but also suggests that 

there is room for improvement in designing an ERl3 drug. Our mechanistic data 

suggests an ideal ERl3 targeting drug would be able to activate ERl3 (like DPN), 

as well as increase the interaction between ERl3 and mutant p53 (like 4-OHT), as 

both of these mechanisms contribute to initiation of apoptosis. Currently, S-equol , 

a natural compound with ERl3 agonist activity, has found its way to clinical trials 

for the treatment of TNBC (clinicaltrials .gov Identifier: NCT02352025), however 

there is no data on whether ERl3 protein levels are stabilized after treatment. 

In Chapter 4, Study 2.1, we confirmed the antagonist or agonist activity of 

the ligands on ERl3 by looking at a single target gene of ERl3 . However, using a 

bimodal system of classifying ligands as "agonists" or "antagonists" could be a 

gross oversimplification , especially when discussing tamoxifen . In studies 

concerning ERa, tamoxifen can induce agonist activities in some cases. This 

effect can sometimes be tissue specific188 , or it can also be affected by post

translational phosphorylation of the ERa protein . ERa undergoes extensive post

translational modifications, which have been well-studied 189 . Phosphorylation of 
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the Serine 305 residue of ERa confers resistance to tamoxifen, due to an altered 

conformation between ERa and its coactivator SRC-1 . This causes the receptor

coactivator complex to be active in the presence of tamoxifen 88 . ERl3 also 

undergoes post-translational modifications, however they have not been as well

characterized as ERa190 . Recently, ERl3 phosphorylation at tyrosine residue 36 

has been shown to dictate its anti-tumorigenic properties, while also affecting 

192 ERl3 ubiquitination and protein turnover191 · . Additionally, these studies show 

that phosphorylation of ERl3 at this site is increased by treatment with some ERl3 

ligands. It is unclear whether the phosphorylation status of ERl3 has any impact 

on the interaction with p53. 

When WT p53 becomes mutated, p73 will take over to mediate responses 

to DNA damage caused by various stressors including chemotherapy. It is well 

known that mutant p53 and can directly interact with p73 and functionally 

inactivate it. Therefore, it has been proposed by others that disrupting this 

interaction between mutant p53 and p73 is a viable therapeutic strategy193 . In 

Chapter 4, we demonstrated that we could disrupt the mutant p53-p73 

interaction , by controlling the ERl3-mutant p53 interaction using 4-OHT. This led 

to an increase in p73 activity. In Chapter 5, we showed that we could exploit the 

disrupted mutant p53-p73 interaction by combining 4-OHT with doxorubicin. This 

led to a shift in the ICso value of doxorubicin , along with increased apoptosis 

mediated by p73. Taken together, these data suggest that tamoxifen can be used 

in the TNBC setting as a means of disabling mutant p53 against p73. Since p73's 
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apoptotic response is not limited to doxorubicin, this mechanism could be 

exploited by other chemotherapies as well. 

Another key finding of Chapters 4 and 5 was that this effect of 4-0HT was 

dependent on the presence of mutant p53. In Study 2.4, 4-0HT was unable to 

regulate p21/CDKN1A or PUMAIBBC3 gene expression , cell cycle, or apoptosis 

in the LM2-4Luc+ (p53KO) cell line. Similarly, in Study 3.1, 4-0HT had no effect 

on the ICso value of doxorubicin in the LM2-4Luc+ (p53KO) cell line. There is also 

some circumstantial evidence of this in the literature. Liu et. al. showed in vivo 

data where tamoxifen suppressed tumor growth in a mutant p53 expressing cell 

line (MDA-MB-468), but was ineffective in a p53-null cell line (HCC-1937)194 . 

They also showed that tamoxifen increased apoptosis in MDA-MB-231 , MDA

MB-468, MDA-MB453, and SK-BR-3 cells (all of which express mutant p53), but 

not the p53-null HCC-1937 cells . They concluded that this was mediated through 

cancerous inhibitor of protein phosphatase 2A (CIP2A), but their studies don't 

necessarily rule out the fact that mutant p53 status may have still been a factor. 

In vivo studies to determine the effect of tamoxifen on tumor growth using our 

own isogenic system (LM2-4Luc+ and LM2-4Luc+ (p53KO) cell lines) will be 

included in future studies. 

At the end of Chapter 5, we examined the effect of tamoxifen and 

doxorubicin on tumor growth using an orthotopic xenograft model. While we were 

able to show trends that were consistent with the in vitro studies, the trends were 

unable to reach significance due to an early termination of the experiment. Two 

mice succumbed to toxicity in the group receiving the tamoxifen-doxorubicin 
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combination . There were no blatant signs of toxicity before the mice died , and no 

obvious causes could be determined by necropsy. Doxorubicin is known to 

induce cardiotoxicity, and one might assume that the tamoxifen treatment 

potentiated these effects. However, it has been reported that tamoxifen is 

196cardioprotective195· , therefore this combination should actually lessen 

cardiotoxicities. Of the remaining mice from that group, none of them showed any 

signs of toxicity for the remainder of the study. Future dose escalation studies will 

be done to overcome the issues with toxicity. 

Another observation of the in vivo study was the effect of tamoxifen on 

tumor growth. Based on the in vitro cytotoxicity data from Study 3.1, we did not 

expect tamoxifen treatment alone to suppress tumor growth to the same extent 

as doxorubicin . Similarly, other groups have shown that tamoxifen alone is 

197ineffective in suppressing tumor growth of MDA-MB-231 xenografts184, . This 

anti-tumor effect of tamoxifen could be due to the repeated administration to the 

mice, therefore the tumor cells are exposed to the drug longer (while the cells 

received only a single dose). It also could be due to the tamoxifen metabolites. 

Tamoxifen is metabolized into multiple metabolites. While the cells were only 

being treated with one metabolite (4-0HT), the tumor cells were most likely being 

exposed to multiple metabolites, including endoxifen which is effective on ERl3185 . 

Therefore, the anti-tumor effect of tamoxifen may be due to the contribution of 

multiple metabolites, rather than just one. 

Another variable that may be at play here is the contribution of tamoxifen 

acting on ERa or ERl3 from the tumor host. While we have no evidence to 
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support or deny this, the tamoxifen treatment was systemically administered in 

the mice, and thus could be acting on estrogen receptors in the normal mouse 

tissues, not just the ERl3 expressed in the tumor xenografts . As mentioned in 

Chapter 1, ERa and ERl3 are expressed not just in breast tissue, but throughout 

the entire body. Therefore, the toxicity we observed in the mice could be due to 

the blocked estrogen signaling occurring in normal tissues. The ERs are also 

expressed on several different cell types (ie, stromal or immune) found in the 

tumor microenvironment (recently reviewed in Rothenberger et. al.) 198 . While the 

goal of tamoxifen treatment in the current study is to target ERl3 directly in the 

tumor cells, it is impossible to distinguish any contribution of tamoxifen acting on 

ERl3 from the tumor microenvironment. Future studies using ERl3-positive tumor 

xenografts in ERl3 knock out mice could determine if the host ERl3 is contributing 

to these effects. 

It is also possible that tamoxifen is not only able to block ER signaling in 

normal mouse tissues, but may also be affecting the interactions between ERs 

and p53 in these normal mouse tissues. We have previously demonstrated that 

ERa and ERl3 can interact with p53 in human tumor samples, but we have not 

directly addressed whether these interactions also occur in normal tissues. 

Healthy cells and tissues should not express abundant amounts of p53 protein , 

so in a normal healthy situation , the interactions between ERs and p53 may be 

negligible. However, many chemotherapies (like doxorubicin) work by causing 

DNA damage and eliciting a stress response mediated by p53. These 

chemotherapies do not distinguish between tumor cells and normal cells . 
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Therefore, in our proposed treatment regimen , doxorubicin may elicit a p53 

response in normal tissues, while tamoxifen is increasing the interactions 

between ERa and p53 or ERl3 and p53. Since p53 should be wild-type in the 

normal tissues, this means that tamoxifen may be abrogating the WT p53 

response. This could lead to exasperated, unrepaired damage in normal tissues, 

thus contributing to more severe toxicities . 

To the best of our knowledge, no other groups have reported on 

combining tamoxifen and doxorubicin in the TNBC setting . This combination has 

been proposed to treat ERa-positive breast cancer, but has not resulted in 

clinical benefit. In 2013, Chuang et. al. reported a finding that tamoxifen and 

doxorubicin synergistically induce cell cycle arrest in ERa-positive breast cancer 

cells. They also tested the combination in MDA-MB-231 cells . Interestingly, they 

did see an increased effect on cell cycle and apoptosis in MDA-MB-231 cells 

using the tamoxifen-doxorubicin combination , however it seems that they did not 

follow up on the results because the effect was not synergistic172 . While 

synergism may be the ultimate goal when studying two drugs that are already 

used to treat ERa-positive cancer, an additive effect of these drugs in a TNBC 

cell line is still significant since tamoxifen is not currently indicated for TNBC. 

Tamoxifen has shown clinical benefit in a small subset of TNBC 

74patients67· . However, there is no substantial mechanistic evidence to provide an 

explanation for this. There has been correlative evidence strongly suggesting that 

ERl3 is playing a role . Yan et. al. showed that in ERa-negative breast cancer 

patients, ERl3 expression along with expression of its co-regulator Steroid 
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Receptor RNA Activator Protein (SRAP), predicted a benefit from tamoxifen 

199therapy91 · . Even though this cohort was not a true TNBC cohort, it still offers 

evidence of ERl3 playing a role in tamoxifen response in the absence of ERa. 

Clinical studies exploring tamoxifen treatment in TNBC patients are limited by 

small cohort size and by the fact that tamoxifen is not the standard of care 

treatment. Therefore, we believe it may be easier to propose clinical studies to 

evaluate the effect of tamoxifen in TNBC patients by combining tamoxifen with 

another chemotherapy. We showed in Chapter 2 that 4-0HT was increasing the 

ERl3-mutant p53 interaction by stabilizing ERl3 protein levels. This data was only 

derived using in vitro cell lines, and it is unclear if the same effect will be 

observed in vivo . However, there is a clinical study that reported an increase in 

ERl3 protein levels following tamoxifen treatment. Miller, et. al. found that 17 out 

of 33 tumors showed increases in ER131 protein (by IHC) following neoadjuvant 

tamoxifen therapy72 . One caveat of this data is that the study was done with 

ERa-positive breast cancer patients, but the stabilization of ERl3 protein could be 

extrapolated to the TNBC setting . There is also clinical evidence supporting that 

high ERl3 protein levels is beneficial. Elebro et. al. correlated high ERl3 protein 

expression with better overall and disease-free survival after receiving adjuvant 

chemotherapy200 . This is specifically looking at IHC protein levels, not using 

mRNA levels as a function of protein . While it is speculative, high ERl3 protein 

levels (and therefore, its protein-protein interactions) may be just as important to 

ERl3's functionality as a direct transcriptional regulator. 
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In this body of work, we provide mechanistic evidence for how tamoxifen 

may be clinically beneficial in a TNBC setting. To summarize our in vitro findings, 

4-0HT is able to increase the ERl3-mutant p53 interaction, which simultaneously 

leads to a disruption in the mutant p53-p73 interaction . Sequestering mutant p53, 

allows p73 to carry out its tumor suppressive functions, including gene 

transcription , cell cycle regulation , and apoptosis. When we combine 4-0HT with 

doxorubicin , there is an increase in efficacy of doxorubicin and an increase in 

apoptosis mediated by p73. 
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Figures 

Figure 1: Breast cancer subtypes and treatment strategies 
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Breast cancer subtypes and treatment strategies. Breast cancers can be divided into subtypes by 
one of two methods: by receptor status or by PAMSO gene signature. ER: Estrogen receptor, PR: 
progesterone receptor, Her-2: human epidermal growth factor. 

114 



Figure 2: ERJ3 Gene and Protein Structure 
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A) Gene structure and exons of ESR2 gene. 
B) Protein domain structure of ERl3 and ERa. Percentages indicate the homology between ERl3 
and ERa. AF-1: Activation Function 1, AF-2: Activation Function 2, DBD: DNA Binding Domain 
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Figure 3: ERJ3 lsoforms 
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ESR2 gene undergoes alternative splicing of Exon 8 to produce five distinct isoforms. These 
isoforms are identical up until the splicing point, resulting in truncated LBD. Molecular weights of 
the isoforms are listed on the right-hand side. 
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Figure 4: ERJ3 Mechanism of Action 

Ligand Dependent Action Ligand JndependentAction 

Ligand,activation EGF R activation 
Dissociation of 

ch~erone complex 
Phosphorylation l)y 

MAPKs 

, -----+,=)0 a ,, 
Recruits cofa ctors! 

Nu dear tran slocation & 
dimerizat ion 

@ 
ERl3 can be activated in a ligand dependent or a ligand independent manner. Ligand-bound ERl3 
will dissociate from the chaperone complex and translocate to the nucleus. ERl3 will dimerize and 
signal the recruitment of cofactors (corepressors or coactivators) to ERE sites. Independent from 
ligand binding, ERl3 can be activated through phosphorylation by upstream kinases. This also 
results in recruitment of cofactors (corepressors or coactivators). 
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Figure 5: p53 Gene and Protein structure 

A 
P1 ' P2 

P1 

11 

B 

p53 

45 113 290 319 363

~IT._A~I~_D_B_D_~l~l_oo_~II 

A) Gene structure of TP53 gene. Arrows denote known promoter sites. 
B) Protein domain structure of p53. TA: Transactivation domain, DBD: DNA Binding Domain, OD: 
Oligomerization domain. 
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Figure 6: p53 Mechanism of Action 
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p53 is activated by stress signals. p53 protein is upregulated in response to stress. 
Tetramerization of p53 results in binding to p53 response elements (p53RE) in DNA. Gene 
transcription results in the activation of signaling cascades ultimately resulting in cell cycle arrest, 
apoptosis , DNA repair, or senescence. p53 is rapidly degraded following stress. 
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Figure 7: Hotspot p53 Mutations and Mechanisms 
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A) Hotspot p53 mutations occur within the DBD of p53 protein. The amino acid residues that are 
most often mutated are: R175H , G245Q, R249H , R249H , R273H , R282K. 
B) In contrast to WT p53, mutant p53 action is characterized as the loss of sequence specific 
transcription , or impinging on WT p53 in a dominant-negative fashion , or inhibiting other proteins 
(such as p73) through direct interactions. 
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Figure 8: p53 Family Members 
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Protein domain structure of p53 and p53 family members, p63 and p73. Percentages indicate the 
homology between p53 and p63 or p53 and p73. TA: Transactivation domain , DBD: DNA Binding 
Domain , OD: Oligomerization domain, SAM: Sterile alpha motif. 
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Figure 9: Interacting domains of p53 and ERs 
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Solid black lines denote interacting domains of the ERa-p53 interaction and the ERl3-p53 
interaction. Both ERa and ERl3 interact with the C-terminal end of p53. 
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Figure 10: ERJ3 Interacts with WT and Mutant p53 
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Diagram summarizing previous studies from the Das lab on ERl3 and p53. In the WT p53 setting, 
ERl3 directly binds WT p53 and blocks it from transcribing its target genes, p21 and PUMA. This 
results in a pro-tumorigenic role of ERl3. In the mutant p53 setting, ERl3 will still directly bind 
mutant p53 and inhibit it, but here ERl3 is inhibiting mutant p53 from binding to p73. This allows 
for more free p73 to carry out tumor suppressive functions , and shows ERl3 acting in an anti
tumorigenic role. 
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Figure 11: ERJ3-mutant p53 interaction in TNBC cell lines 
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A) Proximity ligation assay (PLA) showing interaction between ERl3 and mutant p53 in TNBC cell 
lines. Cell lines were transfected with 120nM control (NS) or ERl3 siRNA for 72hr. PLA dots were 
quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells per field. 
This was repeated for three independent experiments. Data is represented as mean ± SD *p ::; 
0.05, Student's t-test. Images are representative of one of three independent experiments. Red 
dots are PLA signal and DAPI stain is nuclear staining. Scale bar is 5µm. 
B) Western blot analysis showing ERl3 and mutant p53 protein levels following ERl3 knock down. 
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Figure 12: ERJ3 regulates p21 and PUMA expression in TNBC cells 
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TNBC cell lines (MDA-MB-231 , LM2-4Luc+, MDA-MB-468, LM2-4Luc+ (p53KO)) were transfected 
with 120nM control (NS) or ERl3 siRNA for 48hr. Total RNA was isolated and qRT-PCR was 
performed to assess mRNA levels of p21/CDKN1A and PUMAIBBC3. Values are mean ± 
standard deviation (SD) of three independent experiments. *p::; 0.05 Student's t test. 
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Figure 13: ERJ3 regulates cell cycle and apoptosis in LM2-4Luc+ 
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LM2-4Luc+ cells were transfected with 120nM control (NS) or ERl3 siRNA for 48hr. 
A) Cell cycle distribution was assessed by propidium iodide (Pl) staining of DNA content. Data 
was quantified using ModFit software. Values are shown as mean ± SD of three independent 
experiments. *p ::; 0.05 Student's t test. 
B) Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was analyzed 
by flow cytometry and Annexin V positivity was quantified using Winlist software. Values are 
shown as mean ± SD of three independent experiments. 
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Figure 14: Strategy for CRISPR/Cas9-mediated Knock Out of mutant p53 
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► Hi9(·U,,,) \CTOA TTGCTCTTAOOTCTGOCCCCTCCTCAOCA TCTTAT • AO TOOAAGOAAA TTTOCO TOT OOAGTATTTOOA TOACAOA 

► Hi9(+1bp) ICTOA TTOCTCTTAOOTCTOOCCCCTCCT CAOCATCTT ATC AOTOOAAOOAAAT TTOCOTOT OOAOTA TTTOOATOACAOA 

► 2-ttW (-lbp) ICTGA TTGCTCTTAGGTCTGGCCCCTCCTCAOCA TCTT AT AOTGGAAOOAAA TTTGCG TO TGOAG TA TTTOOA TGACAGA 

► 2-09 (·Ibo>) ICTOA TTOCTCTTAOOTCTOOCCCCTCCTCAOCA TCTT AT AOTOOAAOOAAATTTOCOTO TOOAOTA TTTOOAT OACAOA 

► H+• (• lhp) ICTGA TTGCTCTTAOGTCTGOCCCCTCCTCAOCA TCTTAT AOTGGAAOOAAA TTTGCOTOT OOAGTA TTTOOATGACAGA 

► 2 A ( • lbp) ICTOATTOCTCTTAOOTCTOOCCCCTCCTCAOCATCTTAT AOTOOAAOOAAATTTOCOTOTOOAO TATTTOOATOACAOA 

► 2A6( Llbp) ICTGATTGCTCTTAGGTCTGGCCCCTCCTCA •••••••••• • GTGGAAGGAAATT TGCGTGTGOAGTATTTGGHGACAGA 
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► 2-(;tO(· lbp) ICTGATTGCTCTTAGGTCTGGCCCCTCCTCAOCATCTT AT • AGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATGACAGA 

Top: Gene structure of TP53. Red lightning bolt denotes where guide RNAs were targeted (Exon 
6). gRNA was designed to target downstream of all promoter start sites, and upstream of 
alternative splicing. Bottom: Next Gen Sequencing results of several p53KO clones. Red arrow 
and red boxes denote where lndels occurred. Of the clones that were sequenced , two were 
screened for protein expression of p53 (see next figure). 
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Figure 15: Successful knock-out of mutant p53 protein 

LM2-4LUC+ 
(p53KO) 

N 
a, a, 
C: C: 
0 0 
0 0 

L--_______JI p53 

_________1~4ctin 

Western blot analysis of parental cells (LM2-4Luc+) and two p53 knock out (LM2-4Luc+ (p53KO)) 
clones. Both clones exhibited complete knock out of mutant p53 protein. 
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Figure 16: Re-expression of WT and Mut p53 induces expected effects on gene 
transcription 
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A) LM2-4Luc+ (p53KO) cells were transfected with empty vector (EV, black bars) or WT p53 (blue 
bars). Parental cells (MDA-MB-231-LM) with mutant p53 intact were transfected with empty 
vector (red bars). All cells were transfected for 24hr. 
B) Total RNA was isolated and assessed for mRNA levels of p53 activation targets 
(p21/CDKN1A, PUMAIBBC3, and GR01) and repression target (FOXM1). mRNA data was first 
normalized to ACTIN levels, then normalized to LM2-4Luc+ (p53KO) cells transfected with empty 
vector as the experimental control. Values are shown as mean ± SD of three independent 
experiments. *p::; 0.05 and **p::; 0.01 , Student's t test. 
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Figure 17: Re-expression of WT and Mut p53 induces expected effects on cell proliferation 
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A) LM2-4Luc+ (p53KO) cells were transfected with empty vector (EV, black bars) or WT p53 (blue 
bars). Parental cells (LM2-4Luc+) with mutant p53 intact were transfected with empty vector (red 
bars). All cells were transfected for 24hr. 
B) After transfection , cells were re-plated at a low density and left to grow for 9-10 days for 
clonogenic growth. After the growth period , colonies were fixed and stained with crystal violet , 
and counted. Colonies were defined as having more than 50 cells. Values are shown as mean ± 
SD of three independent experiments. *p::; 0.05, Student's t test. 

130 



Figure 18: Re-expressed WT p53 interacts with ERJ3 
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Proximity ligation assay (PLA) showing interaction between ERl3 and WT p53 in LM2-4Luc+ 
(p53KO) cells. Cells were transfected with 500ng of control (EV) or WT p53 expression plasmid 
for 24hr. Images are representative of one of three independent experiments. Red dots are PLA 
signal and blue stain is DAPI nuclear staining. White arrows point to cells that do not show PLA 
signal. This is most likely due to the transfection efficiency of these cells, which was determined 
to be 40% (see Appendix Figure 4). Scale bar is 1 0µm. Bottom panel shows Western blot 
analysis showing expression of WT p53, ERl3, and actin. 
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Figure 19: Re-expressed mutant p53 interacts with ERJ3 
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Proximity ligation assay (PLA) showing interaction between ERl3 and mutant p53 in LM2-4Luc+ 
(p53KO) cells. Cells were transfected with 500ng of control (EV) or p53-R280K expression 
plasmid for 24hr. Images are representative of one of three independent experiments. Red dots 
are PLA signal and blue stain is DAPI nuclear staining. White arrows point to cells that do not 
show PLA signal. This is most likely due to the transfection efficiency of these cells , which was 
determined to be 40% (see Appendix Figure 4). Scale bar is 20µm. Bottom panel shows Western 
blot analysis showing expression of WT p53, ERl3, and actin. 
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Figure 20: Sequential transfections of ERJ3 knockdown and WT p53 overexpression 
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LM2-4Luc+ (p53KO) cells were sequentially transfected with ERl3 siRNA and WT p53 expression 
plasmid. Briefly, cells were transfected on Day 1 with 120nM control (NS) or ERl3 siRNA. On Day 
2, cells were transfected again with 2µg of control (EV) or WT p53 expression plasmid. On Day 3, 
cells were harvested for protein, RNA, or other assays (data shown in other figures). Cells were 
transfected with ERl3 siRNA for 48hr total , and WT p53 expression plasmid for 24hr total. See 
Materials and Methods for detailed procedure. 
A) Schematic of sequential transfections B) Western blot analysis shows relative ERl3, WT p53 , 
and actin protein levels after the sequential transfection procedure. 
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Figure 21: ERJ3 regulates p21, PUMA expression in WT p53 context 
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LM2-4Luc+ (p53KO) cells were sequentially transfected with ERl3 siRNA and WT p53 expression 
plasmid. Briefly, cells were transfected on Day 1 with 120nM control (NS) or ERl3 siRNA. On Day 
2, cells were transfected again with 2µg of control (EV) or WT p53 expression plasmid. On Day 3, 
cells were harvested for protein , RNA, or other assays. Cells were transfected with ERl3 siRNA 
for 48hr total , and WT p53 expression plasmid for 24hr total. See Materials and Methods for 
detailed procedure. Total RNA was isolated and qRT-PCR was performed to assess mRNA 
levels of p21/CDKN1A and PUMAIBBC3. Values are mean ± standard deviation (SD) of three 
independent experiments. *p ::; 0.05 Student's t test. 
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Figure 22: ERJ3 regulates cell cycle and apoptosis in WT p53 context 
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LM2-4Luc+ (p53KO) cells were sequentially transfected with ERl3 siRNA and WT p53 expression 
plasmid , as described in Figure 20. 
A) Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was analyzed 
by flow cytometry and Annexin V positivity was quantified using Winlist software. Values are 
shown as mean ± SD of three independent experiments. 
B) Cell cycle distribution was assessed by propidium iodide (Pl) staining of DNA content. Data 
was quantified using ModFit software. Values are shown as mean ± SD of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 23: Schematic of ERJ3 in a WT vs mutant p53 isogenic context 
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To summarize Aim 1, ERl3 and mutant p53 interact in multiple TNBC cell lines, and ERl3 can 
regulate p21 and PUMA gene expression, as well as cell cycle regulation. After creating an 
isogenic system , in which WT and mutant p53 exert opposite effects on specific target genes and 
cell growth, we tested whether ERl3 can still bind and regulate WT p53. In our isogenic system, 
we find that ERl3 is still able to inhibit WT p53. This is apparent by an increase in p53 target gene 
expression and an increase in apoptosis after ERl3 knockdown. 
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Figure 24: ERJ3 ligands regulate an ERJ3 target gene 
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LM2-4Luc+ cells were treated with the ERl3 ligands, 4-OHT, PHTPP, and DPN. Cells were treated 
with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN for 24hr. Total RNA was isolated 
and qRT-PCR was performed to assess mRNA levels of C3. Data is displayed as fold change 
relative to vehicle control , which was set to 1.0. Values are mean ± SD of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 25: 4-0HT increases ERJ3-mutant p53 interaction 

3hr 24hr A 

B 

ERl3 

p53 

0 

Vehicle (EIOH) 

1 3 6 12 0 

40HT (2uM) 

1 3 6 12 24 

o:i. 
Ck: .,
WE 
~'E 
_1,j > 
';ii,;, 

~~ 
0~ 
z 

4 

3 

2 

-+-Vehicl e 

...40HT 

Actin 0 
0 6 12 18 24 

Time (hr) 

C IP: 

input lgG ER~ 
VEH 40HT VEH 40HT VEH 40HT 

1B: 
p53 

ER~ 

1.00 1.31... 
A) Proximity ligation assay (PLA) showing interaction between ERl3 and mutant p53 in LM2-4Luc+ 
cells treated with 2µM 4-OHT for 3hr and 24hr. Images are representative of one of three 
independent experiments. Red dots are PLA signal and blue stain is DAPI nuclear staining. PLA 
dots were quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells 
per field. Quantification data is shown as mean ± SD. *p ::; 0.05 Student's t test. Scale bar is 
20µm. (Additional fields are found in Appendix Figure 2) 
B) Western blot analysis of relative ERl3, mutant p53, and actin protein levels at 0, 1, 3, 6, 12, 
24hr post-treatment. Relative band intensities were quantified and normalized to actin , then 
normalized to vehicle at Ohr. Relative band intensity was quantified using Image Lab 5.2.1 
(BioRad). 
C) Co-immunoprecipitation assays were performed in LM2-4Luc+ cells treated with 2µM 4-OHT for 
3hr. After treatment, cell lysates from vehicle and 4-OHT cells were immunoprecipitated with ERl3 
antibody, followed by immunoblotting with p53 antibody. Blot images are representative of one of 
three independent experiments. Bands representing immunoprecipitated p53 protein were 
quantified using lmageJ software and normalized to pulldown control (ERl3 IP bands). Values 
represent the average of three independent assays. 
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Figure 26: PHTPP decreases ERJ3-mutant p53 interaction 
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A) Proximity ligation assay (PLA) showing interaction between ER~ and mutant p53 in LM2-4Luc+ 
cells treated with 50nM PHTPP for 3hr and 24hr. Images are representative of one of three 
independent experiments. Red dots are PLA signal and blue stain is DAPI nuclear staining. PLA 
dots were quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells 
per field. Quantification data is shown as mean ± SD. *p ::; 0.05 Student's t test. Scale bar is 
20µm. (Additional fields are found in Appendix Figure 2) 
B) Western blot analysis of relative ER~, mutant p53, and actin protein levels at 0, 1, 3, 6, 12, 
24hr post-treatment. Relative band intensities were quantified and normalized to actin , then 
normalized to vehicle at Ohr. Relative band intensity was quantified using Image Lab 5.2.1 
(BioRad). 
C) Co-immunoprecipitation assays were performed in LM2-4Luc+ cells treated with 2µM 4-OHT for 
3hr. After treatment, cell lysates from vehicle and 4-OHT cells were immunoprecipitated with ER~ 
antibody, followed by immunoblotting with p53 antibody. Blot images are representative of one of 
three independent experiments. Bands representing immunoprecipitated p53 protein were 
quantified using lmageJ software and normalized to pulldown control (ER~ IP bands). Values 
represent the average of three independent assays. 
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Figure 27: DPN has no effect on ERJ3-mutant p53 interaction 
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A) Proximity ligation assay (PLA) showing interaction between ERl3 and mutant p53 in LM2-4Luc+ 
cells treated with 50nM DPN for 24hr. Images are representative of one of three independent 
experiments. Red dots are PLA signal and blue stain is DAPI nuclear staining. PLA dots were 
quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells per field. 
Quantification data is shown as mean± SD. Scale bar is 20µm. 
B) Western blot analysis shows relative ERl3, p53, p73, and actin protein levels following DPN 
treatment. Blot images are representative of one of three independent experiments. 
C) Co-immunoprecipitation assays were performed in LM2-4Luc+ cells treated with 50nM DPN for 
24hr. After treatment, cell lysates from vehicle and DPN treated cells were immunoprecipitated 
with ERl3 antibody, followed by immunoblotting with p53 antibody. Blot images are representative 
of one of three independent experiments. 
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Figure 28: 4-0HT decreases the mutant p53-p73 interaction 
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A) Proximity ligation assay (PLA) showing interaction between mutant p53 and p73 in LM2-4Luc+ 
cells treated with 2µM 4-OHT for 3hr. Images are representative of one of three independent 
experiments. Red dots are PLA signal and green stain is nuclear staining. PLA dots were 
quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells per field. 
Quantification data is shown as mean ± SD. *p::; 0.05 Student's t test. Scale bar is 20µm. 
B) Co-immunoprecipitation assays were performed in LM2-4Luc+ cells treated with 2µM 4-OHT 
for 3hr. After treatment, cell lysates from vehicle and 4-OHT cells were immunoprecipitated with 
p73 antibody, followed by immunoblotting with p53 antibody. Blot images are representative of 
one of three independent experiments. Bands representing immunoprecipitated p53 protein were 
quantified using lmageJ software and normalized to pulldown control (p73 IP bands). Values 
represent the average of three independent assays. 
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Figure 29: PHTPP increases the mutant p53-p73 interaction 
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A) Proximity ligation assay (PLA) showing interaction between mutant p53 and p73 in LM2-4Luc+ 
cells treated with 50nM PHTPP for 24hr. Images are representative of one of three independent 
experiments. Red dots are PLA signal and green stain is nuclear staining. PLA dots were 
quantified by counting the number of dots per cell for 5 fields of approximately 5-6 cells per field. 
Quantification data is shown as mean ± SD. *p::; 0.05 Student's t test. Scale bar is 20µm. 
B) Co-immunoprecipitation assays were performed in LM2-4Luc+ cells treated with 50nM PHTPP 
for 24hr. After treatment, cell lysates from vehicle and PHTPP cells were immunoprecipitated with 
p73 antibody, followed by immunoblotting with p53 antibody. P73 input was Blot images are 
representative of one of three independent experiments. Bands representing immunoprecipitated 
p53 protein were quantified using lmageJ software and normalized to pulldown control (p73 IP 
bands). Values represent the average of three independent assays. p73 input was probed on a 
different blot. 
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Figure 30: 4-OHT, PHTPP, and DPN regulate p21/CDKN1A and PUMA/BBC3 
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LM2-4Luc+ cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN for 24hr. 
After treatment, total RNA was isolated and qRT-PCR was performed to assess mRNA levels of 
p21/CDKN1A and PUMAIBBC3. Data is displayed as fold change relative to vehicle control , 
which was set to 1.0. Values are mean ± SD of three independent experiments. *p ::; 0.05 
Student's t test. 
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Figure 31: 4-0HT, PHTPP, and DPN regulate cell cycle 
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LM2-4Luc+ cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN for 24hr. 
Cell cycle distribution was assessed by propidium iodide (Pl) staining of DNA content. Data was 
quantified using ModFit software. Values are shown as mean ± SD of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 32: 4-0HT, PHTPP, and DPN regulate apoptosis 
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LM2-4Luc+ cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN for 24hr. 
Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was analyzed by 
flow cytometry and Annexin V positivity was quantified using Winlist software. Values are shown 
as mean ± SD of three independent experiments. *p ::; 0.05 Student's t test. 
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Figure 33: LM2-4Luc+ (p53KO) cells have elevated p73 activity 
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Comparison of p73 activity in LM2-4Luc+ cells and LM2-4Luc+ (p53KO) cells. 
A) Western blot analysis showing relative p73 and mutant p53 protein levels. 
B) Total RNA was isolated and qRT-PCR was performed to assess mRNA levels of p21/CDKN1A 
and PUMAIBBC3. Values are mean ± standard deviation (SD) of three independent experiments. 
*p ::; 0.05 Student's t test. 
C) Cell cycle distribution was assessed by propidium iodide (Pl) staining of DNA content. Data 
was quantified using ModFit software. Values are shown as mean ± SD of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 34: ERJ3 ligands can still regulate C3 (ERJ3 target gene) in LM2-4Luc+ (p53KO) cells 
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LM2-4Luc+ (p53KO) cells were treated with ERl3 ligands. Cells were treated with 2µM 4-OHT for 
3hr, 50nM PHTPP for 24hr, or 50nM DPN for 24hr. Total RNA was isolated and qRT-PCR was 
performed to assess mRNA levels of C3. Data is displayed as fold change relative to vehicle 
control , which was set to 1.0. Values are mean ± standard deviation (SD) of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 35: 4-0HT, PHTPP, and DPN have no effect on p21/CDKN1A or PUMAIBBC3 in LM2-
4Luc+ (p53KO) cells 
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LM2-4Luc+ (p53KO) cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN 
for 24hr. Total RNA was isolated and qRT-PCR was performed to assess mRNA levels of 
p21/CDKN1A and PUMAIBBC3 . . Data is displayed as fold change relative to vehicle control , 
which was set to 1.0. Values are mean ± standard deviation (SD) of three independent 
experiments. *p ::; 0.05 Student's t test. 
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Figure 36: 4-0HT, PHTPP, and DPN have no effect on cell cycle progression in LM2-4Luc+ 
(p53KO) cells 
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LM2-4Luc+ (p53KO) cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN 
for 24hr. Cell cycle distribution was assessed by propidium iodide (Pl) staining of DNA content. 
Data was quantified using ModFit software. Values are shown as mean ± SD of three 
independent experiments. *p ::; 0.05 Student's t test. 
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Figure 37: 4-0HT, PHTPP, and DPN regulate apoptosis in LM2-4Luc+ (p53KO) cells 
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LM2-4Luc+ (p53KO) cells treated with 2µM 4-OHT for 3hr, 50nM PHTPP for 24hr, or 50nM DPN 
for 24hr. Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was 
analyzed by flow cytometry and Annexin V positivity was quantified using Winlist software. 
Values are shown as mean ± SD of three independent experiments. 
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Figure 38: Schematic of the effect of ERJ3 ligands on ERJ3-mutant p53 interaction 
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To summarize Aim 2, ERl3 ligands are able to regulate the ERl3-mutant p53 interaction 
differentially. 4-0HT treatment upregulates ERl3 protein levels and increases the interaction 
between ERl3 and mutant p53. This results in an increase of downstream p73 activity, such as 
p73 gene transcription, cell cycle progression, and apoptosis. In contrast, PHTPP disrupts the 
interaction between ERl3 and mutant p53, leading to a decrease of downstream p73 activity. 
These ligand-mediated effects were shown to be dependent on the presence of mutant p53, as 
they were no longer effective in a mutant p53 KO cell line. Finally, in the case of DPN, there is no 
effect on the ERl3-mutant p53 interaction or subsequent p73 activity. However, DPN treatment 
can still induce apoptosis through direct ERl3 signaling. 
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Figure 39: 4-OHT shifts ICso of doxorubicin in TNBC cells 
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(g ray line) Doxo alone IC50 = 1.049 ± 0.25 µM (gray line) Doxo alone IC50 = 0.64 ± 0.06 µM 
(black line) Doxo+40HT IC50 = 0.15 ± 0.02 µM (black line) Doxo+40HT IC50"' 0.27 ± 0.04 µM 

LM2-4Luc+ (left) and MDA-MB-468 (right) cells were treated with increasing concentrations of 
doxorubicin with or without 2µM 4-OHT for 72hr. SRB cell viability assay was performed and IC50 
values were calculated. Values are mean IC50 values± standard error (SE) for three independent 
experiments. Note: All values were normalized to the true control (cells treated with 0µM 
Doxorubicin). There was no decreased cytotoxicity in cells treated with 0µM Doxorubicin + 2µM 4-
OHT. 
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Figure 40: 4-OHT has no effect on ICso in LM2-4Luc+ (p53KO) cell line 
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LM2-4Luc+ (p53KO) cells were treated with increasing concentrations of doxorubicin with or 
without 2µM 4-OHT for 72hr. SRB cell viability assay was performed and IC50 values were 
calculated. Values are mean IC50 values ± standard error (SE) for three independent 
experiments. 
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Figure 41: Combination of 4-0HT and doxorubicin induces more cell death 
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LM2-4Luc+ and MDA-MB-468 cells were treated with 2µM 4-OHT, 0.1 µM doxorubicin , or a 
combination of both treatments for 72hr. After 48hr, cells were imaged to show morphology 
changes. Phase contrast images are representative of one of three independent experiments. 
Scale bar is 20µm. 

154 



Figure 42: Combination of 4-0HT and doxorubicin decreases cell viability 
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LM2-4Luc+(A), MDA-MB-468 (B), and LM2-4Luc+ (p53KO) (C) cells were treated with 2µM 4-OHT, 
0.1 µM doxorubicin, or a combination of both treatments for 72hr. After 72hr, cells were fixed and 
stained with crystal violet for viability. Representative images show staining intensity from one of 
three independent experiments. Crystal violet dye was solubilized and absorbance was measured 
at 520nM. Values are mean± SD of three independent experiments. *p::; 0.05, One-way ANOVA. 
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Figure 43: Combination of 4-0HT and doxorubicin enhances apoptosis 

B!LM2-41LUC+ MDA-MB-468 40HT - + +A Doxo - + +GO60 ., c. PARP.. 
> .,> 

:;::: * 1.00 125 1.42 2.56·;;; .; 0 
&_ 40 ...J 

:::,
&_ 40 ... Caspase 3 > > 

C 
I-

N 
1.00 0_54 0 .70 0.25.!: >< == .J~ 20 l!! 20 

C: 
~-aclin 

<I; .:i 
~ ~ 

0 
::c I- 0 0 ::c I- 0 0 en c. PARP w ::c w ::c ><> ...0 

0 
~ 

0 
~ > ...0 g ~ ::E . '°00 1.00 1.0 1 3.95 S.41 

+ '5 ...,t. 
0 

I- ~-aclin ::c :i:: ::E0 0... ... 

LM2-4Luc+ and MDA-MB-468 cells were treated with 2µM 4-OHT, 0.1 µM doxorubicin , or a 
combination of both treatments for 24hr. 
A) Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was analyzed 
by flow cytometry and Annexin V positivity was quantified using Winlist software. Values are 
shown as mean ± SD of three independent experiments. *p ::; 0.05, Student's t test. 
Representative scatter plots can be found in Appendix Figure 8. 
B) Western blot analysis shows relative levels of cleaved PARP and pro-Caspase 3 following 
treatments. Blot images are representative of one of three independent experiments. Band 
intensity was quantified using lmageJ software and values were normalized to corresponding 
Actin values , then to Vehicle control. Values represent the average of three independent assays. 
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Figure 44: p73 knockdown abrogates increased apoptosis 
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LM2-4Luc+ and MDA-MB-468 cells were transfected with 80nM of control (NS) or p73 siRNA for 
24hr. After transfection , cells were treated with 2µM 4-OHT, 0.1 µM doxorubicin, or a combination 
of both treatments for 24hr. 
A) Apoptosis was assessed by dual staining with FITC Annexin V and Pl. Staining was analyzed 
by flow cytometry and Annexin V positivity was quantified using Winlist software. Values are 
shown as mean ± SD of three independent experiments. *p ::; 0.05, Student's t test. 
Representative scatter plots can be found in Appendix Figure 9. 
B) Western blot analysis shows relative levels of p73 and cleaved PARP following transfection 
and treatments. Blot images are representative of one of three independent experiments. Band 
intensity was quantified using lmageJ software and values were normalized to corresponding 
Actin values , then to siNS/Vehicle control. Values represent the average of three independent 
assays. 
C) Western blot analysis shows relative levels of ERl3 and mutant p53 following transfection and 
treatments. 
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Figure 45: Xenograft model tumor growth 
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A) Experimental design of LM2-4Luc+ xenograft model with tamoxifen and doxorubicin dosing 
schedules. 
B) Body weights of mice for duration of the experiment. Data is represented as mean of 5 animals 
per group. Error bars represent standard deviation. 
C) Tumor growth curves of four treatment groups. Data is represented as mean of 5 animals per 
group. Error bars represent standard deviation. 
D) Tumor growth curves of individual animals. 
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Figure 46: Endpoint tumor analysis 

Tumor weight endpoint 

2.5 
A * 

§ 2.0 • 
E 
.!!' 1.5 ; 
0 1.0 
E 
~ 0.5 

o_o...._-.----.---......--.--

B 

Group 1: 
Vehicle 

Group 2: 
Tamoxifen 

Group 3: 
Doxorubicin 

Group 4: 
Tam+ Doxo 

A) Primary tumor weights at experiment endpoint. Data is represented as mean of 5 animals per 
group. Error bars represent standard deviation. *p::; 0.05, ANOVA. 
B) Images of excised primary tumors. Ruler scale is mm. 
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Figure 47: p53KO tumor growth 
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A) Body weights of mice over course of the experiment. Data is represented as mean of 5 
animals per group. Error bars represent standard deviation. 
B) Tumor growth curves of control group (LM2-4Luc+) and LM2-4Luc+ p53KO group. Data is 
represented as mean of 5 animals per group. Error bars represent standard deviation. *p ::; 0.05, 
Student's t test. 
C) Tumor growth curves of individual animals. 
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Figure 48: p53KO tumor endpoint analysis 
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A) Primary tumor weights at experiment endpoint. Data is represented as mean of 5 animals per 
group. Error bars represent standard deviation. *p ::; 0.05, Student's t-test. 
B) Images of excised primary tumors. Ruler scale is mm. 
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Figure 49: Lung analysis at endpoint 
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A) Weights of excised lungs at experiment endpoint. Data is represented as mean of 5 animals 
per group. Error bars represent standard deviation. 
B) Images of excised lungs. Ruler scale is mm. 
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Figure 50: Final model 
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To summarize Aim 3, 4-0HT treatment was combined with doxorubicin treatment to exploit the 
increased p73 activity that was observed in Aim 2. Mechanistically, we hypothesize that 4-0HT 
frees more p73 away from mutant p53, allowing for a more robust apoptotic response to 
doxorubicin treatment. 4-0HT increases the efficacy of doxorubicin to induce apoptosis and cell 
death. 
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Appendix Figures 

Appendix Figure 1: PLA single antibody controls 

DAPI PLA: aER~ only 

DAPI PLA: ap53 only 

DAPI PLA: ap73 only 

PLA signals generated using single primary antibodies, anti-ERl3 (EMO Millipore), anti-p53 (D01, 
Santa Cruz) and anti-p73 (Bethyl Laboratories). In all cases, other than some homogenously 
spread background noise, no enhanced PLA signals were found. DAPI was used as a nuclear 
stain. Scale bar= 10µm. 
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Appendix Figure 2: Additional PLA images for Figure 25 and Figure 26 

A DAPI PLA: ERl3-mut p53 MERGE 

DAPI PLA: ERj3-mut p53 MERGEB 

Additional PLA images from Figure 25 and 26. LM2-4Luc+ cells were treated with 2µM 4-
OHT (A) or 50nM PHTPP (B). PLA showing endogenous interaction between ERl3 and 
mutant p53 at 3hr and 24hr post-treatment. Scale bar = 1 0µm, 60X magnification. 
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Appendix Figure 3: Primer efficiencies of qRT-PCR primers 
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Efficiencies determined of qRT-PCR primers. cDNA was diluted serially five times, Ct values were 
plotted as a function of log(RNA concentration) and efficiency (E) was calculated from the slope 
of each line. All primer sets were found to be within the acceptable range of E= 90-110%. 
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Appendix Figure 4: Transfection efficiency of p53 overexpression 
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Transfection efficiency is ~40% 

Transfection efficiency was determined by transfecting the LM2-4Luc+ (p53KO) cell line with WT 
p53 via overexpression plasmid (as described in Materials & Methods). Cells were fixed and 
stained with p53 antibody, followed by Alexa488-conjugated secondary antibody and DAPI 
nuclear staining. Transfection efficiency was calculated by counting the number of "green" cells 
(transfected cells) over the total number of cells (counted from DAPI stain) and multiplied by 
100%. Scale bar = 100 µm. 
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Appendix Figure 5: Chemical structures of ERJ3 ligands 
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Chemical structures of ERl3 ligands: 4-0HT, PHTPP, and DPN. 

168 



Appendix Figure 6: Validation of C3 as ERJ3 target gene 
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LM2-4Luc+ cells were transfected with an ER131 overexpression plasmid (left panel), or two 
different ERl3 siRNA sequences (right panel ) for 48hr. Total RNA was isolated and qRT-PCR was 
performed to assess mRNA levels of C3. Values are mean ± standard deviation (SD) of three 
independent experiments. *p ::; 0.05 Student's t test. 
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Appendix Figure 7: 4-0HT treatment in MDA-MB-468 
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A) MDA-MB-468 cells were treated with 2µM 4-OHT for 3hr. Western blot shows relative protein 
levels of ERl3, p53, and actin. 
B) Co-immunoprecipitation of ERl3 pulls down p53 protein, showing the endogenous interaction of 
these two proteins in MDA-MB-468 cells. 
C) Proximity ligation assay (PLA) showing interaction between ERl3 and mutant p53 in MDA-MB-
468 cells treated with 2µM 4-OHT for 3hr. Images are representative of one of three independent 
experiments. Red dots are PLA signal and green stain is nuclear staining. 
D) MDA-MB-468 cells were treated with 2µM 4-OHT for 3hr and total RNA was isolated and qRT
PCR was performed to assess mRNA levels of p21/CDKN1A and PUMAIBBC3. Values are mean 
± standard deviation (SD) of three independent experiments. *p::; 0.05 Student's t test. 
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Appendix Figure 8: Annexin V scatter plots for Figure 43 
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Representative scatter plots featuring flow cytometry data from dual FITC-Annexin V and 
Pl staining. LM2-4LUC+ cells (A) and MDA-MB-468 cells (B) were treated with 2µM 4-
OHT, 0.1 µM doxorubicin, or a combination of both treatments for 24hr. Data was 
quantified using Winlist software. Each plot represents one biological replicate. 
Quantification of all biological replicates is found in Figure 43. 
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Appendix Figure 9: Annexin V scatter plots for Figure 44 
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Representative scatter plots featuring flow cytometry data from dual FITC-Annexin V and Pl 
staining . LM2-4Luc+ cells (A) and MDA-MB-468 cells (B) were treated with 80nM of control or p73 
siRNA for 24hr, then treated with 2µM 4-OHT, 1µM doxorubicin, or a combination of both 
treatments for an additional 24hr. Data was quantified using Winlist software. Each plot 
represents one biological repl icate. Quantification of all biological replicates is found in Figure 44 
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