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Abstract 

In men and women in the United States, prostate and breast cancer account for nearly a 

third of all new cancer diagnoses each year. Though the five-year survival is over 90% for both, 

those with metastatic disease have a five-year survival closer to 30%. For many of these 

individuals, treatment with radiation, chemotherapy, or a combination of several therapies is 

curative. However, many individuals will experience treatment failure or severe side effects that 

require early cessation of standard treatment, which is associated with increased recurrence and 

worse survival outcomes. As such, finding adjuvant treatment options that can enhance treatment 

efficacy and limit side effects is of critical importance. Given the evidence supporting the role of 

p300 in DNA damage repair, which is an important factor mediating the efficacy of radiation, we 

sought to understand whether p300, a histone acetyltransferase and transcriptional coactivator, or 

its homologue CREB binding protein (CBP), plays a role in the success of radiation therapy in 

humans by performing a candidate gene association study (Chapter 2). We found that there are 

several p300 and CBP single nucleotide polymorphisms (SNPs) associated with the odds of 

diagnosis of a second malignancy after radiation, suggesting that they may play a role in the 

efficacy of radiation therapy in humans. As a follow-up to these findings, we investigated the 

role of p300/CBP in the radiosensitivity of human prostate and breast cancer cells in vitro 

through pharmacological inhibition. Results from this work did not reveal any effect of 

p300/CBP inhibition on prostate or breast cancer cell survival after radiation. In chapter 3, we 

further investigated the role of p300/CBP in the response to doxorubicin, a first line drug for 

metastatic breast cancer. First, we investigated whether p300 or CBP plays a role in the success 

of doxorubicin by performing a candidate gene association study. We found that there are several 

CBP, but no p300, SNPs that decrease the odds of second malignancy after doxorubicin, 



  

suggesting that CBP may play a role in the efficacy of doxorubicin. We followed these findings 

with in vitro experiments to determine the role of p300/CBP inhibition on breast cancer cell 

survival after exposure to doxorubicin and found that p300/CBP inhibition had no effect on the 

efficacy of doxorubicin. We also sought to determine if p300/CBP modulates the effects of 

doxorubicin on the vasculature, a physiological target for development of adverse cardiotoxicity, 

by investigating vascular reactivity of the thoracic aorta in rats, finding that there was no effect 

of either p300/CBP inhibition or doxorubicin ex vivo. Finally, in chapter 4, we sought to 

characterize the vascular, skeletal muscle mass, and cardiac mass changes in an orthotopic model 

of breast cancer. We found that independent of any treatment, the breast tumor vasculature 

exhibits impaired ⍺-adrenergic vasoconstriction and that skeletal muscle, but not cardiac muscle, 

atrophy may occur, mirroring several findings that have been demonstrated in orthotopic prostate 

cancer models. Together, our findings suggest that there may be an association between 

p300/CBP and the odds of diagnosis of secondary malignancy after exposure to anti-cancer 

therapies. However, further investigation is needed to determine the exact role of p300/CBP on 

the efficacy of current first line anti-cancer therapies. We also determined that the orthotopic 

breast cancer model extends several findings from orthotopic models of prostate cancer, 

suggesting it may be useful to study interventions that rely on hemodynamic alterations. 
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Abstract 

In men and women in the United States, prostate and breast cancer account for nearly a 

third of all new cancer diagnoses each year. Though the five-year survival is over 90% for both, 

those with metastatic disease have a five-year survival closer to 30%. For many of these 

individuals, treatment with radiation, chemotherapy, or a combination of several therapies is 

curative. However, many individuals will experience treatment failure or severe side effects that 

require early cessation of standard treatment, which is associated with increased recurrence and 

worse survival outcomes. As such, finding adjuvant treatment options that can enhance treatment 

efficacy and limit side effects is of critical importance. Given the evidence supporting the role of 

p300 in DNA damage repair, which is an important factor mediating the efficacy of radiation, we 

sought to understand whether p300, a histone acetyltransferase and transcriptional coactivator, or 

its homologue CREB binding protein (CBP), plays a role in the success of radiation therapy in 

humans by performing a candidate gene association study (Chapter 2). We found that there are 

several p300 and CBP single nucleotide polymorphisms (SNPs) associated with the odds of 

diagnosis of a second malignancy after radiation, suggesting that they may play a role in the 

efficacy of radiation therapy in humans. As a follow-up to these findings, we investigated the 

role of p300/CBP in the radiosensitivity of human prostate and breast cancer cells in vitro 

through pharmacological inhibition. Results from this work did not reveal any effect of 

p300/CBP inhibition on prostate or breast cancer cell survival after radiation. In chapter 3, we 

further investigated the role of p300/CBP in the response to doxorubicin, a first line drug for 

metastatic breast cancer. First, we investigated whether p300 or CBP plays a role in the success 

of doxorubicin by performing a candidate gene association study. We found that there are several 

CBP, but no p300, SNPs that decrease the odds of second malignancy after doxorubicin, 



  

suggesting that CBP may play a role in the efficacy of doxorubicin. We followed these findings 

with in vitro experiments to determine the role of p300/CBP inhibition on breast cancer cell 

survival after exposure to doxorubicin and found that p300/CBP inhibition had no effect on the 

efficacy of doxorubicin. We also sought to determine if p300/CBP modulates the effects of 

doxorubicin on the vasculature, a physiological target for development of adverse cardiotoxicity, 

by investigating vascular reactivity of the thoracic aorta in rats, finding that there was no effect 

of either p300/CBP inhibition or doxorubicin ex vivo. Finally, in chapter 4, we sought to 

characterize the vascular, skeletal muscle mass, and cardiac mass changes in an orthotopic model 

of breast cancer. We found that independent of any treatment, the breast tumor vasculature 

exhibits impaired ⍺-adrenergic vasoconstriction and that skeletal muscle, but not cardiac muscle, 

atrophy may occur, mirroring several findings that have been demonstrated in orthotopic prostate 

cancer models. Together, our findings suggest that there may be an association between 

p300/CBP and the odds of diagnosis of secondary malignancy after exposure to anti-cancer 

therapies. However, further investigation is needed to determine the exact role of p300/CBP on 

the efficacy of current first line anti-cancer therapies. We also determined that the orthotopic 

breast cancer model extends several findings from orthotopic models of prostate cancer, 

suggesting it may be useful to study interventions that rely on hemodynamic alterations. 
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Chapter 1 - Background 

Worldwide, nearly 20 million people are diagnosed with cancer each year, and in the 

United States, there is nearly a 40% lifetime risk of being diagnosed with cancer. In 2024 alone, 

there will be over 2 million new diagnoses in the United States 1. Despite drastic improvements 

in treatments over the last several hundred years, cancer remains the leading cause of death for 

Americans under age 85, and for those who do survive cancer, the life-saving treatments they 

received often lead to life-limiting side effects.  

 The first known descriptions of cancer (and its treatment) date back to 3000 BC, 

described in the Edwin Smith Papyrus in Egypt 2. However, it would be centuries before our 

understanding of cancer and modern medicine were sufficient to develop curative treatments. 

Thanks to the adoption of the scientific method, an improved understanding of human 

physiology, and emergence of pathology and oncology, successful treatments for cancer began to 

develop. The first documented treatment was surgery—a radical mastectomy performed in 1882 

3 —which has remained a mainstay for the treatment of many cancers today. But for many, 

surgery alone is not curative or may not be a viable treatment option. Fortunately, a variety of 

other treatments have been developed as adjuvants or alternatives to surgery, thanks in part to 

funding created specifically for cancer research. Beyond surgery, radiation was first used to cure 

cancer in 1899 in a case of squamous cell carcinoma of the skin 4, with hormonal therapy and 

chemotherapies introduced in the 1940s 5. As a result of extensive research and development in 

these new treatment modalities, patients are now treated with regimens tailored for success for 

their cancer type, stage, and genetic mutations. In addition to the research directed at developing 

new anti-cancer therapies, significant efforts have also been focused on prevention and early 

detection, which have significantly contributed to reductions in overall cancer mortality. 



2 

Unfortunately, cancer incidence continues to increase for several cancers, and treatment failure, 

treatment side effects, and early discontinuation remain a significant challenge in oncology. 

Of the cancers with an increasing incidence, breast and prostate cancers are the most 

diagnosed, representing nearly a third of all new diagnoses for women and men, respectively 1. 

Despite a five-year survival rate of 91% for all stages combined, breast cancer is the second-

leading cause of cancer-related deaths in women in the United States, and the five-year survival 

rate is much lower (31%) 6 for those with metastatic disease. Like breast cancer, prostate cancer 

is the second-leading cause of cancer-related deaths for men in the United States. The five-year 

survival rate is 97% for all stages combined, but as with breast cancer, drops greatly (34%) 7 for 

those with metastatic disease. Both cancers may be treated with surgery, radiation therapy, 

chemotherapy, hormone therapy, immunotherapy, targeted therapy, or a combination of two or 

more, though radiation and chemotherapy will be the focus of this dissertation. 

Approximately 50% of all individuals diagnosed with cancer will receive radiation, more 

than half of whom are treated with curative intent 8. In addition, radiation is affordable relative to 

other anti-cancer therapies (only 5% of total cost of cancer care) 9. Though radiation is primarily 

used after surgical intervention and tumor removal in patients with breast cancer, its use is 

important to prevent recurrence and for the treatment of nearby lymph nodes 10. It is also 

standard for the treatment of recurrent breast cancer 11. In prostate cancer, radiation therapy is 

often the first-line treatment for cancer localized to the prostate 12,13 and is also used to treat 

advanced and recurrent prostate cancers 14. However, radiation may be ineffective for some 

individuals, leading to a higher total radiation dose or reliance on other therapies that have 

greater potential side effects. Another consideration with radiation is the damage that occurs to 

other nearby tissues. Though the methods of administering radiation have progressed to decrease 
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exposure of nearby healthy tissues, the risk of radiation-related toxicities increases with 

increasing dose 15. Therefore, optimizing radiosensitivity will improve treatment outcomes and 

reduce toxicities to other tissues, as well as decrease reliance on other anti-cancer therapies that 

have the potential for vast systemic side effects (i.e., anti-androgen therapies, anti-VEGF 

therapies, etc.).  

Chemotherapy is also often used to treat breast cancer, either before or after surgery. 

Doxorubicin is one of the most used and will be the chemotherapy of focus for this dissertation. 

Doxorubicin belongs to the class of drugs known as anthracyclines and is one of the most 

effective chemotherapy drugs to treat breast cancer. Doxorubicin works primarily by inhibiting 

Topoisomerase IIb (TopIIb), which leads to the accumulation of DNA damage, and by producing 

reactive oxygen species (ROS), which also results in DNA damage 16,17. While doxorubicin 

induces irreparable damage in cancer cells, it can unfortunately do the same in off-target tissues, 

which is of particular concern in the cardiovascular system and can result in cardiotoxicity. The 

reported incidence of anthracycline cardiotoxicity ranges from 6-48%, occurs in a dose-

dependent manner, and is associated with poor patient outcomes and early cessation of treatment 

18-20. While the primary focus of cardiotoxicity research has historically been specific to the 

heart, emerging evidence suggests an important and understudied role of the vasculature in the 

manifestations of cardiotoxicity 21-27. Therefore, strategies to improve treatment efficacy while 

limiting toxicities are of critical importance to ensuring successful patient outcomes.   

Inobrodib, (CCS-1477) a small-molecule inhibitor of p300 and its homologue CBP, is 

currently in clinical trials for the treatment of several types of cancer and may modulate the 

effects of anti-cancer therapies. p300 and CBP are transcriptional co-activators that act as histone 

acetyltransferases, interacting with hundreds of transcription factors. Because p300/CBP is 
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reported to play a role in DNA damage repair, oxidative stress, and cellular senescence 28-36, it 

represents a unique treatment that may impact the effects of anti-cancer therapies.  

The primary purpose of this dissertation is to explore the role of p300/CBP in the response to 

radiation therapy and doxorubicin. In Chapter 2, we investigated whether single nucleotide 

polymorphisms (SNPs) in the p300 or CBP gene encoding regions are associated with the odds 

of a diagnosis of secondary malignancy in individuals diagnosed with prostate or breast cancer 

and in those treated explicitly with radiation. We also investigated the role of the highly specific 

p300/CBP inhibitor CCS-1477 in cancer cell radiosensitivity in prostate and breast cancer cells. 

In Chapter 3, we investigated whether there is an association between p300/CBP SNPs and the 

odds of diagnosis of secondary malignancy in individuals who received doxorubicin. Chapter 4 

aims to characterize the vascular function of breast tumor arterioles and determine whether 

cachexia might occur in an orthotopic model of breast cancer. Together, we hope these studies 

can provide insight into potential therapeutic interventions that improve cancer treatment 

outcomes and reduce treatment side effects.   
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Chapter 2 - Role of p300 in prostate and breast cancer 

radiosensitivity 

 Abstract 

Over 50% of individuals diagnosed with prostate and breast cancer will be treated with 

radiation therapy at some point during their treatment, but many will experience treatment 

failure. Understanding potential mediators of treatment failure is critical to improving the 

efficacy of radiation. Given the role of p300/CBP in DNA damage repair, and because DNA 

damage is critical for the efficacy of radiation, we hypothesized that p300/CBP may be important 

in mediating the response to radiation. As such, we hypothesized that there would be an 

association between p300/CBP single nucleotide polymorphisms and the odds of secondary 

malignancy after radiation. We also hypothesized that p300/CBP inhibition would enhance the 

efficacy of radiation in vitro. Using a candidate gene association study approach, we found that 

single nucleotide polymorphisms in the p300 and CBP gene encoding regions are associated with 

the odds of diagnosing secondary malignancy in individuals who received radiation. We also 

found that pharmacological inhibition of p300/CBP does not impact the efficacy of radiation in 

prostate or breast cancer cells in vitro. Given that p300/CBP single nucleotides are associated 

with odds of second malignancy, further investigation into the role of p300/CBPs in mediating or 

predicting the response to radiation is warranted. In addition, investigating the role of p300/CBP 

inhibition in vivo will provide insight into its role in mediating the efficacy of radiation. 
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 Introduction 

Prostate and breast cancers are the most diagnosed cancers in the United States for men 

and women, respectively, and represent the second leading causes of cancer-related deaths. This 

translates to approximately 300,000 new diagnoses of each in 2024 alone, and over 10% of all 

cancer-related deaths for each sex 1. Over 50% of these individuals will be treated with radiation 

therapy at some point during their treatment 2, but many will experience treatment failure. In 

prostate cancer, the relapse rate in men treated with radiation therapy varies greatly, ranging 

from 6-88%, and depends on cancer stage, prostate specific antigen (PSA) level, and Gleason 

score 3. Conversely, in breast cancer, radiation is rarely used as a sole treatment, and thus, 

estimates of failure rates are difficult to determine. However, even individuals receiving 

combined therapies with radiation (chemotherapy, surgery, immunotherapy, etc.) experience 

local, regional, and distant recurrence 4,5. Despite the wide-ranging estimates for the success of 

radiation therapy, it remains a critical component of both prostate and breast cancer treatment 

regimens, and strategies to improve its efficacy are important for improving the outcomes of 

those diagnosed with cancer.  

 Several drugs have emerged in recent years as radiosensitizing agents, but the therapeutic 

advantage remains small, and most do not improve clinical outcomes 6. As such, there remains a 

need to develop new strategies to improve radiation efficacy. Briefly, radiation therapy works by 

causing either direct or indirect damage to the DNA of cancer cells. Direct damage occurs 

through disruption of the molecular structure of DNA, whereas indirect damage occurs when the 

molecular structure of DNA is damaged by a reaction with free radicals produced from the 

interaction of ionizing radiation with other cellular components, like water 7-9. The most lethal 

type of radiation damage is the formation of double-stranded breaks (DSBs) 10-13. DSBs result in 
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breakage in both strands of the DNA backbone, and cells will not survive without the repair of 

these breaks. Several DNA damage repair (DDR) mechanisms exist and are important for 

maintaining the genomic stability of normal cells. However, the ability to repair DNA damage 

may be a significant contributor to radioresistance of cancer cells. DDR involves an extensive 

number of repair processes and associated proteins (e.g., Ku70/80, BRCA1, etc.) 13-17. The two 

main pathways for DSB repair involving these proteins are non-homologous end joining (NHEJ) 

and homologous recombination (HR) 9,15,16. 

Important for both NHEJ and HR is p300 (as well as its homologue, cREB binding 

protein (CBP)), a transcriptional co-activator and histone acetyltransferase. p300 is required for 

the recruitment of Ku70/80 to the sites of DSBs for initiation of NHEJ 18 and is a transcriptional 

co-activator for the genes encoding the HR proteins BRCA1, BRCA2, and RAD51 19. Inhibition 

of p300/CBP by C646 has been shown to decrease the recruitment of NHEJ-associated proteins 

to DSB sites 18 and increase radiosensitivity of lung cancer cells 18,20. Knockdown of p300 has 

also been shown to decrease mRNA expression of RAD51 and BRCA1 19, and decrease BRCA1 

and BRCA2 protein expression, resulting in inefficient DSB repair in response to radiation-

induced damage 21. There are also various cancer cell lines that demonstrate increased 

radiosensitivity after inhibition of RAD51 that may be mediated by a decrease in DSB repair 22. 

Together, these findings highlight the importance of p300/CBP in mediating the response to 

radiation via successful repair of DSBs. 

Given the growing evidence for the importance of DNA repair proteins in mediating 

radiosensitivity and potential role of p300/CBP in the expression of these proteins, we 

investigated the role of p300/CBP in the recurrence of cancer, as well as in the recurrence of 

cancer in individuals who received radiation. First, we tested the hypothesis that there is an 
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association between p300/CBP single nucleotide polymorphisms (SNPs) and the odds of second 

malignancy in individuals diagnosed with prostate or breast cancer by conducting an exploratory 

candidate gene association study (CGAS) using the NIH All of Us database. Second, we tested 

the hypothesis that pharmacological inhibition of p300/CBP would increase radiosensitivity in 

vitro by assessing the efficacy of radiation in prostate and breast cancer cells exposed to a highly 

specific small molecule p300/CBP inhibitor (CCS-1477). 
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 Methods 

 Ethics and Data Availability  

The authors declare that all supporting data are available within the present manuscript or 

its online supplementary files. Registered-tier data (e.g., survey, electronic health record, etc.) 

and controlled-tier data (i.e., genomic data, specific demographic data) are available through the 

National Institutes of Health (NIH) All of Us Researcher Workbench (https://allofus.nih.gov/).  

 The All of Us database aims to compile data for 1 million participants from diverse ethnic 

and socioeconomic backgrounds. Currently available data include over 400,000 participants, 

over 40% of whom identify as racial and ethnic minorities, and over 80% of whom are 

underrepresented in biomedical research. Informed consent was obtained at the time of 

participant enrollment, with the enrollment period for the current databank (Version 7) occurring 

from May 1, 2018, to July 1, 2022.  

 Data were accessed only by authorized users who completed the NIH All of Us 

Responsible Conduct of Research Training and received approval. Data are reported in 

accordance with the NIH All of Us Data and Statistics Dissemination Policy, which prohibits 

disclosure of any group count less than 20 individuals to protect participant privacy. Data are de-

identified and thus, exempt from review by the Kansas State University Institutional Review 

Board.  

 

 Candidate Gene Association Study (CGAS) 

 Cancer Diagnosis and Treatment  

Cancer diagnoses were obtained from electronic health records (EHR) and survey data. 

EHR data were harmonized using the Observational Medical Outcomes Partnership Common 

https://allofus.nih.gov/


14 

Data Model (OMOP CDM). The Personal Medical History form provided self-reported data on 

cancer history, cancer type, time of cancer diagnosis, and treatment history. Cancer diagnoses 

from EHR were determined from Systematized Nomenclature of Medicine (SNOMED) codes, 

which have previously shown to have high validity 23,24. Cancers selected for the present study 

were restricted to prostate and breast cancer, the most common non-skin cancer in men and 

women, respectively 1. Participant demographics were derived from the Basics survey, which 

includes age, race and ethnicity, household income, education, and more. Deprivation index is 

derived from the American Community Survey and serves as a measure of socioeconomic 

variation in health outcomes. Full survey question content is accessible via the All of Us 

Research Hub. 

 Variables and Outcomes 

Primary cancer diagnosis, diagnosis of second malignancy, and associated cancer 

treatments were derived from EHR and survey data. Cancer treatments were also recorded from 

survey and EHR data. All of Us concept vocabulary and SNOMED codes were applied to search 

for the use of radiotherapy (SNOMED Code: 108290001). The primary outcome in the present 

study was diagnosis of second malignancy (SNOMED Code: 128462008). This was selected as a 

surrogate indicator of treatment failure after anti-cancer therapy for two reasons: 1) the very low 

number of recurrent malignancies directly documented in the All of Us database health records (n 

≤ 20), and 2) previous work demonstrating the use of secondary malignancy codes for 

determining the timing of recurrent or secondary cancer 25. Those with a diagnosis of second 

malignancy less than 60 days after primary diagnosis (all treatments combined cohort) or less 

than 60 days after treatment (i.e., radiotherapy) were excluded from analyses, as were individuals 

without available genome sequencing. The selection of 60 days is based on international World 
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Health Organization guidelines previously established for EHR research on infectious disease 26 

and frequently adapted for cancer research 27 or cancer management in health systems 28.   

 Genomic Data  

All of Us specimen samples were obtained from participant blood samples. Briefly, DNA 

extracted from samples was sent to genome centers for whole genome sequencing. For the 

present study, p300 and CBP were selected as candidate genes, located on chromosome 22q13.2 

and 16p13.3, respectively, and all SNPs with a minor allele frequency of 0.01 (MAF ≥ 0.01) 

were considered for analysis. Reference SNP ID (rsID) and respective functional outcomes were 

obtained from the NIH National Center for Biotechnology Information (NCBI) Single 

Nucleotide Polymorphism database (dbSNP). 

 

 Cell Culture Study 

Human prostate adenocarcinoma (PC-3) and human breast adenocarcinoma (MDA MB 

231) cells were obtained from American Type Culture Collection (ATCC; Manassas, VA). Cells 

were grown in RPMI-1640 or DMEM medium, respectively, and supplemented with 10% fetal 

bovine serum (FBS) and 2mM l-glutamine. Cultures were maintained in 75cm2 flasks at 37º C in 

a humidified incubator with 5% CO2/room air balance. Cells were randomized to receive 0 or 2 

Gy radiation and vehicle or CCS-1477. 

 

 Radiation and p300 inhibition 

24 hours prior to radiation, all cells were seeded in 25 cm2 flasks. Cells were treated with 

1uM of the p300/CBP inhibitor CCS-1477 (Chemietek, Indianapolis, IN) dissolved in DMSO or 

with an equivalent concentration of vehicle (DMSO, less than 1% final media volume) one hour 
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prior to radiation. Cells were subjected to 0 Gy (sham) or 2 Gy single doses of photon radiation 

with a linear accelerator (Clinac 2100 CD, Varian Medical Systems, Palo Alto, CA) at room 

temperature. Cells were re-incubated after radiation until clonogenic survival assays were 

performed. The experiment was repeated three times on separate days from three different stocks 

of frozen cells.  

 Clonogenic Survival  

Cells were re-incubated for four hours before preparation for clonogenic survival assays, 

as the majority of early DNA repair is completed within a few hours 29. The clonogenic survival 

assay methods were performed following the methods of Franken, et al., and Feoktistova, et al., 

30,31. Cells were isolated via trypsinization and re-suspended in media. Cells were then counted 

and seeded into 100 mm culture plates at a density of 200 cells/plate, performed in triplicate. 

Plates were placed in a humidified incubator maintained at 37º C with 5% CO2/room air balance. 

After 9 days, cells were fixed and stained with 20% methanol and 0.5% crystal violet in water 

(see Figure 2.1A). Cells were observed under a microscope at 10x magnification and colonies 

>50 cells were counted (see Figure 2.1B). Plating efficiency was determined as the percentage 

survival of colonies in the control condition. Survival fraction for each group was determined 

relative to control and expressed as % survival according to the following equation:  

 

% 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = (
𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑃𝐸 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑
) ∗ 100 

 

where PE is the plating efficiency of control cells and % survival is the average of three separate 

experiments, each performed in technical triplicate.  
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 Data Analysis and Statistics 

All statistical analyses for All of Us were performed using the All of Us integrated cloud 

based Jupyter Notebook within the All of Us Researcher Workbench using Python coding 

language (version 3.12) and Python package Hail (https://github.com/hail-

is/hail/releases/tag/0.2.13). Descriptive statistics of the study population are presented as mean ± 

standard deviation (SD). Before genetic analyses, SNPs were first filtered according to standard 

quality control practices. In brief, samples were removed for relatedness between individual 

participants due to heritability of genetic variants 32, then SNPs were further filtered to include 

only common variants (MAF ≥ 0.01) and those meeting Hardy-Weinberg equilibrium criteria (p 

> 1.0 x 10-10) 33. For subsequent association analyses between SNPs and diagnosis of second 

malignancy in individuals previously diagnosed with prostate or breast cancer, we performed 

logistic regression adjusted for the first three principal components representing ancestry. 

Subgroup analysis was performed including only individuals who received radiation (prostate 

and breast cancer cohort). Beta (β) values were converted to Odds Ratio (OR) using the equation:  

 

𝑂𝑅 = exp (β) 

 

90% confidence intervals (CI) were constructed from the upper and lower limits from the 

equation:  

90% 𝐶𝐼 = [exp (β) ± (1.645 ∗ SE)] 

 

where SE is the standard error of the mean for β. Due to the exploratory nature of part 1 of the 

present study, significance was set a priori as p ≤ 0.1. 
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 Statistical analyses for cell culture experiments were performed in Prism (Version 10, 

GraphPad Software, San Diego, CA) data analysis software. All comparisons were made with 

two-way analysis of variance (ANOVA), followed by individual comparisons corrected by 

Holm-Sidak post hoc testing. Data are expressed as % survival, which was determined as 

percentage of control and presented as mean ± SEM. The level of significance was set as p ≤ 

0.05. 
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Figure 2.1.  Representative images of clonogenic plates 

 

 
 

Representative image of clonogenic plate after staining with crystal violet (A) and representative 

image of single colony ≥ 50 cells (B). 
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 Results 

 NIH All of Us Genomic Data 

 Our initial database search identified 4,371 individuals diagnosed with prostate cancer for 

whom genomic data was available. Of these, 522 (11.9%) received a diagnosis of second 

malignancy. 46 (8.8%) of the individuals diagnosed with secondary malignancy received 

radiation therapy, and 96 (2.5%) of those not diagnosed with second malignancy received 

radiation therapy. Our initial database search also identified 6,584 individuals diagnosed with 

breast cancer for whom genomic data was available. Of these, 1,085 individuals (16.5%) 

received a diagnosis of second malignancy. 80 (7.4%) of these individuals received radiation 

therapy, and 207 (3.8%) of those who were not diagnosed with second malignancy received 

radiation therapy. Patient characteristics are summarized in Tables 2.1 (prostate cancer cohort) 

and 2.2 (breast cancer cohort). In the prostate cancer cohort, there was no significant difference 

in age between those who were diagnosed with second malignancy and those who were not (75.7 

± 9.4 vs. 75.7 ± 8.5 yrs, respectively; p > 0.05). There was a significantly higher median income 

($72,268 ± $20,217 vs. $69,707 ± $19,265) and lower deprivation index (0.3 ± 0.07 vs. 0.31 ± 

0.07) for individuals diagnosed with secondary malignancy compared those who were not (p ≤ 

0.05). In the breast cancer cohort, age and median income were significantly lower (64.8 ± 12.5 

vs. 69.1 ± 11.6 yrs and $67,144 ± $16,937 vs. $68,315 ± $18,051) and deprivation index higher 

(0.32 ± 0.07 vs. 0.31 ± 0.07) for those diagnosed with secondary malignancy compared to those 

who were not (all p ≤ 0.05). Due to NIH All of Us Data and Statistics Dissemination Policy, 

disclosure of group counts ≤ 20 is prohibited. As such, statistical comparisons cannot be made 

for all demographic information. 
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 All SNPs with a significant odds ratio (OR) identified from the CBP or p300 gene 

encoding regions are summarized in Tables 2.3 and 2.4, with rsIDs and functional outcomes of 

given SNPs reported, if known. In the prostate cancer cohort, there were two CBP (Figure 2.2) 

and seven p300 (Figure 2.3) SNPs associated with the odds of diagnosis of second malignancy, 

regardless of treatment. One CBP polymorphism was associated with lower odds (locus 

chr16:3725985, OR, 0.346 [90% CI, 0.145 – 0.827])) and one CBP polymorphism was 

associated with higher odds (locus chr16:3880667, OR, 2.8 [90% CI, 1.170 – 6.723]) of 

diagnosis of second malignancy. Four p300 polymorphisms  were associated with lower odds 

(loci chr22:41149746,  OR, 0.341 [90% CI, 0.130 – 0.894]; chr22:41157255, OR, 0.342 [90% 

CI, 0.131 – 0.894]; chr22:41179879, OR, 0.271 [90% CI, 0.079 – 0.923]; and chr22:41179880, 

OR, 0.558 [90% CI, 0.346 – 0.900]) and three were associated with higher odds (loci 

chr22:41178965, OR, 1.513 [90% CI, 1.080 – 2.120]; chr22:41179533, OR, 1.433 [90% CI, 

1.036 – 1.982]; and chr22:41179880, OR, 1.495 [90% CI, 1.051 – 2.126]) of diagnosis of second 

malignancy. Of note, there were two different polymorphisms at locus chr22:41179880, one 

associated with increased odds, and one associated with decreased odds of second malignancy. 

There were no CBP (Figure 2.4) and two p300 (Figure 2.5) SNPs associated with odds of 

diagnosis of second malignancy in those who received radiation therapy, one of which was 

associated with decreased odds (locus chr22:41179879, OR, 0.091 [90% CI, 0.10 – 0.834]) and 

one of which  was associated with increased odds (locus chr22:41178965, OR,1.808 [90% CI, 

1.084 – 2.017]) of diagnosis of second malignancy, which were also significantly associated with 

second malignancy in the overall cohort.  

In the breast cancer cohort, there were two CBP (Figure 2.6) and no p300 (Figure 2.7) 

SNPs associated with odds of diagnosis of second malignancy, regardless of treatment. One CBP 
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polymorphism was associated with decreased odds (locus chr16:3731951, OR, 0.497 [90% CI, 

0.314 – 0.787]) and one was associated with increased odds (locus chr16:3727491, OR, 6.687 

[90% CI, 1.061 – 42.156]) of diagnosis of second malignancy. There were one CBP (Figure 2.8) 

and two p300 (Figure 2.9) SNPs associated with odds of diagnosis of second malignancy in those 

who received radiation therapy. The CBP polymorphism and one p300 polymorphism were 

associated with decreased odds (locus chr16:3726239, OR, 0.239 [90% CI, 0.098 – 0.583]; and 

locus chr22:41155035, OR, 0.704 [90% CI, 0.499 – 0.993]) and the other p300 polymorphism 

was associated with increased odds (locus chr22:41179880, OR, 2.218 [90% CI, 1.162 – 4.236]) 

of diagnosis of second malignancy.  

 

 Cell Culture Experiments 

 p300 inhibition and radiation: prostate cancer 

 The % survival of PC-3 cells was determined after correcting for the plating efficiency of 

control cells, as even untreated cells do not form colonies from each plated cell. There was no 

significant interaction effect between radiation dose and treatment (p = 0.410). There was a 

significant main effect for radiation dose (0 vs. 2 Gy, p = 0.0005) but not for treatment (vehicle 

vs. CCS-1477, p = 0.978). Relative to plating-efficiency corrected survival of vehicle treated and 

non-radiated cells (100%), survival was 108.86 ± 15% in CCS-1477 treated, non-radiated cells, 

61.33 ± 16% in vehicle, radiated cells, and 51.86 ± 5.7% in CCS-1477 treated, radiated cells 

(Figure 2.10). The significant effect of radiation was present in both vehicle and CCS-1477 

treated cells (p = 0.027 and p = 0.003, respectively). These results suggest that there is no effect 

of CCS-1477 on radiosensitivity and that CCS-1477 did not affect the efficacy of radiation. 
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 p300 inhibition and radiation: breast cancer 

 As with PC-3 cells, % survival of MDA MB 231 cells was determined after correcting for 

the plating efficiency of control cells. There was no significant interaction effect between 

radiation dose and treatment (p = 0.327). There was a significant main effect for both radiation 

dose (0 vs. 2 Gy, p = 0.002) and treatment (vehicle vs. CCS-1477, p = 0.012). Compared to the 

plating-efficiency corrected survival of vehicle, non-radiated cells (100%), survival was 63.9 ± 

4.7% in CCS-1477 treated, non-radiated cells, 54.1 ± 14% in vehicle, radiated cells, and 36.6 ± 

10.5% in CCS-1477 treated, radiated cells (Figure 2.11). The significant effect of radiation was 

present in vehicle treated, but not CCS-1477 treated cells (p = 0.008 and p = 0.055, respectively). 

The significant effect of treatment was present within non-radiated but not radiated cells (p = 

0.032 and p = 0.199, respectively). These results suggest CCS-1477 may have some effect on 

MDA MB 231 cell survival independent of radiation but does not enhance the efficacy of 

radiation.  
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Table 2.1.  Prostate cancer cohort characteristics  

 

  

+ diagnosis of secondary 

malignancy 

(n = 522) 

-  diagnosis of secondary malignancy 

(n = 3849) 

Age (yrs) 75.7 ± 9.4 75.7 ± 8.5 

Median income ($) 72,269 * 69,707 

Deprivation index 0.30 ± 0.07 * 0.31 ± 0.07 

White  393 (75.3%) 2793 (72.6%) 

Black or African 

American 
55 (10.5%) 527 (13.7%) 

Asian ≤ 20  38 (1%) 

Multiple ≤ 20 31 (0.8%) 

Middle Eastern or 

North African 
≤ 20 ≤ 20 

Prefer not to 

answer/other 
62 (11.9%) 445 (11.6%) 

Not Hispanic 458 (87.7%) 3374 (87.7%) 

Hispanic or Latino 43 (8.2%) 293 (7.6%) 

Prefer not to 

answer/other 
21 (4.0%) 182 (4.7%) 

Received radiation 46 (8.8%) 96 (2.5%) 

*significant vs. -diagnosis of secondary malignancy   
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Table 2.2.  Breast cancer cohort characteristics 

 

  

+ diagnosis of secondary 

malignancy 

(n = 1085) 

- diagnosis of secondary 

malignancy 

(n = 5499) 

Age (yrs) 64.8 ± 12.5 * 69.1 ± 11.6 

Median income ($) 67,144 * 68,315 

Deprivation index 0.32 ± 0.07 * 0.31 ± 0.07 

Female 1039 (95.8%) 5311 (96.6%) 

Male 22 (2%) 58 (1.1%) 

Other/no response 24 (2.2%) 130 (2.4%) 

White 703 (64.8%) 3824 (69.5%) 

Black or African 

American 
126 (11.6%) 659 (12%) 

Asian 33 (3%)  119 (2.2%) 

Multiple ≤ 20 68 (1.2%) 

Middle Eastern or 

North African 
≤ 20 26 (0.5%) 

Prefer not to 

answer/other 
198 (18.2%) 803 (14.6%) 

Not Hispanic 879 (81%) 4623 (84.1%) 

Hispanic or Latino 163 (15%) 656 (11.9%) 

Prefer not to 

answer/other 
43 (4%) 220 (4%) 

Received radiation 80 (7.4%) 207 (3.8%) 

*significant vs. -diagnosis of secondary malignancy 
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Table 2.3.  Summary of significant SNPs, prostate cancer cohort 

SNP location rsID OR [90% CI] outcome 

Prostate cancer, all  

chr16:3725985 rs149345743 0.346 [0.145, 0.827] 3' UTR variant 

chr16:3880667 rs539913897 2.805 [1.170, 6.723] 5' UTR variant 

chr22:41149746 rs17002316 0.341 [0.130, 0.891] Intron variant 

chr22:41157255 rs20554 0.342 [0.131, 0.894] 

Coding sequence 

variant-

synonymous 

chr22:41178965 n/a 1.513 [1.080, 2.120] unknown 

chr22:41179533 rs60283061 1.433 [1.036, 1.982] 3' UTR variant 

chr22:41179879 n/a 0.271 [0.079, 0.923] unknown 

chr22:41179880 rs1555912621 0.558 [0.346, 0.900] 3' UTR variant 

chr22:41179880 rs747975866 1.495 [1.051, 2.126] 3' UTR variant 

Prostate cancer, with radiation 

chr22:41178965 n/a 1.808 [1.084, 3.017] unknown 

chr22:4117879 n/a 0.091 [0.010, 0.834] unknown 
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Table 2.4.  Summary of significant SNPs, breast cancer cohort 

SNP location rsID OR [90% CI] outcome 

Breast cancer, all  

chr16:3727491 rs1280949298 6.687 [1.061, 42.156] 3' UTR variant 

chr16:3731951 rs539913897 0.497 [0.314, 0.787] Intron variant 

Breast cancer, with radiation 

chr16:3726239 rs1555470188 0.239 [0.098, 0.583] 3’ UTR variant 

chr22:41155035 rs20552 0.704 [0.499, 0.993] 
Coding sequence 

variant 

chr22:41179880 rs1555912621 2.218 [1.162, 4.236] 3’ UTR variant 
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Figure 2.2.  CBP SNPs, prostate cancer, any treatment 
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Figure 2.3.  p300 SNPs, prostate cancer, any treatment 
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Figure 2.4.  CBP SNPs, prostate cancer, received radiation 
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Figure 2.5.  p300 SNPs, prostate cancer, received radiation 
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Figure 2.6.  CBP SNPs, breast cancer, any treatment 
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Figure 2.7.  p300 SNPs, breast cancer, any treatment 
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Figure 2.8.  CBP SNPs, breast cancer, received radiation 
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Figure 2.9.  p300 SNPs, breast cancer, received radiation 
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Figure 2.10.  PC-3 clonogenic survival 

 

 
 

Data are mean ± SEM. *significant vs. 0 Gy within group (vehicle or CCS 1477; p ≤ 0.05). 

Results are the average of at least 3 independent experiments. 
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Figure 2.11.  MDA MB 231 clonogenic survival 

 

 
 

Data are mean ± SEM. *significant vs. 0 Gy within group (vehicle or CCS 1477; p ≤ 0.05). 

†significant vs. vehicle within group (0 Gy or 2 Gy; p ≤ 0.05). 

Results are the average of at least 3 independent experiments. 
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 Discussion 

In the present study, we utilized an exploratory investigation of a publicly available large 

dataset, alongside cell culture experiments, to determine the role of p300/CBP in mediating the 

efficacy of anti-cancer therapies, and specifically, radiation, for the treatment of prostate and 

breast cancers. Our findings from the NIH All of Us genomic data suggest a potential role for 

p300/CBP in mediating or predicting the response to cancer treatment, including radiation, but 

our in vitro investigation does not support a direct role of p300/CBP in mediating the efficacy of 

radiation.  

 

 Candidate Gene Association  

 Utilizing a CGAS to investigate SNPs with known functional outcomes can be used to 

predict how individuals might respond to a certain drug or their risk of disease development 34. 

In our study, we sought to determine if p300/CBP SNPs share an association with odds of second 

malignancy in individuals diagnosed with prostate and breast cancers. We then explored the 

relationship between p300/CBP SNPs and odds of second malignancy specific to those who 

received radiation therapy. Interestingly, in all study cohorts, there were p300 and/or CBP SNPs 

associated with both increased and decreased odds of diagnosis of secondary malignancy (Tables 

2.3 and 2.4). Because the SNPs we identified are not associated with altered protein products or 

not yet reported in the literature, it is difficult to determine what effect they may have, but SNPs 

that do not impact the protein product (e.g. do not result in an amino acid substitution, early stop 

codon, etc.) can still impact gene or protein function, and the majority of SNPs with significant 

associations with disease risk are from non-coding regions 35,36. Non-coding SNPs can result in 

changes in mRNA stability/translation/localization, miRNA binding, and protein folding, which 
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can have a profound effect on protein expression and function 37-41. Because we found that 

p300/CBP SNPs are associated with both increased and decreased odds of secondary malignancy 

after radiation and with all treatments combined, p300 or CBP SNPs likely influence gene or 

protein function via multiple mechanisms. For example, if p300 SNPs are associated with 

decreased mRNA stability, it could result in a lower expression of the p300 protein 42, resulting 

in a decreased amount of functional p300. Because p300 is critical for DNA repair 18,19,21,43, the 

efficacy of radiation may be increased by a reduction in p300, thus resulting in a lower odds of 

secondary malignancy. Likewise, p300 SNPs associated with increased mRNA stability could 

lead to p300 protein overexpression 42, resulting in greater repair of radiation-induced DNA 

damage and a decreased efficacy of radiation therapy. Though the exact mechanisms are not able 

to be inferred from our study, our findings suggest some role of p300/CBP in mediating the 

response to radiation and other therapies, which warrants further investigation. Secondly, several 

SNPs were associated with the odds of second malignancy in the cohort including all possible 

therapies. As such, the second part of this study was undertaken to further explore this 

relationship without the influence of the other factors that may have an impact on our results, 

such as exposure to other anti-cancer therapies or initial cancer staging. 

 

 p300/CBP inhibition and radiosensitivity  

 Radiation induces DSBs 7-9 and these DSBs are primarily repaired by NHEJ or HR 9,15,16. 

Prior studies suggest that p300 is critical for NHEJ- and HR-associated protein expression 18,19,21 

and that impaired DSB repair may sensitize cells to radiation 44-48. In addition, part one of this 

study suggested there may be some association of p300/CBP on the response to radiation. As 

such, in part two of this study, we hypothesized that p300/CBP inhibition would sensitize cancer 
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cells to radiation in vitro. Our findings did not support this hypothesis, as p300/CBP inhibition 

did not impact prostate or breast cancer cell survival after radiation (Figures 2.10 and 2.11). 

However, p300/CBP inhibition reduced breast cancer cell survival in the absence of radiation. 

There are several potential explanations for our findings. First, the dose or duration of CCS-1477 

exposure may not have been adequate to fully inhibit p300/CBP. Importantly, we did not validate 

p300/CBP inhibition, but preliminary studies in our lab indicated the present dosing protocol of 

CCS-1477 was sufficient to impact cell survival (data not shown). Second, several forms of 

redundancy exist in DNA repair pathways 49,50. As such, it is possible that cells were able to 

utilize other repair pathways to offset the effect of p300/CBP inhibition and repair DNA damage. 

However, because many cancers arise due to defects in DNA repair pathways 51, we expected 

that cancer cells would lack redundancy in DNA repair. Nonetheless, it is possible that some of 

the alternative repair pathways were able to be utilized. Third, the dose of radiation utilized in 

our study is relatively low. In the literature, the effects of p300/CBP inhibition on cancer cell 

survival are more prominent at higher doses of radiation than what was used in our study 18-20 

and have primarily been demonstrated in lung cancer cells. However, 2 Gy radiation represents a 

single fraction of radiation for patients on a conventional fractionation regimen. As such, we 

sought to utilize the clinically relevant dose for better translatability. Nonetheless, an effect of 

p300/CBP inhibition may not be present at low doses of radiation. In addition, p300/CBP are 

known to interact with hundreds of other genes 43,52-54, and there could be an effect of p300/CBP 

inhibition on other pathways that impact cell survival. Namely, p300 is a known co-activator of 

p53 55-58. p53 is important for cell cycle regulation and is the most commonly mutated gene in 

cancers 59,60. PC-3 cells are reported to be p53null 61, which suggests that any interaction between 

p300/CBP and p53 may not be relevant in this cell line. MDA MB 231 cells, however, are 
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reported to have a p53 mutation 62. Mutant p53 is reported to have variable effects on 

radiosensitivity 63; as such, the interaction between p300/CBP and p53 on the radiosensitivity of 

breast cancer cells warrants further investigation. The impact of p300/CBP inhibition on breast 

cancer cell survival in the absence of radiation suggests that p300/CBP play a role in cancer cell 

growth or survival. In support of this, Tanaka et al. found that p300/CBP knockdown resulted in 

a significant reduction in cell growth/survival of MDA MB 231 cells, concomitant with G2/M 

cell cycle arrest and the induction of apoptosis 64. This effect appeared to be mediated through a 

significant reduction in survivin (a member of the inhibitor of apoptosis family) that may be 

overexpressed in triple negative breast cancer. Taken together with our findings that p300/CBP 

may relate to the odds of diagnosis of secondary malignancy, and that pharmacological inhibition 

of p300/CBP also resulted in reduced MDA MB 231 survival, this represents an exciting avenue 

for future research.  

 

 Limitations 

Our study is not without limitations. First, the NIH All of Us database includes many 

people who are considered underrepresented in biomedical research. However, our cohorts were 

composed primarily of individuals who identify as non-Hispanic white. The presence of several 

SNPs in our study are reported at varying frequencies among different ethnic backgrounds. In 

addition, cancer cells studied in vitro are generally derived from a single individual and are 

considered highly homogenous. As such, our findings may not adequately represent the 

associations between p300/CBP and radiosensitivity among populations with disproportionately 

greater frequencies of p300 or CBP SNPs. Secondly, the cohorts exposed to radiation likely 

received other anti-cancer therapies; radiation therapy was an inclusion criterion, and we did not 
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exclude those receiving other treatments. Though there may be an effect of other treatments, 

most individuals do receive more than one anti-cancer therapy, and evaluating the response to 

radiation in combination with other therapies is representative of the patient population. As 

mentioned, the dose of CCS-1477 could be too low to elicit adequate inhibition of p300/CBP. 

Therefore, functional p300 and CBP may still be present in great enough concentrations for 

sufficient DNA damage repair to occur after radiation. Lastly, we did not perform any measure 

to detect actual DNA damage. Doing so is a logical next step to understand whether this dose of 

CCS-1477 is sufficient to increase DNA damage, which would provide valuable insight to our 

findings.  

 

 Conclusions 

Our findings suggest that p300/CBP SNPs are associated with the odds of diagnosis of 

secondary malignancy. The exact consequences of these SNPs are unknown, but the SNPs we 

identified are primarily associated with non-coding regions, suggesting that they may alter 

mRNA stability, miRNA binding, or protein folding. Future investigations to explore the 

impact/outcome of these SNPs should be performed and may provide valuable insight into new 

treatment targets. Though we did not observe an effect of p300/CBP inhibition on prostate or 

breast cancer cell survival after radiation, in vivo investigations utilizing pre-clinical cancer 

models may provide important information regarding the impact of p300/CBP inhibition in 

combination with radiation.  
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Chapter 3 - Doxorubicin and p300: dual impact on breast cancer 

cell survival and vascular function 

 Abstract 

Doxorubicin is the most common anthracycline used to treat individuals with breast 

cancer. In addition to damaging cancer cells, doxorubicin also causes damage to healthy cells in 

the cardiovascular system, leading to cardiotoxicity. Given the growing evidence for the 

incidence of cardiotoxicity, many efforts have been employed to monitor cardiovascular 

parameters during and after treatment with doxorubicin. However, less attention is placed on 

vascular damage induced by doxorubicin, which is also implicated in doxorubicin cardiotoxicity. 

Though doxorubicin is quite effective as a cancer treatment, improving its efficacy further could 

limit the dose of doxorubicin required for treatment and lessen the risk of cardiac and vascular 

toxicities. Given its role in DNA damage repair, one potential mediator of doxorubicin efficacy 

is p300/CBP. As such, we assessed whether p300/CBP is associated with the odds of a diagnosis 

of second malignancy in individuals with breast cancer who received doxorubicin. We also 

investigated whether p300/CBP inhibition would increase the efficacy of doxorubicin in vitro, 

and whether it would modulate the effects of doxorubicin on aortic vascular function. We found 

that single nucleotide polymorphisms in the CBP gene encoding region are associated with the 

odds of diagnosis of second malignancy in breast cancer patients who received doxorubicin. 

However, in vitro, p300/CBP inhibition did not enhance the efficacy of doxorubicin in breast 

cancer cells. Doxorubicin and p300/CBP inhibition also did not impact aortic vascular function 

ex vivo. Further investigation into the role of CBP single nucleotide polymorphisms on the 

response to doxorubicin may provide valuable insight into potential therapeutic targets in breast 

cancer. In addition, although we did not demonstrate any effect of p300/CBP inhibition on breast 
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cancer cells exposed to doxorubicin in vitro or of doxorubicin and p300/CBP inhibition on aortic 

vascular function ex vivo, evaluating their roles in vivo may provide important insight. 
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 Introduction 

Breast cancer is the most diagnosed non-skin cancer in women in the United States, with 

a lifetime risk of diagnosis of 13.1%. This represents over 300,000 new cancer diagnoses and 

over 40,000 deaths in 2024 alone 1. While quite effective at limiting tumor growth, the DNA 

damaging effects of anthracycline chemotherapies, and specifically of doxorubicin (DOX), are 

not exclusive to cancer cells and often lead to damage in healthy cells of other tissues, especially 

those of the cardiovascular system, and can lead to cardiotoxicity. Despite the recognition of 

cardiotoxicity during the early development and clinical use of anthracyclines, it wouldn’t be 

until decades later that the field of cardio-oncology was introduced. Since then, many large 

studies have sought to better understand the incidence and therapeutic targets for anthracycline 

cardiotoxicity. With current estimates of anthracycline-induced clinical cardiotoxicity ranging 

from 6% 2 to as high as 48% in those receiving more than 700 mg/m2 of anthracycline 3,4, there is 

a critical need to identify molecular targets for mitigating these adverse effects. Moreover, sub-

clinical cardiotoxicity is reported to occur in another 18% of patients, with cumulative 

anthracycline dose reported as the most common predictor of cardiotoxicity 2.  

Onset of cardiotoxicity during treatment may result in the withdrawal of doxorubicin 

from a patient’s treatment regimen, resulting in reliance on less efficacious treatments and 

adversely impacting cancer-specific outcomes. Many patients also experience the cardiotoxic 

effects of doxorubicin years after treatment 5,6. As such, there are strong guidelines for 

monitoring both acute and chronic left ventricular cardiotoxicity 7,8, but less emphasis is placed 

on vascular toxicity, despite evidence from several groups suggesting anthracycline exposure 

results in vascular dysfunction of the aorta in both patients and in pre-clinical models 9-15, as well 

as evidence to suggest that vascular dysfunction predicts future CVD risk 16,17. 
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DOX primarily functions through the inhibition of topoisomerase IIb (TopIIb) and the 

production of reactive oxygen species (ROS) 18,19, which results in oxidative stress and DNA 

damage, limiting the reproductive potential of cancer cells. While not traditionally considered a 

primary means of tumor control, evidence suggests that anti-cancer therapies, including 

chemotherapies like doxorubicin, also reduce the replicative abilities of cancer cells by inducing 

senescence 20,21. Though the pathophysiology of DOX-induced cardiotoxicity is complex, these 

same mechanisms—DNA damage, oxidative stress, and senescence—are all suggested as 

potential mechanisms of DOX-induced cardiac and/or vascular damage 13,22-32. One potential 

mechanism to modulate these pathways is through inhibition of the histone acetyltransferase, 

p300 (and its homologue CBP). p300/CBP has been suggested to play an important role in DNA 

damage repair 33-36, oxidative stress 37-39, and senescence 40,41 through histone modification and 

direct binding to transcription factors. Thus, p300/CBP inhibition may modulate the efficacy of 

anti-cancer therapy, like DOX, against cancer cells, as well as impact its effects on the 

vasculature. Enhancing the efficacy of DOX may reduce the doses required for treatment, 

thereby reducing the risk of cardiotoxicity. 

We sought to determine whether p300/CBP plays a role in the response to DOX by 1) 

Investigating whether there is an association between p300 or CBP and response to DOX in 

individuals diagnosed with breast cancer and 2) Investigating the role of p300/CBP inhibition in 

breast cancer cell culture DOX sensitivity. Finally, we sought to determine whether acute DOX 

exposure induces aortic vascular dysfunction and whether pharmacological inhibition of 

p300/CBP would modulate the effect of DOX on the vasculature. 
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 Methods 

 Ethics and Data Availability  

The authors declare that all supporting data are available within the present manuscript or 

its online supplementary files. Registered-tier data (e.g., survey, electronic health record, etc.) 

and controlled-tier data (i.e., genomic data, specific demographic data) are available through the 

National Institutes of Health (NIH) All of Us Researcher Workbench (https://allofus.nih.gov/).  

 The All of Us database aims to compile data for 1 million participants from diverse ethnic 

and socioeconomic backgrounds. Currently available data include over 400,000 participants, 

over 40% of whom identify as racial and ethnic minorities, and over 80% of whom are 

underrepresented in biomedical research. Informed consent was obtained at the time of 

participant enrollment, with the enrollment period for the current databank (Version 7) occurring 

from May 1, 2018, to July 1, 2022.  

 Data were accessed only by authorized users who completed the NIH All of Us 

Responsible Conduct of Research Training and received approval. Data are reported in 

accordance with the NIH All of Us Data and Statistics Dissemination Policy which prohibits 

disclosure of any group count less than 20 individuals to protect participant privacy. Data are de-

identified and thus, exempt from review by the Kansas State University Institutional Review 

Board.  

 

 Candidate Gene Association Study (CGAS) 

Cancer Diagnosis and Treatment  

Cancer diagnoses were obtained from electronic health records (EHR) and survey data. 

EHR data were harmonized using the Observational Medical Outcomes Partnership Common 

https://allofus.nih.gov/
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Data Model (OMOP CDM). The Personal Medical History form provided self-reported data on 

cancer history, cancer type, time of cancer diagnosis, and treatment history. Cancer diagnoses 

from EHR were determined from Systematized Nomenclature of Medicine (SNOMED) codes, 

which have previously shown to have high validity 42,43. Cancer selected for the present study 

was restricted to breast cancer, the most common non-skin cancer in women 1. Participant 

demographics were derived from the Basics survey, which includes age, race and ethnicity, 

household income, education, and more. Deprivation index is derived from the American 

Community Survey and serves as a measure of socioeconomic variation in health outcomes. Full 

survey question content is accessible via the All of Us Research Hub. 

 

 Variables and Outcomes 

 

Primary cancer diagnosis and diagnosis of second malignancy were derived from EHR 

and survey data. Cancer treatments were also recorded from survey and EHR data. All of Us 

concept vocabulary and SNOMED codes were applied to search for the use of antineoplastic 

agents (Doxorubicin, Concept ID: 1338512). The primary outcome in the present study was the 

diagnosis of second malignancy (SNOMED Code: 128462008). This was selected as a surrogate 

indicator of treatment failure after anti-cancer therapy for two reasons: 1) the very low number of 

recurrent malignancies directly documented in the All of Us database health records (n ≤ 20), 

and 2) previous work demonstrating the use of secondary malignancy codes for determining the 

timing of recurrent or secondary cancer 44. Those with a diagnosis of second malignancy less 

than 60 days after primary diagnosis (all treatments combined cohort) or less than 60 days after 

treatment (i.e., doxorubicin) were excluded from analyses, as were individuals without available 
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genome sequencing. The selection of 60 days is based on international World Health 

Organization guidelines previously established for EHR research on infectious disease 45 and 

frequently adapted for cancer research 46 or cancer management in health systems 47.   

 Genomic Data  

 

All of Us specimen samples were obtained from participant blood samples. Briefly, DNA 

extracted from samples was sent to genome centers for whole genome sequencing. For the 

present study, p300 and CBP were selected as candidate genes, located on chromosome 22q13.2 

and 16p13.3, respectively, and all single nucleotide polymorphisms (SNPs) with a minor allele 

frequency of 0.01 (MAF ≥ 0.01) were considered for analysis. Reference SNP ID (rsID) and 

respective functional outcomes were obtained from the NIH National Center for Biotechnology 

Information (NCBI) Single Nucleotide Polymorphism database (dbSNP). 

 

 Cell Culture  

Human breast adenocarcinoma (MDA MB 231) cells were obtained from American Type 

Culture Collection (ATCC; Manassas, VA). Cells were grown in DMEM medium, supplemented 

with 10% fetal bovine serum (FBS) and 2mM l-glutamine. Cultures were maintained in 75 cm2 

flasks at 37º C in a humidified incubator with 5% CO2/room air balance. Cells were randomized 

to receive vehicle, 1 µM doxorubicin, or 2 µM doxorubicin and vehicle or 1 µM CCS-1477. 

 Doxorubicin and p300 inhibition 

48 hours prior to DOX administration, cells were seeded into 6-well plates. Cells were 

treated with 1 µM CCS-1477 (Chemietek, Indianapolis, IN) dissolved in DMSO or with an 

equivalent concentration of vehicle (DMSO, less than 1% final media volume) 24 hours prior to 
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clonogenic plating. Either 1 or 2 µM doxorubicin (Fisher Scientific, Hampton, NH) dissolved in 

sterile water, or sterile water as vehicle, was administered to cells for 2 hours prior to clonogenic 

plating.  

 Clonogenic Survival 

 

The clonogenic survival assay was performed according to the methods of Franken, et al., 

and Feoktistova, et al., 48,49. Cells were isolated with trypsin, centrifuged, and re-suspended in 

fresh media, then stained with trypan blue and counted using a hemacytometer. Cells were then 

seeded into 100 mm culture plates at a density of 200 cells/plate, performed in triplicate. Plates 

were returned to a humidified incubator at 37 C and 5% CO2/room air balance and undisturbed 

for 9 days. Cells were then fixed and stained with 20% methanol and 0.5% crystal violet in water 

(see Figure 3.1A), and observed under a microscope at 10x magnification, with colonies >50 

cells counted (see Figure 3.1B). Plating efficiency was determined as the percentage of control 

cells surviving after 9 days and used to normalize the % survival for all other treatment 

conditions. % survival was determined according to the following equation:  

 

% 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 = (
𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑃𝐸 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑
) ∗ 100 

 

where PE is the plating efficiency of control cells and % survival is the average of three separate 

experiments, each performed in technical triplicate.  
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 Animal Handling and Tissue Acquisition 

 

All procedures were approved by the Kansas State University Institutional Animal Care 

and Use Committee and carried out in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals. Healthy retired breeder female Fischer 344 rats (n = 

10) obtained from Charles River Laboratories were housed and maintained in a temperature 

controlled (23 ± 2°C) room with a 12:12-h light-dark cycle, with water and standard rat chow 

provided ad libitum.  

 

 Tissue Preparation and Wire Myography 

 

After a minimum 2-week acclimation period, rats were anesthetized with 5% 

isoflurane/O2 balance and euthanized. The aorta was removed, and thoracic aortic segments were 

isolated, cleaned of perivascular adipose tissue, sectioned into 1-2 mm segments, and placed into 

a modified physiological saline solution (PSS; 130.0 mM NaCl, 4.7 mM KCl, 1.6 mM CaCl2, 1.2 

mM MgSO4, 3.0 mM MOPS, 1.2 mM H2NaPO4, 5.0 mM glucose, 2.0 mM C3H3NaO3, 0.02 mM 

EDTA) 50. Four equally sized segments from each vessel were randomized to receive 1 µM 

CCS-1477 (dissolved in DMSO) or vehicle (DMSO) and incubated overnight (20-24 h) in PSS at 

4° C. Vessel segments were also randomized to receive Doxorubicin (1 or 2 µM) or vehicle 

(sterile deionized water) overnight for 20-24 hours. Vessels were then mounted onto stainless 

steel pins in the chamber of a wire myograph (Danish Myo Technology, Hinnerup, Denmark) 

and allowed to equilibrate for at least 30 minutes in PSS gassed with 16% O2 and 4% CO2 at 37° 

C. Vessel baths were washed with fresh PSS every 15 minutes throughout equilibration. Tension 

was set at 12 mN of force (as determined in our laboratory by preliminary experiments following 
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the DMT Normalization Guide, which establishes the baseline tension to maximize actin-myosin 

interaction for optimal contractile responses) and tension was continuously recorded throughout 

both equilibration and subsequent experiments. Vessel viability was assessed by addition of 

high-potassium PSS (KPSS), which contains an equimolar substitution of potassium for sodium 

and elicits a contractile response in viable vessels.   

After pre-constriction with phenylephrine (PE), endothelium-dependent vasodilation was 

assessed via cumulative dose-response to acetylcholine (Ach; 10-10 to 10-5 M), and endothelium-

independent vasodilation was assessed via cumulative dose-response to sodium nitroprusside 

(10-10 to 10-5 M). Concentration-response curves were also preformed using the ⍺-adrenergic 

agonist norepinephrine (NE; 10-10 to 10-5 M). Vessels were allowed to reach a steady state 

tension over 3 minutes between each drug addition. Between each dose-response curve, vessels 

were allowed to return to baseline tension following two 5-minutes washes with PSS.  

 Materials 

 

CCS-1477 was obtained from Chemietek (Indianapolis, IN) and prepared in DMSO. All 

other chemicals were obtained from Fisher Scientific or Sigma Aldrich and prepared in sterile 

water or PSS.  

 

 Data Analysis 

 

All statistical analyses for All of Us were performed using the All of Us integrated cloud 

based Jupyter Notebook within the All of Us Researcher Workbench using Python coding 

language (version 3.12) and Python package Hail (https://github.com/hail-
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is/hail/releases/tag/0.2.13). Descriptive statistics of the study population are presented as mean ± 

standard deviation (SD). Before genetic analyses, SNPs were first filtered according to standard 

quality control practices. In brief, samples were removed for relatedness between individual 

participants due to heritability of genetic variants 51, then SNPs were further filtered to include 

only common variants (MAF ≥ 0.01) and those meeting Hardy-Weinberg equilibrium criteria (p 

> 1.0 x 10-10) 52. For association analyses between SNPs and diagnosis of second malignancy in 

individuals previously diagnosed with breast cancer, we performed logistic regression adjusted 

for the first three principal components representing ancestry. Subgroup analysis was performed 

including only individuals who received doxorubicin. Beta (β) values were converted to Odds 

Ratio (OR) using the equation:  

 

𝑂𝑅 = exp (β) 

 

90% confidence intervals (CI) were constructed from the upper and lower limits from the 

equation:  

90% 𝐶𝐼 = [exp (β) ± (1.645 ∗ SE)] 

 

where SE is the standard error of the mean for β. Due to the exploratory nature of part 1 of the 

present study, significance was set as a priori p ≤ 0.1. 

Statistical analyses for cell culture and wire myography experiments were performed in 

Prism (Version 10, GraphPad Software, San Diego, CA) data analysis software. Cell survival 

was compared with two-way analysis of variance (ANOVA), followed by Holm-Sidak post hoc 

testing to correct for multiple comparisons. Data are expressed as % survival, determined as a 
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percentage of control and presented as mean ± SEM. The level of significance was set as p ≤ 

0.05. Responses to ACh and sodium nitroprusside were recorded as tension and normalized to 

the sustained phenylephrine-induced contraction according to the following equation 53,54: 

 

% relaxation = ((Tmax-Ts)/(Tmax-Tb) * 100 

 

where Tmax is the maximum tension after constriction to PE, Ts is the steady state tension after 

addition of drug, and Tb is the baseline tension prior to constriction with PE.  

 

Responses to NE were recorded as tension and normalized to the maximum KPSS-induced 

contraction according to the following equation 54: 

 

% KPSS constriction = ((TsN-TbN)/(TKPSS-TbK)) * 100 

 

where TsN is the steady state tension after addition of NE, TbN is the baseline tension prior to 

addition of NE, TKPSS is the maximum tension to KPSS, and TbK is the baseline tension prior to 

addition of KPSS. All data are expressed as mean ± SEM and results were analyzed using a two-

way ANOVA with repeated measures to compare between groups, with post hoc analyses 

performed using Holm-Sidak test to correct for multiple comparisons. Significance was set as p 

≤ 0.05. 
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Figure 3.1.  Representative images of clonogenic plates 

 

 
 

 

 

Representative image of clonogenic plate after staining with crystal violet (A) and representative 

image of an individual colony ≥ 50 cells (B). 
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 Results 

 NIH All of Us Genomic Data  

 Our initial database search identified 6,584 individuals diagnosed with breast cancer for 

whom genomic data was available. Of these, 1,085 individuals (16.5%) received a diagnosis of 

second malignancy. 197 (18.2%) of these individuals received doxorubicin, and 188 (3.4%) of 

those who were not diagnosed with second malignancy received doxorubicin. Patient 

characteristics are summarized in Table 3.1. There was a significant difference in age between 

those who were diagnosed with second malignancy and those who were not (64.8 ± 12.5 vs. 69.1 

± 11.6 yrs, respectively; p < 0.0001). Those diagnosed with secondary malignancy also had a 

significantly lower income and greater deprivation index compared to those not diagnosed with 

secondary malignancy (p = 0.049 and p < 0.0001, respectively). Due to NIH All of Us Data and 

Statistics Dissemination Policy, disclosure of group counts ≤ 20 is prohibited. As such, statistical 

comparisons cannot be made for all demographic information. 

 All SNPs with a significant odds ratio (OR) identified from the CBP or p300 gene 

encoding regions are summarized in Table 3.2, with rsIDs and outcomes of given SNPs reported, 

if known. There were four CBP (Figure 3.2) and no p300 (Figure 3.3) SNPs associated with the 

odds of diagnosis of second malignancy in those treated with doxorubicin. All four CBP SNPs  

were associated with a decreased odds (loci chr16:3725961, OR, 0.269 [90% CI, 0.075 – 0.962]; 

chr16:3726197, OR, 0.169 [90% CI, 0.031 – 0.925]; chr16:3729059, OR, 0.161 [90% CI, 0.028 

– 0.915]; and chr16:3745362, OR, 0.599 [90% CI, 0.367 – 0.978]) of diagnosis of second 

malignancy after receiving doxorubicin.  
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 Cell Culture Experiments 

 p300 inhibition and doxorubicin 

 

 The % survival of MDA MB 231 cells was determined after correcting for the plating 

efficiency of control cells. Untreated cells will not exhibit 100% survival and raw counts must be 

corrected to set control as 100%. This plating efficiency is then applied to all treatment groups. 

There was no significant interaction between DOX dose and inhibitor treatment (p = 0.710). 

There was a significant main effect for DOX dose (0 vs. 1 vs. 2 µM, p < 0.0001) but not for 

inhibitor treatment (vehicle vs. CCS-1477, p = 0.312). Relative to the survival of 0 µM 

DOX/vehicle treated cells (100%), survival was 11.3 ± 1.9% in 1 µM DOX/vehicle, 3.1 ± 1.8% 

in 2 µM DOX/vehicle, 84.7 ± 21% in 0 µM DOX/CCS-1477, 4.75 ± 0.5% in 1 µM DOX/CCS-

1477, and 2.35 ± 0.6% in 2 µM DOX/CCS-1477 (Figure 3.4). The significant effect of DOX 

dose was present in 0 vs. 1 µM DOX and 0 vs. 2 µM DOX in vehicle treated cells (p < 0.0001 

for both comparisons), and in 0 vs. 1 µM DOX and 0 vs. 2 µM DOX in CCS-14770 treated cells 

(p < 0.0001 for both comparisons). There was no significant effect of DOX dose between 1 and 2 

µM DOX in vehicle treated cells (p = 0.788) or CCS-1477 treated cells (p = 0.980). These results 

suggest that p300/CBP inhibition dose not impact the efficacy of DOX in breast cancer cells.  

 

 Wire Myography 

 Vasodilatory Responses 

 

 In the 1 µM DOX group, there were no differences between any group in vasodilatory 

response (p > 0.05) or sensitivity (logEC50; p > 0.05) to the endothelium-dependent dilator ACh 
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(Figure 3.5). In the 2 µM DOX group, the sensitivity to ACh was significantly lower in CCS-

1477-treated vessels (p = 0.0097), but there were no other differences in vasodilatory responses 

to ACh (p > 0.05; Figure 3.6). In both the 1 µM DOX and 2 µM groups, there were no 

differences in vasodilatory response or sensitivity to the exogenous NO donor sodium 

nitroprusside (all p > 0.05; Figures 3.7 and 3.8).  

 

 Vasoconstrictor Responses 

 

In the 1 µM DOX group, there were no differences between any group in 

vasoconstriction response or sensitivity to ⍺-adrenoreceptor agonist NE (all p > 0.05; Figure 

3.9). In the 2 µM DOX group, there were no differences between any group in vasoconstriction 

or sensitivity to NE (all p > 0.05; Figure 3.10).  
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Table 3.1.  Cohort characteristics 

 

  

+ diagnosis of secondary 

malignancy 

(n = 1085) 

- diagnosis of secondary 

malignancy 

(n = 5499) 

Age (yrs) 64.8 ± 12.5 * 69.1 ± 11.6 

Median income ($) 67,144 * 68,315 

Deprivation index 0.32 ± 0.07 * 0.31 ± 0.07 

Female 1039 (95.8%) 5311 (96.6%) 

Male 22 (2%) 58 (1.1%) 

Other/no response 24 (2.2%) 130 (2.4%) 

White 703 (64.8%) 3824 (69.5%) 

Black or African 

American 
126 (11.6%) 659 (12%) 

Asian 33 (3%)  119 (2.2%) 

Multiple ≤ 20 68 (1.2%) 

Middle Eastern or 

North African 
≤ 20 26 (0.5%) 

Prefer not to 

answer/other 
198 (18.2%) 803 (14.6%) 

Not Hispanic 879 (81%) 4623 (84.1%) 

Hispanic or Latino 163 (15%) 656 (11.9%) 

Prefer not to 

answer/other 
43 (4%) 220 (4%) 

Received 

doxorubicin 
197 (18.2%) 188 (3.4%) 

*significant vs. -diagnosis of secondary malignancy   
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Table 3.2.  Summary of significant SNPs  

SNPs location rsID OR [90% CI] outcome 

Breast cancer, with DOX 

chr16:3725961 rs150224533 0.269 [0.075, 0.962] 3’ UTR variant 

chr16:3726197 n/a 0.169 [0.031, 0.925] unknown 

chr16:3729059 rs181646656 0.161 [0.028, 0.915] 
Synonymous 

variant 

chr16:3745362 rs3025684 0.599 [0.367, 0.978] Intron variant 
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Figure 3.2.  CBP SNPs in breast cancer patients who received doxorubicin 
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Figure 3.3.  p300 SNPs in breast cancer patients who received doxorubicin 

 

 
 

  

OR, 90% CI        SNP location
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Figure 3.4.  MDA MB 231 clonogenic survival 

 

 
 

 

Data are mean ± SEM. *significant vs. 0 µM DOX within group (vehicle or CCS 1477; p ≤ 

0.05). 

Results are the average of 3 independent experiments. 
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Figure 3.5.  Dose response to ACh (1 µM DOX group) 

 

 
 

Concentration dose response to ACh in aortic segments treated with vehicle (CON; n = 5), 1 µM 

doxorubicin (DOX; n = 5), 1 µM doxorubicin and 1 µM CCS-1477 (DOX + CCS; n = 5), or 1 

µM CCS-1477 (CCS; n = 5). Data are mean ± SEM. p > 0.05. 
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Figure 3.6. Dose response to ACh (2 µM DOX group) 

 

  
 

Concentration dose response to ACh in aortic segments treated with vehicle (CON; n = 4), 2 µM 

doxorubicin (DOX; n = 4), 2 µM doxorubicin and 1 µM CCS-1477 (DOX + CCS; n = 5), or 1 

µM CCS-1477 (CCS; n = 3). Data are mean ± SEM. p > 0.05. 

 

The sensitivity (logEC50) to ACh is significantly decreased in CCS vs. CON (p ≤ 0.05).  
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Figure 3.7.  Dose response to sodium nitroprusside (1 µM DOX group) 

 

  
 

Concentration dose response to sodium nitroprusside in aortic segments treated with vehicle 

(CON; n = 5), 1 µM doxorubicin (DOX; n = 5), 1 µM doxorubicin and 1 µM CCS-1477 (DOX + 

CCS; n = 5), or 1 µM CCS-1477 (CCS; n = 5). Data are mean ± SEM. p > 0.05. 
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Figure 3.8.  Dose response to sodium nitroprusside (2 µM DOX group) 

 

 
 

Concentration dose response to sodium nitroprusside in aortic segments treated with vehicle 

(CON; n = 3), 2 µM doxorubicin (DOX; n = 4), 2 µM doxorubicin and 1 µM CCS-1477 (DOX + 

CCS; n = 4), or 1 µM CCS-1477 (CCS; n = 3). Data are mean ± SEM. p > 0.05. 
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Figure 3.9.  Dose response to NE (1 µM DOX group) 

 

 
 

Concentration dose response to NE in aortic segments treated with vehicle (CON; n = 5), 1 µM 

doxorubicin (DOX; n = 5), 1 µM doxorubicin and 1 µM CCS-1477 (DOX + CCS; n = 5), or 1 

µM CCS-1477 (CCS; n = 5). Data are mean ± SEM. p > 0.05. 
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Figure 3.10.  Dose response to NE (2 µM DOX group) 

 

 
 

Concentration dose response to NE in aortic segments treated with vehicle (CON; n = 4), 2 µM 

doxorubicin (DOX; n = 5), 2 µM doxorubicin and 1 µM CCS-1477 (DOX + CCS; n = 5), or 1 

µM CCS-1477 (CCS; n = 3). Data are mean ± SEM. p > 0.05. 
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 Discussion 

This study demonstrates that specific SNPs in the CBP gene encoding region may be 

associated with a decreased odds of diagnosis of a second malignancy in individuals with breast 

cancer after receiving doxorubicin. Though these SNPs are primarily associated with changes in 

the genetic sequence that do not alter the protein product, they may provide insight into 

predicting treatment outcomes. However, our study also suggests that there is no effect of 

p300/CBP inhibition on breast cancer cell sensitivity to acute DOX exposure in vitro and that 

there is no effect of acute DOX exposure or p300/CBP inhibition on aortic vascular function ex 

vivo. Overall, this study highlights genetic variation in CBP as a potential marker for odds of 

secondary malignancy, though modulation of p300/CBP may not directly impact immediate 

cellular sensitivity to doxorubicin or vascular function.  

 

 CBP/p300 SNPs 

 Candidate gene association studies represent a newer method of understanding the 

genetic basis of disease and can help lead to targeted interventions and risk stratification in 

patients. For example, the association of SNPs with higher odds of disease development can be 

leveraged to develop interventions that target the protein product related to the SNPs or to 

stratify patients at higher or lower risk of developing said disease. In our study, four CBP and no 

p300 polymorphisms were associated with lower risk of diagnosis of secondary malignancy in 

breast cancer patients receiving DOX. Since our findings suggest SNPs in the CBP region are 

associated with lower odds of diagnosis of secondary malignancy after DOX, it is possible that 

CBP could mediate resistance to DOX. Decreased CBP function could result in increased DNA 

damage from DOX and therefore, better response to treatment. In support of this, there is 
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evidence to suggest that p300/CBP are important mediators of DNA damage repair, and that 

their inhibition leads to greater levels of DNA damage 33-36.  

Though the SNPs identified in our study are not directly associated with a different 

protein product, they may play an important regulatory role. For example, introns comprise half 

of the non-coding genome and an intronic variant may result in errors with splice site recognition 

and skipping of exons, which can lead to disease development 55. Similarly, 3’ UTR variants can 

alter mRNA stability or binding affinity of miRNAs, which can alter gene/protein expression, or 

alter drug/treatment susceptibility 56-60. For example, SNPs in the 3’ UTR of the NKX3-1 gene 

have been shown to increase miRNA binding, leading to downregulation of the gene, and were 

associated with risk of prostate cancer 61. Thus, SNPs in the CBP gene encoding region could 

mediate the response to DOX through alterations in mRNA stability, miRNA binding, or other 

functional changes.  

 

 p300/CBP inhibition in cell culture  

 In vitro, inhibition of p300/CBP did not affect the efficacy of DOX in human breast 

cancer cells. Though the findings of part one of the present study suggest that p300/CBP may 

mediate the efficacy of DOX, the role of p300/CBP in cancer cell survival upon DOX exposure 

remains unclear, and may relate to their overlapping effects on DNA repair, oxidative stress, or 

senescence.  

p300/CBP is important for successful DNA damage repair through either non-

homologous end joining (NHEJ) or homologous recombination (HR) 33,34. Knockdown of p300 

can decrease the expression of HR-related proteins and lead to inefficient double-stranded break 

repair 35. As such, this increases the amount of DNA damage and is expected to increase the 
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efficacy of DNA damaging agents. In pancreatic cancer cells, p300 inhibition has been shown to 

enhance the efficacy of the chemotherapy agent gemcitabine 62. Though the mechanism of action 

of gemcitabine is different than that of DOX 63, it is suggested that the p300 dependent increase 

in the efficacy of gemcitabine is through inhibition of DNA repair 62. As a whole, this suggests 

that inhibition of p300/CBP would decrease DNA damage repair capability, thereby increasing 

the efficacy of anti-cancer therapies. Evidence for the role of p300/CBP in mediating oxidative 

stress is less clear, but is an important consideration given that DOX induces damage, in part, 

through the generation of ROS. In a mouse model of diabetes, inhibition of p300/CBP has been 

demonstrated to decrease ROS production, potentially through a NOX-mediated mechanism 64, 

suggesting that p300/CBP may mediate oxidative stress. Interestingly, p300 overexpression has 

been shown to acetylate NRF2 and promote cell viability in response to oxidative stress 65, and 

p300/CBP inhibition also results in an attenuation of oxidative stress, while reducing pro-oxidant 

enzyme expression through an NF-κB-mediated mechanism 38. Given these findings, albeit, not 

in cancer cells, it remains unclear whether p300/CBP inhibition might increase or decrease cell 

survival in response to DOX exposure through modulating oxidative stress. p300 knockdown has 

also been shown to inhibit cellular senescence 40, which is one mechanism by which DOX 

induces cellular damage 20,21. If inhibition of p300/CBP reduces DOX-mediated senescence of 

breast cancer cells, this could negate any benefit of reduced DNA repair capabilities.  

 

 Vascular reactivity  

The exact mechanisms resulting in DOX-induced vascular dysfunction are incompletely 

understood, but may be mediated in part by DNA damage, oxidative stress, and vascular cell 

senescence 13,22-32, all of which may be modulated by p300/CBP. We hypothesized that acute 



80 

exposure to DOX ex vivo would result in aortic vascular dysfunction, but this was not supported 

by our findings, as DOX did not cause any impairments in ACh or sodium nitroprusside-induced 

dilation, or NE-induced constriction. Prior work assessing DOX-mediated vascular dysfunction 

has shown impairments in ACh-mediated dilation 9-11,13,66-69. However, to the best of our 

knowledge, in all but one study performed in mice 10, DOX was administered to animals in vivo 

prior to ex vivo assessments of aortic vascular function. As such, it is possible that acute ex vivo 

administration of DOX does not elicit impairments in ACh-mediated dilation, or that these 

alterations do not manifest within the timeline that we performed assessments of vascular 

function. Our findings of an un-altered response to sodium nitroprusside in response to DOX 

exposure is consistent with some studies showing no impact of DOX on endothelial-independent 

dilation9-11, though some groups have demonstrated reductions in endothelium-dependent 

dilation to sodium nitroprusside after DOX exposure 67-69. Reports differ on the impact of DOX 

on vascular smooth cell contraction in the aorta. Some findings suggest that DOX impairs aortic 

contraction to NE 70 and reduces sensitivity but not maximal contraction 71. DOX is also shown 

to impair smooth muscle cell contraction of the aorta to PE 9-11,67-69, while others have shown 

both decreased and increased contraction to PE that depends upon the dose of DOX 72. However, 

to our knowledge, this is the first study to assess cumulative dose response to NE in aortas 

exposed to DOX ex vivo. Given that DOX and p300/CBP both play a role in DNA damage, 

oxidative stress, and senescence, we also hypothesized that p300 inhibition might alter vascular 

function in aortic segments exposed to DOX. However, except for a decreased sensitivity to ACh 

in the CCS-1477 treated vessels from the 2 µM DOX group, ex vivo administration of CCS-1477 

did not impact vascular function in the thoracic aorta, nor could we fully interpret any 
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relationship between p300/CBP inhibition and DOX, as DOX did not result in aortic vascular 

dysfunction.  

 

 Limitations 

Though we were primarily interested in studying the diagnosis of secondary malignancy 

as a surrogate for predicting the efficacy of DOX, our analysis did not exclude individuals 

receiving other therapies. However, patient regimens rarely include only a single anti-cancer 

therapy, and our findings, in the context of other treatments, accurately represents patient 

populations. CCS-1477 inhibits both p300 and CBP, and as such, we included both in our 

analysis of SNPs. p300 and CBP have similar structures and are considered homologous proteins 

that are believed to function identically. However, there is some evidence to suggest that they 

serve non-redundant roles 73,74. Though we cannot state that any of our in vitro or ex vivo 

findings are exclusively a result of either p300 or CBP inhibition, there is currently no 

commercially available drug that can inhibit either exclusively; as such, we included both in our 

SNPs analysis. Regarding our cell culture findings, 1 and 2 µM DOX reduced survival by nearly 

89 and 97%, respectively. As such, there was little room to detect further decreases in survival 

through the addition of CCS-1477, but these doses were chosen based upon the reported IC50 for 

DOX in MDA MD 231 cells 75. In addition, the exact role of p300/CBP inhibition in mediating 

DNA repair, oxidative stress, or senescence were not directly assessed in our study, which could 

provide important insight. Most studies investigating aortic vascular function ex vivo do so after 

in vivo dosing of DOX, and our ex vivo dosing protocol may not be an adequate stimulus to 

induce vascular dysfunction. However, we chose to expose vessels to DOX ex vivo to determine 

its effect independent of hemodynamic, metabolic, or humoral influences, in part because any 
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interaction between CCS-1477 and DOX in vivo is unknown. Our vascular reactivity 

assessments include a relatively small sample size, with a large standard error, particularly for 

NE dose responses. Additionally, there is a paucity of information regarding the acute effects of 

DOX on the vasculature (i.e., within hours of exposure), and further investigation is needed. 

 

 Conclusions 

 Taken together, our findings suggest that CBP genetic polymorphisms may have an 

important role in predicting or mediating the response to DOX. The exact mechanisms are 

unknown but may be due to alterations in gene expression or regulation, and should be 

investigated further. Our results also suggest that p300/CBP inhibition does not directly impact 

the survival of breast cancer cells in vitro, but whether it may modulate the effects of lower, 

clinically relevant doses of DOX are not known. Finally, we found that 24-hour exposure to 

DOX ex vivo does not impact aortic vascular function and that 24-hour exposure to CCS-1477 

may impact vascular sensitivity to ACh, but largely does not impact aortic vascular function. 

Further investigation to determine the role of p300/CBP inhibition on the efficacy of other anti-

cancer therapies, as well as cancer cell survival and vascular function in vivo is warranted.  
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Chapter 4 - Tumor arteriolar function in an orthotopic model of 

breast cancer 

 Abstract 

Many pre-clinical models of cancer are used to investigate interventions aimed at 

enhancing treatment outcomes. However, most of these models utilize an ectopic, rather than 

orthotopic, tumor location. Evidence suggests that tumor location may impact cancer signaling 

and tumor hemodynamics, which are of critical importance when researching modalities to 

improve cancer therapies. As such, we sought to characterize the vasculature and muscle mass 

changes in an orthotopic model of breast cancer. We hypothesized that compared to healthy host 

tissue, tumor arterioles would exhibit impaired ⍺-adrenergic and myogenic vasoconstriction, and 

that the orthotopic model would result in some features of cachexia, which have been shown to 

occur in humans and pre-clinical models of cancer, independent of treatment. Though myogenic 

constriction was unaltered, there were impairments in ⍺-adrenergic vasoconstriction of tumor 

arterioles compared to healthy host tissue. This is valuable information for guiding research into 

interventions that depend on tumor hemodynamics and taken together with previous findings, 

suggests that tumor blood flow could be preferentially increased through interventions such as 

exercise. Our model also suggests that some features of cachexia are present, which extends 

previous findings from orthotopic models of prostate cancer. 
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 Introduction 

Though the 5-year overall survival is over 90% for individuals diagnosed with breast 

cancer, survival rates decrease drastically for those with advanced disease. Several features of 

the tumor microenvironment can contribute to reduced treatment efficacy, malignant 

progression, and poor patient prognosis 1-10. Two of the key features of the tumor 

microenvironment implicated in treatment failure are aberrant tumor vasculature and tumor 

hypoxia, which can lead to inadequate drug delivery 8,11, poor response to radiation therapy 1,3,12, 

and a shift towards a more aggressive phenotype 4,7,13-16.  

Though it has long been understood that the vasculature of solid tumors is irregular 3,5,17-

22, it is poorly modeled in most pre-clinical cancer models. Solid tumors can be highly 

angiogenic 5,6,8,23,24 and co-opt existing vessels of the host tissue vasculature 25,26. Because 

hemodynamics vary greatly by host tissue bed (e.g., renal vs. skin circulation), functional 

differences in both the newly formed and co-opted vessels can be expected to vary greatly given 

the vascular bed it originates in. A study by Fukumura et al., demonstrated that liver cancer cells 

grown in the liver vs. subcutaneous tissue exhibited vastly different vascular morphology and 

function 27. In addition, work from Garcia et al., suggests that host-tissue hemodynamics 

critically influence the vascular function of solid tumors in rats and that compared to ectopic 

models, orthotopic models have differing impacts on the response to interventions like exercise 

28. This builds upon the work of McCullough et al., who demonstrated that orthotopic tumor 

blood flow may increase in response to exercise, despite growing in a host tissue that exhibits 

unchanging or decreased blood flow during or after exercise 29,30. However, most pre-clinical 

models are ectopic; that is, the tumor does not grow in the tissue of origin. Most often, tumors 

are grown subcutaneously in either the hindlimb or flank, in part because the procedures are 
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generally easier to perform than those for orthotopic injections, making it easier to inoculate 

many animals 31,32. A shift toward using orthotopic models is important for better exploring 

interventions that rely on alterations in tumor blood flow, such as heat therapy or exercise.  

Another important consequence of cancer progression that may be impacted by tumor 

location and the tumor microenvironment, and not adequately reflected in ectopic pre-clinical 

models, is cancer cachexia. As many as 80% of patients diagnosed with cancer experience 

cachexia with losses in cardiac and skeletal muscle mass 33,34 and prior research in pre-clinical 

orthotopic models of prostate cancer have shown that cancer, independent of treatment, leads to 

cardiac and skeletal muscle atrophy 35,36. Of particular importance, the development of cachexia 

may be influenced by circulating factors released by tumor cells 37-39, which can be significantly 

impacted by tumor location 40. As such, whether a pre-clinical model of breast cancer induces 

cachexia is an important issue to consider in pre-clinical cancer research, particularly when 

investigating interventions that may impact cardiac and skeletal muscle mass (e.g., exercise).  

To our knowledge, this is the first study to investigate tumor vascular function in an 

orthotopic model of breast cancer in rats. Given the importance of tumor growth location to the 

development of the vasculature and microenvironment and evidence that orthotopic prostate 

tumor vessels exhibit impairments in vascular function, we sought to determine whether there 

were impairments in orthotopic breast tumor vascular function. We hypothesized that compared 

to healthy mammary vessels, tumor vessels would exhibit reduced responses to norepinephrine, 

as well as reduced myogenic constriction. We also hypothesized that breast cancer, independent 

of treatment, would result in cardiac and skeletal muscle atrophy.  
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 Methods 

 Animal Handling and Tissue Acquisition 

All procedures were approved by the Kansas State University Institutional Animal Care 

and Use Committee and carried out in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals. Healthy retired breeder female Fischer 344 rats (n = 

11) obtained from Charles River Laboratories (Wilmington, MA) were housed and maintained in 

a temperature controlled (23 ± 2°C) room with a 12:12-h light-dark cycle, with water and 

standard rat chow provided ad libitum.  

 

 Orthotopic Tumor Model  

The Mat B III breast cancer adenocarcinoma cell line (ATCC, Manassas, VA) was used 

in this study, which is a Fischer 344-derived cell line commonly used in pre-clinical models of 

breast cancer. Mat B III cells were maintained in McCoy’s 5A medium (ATCC), supplemented 

with 10% fetal bovine serum (FBS) and 2 mM l-glutamine (Fisher Scientific, Hampton, NH), 

and grown in a humidified incubator maintained at 37º C with 5% CO2/room air balance. Cells 

were harvested via trypsinization and centrifugation once reaching 75-80% confluency. Cells 

were then resuspended in sterile saline and prepared as 0.05 ml aliquots containing 6x103 cells 

for injection.  

 Rats were anesthetized with a 5%/O2 balance isoflurane anesthesia and maintained at 

2%/O2 balance. The left or right abdominal or upper inguinal nipple (#4 or 5; selected for largest 

size 41 and less likely to interfere with ambulation) was located and cells were injected directly 

through the nipple and into the mammary duct using a sterile insulin syringe (28 G). The needle 

was held in place for 1-2 seconds after injection and slowly removed to prevent leakage of cells. 
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A second injection was performed on the contralateral side if leakage of fluid out of the nipple 

was observed immediately after injection. Post-operative monitoring occurred 3 times/week until 

tumors were palpable, after which monitoring occurred daily. Rats were euthanized once tumors 

reached 1.5-2 cm (Kansas State University IACUC guideline #18, Tumor Burdens in Animals), 

17-24 days after injection.  

 

 Tissue Acquisition and Tumor Vascular Function 

We assessed tumor feed arterioles and healthy mammary arterioles using the ex vivo 

isolated microvessel technique to characterize the tumor vasculature. After euthanasia, tumors 

were carefully exposed and the feed arteriole was excised, cleaned of adipose tissue, and placed 

in cold (4º C) physiological saline solution (PSS) containing the following in mM concentration: 

145 NaCl, 4.7 KCl, 2.0 CaCl2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 

EDTA, 3.0 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, and 1 g/100 ml bovine serum 

albumin, at a pH of 7.4. Control vessels were obtained from tumor-free animals by dissecting 

around the cranial inguinal nipple and isolating the feed arteriole. Vessels were then placed in a 

Lucite chamber containing warm (37º C) PSS equilibrated with room air, cannulated on glass 

micropipettes and secured with nylon suture (11-0 ophthalmic suture, Alcon Laboratories, Inc., 

Fort Worth, TX), and placed on an inverted microscope (Olympus IX70, Tokyo, Japan) equipped 

with a video camera (Panasonic BP310, Newark, NJ) and video caliper (Colorado Video, 

Longmont, CO) to record diameter. Vessels were pressurized to 90 cm H2O and tested for leaks. 

Any vessel unable to maintain diameter was discarded. Leak-free vessels were allowed to 

equilibrate for one hour in warm PSS and develop spontaneous tone.  
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 Cumulative dose response   

After spontaneous tone developed, vasoconstrictor response to cumulative additions of 

the ⍺-adrenoreceptor agonist norepinephrine (NE; 10-9 to 10-4) was assessed. After each addition 

of NE, vessels were allowed three minutes to reach a steady state before measuring diameter.  

  

 Myogenic and passive-pressure response 

 After completion of cumulative dose-response curves, vessels were washed and allowed 

to return to baseline tone. We then assessed the myogenic response to increases in intraluminal 

pressure from 0 to 140 cm H2O, in 20 cm H2O increments. Vessel diameter was recorded for 

three minutes after each increase in pressure. The passive pressure-diameter response was then 

evaluated after a 60-minute incubation in calcium-free PSS. Vessels were again exposed to 

increases in intraluminal pressure from 0 to 140 cm H2O, in 20 cm H2O increments. Maximal 

diameter was then determined in calcium-free PSS containing 100 µM sodium nitroprusside 

(SNP) at a pressure of 90 cm H2O.  

 

 Data Analysis and Statistics 

 All statistical analyses were performed using Prism (Version 10, GraphPad Software, San 

Diego, CA) data analysis software. Student’s T-test was performed to determine the significance 

of any differences in body weight or muscle mass between groups (a paired t-test was performed 

to compare body weight in tumor-bearing animals over time). Vasodilatory responses were 

recorded as intraluminal diameter and expressed as a percentage of maximal relaxation according 

to the following:  

relaxation (%) = (Ds – Db) / (Dm – Db) * 100  
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where Ds is the steady state diameter recorded after addition of ACh, Db is the initial diameter 

recorded before the first addition of ACh, and Dm is the maximal diameter recorded at 90 cm 

H2O in calcium-free PSS. Vasoconstrictor responses to NE were recorded as intraluminal 

diameter and expressed as a percentage of maximal response according to the following: 

 

 constriction (%) = (Di – Dss) / Di *100   

 

where Di is the initial diameter before first addition of NE and Dss is the steady state diameter 

recorded after each addition of NE. Active myogenic responses after intraluminal pressure 

increases were normalized according to the following:  

 

normalized diameter = (IDss – ID90)  

 

where IDss is the steady state diameter at a given pressure step and ID90 is the diameter measured 

during the passive pressure response at 90 cm H2O. Resting myogenic tone is expressed as a 

percentage change in diameter relative to passive myogenic tone and normalized to the diameter 

at 90 cm H2O. Two-way analysis of variance (ANOVA) with repeated measures was used to 

determine differences between vessels from control and tumor-bearing animals for all measures. 

Post hoc comparisons were made using Holm-Sidak test to correct for multiple comparisons. All 

data are presented as mean ± SEM. Significance was set as p ≤ 0.05.  
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 Results 

 Animal Characteristics 

There was no difference in body mass between control (CON) and tumor-bearing (TB) 

animals and no significant change in body mass over time in TB animals (Figure 4.1). Heart 

mass, left ventricle mass, and right ventricle mass were not different between groups (Table 4.1). 

Heart, left ventricle, and right ventricle masses were also normalized to body mass to account for 

possible differences in growth between control and tumor-bearing animals. There were no 

differences between heart mass, left ventricle mass, or right ventricle mass when normalized to 

body mass (Figure 4.2, Table 4.1). Skeletal muscle masses were also normalized to body mass. 

Gastrocnemius/body mass ratio was not different between groups, but gastrocnemius mass, 

plantaris mass, soleus mass, soleus/body mass ratio, and plantaris/body mass ratio were 

significantly decreased in tumor-bearing animals (all p ≤ 0.05; Table 4.1, Figure 4.3). Body 

mass, heart mass, and left ventricle mass were not correlated with tumor mass (all p > 0.05; 

Figure 4.4). There were no correlations between gastrocnemius, soleus, or plantaris mass with 

tumor mass (all p > 0.05; Figure 4.5).  

 

 Vascular Function  

 To determine vasoactive responsiveness, we assessed vasoconstriction to the ⍺-

adrenoreceptor agonist norepinephrine in isolated arterioles from mammary tissue of healthy 

animals and from tumor-bearing animals. There were no differences in maximal constriction 

(58.9 ± 16.1 vs. 40.7 ± 14.0%; Figure 4.6) or sensitivity (log EC50, -6.602 [95% CI, -7.251 to -

5.938] vs. -7.084 [95% CI, -8.209 to -5.982]) to NE between control and tumor-bearing animals, 

respectively (p > 0.05). Compared to control, there was a significant interaction effect between 



99 

dose and group (CON vs. TB; p ≤ 0.05; Figure 4.6), but there were no individual differences at 

any dose (all p > 0.05). There were no differences in active or passive pressure-diameter 

responses or resting myogenic tone between arterioles from control and tumor-bearing animals 

across the physiological range of pressures (p > 0.05; Figure 4.7).  
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Table 4.1.  Animal Characteristics  

 

  
CON (n = 4) TB (n = 6) p-value 

effect size 

(Hedge’s g) 

Mass (g)     

Body  219 ± 15.3 212 ± 18.2 0.55 0.44 

Heart  0.657 ± 0.07 0.605 ± 0.07 0.28 0.75 

Left ventricle  0.473 ± 0.04 0.442 ± 0.05 0.25 0.68 

Right ventricle 0.103 ± 0.02 0.103 ± .02 0.99 0.002 

Gastrocnemius 0.937 ± 0.05 0.795 ± 0.07 * 0.01 2.30 

Soleus 0.090 ± 0.004 0.076 ± 0.06 * 0.005 2.50 

Plantaris 0.019 ± 0.007 0.017 ± 0.01 * 0.003 2.76 

Tumor n/a 4.48 ± 1.3   

Tumor burden (% body 

mass) 
n/a 2.16 ± 0.81   

Muscle mass normalized 

to body mass (mg/g) 
    

Heart/body mass  2.99 ± 0.20 2.85 ± 0.15 0.25 0.82 

Left ventricle/body mass 2.16 ± 0.15 2.09 ± 0.15 0.49 0.47 

Right ventricle/body 

mass 
0.47 ± 0.08 0.49 ± 0.06 0.73 0.29 

Gastrocnemius/body 

mass 
4.28 ± 0.16 3.81 ± 0.50 0.22 0.90 

Soleus/body mass 0.41 ± 0.03 0.36 ± 0.03 * 0.02 1.67 

Plantaris/body mass 0.89 ± 0.03 0.81 ± 0.05 * 0.03 1.84 

Data are mean ± SD. *significant vs. CON (p ≤ 0.05)  
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Figure 4.1.  Body mass 

 
 

There were no differences in body mass between control (CON; n = 4) and tumor-bearing (TB; n 

= 6) animals (A) and body mass pre- to post- within TB animals (B). Data are mean ± SD. All p 

> 0.05).  
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Figure 4.2.  Heart, left ventricle, and right ventricle mass normalized to body mass 

 

 
 

Heart (A), left ventricle (LV; B), and right ventricle (RV; C) mass normalized to body mass were 

not different between control (CON; n = 4) and tumor-bearing (TB; n = 6). Data are mean ± SD. 

All p > 0.05.  
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Figure 4.3.  Soleus, plantaris, and gastrocnemius mass normalized to body mass 

 

 
Soleus (A) and plantaris (B) mass were significantly lower in tumor-bearing (TB; n = 6) vs. 

control (CON; n = 4) animals when normalized to body mass (p ≤ 0.05). Gastrocnemius mass 

(C) was not different between groups when normalized to body mass (p > 0.05). Data are mean ± 

SD.   
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Figure 4.4.  Body mass, heart mass, and left ventricle mass relationship to tumor mass 

 

 
 

Body mass (A), heart mass (B), and left ventricle mass (C) were not correlated with tumor mass 

(n = 6).  
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Figure 4.5.  Soleus, plantaris, and gastrocnemius mass relationship to tumor mass 

 

 
 

Soleus (A), plantaris (B), and gastrocnemius (C) were not correlated with tumor mass (n = 6).  
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Figure 4.6.  Responses to norepinephrine 

 

 
 

There was no difference in maximal constriction between control (CON; n = 4) and tumor-

bearing (TB; n = 6; A, p > 0.05). There was a significant interaction between dose and tumor 

status in the norepinephrine dose response (B, p ≤ 0.05).  
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Figure 4.7.  Myogenic response 

 

 
 

There were no differences in myogenic vasoconstriction (A) or resting myogenic tone (B) 

between control (CON; n = 4) or tumor-bearing (TB; n = 6); p > 0.05).  
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 Discussion 

To our knowledge, this is the first study to characterize the tumor vasculature and cardiac 

and skeletal muscle mass changes, independent of cancer treatment, in an orthotopic model of 

breast cancer. Notably, there were no differences in heart, left ventricle, or right ventricle mass 

between healthy and tumor-bearing animals, even when normalized to body mass. However, 

there skeletal muscle mass was a significantly lower in tumor-bearing animals, including when 

normalized to body mass, for both the soleus and plantaris, and this was accompanied by an 

overall loss in body weight averaging ~5%, which may be indicative of cachexia 42. Despite 

these changes, no differences were observed in active or passive response to increasing 

intraluminal pressure or resting myogenic tone. There was, however, a significant interaction 

between dose and group (CON vs. TB) in ⍺-adrenergic mediated vasoconstriction, suggesting 

potential impairment in ⍺-adrenergic vasoconstriction at higher doses of NE. This finding has 

clinical relevance for designing and implementing interventions and adjuvant therapies that 

modify or depend on host-tissue and tumor hemodynamics. Additionally, a lack of 

vasoconstriction in the tumor feed arteriole compared to healthy tissue suggests that 

interventions like exercise may preferentially enhance tumor blood flow relative to other tissues. 

 

 Cancer cachexia 

In humans, cancer cachexia is defined as a weight loss greater than 5%, or a weight loss 

between 2 and 5%, accompanied by sarcopenia 42. The tumor-bearing rats in our study 

experienced a weight loss averaging 5% when comparing tumor-free body mass, and 2.1% with 

a reduced skeletal muscle mass compared to control animals, suggesting that our model could 

induce cachexia, but further investigation is needed to determine whether sarcopenia occurred. 
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Depending on the cancer site, cachexia occurs in 40-80% of patients and is responsible for 20% 

of cancer-related deaths 33,34. Although the mechanisms are complex, inflammatory factors 

secreted by cancer cells represent a potential pathway mediating cachexia. For example, TNF-⍺, 

IL-6, and IL-1 are all secreted from tumor cells 43 and promote the initiation of cachexia 37-39. 

Thus, our findings suggest that the orthotopic breast cancer model may represent the complex 

interaction between the tumor microenvironment and cancer cachexia. 

 

 Tumor vascular dysfunction: implications for treatment efficacy and metastatic 

potential 

A hallmark feature of solid tumors is hypoxia, generally classified as pressure of oxygen  

(PO2) < 10 mmHg 2. As a tumor develops, it rapidly outgrows its existing vascular supply, 

necessitating compensation by co-opting surrounding vasculature and initiating new vessel 

growth 6,8,23,24. However, this pathological angiogenesis leads to a dysfunctional vascular 

network, characterized by increased permeability, gaps in smooth muscle and endothelial cell 

layers, and vessel tortuosity 3,8,21. These abnormalities in the newly co-opted or formed vessels 

result in a tumor vascular network characterized by limitations in perfusion and diffusion 2,6, 

potentiating tumor hypoxia. Critically, tumor hypoxia leads to radiation resistance, negatively 

impacting treatment success and patient outcomes 1,3,4,7-10 and triggers a cascade of hypoxia-

mediated signaling that drives genetic adaptation and potentiates cancer cell survival 4,13-16. 

Radioresistance arises in hypoxic tumors, in part, due to the dependence of radiation-

induced DNA damage on the presence of oxygen, and due to hypoxia-mediated proteomic and 

genomic changes. Radiation therapy both directly and indirectly damages the structure of DNA, 

primarily through the induction of DNA DSBs 44-46. Direct DNA damage occurs through 
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ionization of the DNA backbone, while indirect DNA damage results from damage by free 

radicals, produced primarily by water radiolysis. In both scenarios, molecular oxygen is a central 

contributor to the permanence or fixation of DNA damage 47,48. Prior research suggests that 

radiation is up to 3 times more effective in a normoxic environment 48,49. This effect, known as 

the oxygen-enhancement ratio (OER), suggests that simply increasing the PO2 of a tumor will 

result in an increased efficacy of radiation therapy. However, increasing tumor oxygenation may 

be difficult given the aberrant nature of the tumor vasculature, and hypoxia-mediated proteomic 

and genomic changes further contribute to radioresistance. In addition, limited tumor blood flow, 

independent of tumor hypoxia, may be a significant barrier to the success of chemotherapy, as 

inadequate blood flow would result in decreased delivery of chemotherapy to the tumor. 

Given the potential role of the tumor vasculature in cancer treatment, the finding that 

breast tumor arterioles may have a diminished vasoconstriction to norepinephrine is significant. 

In healthy tissue, perfusion is well-regulated to meet tissue-specific needs. For example, the 

metabolic demands of skeletal muscle necessitate an increase in skeletal muscle blood flow 

during exercise. Consequently, vascular beds of inactive tissues experience a decrease in blood 

flow, achieved in part by a sympathetically mediated vasoconstriction 50. Because 

sympathetically mediated vasoconstriction is impaired in breast tumor arterioles, interventions 

that would typically result in a decrease in blood flow to the host tissue may result in increased 

blood flow to the tumor. A diminished ⍺-adrenergic vasoconstriction compared to healthy host 

tissue, along with increased tumor blood flow and reduced hypoxia, was evidenced by 

McCullough et al in an orthotopic model of prostate cancer 30. They demonstrated that prostate 

tumor arterioles exhibit a 95% blunted ⍺-adrenergic vasoconstriction, accompanied by a 200% 

increase in tumor blood flow during moderate-intensity endurance exercise 30. The increased 
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blood flow and resultant reduction in tumor hypoxia may improve the efficacy of radiation 

therapy and reduce metastatic potential.  

In addition to improving treatment efficacy, decreased tumor hypoxia may promote a less 

aggressive cancer phenotype. In an environment where O2 demand exceeds O2 supply, cancer 

cells must reduce O2 consumption and adapt to lower PO2 to survive. This adaptation is primarily 

driven by an upregulation of HIF-1 signaling. Under normoxic conditions, HIF-1 expression 

is regulated by the presence of oxygen. When adequate O2 is present, proline residues on HIF-1 

are hydroxylated by prolyl-4-hydroxylase domain (PHD) proteins. In turn, this allows binding to 

the VHL component of E3 ubiquitin ligases, leading to proteasomal degradation, which 

maintains a homeostatic level of HIF-1 51-54. Under hypoxic conditions however, PHD function 

is diminished and is unable to hydroxylate HIF-1. HIF-1 instead dimerizes with HIF-1 and 

forms a complex with other transcriptional coactivators (such as p300) at HRE 55 and drives 

transcription of genes responsible for metabolic adaptations (e.g. transcriptional activation of 

glycolytic enzymes, inhibition of mitochondrial respiration, etc.), angiogenesis, ROS 

homeostasis, cell proliferation, apoptosis, and more 56,57. It would be expected that interventions 

such as exercise could be utilized to take advantage of diminished tumor arteriolar 

vasoconstriction, thereby increasing tumor blood flow and decreasing tumor hypoxia, which is 

supported by the finding of McCullough et al that there was a 50% reduction in tumor hypoxia 

after moderate-intensity exercise 30.  

 

 Experimental Considerations 

 Our study has a few experimental considerations. First, we only assessed two aspects of 

vascular function, and there are many other factors to consider that impact tumor vascular 
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function, such as vasodilatory pathways, vessel density, and neurohumoral influences. Secondly, 

we did not measure tumor hypoxia or blood flow in our study. The reductions in ⍺-adrenergic 

vasoconstriction in our study were not as pronounced as those observed by McCullough et al 30 

(nor accompanied by altered myogenic vasoconstriction), and it is possible that the resting tumor 

PO2 and blood flow in the orthotopic breast tumor differ from that of the prostate. However, 

most solid tumors are considered hypoxic 16 and have a median PO2 lower than their tissue of 

origin 2. We did not perform any molecular studies to investigate the mechanisms of cachexia, 

which could provide insight to whether our model induces clinically defined cachexia observed 

in patients. Lastly, we did not compare the effects of ectopic vs. orthotopic tumor location on 

vascular function or cachexia, which is an important follow-up to our study to determine whether 

tumor vascular function or development of cachexia differs between orthotopic and ectopic 

models. 

 

Conclusions 

 In summary, our findings suggest that the orthotopic model of breast cancer induces 

impaired ⍺-adrenergic vasoconstriction and skeletal muscle atrophy, but does not induce 

impairments in myogenic tone or result in cardiac atrophy. Though the exact mechanisms 

underlying these changes are incompletely understood, our model confirms previous findings 

from orthotopic prostate cancer models 28-30,35,36 and suggests that vascular impairments of the 

orthotopic breast tumor may be similar to that of the prostate. As such, our model can be utilized 

to explore interventions that may modulate tumor blood flow, and the possibility of cachexia 

occurring suggests that our model may mirror some of the changes experienced by patients that 

depend in part on the tumor microenvironment. Further studies should be performed to 
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characterize other aspects of the orthotopic breast tumor environment, as well as changes in 

skeletal muscle.  
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Chapter 5 - Conclusions 

Despite the many advances in anti-cancer therapies over the last several decades, many 

individuals diagnosed with cancer experience treatment failure. As such, the development of 

treatment adjuvants is important for improving patient outcomes. The most diagnosed cancers in 

the United States are prostate and breast cancer, and both are frequently treated with radiation. 

Breast cancer is also commonly treated with the anthracycline chemotherapy doxorubicin. As 

such, we focused our studies on factors that may improve the efficacy of these treatments. A 

potential candidate to modulate the efficacy of both treatments is p300/CBP, a histone 

acetyltransferase known to interact with a multitude of transcription factors and modulate the 

expression of many genes. Thus, in the first two studies of this dissertation, we explored the role 

of p300/CBP in mediating the response to radiation and doxorubicin. To better explore 

interventions that impact the efficacy of anti-cancer therapies, the final study seeks to 

characterize the vasculature and skeletal muscle mass changes in an orthotopic model of breast 

cancer.  

In Chapter 2, we found that SNPs in both the p300 and CBP gene encoding regions are 

associated with the odds of diagnosis of secondary malignancy in both prostate and breast cancer 

patients, among all treatments, as well as among those who received radiation. This suggests that 

p300/CBP may, in part, mediate the response to radiation and other anti-cancer therapies. Further 

investigation into the role of these particular SNPs may provide valuable insight on potential 

treatment options and may help to predict patient responses to specific treatments. Though our 

cell culture findings did not support a role of pharmacological inhibition of p300/CBP for 

enhancing the efficacy of radiation, valuable insight can be gained from performing these studies 

in vivo. In Chapter 3, we explored the association between p300/CBP SNPs and the odds of 
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secondary diagnosis in individuals with breast cancer who received doxorubicin. We found that 

there is an association between several CBP, but no p300, SNPs and the odds of diagnosis. This 

suggests a potential role of CBP in mediating the efficacy of doxorubicin. These findings can be 

further explored to develop new treatments and predict patient responses. Following these 

results, we explored the role of pharmacological inhibition of p300/CBP in the response of breast 

cancer cells to doxorubicin in vitro. We found that p300/CBP inhibition did not affect breast 

cancer cell survival after exposure to doxorubicin. Given that doxorubicin profoundly impacts 

the cardiovascular system, also explored the impact of doxorubicin and p300/CBP inhibition on 

aortic vascular function, finding that neither doxorubicin nor p300/CBP inhibition impacted 

aortic vascular function ex vivo. Further investigations should be performed to gain insight into 

the impact of doxorubicin and p300/CBP on aortic vascular function in vivo. Finally, in Chapter 

4, we found that breast tumor arterioles exhibit some impairments in ⍺-adrenergic 

vasoconstriction, which may be a potential impairment through which tumor blood flow can be 

modulated. Secondly, we found that an orthotopic model of breast cancer may result in some 

characteristics of cachexia, which occurs in as many as 80% of cancer patients and can be 

influenced by the tumor microenvironment. As such, this model may be valuable for studying 

interventions which impact tumor blood flow and the tumor microenvironment.  

Taken together, we feel this work provides a basis for investigating the precise role of 

p300 and CBP in the efficacy of anti-cancer therapies, which may provide valuable information 

to improve treatment responses, as well as a potential means of stratifying patients to determine 

optimal treatment regimens. While some of our hypotheses were not supported, we hope that our 

findings can provide insight into further research and new strategies to improve patient 

outcomes. 
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