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ABSTRACT 

Female breast cancer (BrCa) is the most common noncutaneous cancer among 

women in the United States. Human epidemiological studies reveal that p53 codon 72 single 

nucleotide variants, encoding proline (P72) or arginine (R72), are associated with increased 

risk of several cancers, including BrCa. However, the molecular mechanisms by which these 

variants affect mammary tumorigenesis remain unresolved. To investigate the effects of this 

polymorphism on susceptibility to mammary cancer, we used a humanized p53 mouse 

model, homozygous for either P72 or R72. R72 mice had a significantly higher mammary 

tumor incidence and reduced latency in both DMBA-induced and MMTV-Erbb2/Neu mouse 

mammary tumor models. Our studies revealed that susceptible mammary glands of E-R72 

mice developed a senescence-associated secretory phenotype (SASP), with influx of 

proinflammatory macrophages, ultimately resulting in chronic, pro-tumorigenic 

inflammation. Mammary tumors arising in E-R72 mice also had increased proliferation and 

influx of tumor-associated macrophages, contributing to angiogenesis and elevated tumor 

growth rates. These results demonstrate that the R72 variant increases susceptibility to 

aggressive BrCas through chronic inflammation, suggesting potential benefits of anti-

inflammatory agents in the prevention or treatment of BrCa in women who are homozygous 

for the R72 variant. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Female breast cancer (BrCa) 

Female breast cancer (BrCa) affects more than 2.2 million women each year, and is 

the cause of more than 500,000 estimated mortalities worldwide.1 BrCa is a heterogeneous 

disease, which presents clinically in at least five different subtypes depending on the 

expression of estrogen receptor (ER), progesterone receptor (PR), human epidermal growth 

factor receptor-2 (HER2) and Claudin. Table 1 summarizes the histological markers, their 

expression, general trends of prognosis and relapse-free survival of the specific subtypes. 

Etiology of BrCa is heterogenous and include both non-genetic and genetic factors. Only 5-

10% of the BrCa cases are hereditary,2 which indicates that majority of the BrCa cases occur 

due to genetic susceptibilities of the host in responding to environmental stimuli. Both 

environmental, reproductive and genetic factors such as exposure to carcinogens, education, 

access to healthcare, obesity, age at first full-term pregnancy (FFTP), age at menarche, 

menopausal status and family history play an important role in BrCa etiology, progression, 

metastasis, response to therapy and survival.3-5 

Mutations and variants of p53 in cancer 

Mutations in the p53 gene have been reported at varying frequencies in almost all 

cancer types. In order to better predict cancer susceptibility, progression and relapse-free 

survival, research efforts have been focused on identifying genetic biomarkers such as 

mutations and variants.6 While next-generation sequencing of human tumor samples has 
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enabled discovering gene mutations that are associated with significant risk of developing 

cancer, genome-wide association studies (GWAS) have led the efforts to uncover highly- 

and modestly-penetrant common germline single nucleotide polymorphisms that are 

significantly associated with risk of cancer.7 A recent comprehensive genetic analysis of 165 

GWAS studies on multiple cancer types showed that the p53 pathway genes are more 

enriched with causal mutations and common SNPs that are significantly associated with 

cancer risk. Among 67 genes in the p53 pathway, 15 genes included at least one causal 

mutation which resulted in a 11.15-fold enrichment of causal mutations over the rest of the 

24,553 genes analyzed. Similarly, cancer-associated SNPs in the genes of the p53 pathway 

were 6.77-fold enriched compared to the other genes analyzed. Together, these findings 

demonstrated that causal mutations and cancer-associated SNPs are found at a higher 

percentage in genes of the p53 pathway. Moreover, these findings indicate the vulnerability 

of genes in the p53 pathway to undergo somatic mutations that alter the functions of p53.8 

Similarly, the Cancer Genome Atlas Network recently reported a higher proportion 

of p53 somatic mutations in breast cancer.9 In this study, breast tumors from 510 female 

patients were subjected to whole exome sequencing. Results showed that the frequency of 

p53 mutations was dependent on the BrCa subtype. Luminal subtypes showed the fewest 

p53 mutation frequencies; 12% of luminal A cases and 29% of luminal B cases. In contrast, 

72% of HER2 cases and 80% of basal-like, mostly triple-negative, cases showed p53 

mutations.9 As given in table 1, while luminal A cases tend to have a better prognosis and 

relapse-free survival, basal-like and HER2 subtypes often present as poorly differentiated, 

aggressive with a poor prognosis and both relapse-free and overall survival.10 
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Table I-1. Common subtypes of BrCa with associated intrinsic markers and general trends 

of the selected clinical parameters  

Subtype Prevalence 
Histological markers and 

their occurrence 
Tumor 
Grade 

Prognosis 

Luminal 
A 

50-60% 
ER+, PR+, HER2, K8+, 

K18+ 
Low Good 

Luminal 
B 

10-20% 
ER+/low and/or PR+, 

HER2/+, 
K8+, K18+ 

Intermediate Intermediate/Poor 

HER2-
enriched 

10-15% ER, PR, HER2+(high) High Poor 

Basal-
like 

10-20% 
ER, PR, HER2, K5+, 

K6+ 
High Poor 

Claudin-
low 

12-14% 
ER, PR, HER2, 

Claudin/low, K5+, K6+ 
High Poor 

+: present, : absent, (high): overexpressed/amplified  

 

Tumor suppressor p53 

Immunoprecipitation of p53 with the large T antigen of SV40 tumor virus 

oncoprotein in transformed mouse cell lines led to initial speculation that p53 was an 

oncoprotein.11, 12 This notion was further supported by the finding that overexpression of 

clones of murine p53 together with oncoprotein Ras, transformed normal rat embryonic 

fibroblasts.13-15 However, several lines of evidence contradicted the oncogenic role of p53. 

Missense mutations were found in the sequences of p53 clones used in the experiments that 

succeeded in transforming rat embryonic fibroblasts.16, 17 Also, Finlay et al. showed that 

overexpressing a wild-type copy of p53 greatly reduced number of foci due to Ras or mutant 

p53 plus Ras transformation of rat embryo fibroblasts.18 In another study, Li-Fraumani 
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patients who inherited germline p53 mutations had 100% cancer onset by 70 years of age 

and were often diagnosed with sarcomas, lymphomas, lung cancer and breast cancer.19 

Additionally, identification of p53 mutations in mouse tumors, human cell lines and colon 

tumors of humans provided further evidence for the tumor suppressive role of p53.20 

Functional domains of p53 

The p53 gene consists of 11 exons and 10 introns that span across approximately 

19200 nucleotides. Ten exons encode for five functionally important domains enabling 

transactivation of target genes through sequence-specific binding and oligomerization to 

form functionally important p53 tetramers (Figure I-1).20 

Transactivation domain (TAD) 

The transactivation domain lies in the loosely-structured amino-terminus (amino acid 

residues 1-60) and consists of two subdomains, TAD-I and TAD-II. To investigate the 

involvement of TADs in the transcription capacity of p53, Attradi et al. generated mouse 

models carrying inactivating mutations in the TAD-I (L25Q, W26S – p5325,26) or TAD-II 

(F53Q, F54S – p5353,54) or in both (p5325,26,53,54).21-23 The mouse model of p5325,26 showed 

significantly impaired transactivation of p21, a major effector of cell cycle arrest as well as 

Figure I-1. Protein structure of p53. Five major functional domains of p53 include,

Transactivation domain (TAD), Proline-rich domain (PRD), DNA binding domain (DBD),

Oligomerization domain (OD) and Carboxy-terminal domain (CTD). 
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of proapoptotic genes Puma, Noxa and Perp upon DNA damage. Interestingly, p5353,54 

showed no transactivation impairment of p21 or other proapoptotic genes. However, 

p5325,26,53,54 significantly decreased the transactivation capability of p53.22 

Proline-rich domain (PRD) 

The Proline-rich domain (PRD) is located between the transactivation domain and 

the DNA binding domain (amino acid residues 61-97) and contains 12 proline residues. Most 

of the proline residues are found in PXXP (P-proline, X-any amino acid) motifs in this 

region, resulting in a left-handed type-II helix which creates a binding site for proteins 

containing SH3 (Src homolog 3) domains.24 Deletion mutants of p53 that lack PRDs are 

shown to not affect transactivation of p21 and Bax in multiple cancer cell lines. While cell 

cycle arrest remains intact, in Lovo colon carcinoma cells, deletion of PRD significantly 

reduced the level of apoptosis.25 In contrast, work by Walker and Levine in p53-deficient 

HT1299 lung carcinoma and Sao2 osteosarcoma cell lines shows that deletion mutants of 

p53 that lack PRD significantly reduces growth suppression when exposed to geneticin in 

comparison to wild type p53.24 This was further supported by the lack of DNA damage-

induced cell cycle arrest and attenuated apoptotic response in MEFs derived from PRD 

knockout mouse model.26 

The ability of proteins carrying PXXP motifs to bind to transcription coactivator, 

p300 led Doran et al. to investigate the interaction of p300 with PRD of p53 in Sao2 and 

HCT116 cell lines.27 Studies prior had already established that  the transcription coactivator 

p300 acetylates p53 bound to DNA in the C-terminal domain.28, 29 In the Doran study, while 

p300 interacted with p53, deletion of PRD prevented p53-p300 interaction. The deletion 
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mutant was shown to bind to the p53 response element (RE) of p21 but did not form p53-

DNA-p300 complex or acetylate p53 lacking PRD.27  

Prolyl isomerase PIN1 (Protein interacting with NIMA-1) is also found to interact 

with phosphorylated p53 via PRD. PIN1 is a peptidyl-prolyl cis/trans isomerase which 

catalyzes isomerization of peptidyl-prolyl peptide bonds and PIN1 does so in a 

phosphorylation-dependent manner at phosphorylated Serine/Threonine followed by a 

proline residue.30-32 Conformation change of p53 due to PIN1 stabilizes p53 by reducing 

interaction with its negative regulator MDM2.33, 34 In HCT116 cells, PIN1 is recruited to p53 

REs at p21 promoter upon exposure to UV or etoposide induced DNA damage and this is 

significantly reduced by removal of PIN1 interacting sites on p53. RNAi knockdown of 

PIN1 significantly reduces interaction of p300 with DNA-bound p53 and acetylation of L373 

and L382 residues of p53. Additionally, PIN1 stimulates dissociation of iASPP (inhibitor of 

apoptosis-stimulating protein of p53) from p53 which has been shown to induce apoptosis.35 

DNA binding domain (DBD) 

Central DBD constitutes the largest portion of p53 and spans from amino acid 

residues 100 to 300. DBD consists mainly of two antiparallel β sheets that are connected by 

two large loops and a loop-sheet-helix motif. A zinc ion provides stability to the large loops 

and are important for proper conformation. This enables binding to the major and minor 

grooves of p53 response elements (REs) in a sequence-specific manner. Given the role of 

transcription factor, approximately 86% of somatic mutations are found in the DBD of p53.36 

Most frequent, hotspot mutations are located at residues that make contacts with DNA or 

stabilize the conformation of binding sites. Hence, p53 mutants are categorized into contact 

(S241, R248, R273 and C277) or structural mutants (R175, C176, H179, C242, G245, R249 



 

7 

 

and R282), respectively.37 X-ray crystallography studies reveal that contact mutants do not 

affect the DBD conformation of p53 but may prevent DNA binding. In contrast, structural 

mutants, such as the zinc-binding mutants, affect the conformation of DBD.38-41 

Oligomerization/tetramerization domain 

Monomers of p53 interact via the oligomerization domain (amino acid residues 324–

355) to form a tetramer that makes the functional unit of p53 in terms of transactivation of 

genes.42, 43 During this process, the nuclear export signal of p53 is masked, increasing the 

isolation of p53 in the nucleus for enhanced transactivation of target genes.44 Tetramers of 

p53 predominantly bind to the canonical p53 response element (RE), which consists of two 

consensus nucleotide sequences of RRRCWWGYYY (R = purine, W = A or T, and Y = 

pyrimidine), on either side of a spacer sequence (0–13 nucleotides).45, 46 However, other rare 

noncanonical p53 REs are seen in the promoter regions of Pig3, Aqp3 and Mdr1.47 In the 

majority of the target genes, REs are found in the 5’ region upstream of the transcription 

initiation site (TIS) (e.g. p21). However, early intronic and even exonic REs are found on 

target genes such as Puma (Bbc3) and miR-34a, respectively.47 

Carboxy terminal domain (CTD) 

The carboxy terminal domain (CTD) (amino acid residues 364–393) contains signals 

for nuclear localization as well as export, and is the region where most of the post-

translational modifications (PTMs) occur.48 PTMs in this region include phosphorylation, 

acetylation, methylation, SUMOylation and neddylation. These modifications affect protein 

stability and activation, which enable/modify functions of p53, nuclear import and export of 

the protein.49 
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Transactivation ability and selectivity of p53 

Transactivation ability of p53 is dependent on factors both intrinsic and extrinsic to 

the molecule. In general, distance from TIS to RE negatively affects the potential of 

transactivation. In addition, affinity of p53 towards target DNA is critical to its 

transactivation ability. Hainut and Milner showed that three cysteine residues (at 176, 238 

and 242) in the DBD of p53 are critical to DNA binding as mutations in these sites resulted 

in impaired binding and transactivation. Further, DBD of p53 imparts a favorable steric 

change to DNA showing that flexible DNA conformations facilitate p53 tetramer binding.50 

This is partly due to histone modification through acetylation after p53 recruitment to REs. 

Several studies have shown that histone acetyltransferases such as p300/CBP, pCAF, GCN5 

and TIP60 acetylate histones close to p53 REs in a p53 dependent manner.47  

Acetylation of several lysine residues located in the CTD of p53 has been shown to 

correlate with enhanced transactivation potential. Truncation of the CTD significantly 

reduces binding to chromatin-like DNA templates and REs in a physiologically relevant in 

vivo setting, showing that CTD plays a key role in DNA binding of p53 and transactivation 

of target genes.51, 52 Similar to histone acetyl transferases (HATs), hematopoietic zinc finger 

protein (HZF) interacts with p53 directly and affect p53 RE selection, resulting in enhanced 

transactivation of genes involved in growth arrest such as p21.53 In contrast to HATs, the 

chromosome segregation 1-like protein (CSE1L) protein complex modifies histones to relax 

chromatin in a p53 independent manner. Chromatin relaxation at p53 REs by CAS/CSE1L 

increases transactivation of select proapoptotic genes such as p53Aaip1 and Pig3, showing 

a unique way of supporting p53 transactivation ability.54 
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Also, p53 is capable of modifying the preinitiation complex formation in the basic 

transcription machinery of RNAPII, through recruitment of TBP as well as TAF1, which is 

a TFIID subunit.47 In addition, Espinosa et al showed that REs of certain p53 target genes 

are poised with prerecruited basal components of the transcription machinery. This was seen 

on the p53 RE of the p21 gene and was postulated to reduce the activation barrier to initiate 

transcription.55 Recent in vivo studies show that the E177 (E180 in humans) residue of p53 

plays a critical role in formation of p53 tetramers. Mutation of the negatively-charged 

glutamic residue to positively-charged arginine (E177R) disrupts salt bridges between E177 

and R178 in interacting monomers of p53, thereby destabilizing H1 helix interactions that 

form p53 tetramers. Interestingly, p53E177R results in selective inhibition of proapoptotic 

gene transactivation but not p21 or genes involved in metabolism such as Gls2, Aldh4, 

Sesn1/2 and Dram1.56 Similarly, Li and colleagues recently generated mice with mutations 

at three lysine residues, K117, K161 and K162 (K120, K164 and K165 in humans) in the 

DBD of p53 (p533KR) that significantly reduced transactivation of apoptosis, cell cycle arrest 

and senescence associated genes, thereby impairing these processes. However, these 

mutations did not affect transactivation of metabolism-related Gls2, Tigar and Gpx, as both 

the level of gene expression and promoter occupancy of p533KR was comparable to those of 

the wild type p53, further indicating how PTMs could affect promoter selectivity.57 

Therefore, these studies show that as DBD and CTD of p53 play important roles in promoter 

selectivity and transactivation of p53 target genes, TAD and PRD modify p53 transactivation 

capacity. 
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Activation of p53 

In healthy cells, proteins levels of p53 are kept at a low level through 

polyubiquitination-mediated degradation by its negative regulators; Human Double Minute 

2 (HDM2, mouse ortholog MDM2) and HDMX (MDMX).58-60 Upon DNA damage, damage 

sensing complexes such as MRN (consisted of MRE11, RAD50, NBN) and 9-1-1 (consisted 

of RAD9, RAD1, HUS1) are recruited to damaged sites, depending on whether it’s double 

strand break (DSB) or a single strand break (SSB), respectively.61, 62 These complexes 

phosphorylate and activate signal transducing sensory kinases, Ataxia-telangiectasia 

mutated (ATM) and ATM and Rad3-related (ATR), respectively. Activated sensory kinases 

phosphorylate and activate downstream kinases and effector proteins.63, 64 As a result, p53 

is rapidly phosphorylated in the amino terminus by several stress-sensing kinases such as 

ATM, ATR, DNA-dependent protein kinase (DNA-PK), CHK1/2 relieving p53 of the 

negative regulation by HDM2 or HDMX.22, 65, 66 Redundancy of kinases capable of 

phosphorylating p53 is postulated to indicate the critical nature of the process. Findings in 

mouse models with mutations at 18th (S18) and 23rd (S23) serine residues (15th and 20th in 

humans) of p53, show that abrogation of both S18 and S23 phosphorylation significantly 

reduces p53 stability as well as its transactivation ability.67 In addition, p53 undergoes post-

translational covalent modifications such as acetylation, methylation, SUMOylation, 

ubiquitination and neddylation that can significantly modify the stability, transactivation 

potential and protein interactions of p53. Hence, it can be seen that type of PTM could dictate 

the function of p53.51  

 

 



 

11 

 

Biological processes regulated by p53 

Traditionally, p53 is known to regulate cellular processes such as apoptosis, cell 

cycle arrest, cellular senescence and DNA repair. Additionally, recent findings show glucose 

as well as lipid metabolism and immunity are under the umbrella of cellular processes 

regulated by p53.48, 57, 68-71 In the context of suppressing cancer development, p53 has been 

reported to act against tumor microenvironment signaling, invasion, metastasis, 

reprogramming of metabolism, accumulation of reactive oxygen species and self-renewal of 

stem cells. Recent ChIP-seq and RNA-seq expression analyses have revealed more genes 

regulated by p53, expanding the intricate network of p53 regulation. This suggests that p53 

possesses the ability to respond to numerous insults in a context dependent manner.48 

Apoptosis 

p53 can trigger apoptosis through intrinsic or extrinsic signaling pathways. Upon 

severe or irreparable DNA damage, p53 is phosphorylated at S46 by HIPK2 or DYRK2,72, 

73 and acetylated at K120 by TIP60 or hMOF.74, 75 These have been shown to be critical 

PTMs that trigger p53-mediated apoptosis.76 The activation of the intrinsic apoptosis 

pathway is determined by the balance between the levels of proapoptotic proteins and 

prosurvival BCL2 family members on the mitochondrial membrane.77 Prosurvival BCL2 

family members include BCL2, BCLXL and MCL1. In a damaged cell, proapoptotic BAX 

and BAK oligomerize on the outer membrane of the mitochondria. As a result, pores are 

formed, permeating the mitochondrial membrane (MOMP), thereby leading to Cytochrome 

C release into the cytoplasm. This activates the Caspase cascade to induce apoptosis. 

Transactivation of Puma, Noxa and Bax by p53 tilts the balance between prosurvival BCL2 
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members and proapoptotic proteins in favor of apoptosis as PUMA and NOXA bind to BCL2 

members.48 

Figure I-2. Apoptosis triggered by transcription-dependent and -independent mechanisms

regulated by p53. 
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In addition, findings by Leuet al. show that p53 can bind to BCL2 triggering MOMP-

mediated apoptosis.78 Apart from transactivating BH3-only BCL2 members, p53 also 

transactivates p53aip1, which mediates depolarization of the mitochondrial membrane 

potential, aiding Cytochrome C release. Additionally, p53 transactivates Apaf that binds to 

released Cytochrome C to form the apoptosome complex, activating the Caspase cascade. 

Consequently, Caspase-activated DNAses digest genomic material resulting in apoptosis.47  

The extrinsic pathway of apoptosis encompasses reception of death signals via death 

receptors that also results in the activation of the Caspase cascade. p53 participates in this 

pathway by transactivating genes encoding death receptors such as Dr5/Killer, Pidd and 

Fas.79 In addition to transactivation of the host of genes involved in the intrinsic and extrinsic 

pathways, p53 transactivates Perp, which is a tetraspan membrane protein that has been 

shown to play a role in apoptosis and in maintaining epithelial integrity. However, the exact 

mechanism of action on how Perp contributes to p53-mediated apoptosis is not clear.80-82  

Cell cycle arrest 

Checkpoint mechanisms are evolved to survey and respond to errors in genetic 

material by preventing cell cycle progression allowing DNA repair. This safeguards the 

genetic integrity and in turn, plays a tumor suppressive role by preventing proliferation of 

cells with damaged DNA.83 Upon DNA damage-induced activation, p53 inhibits cell cycle 

progression by transactivating genes involved in cell cycle arrest. Cyclin/CDK (Cyclin-

dependent kinase) complexes drive cell cycle progression past G1/S checkpoint by 

phosphorylating RB (Retinoblastoma). This results in derepression of the E2F transcription 

factors that transactivate genes involved in DNA replication.84, 85 p53 transactivates one of 

the major effectors of cell cycle arrest,  p21 (CDKN1A) which halts cell cycle at G1/S 
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checkpoint.86 Mouse embryonic fibroblasts (MEFs) derived from p21-/- mice show impaired 

DNA damage-induced G1 cell cycle arrest.87 p21 binds to CDK2 inhibiting the kinase 

activity of CDK2 complexes inducing cell cycle arrest.88 In addition, p53 transactivates 

genes involved in G2/M cell cycle arrest preventing passage of genetic material with errors 

following DNA replication. These genes include 14-3-3 sigma, Gadd45, Reprimo, that 

disrupt activity and nuclear localization of Cyclin B/CDC2 complex that is essential for 

G2/M transition.89-92 

Cellular senescence 

Senescence is a cellular stress response that halts proliferation through irreversible 

cell cycle arrest. Irreparable DNA damage, telomere attrition due to replication exhaustion 

and oncogene activation have been shown to initiate cellular senescence.93 Cellular 

senescence was first observed by Hayflick and Moorhead in cultured human fibroblasts 

when the cells failed to divide after a limited number of passages.94 The most prominent 

characteristic of senescent cell is permanent cell cycle arrest. Constitutive upregulation of 

cell cycle arrest mediators, p21 and p14ARF (p19ARF in mice) as well as p16INK4a encoded by 

CDKN2A locus are shown to trigger cellular senescence. p14ARF stabilizes p53 by degrading 

MDM2 and in turn, promoting p53-driven p21 expression.95 Upregulation of p21 disrupts 

CDK2 complexes while p16INK4a inhibit CDK4/6 complexes to trigger cell cycle arrest at 

G1/S checkpoint.86, 96 As a result, the cellular levels of phosphorylated RB protein are 

maintained at a lower level. Hypophosphorylated RB is shown to bind and inhibit E2F 

transcription factors, repressing genes that are necessary for cell cycle progression.85, 93, 97-

100 In addition to permanent cell cycle arrest, senescent cells are shown to increase in size 

and present a flat morphology in vitro. Senescent cells also accumulate lipofuscin, 
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aggregates of oxidized proteins, and lysosomal β-galactosidase enzyme that are currently 

utilized to identify senescent cells.101, 102 

Senescence-associated secretory phenotype (SASP) 

Senescent cells remain metabolically active despite existing under permanent cell 

cycle arrest. Recent evidence shows that senescent cells secrete an array of factors, a 

phenomenon known as the senescence-associated secretory phenotype (SASP).103 This was 

first reported while investigating the transcriptional profiles of senescent cells.104-106 

Transcription of SASP factors are regulated by NF-κB (nuclear factor of kappa light) and 

C/EBPβ (CCAAT/enhancer-binding protein-β) transcription factors that are shown to be 

upregulated during senescence.107-110 Supporting evidence was shown by Acosta et al. where 

authors were able to show that inhibition of IkB kinases that activate NFkB pathway, and 

depletion of C/EBPβ mRNA using shRNA significantly down regulates SASP factors in 

human fibroblasts.107 Additionally, Lujambio et al. have shown that NFkB pathway is 

significantly upregulated in senescent hepatic stellate cells, and shRNA against p65 

significantly reduces SASP factors.110 SASP is regulated predominantly through DNA 

damage response (DDR)-dependent mechanisms. However, DDR -independent mechanisms 

such as p38 activation and PTEN-loss have been shown to induce SASP.111 DDR-dependent 

mechanism involves DDR kinase, ATM as depletion of ATM has been shown to attenuate 

SASP factors.112, 113 A recent study shows mechanistic evidence to link DDR and SASP.  

Kang et al. have shown that in senescent cells, activation of DDR kinases, ATM and ATR 

in turn, activates GATA4 leading to induction of TRAF3IP2 (tumor necrosis factor receptor–

associated factor interacting protein 2) and IL1A (interleukin 1A), which activates NF-κB 

to initiate and maintain the SASP.114 In addition, several regulators of SASP are described. 
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These include NEMO (IKBKG; inhibitor of kappa light polypeptide gene enhancer in B-

cells, kinase gamma), RIG1 (retinoic acid-inducible gene I), Klotho, MacroH2A1, HMGB1 

(high mobility group box 1) and HMGB2. However, mechanistic link between these 

regulators and SASP is yet to be elucidated.115 

SASP factors include proinflammatory cytokines, chemoattractants, growth factors, 

angiogenic factors and matrix metalloproteases (MMPs). SASP components have been 

shown to reinforce senescence in both autocrine and paracrine manner. Plasminogen 

activation inhibitor-1 (PAI1), and activation of inflammasome through IL1A which leads to 

DDR have been shown to induce senescence in neighboring cells.107, 116-119 In addition, SASP 

factors extend the functional repertoire of cellular senescence beyond growth arrest-

mediated tumor suppression to embryonic development, tissue remodeling, wound healing, 

aging and even, tumor promotion and epithelial-mesenchymal-transition (EMT).93, 97-99  

p53 and regulated biological processes on tumorigenesis in mice 

Donehower et al. first demonstrated the tumor suppressor ability of p53 using a p53-

null mouse model, where all the animals rapidly developed spontaneous tumors. Majority of 

the tumors are lymphomas specifically, CD4+CD8+ T-cell lymphomas, along with some 

carcinomas and sarcomas.120 In a separate study, a phenotype similar to Li–Fraumeni 

syndrome seen in humans is observed in p53+/- mice where the p53 level is halved and the 

other allele gathers mutations in some animals resulting in a wide array of cancers. 

Compared to mice with wild type p53, both p53-/- and p53+/- are significantly poor in survival 

due to susceptibility to tumorigenesis.121, 122 These observations clearly demonstrate the 

importance of wild type p53 and the level of expression in tumor suppression and survival. 

Since these pioneering studies, numerous p53 mouse models have been used to investigate 
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how intrinsic properties of p53 and the regulated biological processes affect tumorigenesis.48 

Brady et al. used p5325,26, p5353,54 and p5325,26,53,54 to investigate the effect of transactivation 

ability of p53 on mouse models with different tumor etiologies.22 These included KrasG12D-

induced non-small-cell lung cancers, Eμ-Myc-driven B cell lymphomas, spontaneous T cell 

lymphomas and medulloblastomas triggered by inactivation of Patched. Mice with p5325,26 

and p5353,54 showed significantly suppressed tumorigenesis while those with p5325,26,53,54, 

which lacks transactivation capacity, succumbed to tumorigenesis. These results show that 

the transactivation potential of p53 plays a critical role in suppressing tumorigenesis. 

The importance of p53-driven apoptosis in tumorigenesis has been shown in a B-cell 

lymphoma susceptible E–Myc mouse model that overexpresses c-Myc, using enhancer  

(E).123, 124 The majority of pre-B cell and B cell lymphomas found in these animals showed 

mutated p53 or loss of p53 and lack of apoptosis. To dissect the contribution of apoptosis in 

tumor development, Schmitt et al. impaired apoptosis through overexpression of BCL-2 or 

dominant negative Caspase-9 (C9DN) in tumors arising in E-Myc animals, where wild type 

copies of p53 were present. Similar to lymphomas with p53 loss, lymphomas generated by 

overexpression of BCL2 and C9DN showed significantly low apoptotic cells, indicating that 

disruption of apoptosis is critical to tumor development in this setting.125 

Interestingly, mouse models in which individual genes involved in cell cycle arrest 

are knocked-down, have shown that animals that are Gadd45a- or Pml-null are not 

susceptible for spontaneous tumorigenesis.48 However, p21-null animals developed 

spontaneous tumors after an average latency of 5 months, which was significantly higher 

compared to p53-/- tumor susceptibility.126 A recent tumorigenesis study using p53E177R mice 

in which apoptosis was severely compromised, but cell cycle arrest, senescence or 
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antioxidant defense were not, showed that p53E177R significantly delayed survival compared 

to both spontaneous tumorigenesis in p53-/- or E-Myc-driven lymphoma mouse models.127 

These results indicated that intact cell cycle arrest, senescence and antioxidant defense 

mechanisms are important in tumor suppression possibly, in a context-dependent manner. 

As discussed before, the p533KR mouse model fails to trigger apoptosis, cell cycle 

arrest or senescence.  Yet, these mice are not susceptible to early onset spontaneous tumors 

as seen in p53-/-or+/- animals. Li et al. showed that these animals have an intact p53-regulated 

antioxidant defense and energy metabolism as shown by doxorubicin-induced 

transactivation of Tigar, Gls2, Gpx and Gss in p533KR to levels similar to corresponding 

levels in p53+/+ animals. Transformation of H1299 cells with p533KR and Gls2 significantly 

reduced colony formation in vitro, providing compelling evidence to support the important 

roles played by non-traditional functions regulated by p53.57 

From a tumorigenesis perspective, elimination of senescent cells has been shown to 

be tumor suppressive while accumulation of senescent cells have been shown to induce 

chronic inflammation that promotes tumorigenesis.97, 115 Recent work shows that clearance 

or accumulation of senescent cells are determined by immune cells such as natural killer 

(NK) cells, macrophages and T cells. SASP factors include chemoattractants and activating 

cytokines that are responsible for recruiting immune cells.111, 115 In hepatocellular carcinoma 

(HCC) mouse model, Xu et al. has shown that restoration of p53 in H-RasK12V-expressing 

hepatoblasts resulted in induction of senescence and tumor regression. Pharmacological 

inhibition of NK cells delayed tumor regression showing that NK cells play an important 

role in removing senescent cells.128In a follow-up study, Sagiv et al. showed that tumor 

regression is mediated by NK cells expressing the receptor NKG2D. These NK cells remove 
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senescent tumor cells that express a NK ligand, RAE1ε (retinoic acid early inducible 1ε).129 

In a different HCC model where N-RasG12V oncogene was overexpressed in the epithelial 

cells, senescence was shown to limit onset of tumor development. In this model, SASP 

activated CD4+ T helper type 1 (TH1) cells which played a critical role in clearing senescent 

premalignant cells. However, this was accomplished together with monocytes/macrophages 

and NK cells as removal of senescent cells were compromised in an immunodeficient mouse 

model that lacked NK cells and monocytes/macrophages.130 In a diethylnitrosamine (DEN)-

induced HCC model, Lujambio et al. showed that p53-mediated senescence in hepatic 

stellate cells (HSCs) led to enrichment of M1-polarized macrophages and reduced tumor 

development. In contrast, ablation of p53 resulted in increased number of M2-polarized 

macrophages and tumorigenesis. Using conditioned media (CM) from senescent hepatic 

stellate cells (HSCs), authored showed SASP-derived factors resulted in M1-polarization of 

bone marrow-derived macrophages (BMDMs) that had increased ability to clear senescent 

cells in vitro. In contrast, SASP factors in CM from non-senescent proliferating HSCs 

polarized the BMDMs towards M2 phenotype that promoted proliferation of premalignant 

HSCs. Study concluded that SASP factors from senescent HSCs with intact p53 promoted 

M1 polarization of macrophages that limited tumor development.110  

In contrast to beneficial effects of SASP, tumor promoting effects are also seen in 

several cancer models.  In contrast to the findings in DEN-induced HCC model, Yoshimoto 

et al. showed that senescent HSCs induced DMBA (7,12-dimethylbenz(a)anthracene)-

induced HCC in obese mice. Obese livers were shown to accumulate senescent HSCs as a 

result of chronic activation of DDR by deoxycholic acid, a product of gut microbiota. 

Regulation of SASP via IL1β-mediated inflammasome was critical for tumor development 
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as inhibition of SASP in IL1β-null mice reduced number and size of tumors.131 In a prostate 

cancer model, deletion of PTEN significantly induced senescence in the initiated epithelium. 

As a result, senescent tumor cells created an immunosuppressive tissue environment though 

activation of JAK2/STAT3 signaling, which led to tumor progression and resistance to 

docetaxel therapy.132 In a colorectal cancer model, Pribluda et al. showed that deletion of 

CSNK1A1 and p53 in the gut epithelium resulted in induction of senescence-associated 

inflammatory response, which promoted tumor growth and invasiveness.133 In addition, 

Jackson et al. showed that SASP activation in MMTV-Wnt1 mammary adenocarcinoma 

tumors, with wild type p53, promoted cell proliferation and cancer relapse following 

doxorubicin treatment. In these tumors, activation of STAT3 signaling was observed in 

senescent cells adjacent to Ki67-positive proliferative cells indicating paracrine tumor 

promoting effects of SASP.134 Considering current findings, it is postulated that composition 

of SASP seems to vary depending on the cell/tissue type, senescence inducer and the cellular 

context, resulting in different functional outcomes.111 

Modification of p53 function by codon 72 SNP 

Frequent mutation of p53 in human cancers shows the importance of p53 and the 

regulated processes in cancer susceptibility and progression. Therefore, single nucleotide 

polymorphisms that affect p53-regulated biological processes can play a significant role in 

modifying cancer risk. The p53 gene has estimated 85 polymorphisms, which is a relatively 

high number within the length of the gene.8, 135 

Among the array of SNPs found on p53, rs1042522 is one of the most well-studied 

polymorphisms of p53. Located at codon 72 within exon 4 of p53, rs1042522 shows a non-

synonymous substitution of ‘C’ to ‘G’, changing the encoded amino acid from a proline 
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(CCC) to an arginine (CGC) within the polyproline region between TAD and DBD. In 1994, 

the codon 72 SNP of p53 (P72R) first came to limelight as a study concluded that higher 

abundance of the proline-coding variant (P72) of P72R in African populations was 

speculated to play a role in providing protection from sunlight.136 As shown in Table 2, 

higher prevalence of P72 in African populations is further corroborated by recent findings 

of the 1000Genome study.137 This study further showed that European populations that are 

farther from the equator, have higher prevalence of the arginine-coding variant of P72R 

(R72).138 Similar to European populations, American populations have higher prevalence of 

R72. In contrast, Asian populations do not show preference to a particular allele or 

homozygous variant genotype. Recent comparative analysis of genes associated with cancer 

among primates by Puente et al. shows that P72 is exclusively found in non-human primates, 

but not R72. This provides evidence to support that P72 is the ancestral version and R72 

may have coincided with the human migration to higher latitudes. Moreover, several 

hypotheses have been proposed to explain the abundance of R72 in higher altitudes where 

the climate is colder. Increased transactivation of the implantation factor LIF by R72 has 

been shown to provide an advantage in implantation, reproduction as well as tolerance to 

colder climates.139 R72 has also been shown to increase lipid accumulation and   weight gain 

that has been suggested to provide an adaptive advantage in colder climates and during 

famines.140, 141 
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Table I-2. Allele and genotypic frequencies of codon 72 p53 SNP in populations of African, European, Asian and South American 

ancestries (1000 Genomes project) 

African 
Population 

C 
allele 
(%) 

no. of 
Individuals 

G 
allele 
(%) 

no. of 
Individuals 

CC 
(%) 

no. of 
Individuals 

GC 
(%) 

no. of 
Individuals 

GG 
(%) 

no. of 
Individuals 

Barbados 66% 126 34% 66 46% 44 40% 38 15% 14 
Southwest US 60% 73 40% 49 33% 20 54% 33 13% 8 
Esan, Nigeria 68% 135 32% 63 46% 45 46% 45 9% 9 

Gambia 71% 160 29% 66 55% 62 32% 36 13% 15 
Kenya 75% 148 25% 50 53% 52 44% 44 3% 3 

Sierra Leon 61% 104 39% 66 37% 31 49% 42 14% 12 
Yoruba, Nigeria 64% 138 36% 78 42% 45 44% 48 14% 15 

Total 67% 884 33% 438 45% 299 43% 286 12% 76 
                      

European 
Population 

C 
allele 
(%) 

no. of 
Individuals 

G 
allele 
(%) 

no. of 
Individuals 

CC 
(%) 

no. of 
Individuals 

GC 
(%) 

no. of 
Individuals 

GG 
(%) 

no. of 
Individuals 

Utah 24% 48 76% 150 5% 5 38% 38 57% 56 
Finland 30% 60 70% 138 11% 11 51% 50 38% 38 

Great Britain 31% 56 69% 126 8% 7 46% 42 46% 42 
Spain 30% 64 70% 150 8% 8 48% 51 45% 48 
Italy 28% 59 72% 155 6% 6 51% 54 44% 47 
Total 29% 287 72% 719 7% 37 42% 213 50% 253 
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Table I-2. Continued. 

*Dan population, ⁑Han population, †living in Houston, USA, ‡living in the United Kingdom, ╤living in Lahore, Pakistan 

 

 

Asian 
Population 

C 
allele 
(%) 

no. of 
Individuals 

G 
allele 
(%) 

no. of 
Individuals 

CC 
(%) 

no. of 
Individuals 

GC 
(%) 

no. of 
Individuals 

GG 
(%) 

no. of 
Individuals 

Xishuangbanna, 
China* 

47% 88 53% 98 22% 20 52% 48 27% 25 

Beijing, China⁑ 45% 93 55% 113 18% 18 55% 57 27% 28 
Southern, China⁑ 40% 84 60% 126 15% 16 50% 52 35% 37 

Tokyo, Japan 32% 66 68% 142 14% 14 37% 38 50% 52 
Ho Minh City, 

Vietnam 
43% 86 57% 112 19% 19 49% 48 32% 32 

Bengali, India 42% 73 58% 99 16% 14 52% 45 31% 27 

Gujarati, India† 42% 87 58% 119 18% 19 48% 49 34% 35 

Telugu, India‡ 54% 110 46% 94 28% 28 53% 54 20% 20 

Punjabi, 
Pakistan╤ 

52% 100 48% 92 26% 25 52% 50 22% 21 

Tamil, Sri 
Lanka‡ 

54% 111 46% 93 32% 33 44% 45 24% 24 

Total 45% 898 55% 1088 21% 206 49% 486 30% 301 
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Table I-2. Continued. 

€living in Los Angeles, USA 

 

 

 

American 
Population 

C 
allele 
(%) 

no. of 
Individuals 

G 
allele 
(%) 

no. of 
Individuals 

CC 
(%) 

no. of 
Individuals 

GC 
(%) 

no. of 
Individuals 

GG 
(%) 

no. of 
Individuals 

Medellin, 
Columbia 

28% 53 72% 135 7% 7 42% 39 51% 48 

Mexico€ 31% 40 69% 88 11% 7 41% 26 48% 31 
Lima, Peru 37% 62 64% 108 14% 12 45% 38 41% 35 
Puerto Rico 31% 65 69% 143 8% 8 47% 49 45% 47 

Total 32% 220 68% 474 10% 34 43% 152 46% 161 
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Molecular mechanistic data associated with P72R are predominantly based on in 

vitro studies where P72 and R72 are expressed under non-endogenous promoters within p53-

null human cancer cell lines.142, 143 One of the obvious differences between the two variant 

p53 proteins is the migration pattern on an immunoblot under native or denaturing 

conditions. In this assay, R72 migrates further than P72, suggesting that P72R imparts 

structural differences to p53. This was further supported by the differences in the banding 

pattern observed by Ozeki and colleagues following digestion of variant p53 forms.144 

Several functional differences between these polymorphic variants have also been 

described. Specifically, upon DNA damage, the P72 variant preferentially binds to the p53 

RE of p21 upregulating the transcription, which has been shown to promote cell cycle arrest 

at G1/S145 and senescence146 compared to R72.145-147 Siddique and Sabapathy showed that 

P72 significantly upregulated UV-induced DNA repair by enhanced transactivation of 

Gadd45a and p53r2 that led to better resolution of dipyrimidine photoproduct cyclobutane 

pyrimidine and enhanced unscheduled DNA synthesis in H1299 (lung cancer) and UISO 

(melanoma) cells.148 In contrast, several studies have demonstrated that the R72 variant 

shows greater ability to induce apoptosis by transcription-dependent and -independent 

mechanisms.143 Transcription-dependent mechanisms include enhanced transactivation of 

proapoptotic p53 target genes such as Puma, Noxa, Bax, Perp by R72. Dumont et al. 

demonstrated that R72 show increased binding to CBP, which enable translocation of R72 

onto the mitochondrial membrane, inducing apoptosis.149, 150 PIN1 is previously shown to 

interact with the PRD of p53 and important in inducing apoptosis. In a study to investigate 

whether codon 72 variants affect interaction of PIN1 and apoptosis, Mantovani et al. showed 

that PIN1 interacts better with R72 than P72 and dissociate iASPP, a negative regulator of 
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apoptosis, from p53 allowing acetylation of p53 by p300 leading to enhanced apoptosis. In 

addition, Kung et al. showed that R72 binds to SUMO-ligase, TRIML2 preferentially in 

human fibroblasts homozygous for the variants. TRIML2 interaction increased 

SUMOylation of p53 which resulted in increased transactivation of proapoptotic p53 target 

genes P53-Induced Death Domain Protein 1 (PIDD), P53-Inducible Protein 3 (PIG3), and 

P53-Inducible Protein 6 (PIG6).150 

Current mouse models of codon 72 p53 SNP 

There are currently two mouse models that have been utilized to understand the role 

of codon 72 p53 SNPs in vivo. Both mouse models are generated by replacing portions of 

mouse p53 with human p53 as mouse p53 codes for an alanine residue at codon 72.  Murphy 

et al. developed the first codon 72 mouse model using human p53 knock-in (Hupki) mice 

having C57/B6 genetic background. In this model, exon 4-9 of mouse p53 is replaced with 

the equivalent region of human p53.138, 151, 152 In contrast to the Hupki model, Johnson et al. 

developed the second codon 72 p53 mouse model by replacing only th exon 4 of p53 and 

these mice had FVB/NJ genetic background.152 Recent studies using these models have 

explored the in vivo effects of codon 72 variants on p53-mediated biological processes and 

their functional outcomes.143 To investigate whether variants modify apoptosis in vivo, 

Azzam et al. exposed P72 and R72 homozygous Hupki mice to 10 Gy of gamma radiation 

and analyzed apoptosis in radio-sensitive thymus, small intestine and spleen. Interestingly, 

P72 mice showed a significant induction of apoptosis in the thymus while the opposite was 

true for small intestine as R72 mice had more apoptotic cells. However, in the spleen, there 

was no observable difference in level of apoptosis between the two variant mice. Together, 

results showed that the apoptotic response modified by the variants in a tissue-specific 
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manner.153 In the same animal model, Kung et al. recently showed that R72 increased 

obesity, metabolic dysfunction and inflammation when animals were fed with a high-fat diet. 

Ability of R72 variant to transactivate Tnfα and Npc1l1 were shown to play a critical role in 

promoting fat accumulation and inflammation in the livers as pharmacological inhibition of 

TNFα and NPC1L1 significantly reduced fat accumulation and inflammation.140 In a 

separate study, Frank et al. showed that in MEFs derived from Hupki codon 72 variant mice, 

P72 variant significantly increased cell cycle arrest and senescence when exposed to DNA 

damaging agent, etoposide or H-Ras was overexpressed. Codon 72 Hupki mice were also 

challenged with lipopolysaccharide (LPS) to investigate how the variants would affect 

immune response. Findings showed that inflammation was significantly upregulated in the 

livers of P72 Hupki mice compared to R72 counterparts. P72 Hupki mice showed increased 

levels of p53 target genes, Caspase-4/11 and Gdf15 as well as NF-kB pathway that was 

concluded to mediate the increased inflammation. Effect of R72 and P72 variants were also 

explored in Eμ-Myc-driven B cell lymphoma using homozygous P72 and R72 Hupki mice 

overexpressing Eμ-Myc. Mice carrying the P72 variant showed a modest increase in latency, 

which was attributed to increased ability to induce senescence. However, the tumor spectrum 

or survival was not different between the R72 and P72 mice.146 In the FVB model of codon 

72 p53, exposure to different DNA damaging agents induced apoptosis better in R72 MEFs 

than in P72 MEFs through transcription-dependent and -independent manner. Same study 

showed that the polymorphic variants did not have differential effects on chronic UV-

induced skin carcinogenesis in homozygous variant mice backcrossed into SKH 

background. Together, results to-date show that the variants affect p53-regulated biological 
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processes in a context-dependent manner with a minimal impact on tumorigenesis in the 

contexts of Eμ-Myc-driven B cell lymphoma and chronic UV-induced skin carcinogenesis. 

Codon 72 p53 SNP and cancer risk 

Among the various polymorphisms found in the p53 gene, rs1042522, is widely 

studied in human populations for association with cancer risk. While association of increased 

cancer susceptibility of p53 polymorphic variants to many human cancers have been shown 

in literature, the findings show modest correlation with cancer susceptibility.142, 154 This may 

be attributed to the complexity of cancer in terms of incomplete penetrance of risk alleles 

and interaction with the environmental factors.142, 155  Yet, an increased risk association with 

many types of cancers, including skin, squamous cell carcinoma of the head and neck 

(SCCHN), lung, cervix, colon, colorectal, prostate and breast has been reported.142, 143, 156-163 

The role of codon 72 p53 variants in cancer is accentuated by the findings of several 

studies. These showed that P72 allele is lost while R72 allele is more frequently mutated and 

retained in tumors of codon 72 heterozygous patients with breast, SCCHN and colon 

cancer.143, 156, 158, 159, 164 In these studies, breast as well as head and neck cancer patients with 

mutations in the R72 allele showed significantly poor sensitivity to chemotherapy, disease-

free and overall survival.157, 158 In this head and neck cancer patient cohort, Bergamaschi et 

al. showed that mutant R72 was able to bind to p73.157 Previous in vitro findings by Marin 

et al. showed that mutant R72 is capable of binding to p73 and inhibit induction of 

apoptosis.164 Therefore, it is likely that inhibition of p73-mediated induction of apoptosis by 

mutant R72 may play a role in observed chemoresistance and poor survival. 

Despite these findings, major challenges remain in translating these associations into 

clinical applications. For example, discerning the functional consequences of the variant, as 
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well as the genes and molecular pathways connecting the variant with disease, have proved 

extremely challenging. This limited understanding of the biology behind these significant 

associations has clearly constrained the ability to integrate SNP biomarkers into the proper 

genetic, cellular and clinical context to maximize their effective use in the clinic.8 

The work reported in this dissertation extends the understanding of the important role 

of the codon 72 p53 single nucleotide polymorphism on mammary tumorigenesis. Chapter 

III describes investigations on the risk modifying effect of the codon 72 variants on 

mammary tumorigenesis using DMBA- and MMTV-Erbb2/Neu mouse models, while 

chapter IV provides mechanistic details thereof. 
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CHAPTER II 

MATERIALS AND METHODS 

Maintenance and genotyping of transgenic mice 

Transgenic FVB mice that were homozygous for the proline (P72), or for the arginine 

variant (R72) were used in the study (received from Dr. David Johnson at M.D. Anderson 

Cancer Center, Smithville, TX). PCR-based genotyping of mice was performed as 

previously described (22). All the study mice were generated from genotype-confirmed 

parents. Genotypes of random study mice were verified using both the PCR- and a qRT-

PCR-based characterization method. The PCR-based method is described previously (22). 

The qRT-PCR-based method was a custom SNP allelic discrimination assay (Assay ID: 

AH89RLW) provided by Applied Biosystems. The qRT-PCR genotyping was performed in 

ABI7900HT real-time PCR instrument (Applied Biosystems, Thermo Fisher Scientific Inc.). 

All mice were fed standard chow ad libitum, except during tumorigenesis studies, 

with free access to water and were housed in our Association for Assessment and 

Accreditation of Laboratory Animal Care-certified, temperature- and humidity-controlled 

facilities, with a 12-hour light/12-hour dark cycle. All procedures were performed according 

to the protocols approved by the Institutional Animal Care and Use Committee at Texas 

A&M University, College Station, TX. 
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Tumorigenesis experiments 

DMBA treatment of mice 

To generate parous study animals, a total number of P72 (46) and R72 (41) mice 

were harem bred at 6 weeks of age. Litters were weaned at 3 weeks of age and the mammary 

glands of parous study animals were allowed to involute for 3 weeks. Mice were gavaged 1 

mg of DMBA (dissolved in 100 uL of corn oil) orally once a week for six weeks. For the 

nulliparous arms of the study, 16 weeks old P72 (39) and R72 (40) mice were gavaged 1 mg 

of DMBA (dissolved in 100 uL of corn oil) orally once a week for six weeks similar to the 

parous mice. 

All study mice of both tumorigenesis studies were fed AIN76A diet after weaning 

and palpated twice weekly for tumors. Tumor latency was recorded as the day a palpable 

mammary tumor was detected. Mice were sacrificed when the tumor reached approx. 1 cm 

in any direction. Tumors were sliced and fixed in 10% Neutral buffered formalin (NBF) for 

histology. Intact solid tumors were sliced and a slice was frozen in OCT and the rest of the 

tumor was snap frozen for molecular analyses. Glands with no observable tumors/abnormal 

growths were fixed in 10% NBF and snap-frozen for molecular analyses. 

Tumors histology was analyzed by two pathologists to confirm mammary gland 

origin and subsequent features displayed. The Kaplan-Meier method was used to generate 

percentage mammary tumor free versus latency curves of DMBA-treated variant mice and 

E-P72R mice (Graph Pad Software). 
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Generation of MMTV-Erbb2/Neu codon 72 variant mice 

FVB/N-Tg(MMTVNeu)202Mul/J mice were purchased from Jackson Laboratories 

and bred with p53 polymorphic mice to generate bigenic mice that were hemizygous for 

Erbb2 and homozygous for the p53 variants (E-P72R). Erbb2 copy number was determined 

by qRT-PCR using a TaqMan assay (Applied Biosystems, Inc., Assay ID: 

Mm00658541_m1). A total of 54 E-P72 and 56 E-R72 female mice were used for this study. 

Animals were monitored daily for health status and tumors. Mice were palpated 

twice weekly for tumors throughout the study and were sacrificed when the tumor reached 

1.5 cm in any direction. Mice were sacrificed by CO2 asphyxiation and mammary tumors 

were measured and tissues harvested for later analyses.  

Tumor histology was analyzed by two pathologists to confirm diagnosis and 

characterization. 

Protein extraction and immunoblotting 

Proteins were extracted from mammary glands using boiling 2X Laemmli sample 

buffer. Protein concentrations were determined using the BCA protein assay kit (Cat#: 

23225, Thermo Fisher Scientific, MA) according to the manufacturer’s protocol. Equal 

amounts of total protein (40 ug) were resolved by SDS-PAGE and transferred to PVDF 

membranes. Membranes were probed with following primary antibodies: from Cell 

Signaling Technologies (CST): CCL2 (1:1000, 2029) GAPDH (1:5000, 2118), Phospho-RB 

(1:1000, 8516), Phospho-p65 (Ser536) (1:1000, 3033), TNFα (1:1000, 11948), from Santa 

Cruz Technologies: p53 (1:500, sc-6243) and p21 (1:500, sc-397).  

All blots except GAPDH were incubated with goat anti-rabbit HRP-conjugated 

secondary antibody (1:2000, CST 7074) and developed using ECL Prime reagents (GE 
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Healthcare). The images were captured using a FluorChem M imager (ProteinSimple, San 

Jose, CA) and quantified with AlphaView software (ProteinSimple, San Jose, CA). GAPDH 

blots were incubated with iRDye800CW secondary antibody (1:5000, 925-3211) and 

developed and imaged using the Odyssey Li-COR system (LI-COR Biotechnology, NE).  

RNA extraction and qRT-PCR 

Mammary glands were homogenized with a Brinkmann Polytron bench-top 

homogenizer and RNA was extracted with Maxwell® 16 LEV simplyRNA Tissue Kit using 

the Maxwell® 16 Instrument according to the SimplyRNA tissue protocol (Promega 

Corporation, WI). To validate the quality of extracted RNA, samples were randomly checked 

for the quality of RNA using 2200 TapeStation instrument following manufacturer’s 

protocol (Agilent Technologies, Inc.). Total RNA was then reverse transcribed as previously 

described.165 

Reverse transcription was performed using the epMotion 5075t automated liquid 

handling system (Eppendorf North America, NY). The ABI Prism 7900HT sequence 

detection system was used for the qRT-PCR analyses, and TaqMan gene expression assays 

for p53 (Mm01731290_g1), p21 (Mm04205640_g1) were purchased from Applied 

Biosystems, Inc. Previously published qRT-PCR primers for SYBR green reactions of 

Erbb2, Il6, Il8, p16INK4a, Pai1, Tnfα, Ccl2, Vegfa, Mmp3, Mmp9, Il1β and iNos were used to 

determine the target gene expression.57, 140, 166-170 Each sample was normalized to 

corresponding TATA box binding protein (Tbp) gene expression, using TaqMan assay 

(Assay ID: Mm00446973_m1) for TaqMan reactions, and previously published qRT-PCR 

primers for SYBR green reactions (Table II-1).57, 140, 166-170 All the samples were run in 
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triplicates per gene. Quantification of target gene expression was performed using the delta 

delta Ct (relative quantification) method. 

 
 

Table II-1. qRT-PCR primer sequences used in SYBR green reactions 

 

Chromatin immunoprecipitation of p53 

Chromatin from the mammary glands was isolated as described previously.171 In 

brief, approximately 300mg of tissue was minced in cold PBS and cross-linked in 1% 

freshly-made paraformaldehyde-PBS for 10 min. Cross-linking was quenched by adding 

glycine to a final concentration of 125mM, and homogenized with a Dounce homogenizer 

in cold cell lysis buffer (10mM Tris-Cl, pH 8.0, 10mM NaCl, 3mM MgCl2, 1% NP-40) 

supplemented with protease inhibitors (Roche, #04693159001) to generate a single cell 

suspension. Cells were incubated on ice, and centrifuged at 1,000g for 10 min at 4°C to pellet 

Gene Forward Primer (5' to 3') Reverse Primer (5' to 3') 
Ccl2 CCCAATGAGTAGGCTGGAGA  TCTGGACCCA TTCCTTCTTG  

Ccl4 CCCACTTCCTGCTGTTTCTC  GTCTGCCTCTTTTGGTCAGG  

Erbb2 GCAAGCACTGTCTGCCATGC GGGCACAAGCCTCACACTGG 

Il1β GTGTGGATCCAAAGCAATAC  GTCTGCTCATTCATGACAAG  

Il6 AGTCAATTCCAGAAACCGCTATGA  TAGGGAAGGCCGTGGTTGT  

Il8 CCATGGGTGAAGGCTACTGT AGAGGCTTTTCATGCTCAACA 

iNos/Nos2 GTCAACTGCAAGAGAACGGAGA  CTGAGAACAGCACAAGGGGTT  

Mmp3 CGATGATGAACGATGGACAG AGCCTTGGCTGAGTGGTAGA 

Mmp9 TGAATCAGCTGGCTTTTGTG  GTGGATAGCTCGGTGGTGTT  

p16 GTCGTACCCCGATTCAGGT ACCAGCGTGTCCAGGAAG 

Pai1 TTGTCCAGCGGGACCTAGAG AAGTCCACCTGTTTCACCATAGTCT 

Tbp GGAATTGTACCGCAGCTTCAAA GATGACTGCAGCAAATCGCTT 

Tnfα CCCCAAAGGGA TGAGAAGTT  CACTTGGTGGTTTGCTACGA  

Vegfa AGGCTGCTGTAACGATGAAG  TCTCCTATGTGCTGGCTTTG  
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nuclei. The pellet was then resuspended in nuclear lysis buffer. Chromatin was sheared by 

sonication to an average size of 200 to 1000bp using a Bioruptor (Diagenode, NJ), and 

insoluble debris were removed by centrifugation. Immunoprecipitation was performed using 

10ug of p53 (FL393) antibody (sc-6243). Primer pairs used for ChIP analysis of p53 RE are 

given in Table II-2. Primers used for qRT-PCR to measure Tnfα and Ccl2 p53 REs are 

previously published.140 

Table II-2. ChIP qRT-PCR primer sequences used in SYBR green reactions 

Gene with  
p53 RE 

Forward Primer (5' to 3') Reverse Primer (5' to 3') 

Ccl2-RE1 CAGGAAATGCTTGGATGACA GGTGGAAAGGACCAGACTCA 

Ccl2-RE2 CATAGCCAAGCCACTGTGAA GACCTCCATGCTGAAGTGCT 

Tnfα-RE GCCTCTCCTACCCTGTCTCC CAGGAGGACCAGACCCATTA 

p21-RE AAAATCGGAGCTCAGCAGGCCT ATCAGGTCTCCACCACCCTGC 

 
 
 

Sudan Black B (SBB) staining of senescent cells 

SBB staining was performed at the histology core, College of Veterinary, Texas 

A&M using Sudan Black B Histochemical Stain Kit following manufacturer’s protocol 

(American MasterTech, KTSBBPT). 

Immunohistochemistry of Ki67, CD31, IBA1 and CC3 

The Immunohistochemistry Core, Texas A&M or Pathology core at Baylor College 

of Medicine, performed IHC using standard protocols. Briefly, FFPE tissue sections were 

deparaffinized in xylene (VWR, MK866802) and rehydrated in ethanol (100%-95%) and 

then distilled water. Antigen retrieval was performed in 0.1M Tris-HCl, pH 9.0 for 15 
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minutes. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide (VWR, 

BDH7540-2). Sections were blocked in 10% bovine serum albumin in PBST. Tissue sections 

were incubated for 45 min with primary antibody, and 1 hour with HRP-conjugated anti-

rabbit IgG secondary antibody (Abcam). Color was developed by adding the substrate and 

chromogen 3,3′-diaminobenzidine (DAKO). Primary antibodies used in IHC staining 

include Ki67 (1:500, Abcam, 15580), CC3 (1:200, CST, 9664), IBA1 (1:500, WAKO, 019-

19741) and CD31 (1:200, Abcam, ab28364). Sections were counterstained with hematoxylin 

(VWR, RC353032) before visualization using automated upright microscope 

(LeicaDM5500B, Leica Biosystem, Germany). Quantification of images was performed 

using Immuneration application172 in Fiji software173-175 or blinded manual counting in at 

least six high power fields. 

Multiplex indirect immunofluorescence 

Slides with FFPE 5 µm sections of mammary glands were de-paraffinized in xylene 

(VWR, MK866802) and re-hydrated in ethanol (100%-95%-70%) and then 1X PBS. 

Antigen retrieval was performed by boiling in sodium citrate solution, pH 6.0 for 10 minutes. 

After washing in PBST, sections were blocked with 10% horse serum in PBST for 1 hour. 

Tissue sections were incubated overnight at 4°C with primary antibodies, washed, and 

incubated with Alexa dye-conjugated anti-goat/anti-rabbit IgG for 1 hour at RT. Primary 

antibodies used included: IBA1 (1:100, WAKO, 019-19741) and IL1β (1:50, R&D Systems, 

AF-401-NA). Sections were visualized using A1R HD confocal microscope (NIKON 

Instruments Inc., NY). Images was captured using NIS elements software and blindly 

quantified in six high power fields. 
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Exposure of R72 and P72 mice to high-fat diet (HFD) 

 The defined HFD was purchased from Research Diets, Inc. (cat#D04011601). The 

composition of the diet is given in Table II-3. Both male and female homozygous R72 and 

P72 mice at the age of 10 weeks were fed HFD for 13 weeks. Animal weight and food intake 

were recorded weekly during the experiment. 

Table II-3. Composition of the defined high-fat diet 

 

 

 

 

 

 

 

 
 
 

 
 
 

Statistical analysis 

Log-rank test for trend was performed to compare the K-M curves statistically. 

Fisher’s exact test and chi-square tests were performed to compare tumor incidence. 

Unpaired Student’s t test was used to compare tumor growth rates and any two groups in 

Ingredient Weight (g) 
% of 

calories 

Casein 200 20% 

L-Cystine 3  

Cornstarch 0  

Maltodextrin 100 10% 

Sucrose 245.6 24% 

Cellulose 50  

Soybean oil 25 6% 

Lard 177.5 39% 

Minerals 45  

Vitamin mix 10  

Choline bitartarate 2  

Energy 
4.728 kcal/g 

(45% of calories from fat) 
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qRT-PCR, IHC and densitometry analyses. All the statistical analyses were performed in 

GraphPad Prism software (version 6). P value less than 0.05 was considered statistically 

significant (P<0.05*, P<0.01** and P<0.001***). 
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CHAPTER III 

EFFECT OF CODON 72 POLYMORPHIC VARIANTS ON MAMMARY 

TUMORIGENESIS 

Rationale 

Codon 72 p53 variants have been demonstrated to differentially-regulate p53-

regulated mechanisms such as apoptosis, cell cycle arrest, senescence and inflammation.143 

In addition, human epidemiological data show increased risk association with many types of 

cancers, including skin, squamous cell carcinoma of the head and neck (SCCHN), lung, 

cervix, colon, colorectal, prostate and breast has been reported.135, 136, 149-156  To date, 

the mechanisms by which codon 72 p53 variants differentially affect mammary 

tumorigenesis remain unresolved since none of the in vitro and in vivo experiments on codon 

72 variants has been performed in a setting relevant to breast cancer. Traditionally, rats and 

mouse models have been used successfully to model mammary tumorigenesis using potent 

carcinogens such as 7,12-dimethylbenz[a]anthracene (DMBA), or overexpression of 

oncogenes such as MMTV-Erbb2/Neu in genetically engineered mouse models.176-179 

Therefore, we investigated how codon 72 p53 variants affect mammary tumorigenesis in a 

physiologically relevant in vivo setting, using a previously characterized human p53 exon 4 

knock-in mouse model, carrying the polymorphic variants.152 
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Results 

Decreased mammary tumor latency and higher incidence in R72 mice. 

Our initial investigations focused on the impact of the codon 72 p53 variants on 

mammary tumor development in two distinct models. We initially used 7,12-dimethyl 

benz(a)anthracene (DMBA) to induce mammary carcinomas.23 As shown in Figure III-1, 

mice with the arginine variant, R72 (n=39), had significantly reduced mammary tumor 

latency compared to those with the proline variant, P72 (n=40) (Log-rank test; p=0.049). 

Mammary tumors first appeared at 21 days post-DMBA in R72 mice, 50 days earlier than 

in P72 animals.  R72 mice also had 50% higher mammary tumor incidence compared to P72 

animals (Figure III-2). Histopathological analysis revealed multiple mammary cancer 

phenotypes, with mammary adenocarcinomas with squamous metaplasia being the most 

common (data not shown).  
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Figure III-1. Kaplan-Meier curves, showing proportion of mammary tumor-free P72 (n=40) 

and R72 (n=39) mice, after DMBA treatment (*p<0.05). 

Figure III-2. Percentage mammary tumor incidence in DMBA-treated R72 and P72 animals

(*p<0.05). 
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Next, we investigated the impact of p53 polymorphic variants on mammary 

tumorigenesis in the MMTV-Erbb2/Neu FVB mouse model.180 We generated F3 animals 

that were homozygous for codon 72 variants and hemizygous for MMTV-Erbb2/Neu 

transgene. Similar to the carcinogenesis study, mammary tumor incidence was increased by 

17% in E-R72 animals compared to E-P72 animals (p=0.004, Figure III-3). In addition, E-

R72 mice had significantly reduced mammary tumor latency compared to E-P72 (Log-rank 

test, p=0.004, Figure III-4). Mammary tumors appeared in E-R72 animals as early as 122 

days of age, while in E-P72 animals they appeared at 173 days of age, a difference of 51 

days. At the stage of 50% mammary tumor-free, tumor latency of E-R72 mice was 227 days 

compared to 250 days of E-P72 mice.  

 

Figure III-3. Percentage mammary tumor incidence in E-R72 and E-P72 animals (*p<0.05).
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As previously observed in MMTV-Erbb2/Neu mice with a FVB background180, 

histopathological assessment revealed that all tumors found in E-R72 and E-P72 mice were 

mammary adenocarcinomas with central necrosis (Figure III-5). Together, results 

demonstrate that codon 72 p53 variants modified mammary tumor development in the 

context of either DMBA- or MMTV-Erbb2/Neu-induced mammary tumorigenesis.  

 

Figure III-4. MMTV-Erbb2/Neu mammary tumorigenesis. A) Kaplan-Meier curves of 

mammary tumor-free E-P72 (n=54) and E-R72 (n=56) animals (**p<0.01). 
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Enhanced mammary tumor progression in E-R72 animals. 

The observed reduction in tumor latency in mice carrying R72 prompted us to assess 

tumor growth rates. Mammary tumors appeared in DMBA-treated animals grew fast, which 

did not allow us to determine the tumor growth rates of all tumors. Additionally, the tumors 

were of different histopathologies, which makes comparison of growth rates uninformative. 

In contrast, mammary tumors found in MMTV-Erbb2/Neu mice had similar tumor 

histopathology (mammary adenocarcinoma) and the growth rates were determined for all 

tumors. As shown in Figure III-6, tumors arising in E-R72 animals showed a significantly 

higher average growth rate (37.8±5.1 mm3 per day) compared to tumors that developed in 

E-P72 mice (22.8±5.0 mm3 per day). This indicated that a R72-mediated mechanism 

Figure III-5. Representative H&E stained tumors of mammary adenocarcinoma found in E-

P72 and E-R72 animals. Magnification 1.25X and 20X with scale bars 2.5 mm and 100 µm, 

respectively. 
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provided proliferative advantage to mammary tumors found in E-R72 mice compared to E-

P72 counterparts. 

Expression analysis of Ki67, a marker of cell proliferation181, showed that tumors 

from E-R72 animals had a significantly higher percentage of Ki67-positive cells compared 

to those in E-P72 animals (Figures III-7A and B). The proportions of cleaved Caspase-3 

positive cells, albeit in very low levels, were similar in tumors from E-R72 and E-P72 mice, 

indicating no difference in apoptosis (Figures III-8A and B). Together, results showed that 

the increased growth rate is a consequence of increased prosurvival/proliferation advantage 

rather than a reduction in cell turnover in the tumors of E-R72 mice compared to that of E-

P72 counterparts. 

Figure III-6. Average growth rates (mm3 per day) of mammary tumors in E-P72 (n=38) and 

E-R72 (n=48) animals. Error bars represent mean±SEM (*p<0.05). 
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A 

B 

Figure III-7. A) Representative IHC images of Ki67 stained mammary tumors from E-P72 and 

E-R72 animals, respectively. Magnifications, 20X and 40X, scale bar, 50 µm. B) Quantification 

of Ki67+ cells in mammary tumors from E-R72 and E-P72 animals. Values are standardized to

the mean of E-P72 samples and shown as mean±SEM (n=5, *p<0.05). 
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Level of p53 is important to instigate p53-mediated biological processes48 and these 

processes are important for MMTV-Erbb2/Neu-driven tumor growth as loss of p53 allele 

and mutations that disrupt p53-regulated processes have been shown to provide growth 

advantage.182, 183 In addition, previous studies show that the level of Erbb2/Neu affects tumor 

growth.180 Therefore, we determined the gene expression levels of p53 and Erbb2 in the 

tumors from MMTV-Erbb2/Neu mice carrying P72 and R72. The qRT-PCR results showed 

that the gene expression of Erbb2 and p53 were similar between the two genotypes 

A 

B 

Figure III-8. A) Representative IHC images of CC3 immunostaining in mammary tumors

from E-P72 and E-R72 animals, respectively. Magnifications, 20X and 40X, scale bar, 50

µm. E) Quantification of CC3+ cells in tumors from E-R72 and E-P72 animals. The values 

are standardized to the mean of E-P72 samples and shown as mean±SEM (n=5, *p<0.05). 
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indicating that the differences in proliferation observed in mammary tumors were not 

mediated by expression of Erbb2/Neu and/or p53 (Figure III-9). 

Breast cancer prevention via early first full-term pregnancy (eFFTP). 

Among new BrCa patients more than 90% are above the age of 45 years and women 

aged between 55 - 64 years are more prone to the disease.3 Among many reproductive risk 

factors of BrCa, an eFFTP provides a breast cancer protection later in life. Epidemiological 

studies show that an eFFTP before the age of 20 years result in 50% reduction in a life-long 

risk of breast cancer relative to nulliparous women.184-186 However, pregnancy is followed 

by a transient increase in breast cancer risk.187 However, the window of breast cancer risk is 

minimal in women younger than 25 years at FFTP benefitting from the significant protective 

effect of pregnancy later in life.188 Several epidemiological studies show that the protective 

E-P72 
E-R72 

Figure III-9. qRT-PCR of mRNAs of Erbb2 and p53 genes in tumors of E-P72 (black bars) 

and E-R72 (grey bars) animals (n=4). Results shown as relative mRNA expression of

specified genes normalized to corresponding Tbp levels. The expression values are

standardized to the mean of E-P72 samples and shown as meanSEM. 
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effect of eFFTP reduces the incidence of hormone receptor-positive luminal BrCa, which is 

the most common among older BrCa patients.189, 190 

Modeling pregnancy protection in rodents. 

Pregnancy-mediated breast cancer protection was replicated in rodent, both rat and 

mouse, models where carcinogen treatment resulted in more than 40% reduction in 

mammary tumorigenesis in parous animals compared to the age-matched nulliparous.177, 179, 

191 In addition, mammary tumorigenesis studies in these models demonstrated that a mimicry 

of pregnancy, by administration of high doses of estrogen (E2) and progesterone (P) for 21 

days, was capable of providing a similar protection. Mammary glands of parous mice, and 

mice exposed to higher doses of E2 and P shows elevated levels of p53 in comparison to age-

matched nulliparous and non-treated mice, respectively.177, 178, 191 Medina and Kittrel showed 

that the pregnancy protection was absent in mice carrying transplanted p53-/- mammary 

epithelia demonstrating that p53 is a critical contributor to pregnancy-mediated protection 

from BrCa.191 

Lack of pregnancy protection in codon 72 p53 mice. 

Given the critical role played by p53 in pregnancy protection, we first investigated 

whether the proline (P) and arginine (R) variants of p53 have different effects on pregnancy-

induced protection. To this extent, we used 7,12-dimethyl benz(a)anthracene (DMBA) to 

induce mammary tumors in parous as well as virgin R72 and P72 mice. Surprisingly, 

pregnancy did not significantly affect mammary tumor incidence (Figure III-10) or latency 

(Figure III-11) in parous P72 or R72 mice treated with DMBA, compared to nulliparous 

counterparts. Interestingly, pregnancy actually increased mammary tumor incidence by 
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12.5% in mice homozygous for the P72 variant, and decreased incidence by 20% in 

homozygous R72 animals, these changes did not reach statistical significance, even though 

groups included ≥ 35 animals. Analysis of histopathology of mammary tumors revealed most 

common (data not shown). This was similar multiple tumor types, with mammary 

adenocarcinomas with squamous metaplasia being the to the profiles of previous DMBA-

induced tumor studies.176, 192 

Figure III-10. Mammary tumor incidence in DMBA-treated parous and nulliparous R72 

and P72 mice. Percentage mammary tumor incidence in parous and virgin P72 and R72 

animals (*p<0.05, Fisher’s exact test). Mammary tumor incidence is indicated at the top of 

the bar (animals that prematurely died or were sacrificed without mammary tumors, were 

excluded from the mammary tumor incidence calculations). 
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Figure III-11. DMBA-induced mammary tumorigenesis in parous and virgin P72 and R72

animals. Kaplan-Meier curves of mammary tumor-free parous and virgin P72 (n=42 and 40,

respectively) and R72 (n=35 and 39, respectively) animals exposed to six weekly doses of

1 mg of DMBA dissolved in corn oil. Mammary tumor latencies of R72 and P72 animals

were 21 days vs 71 days post DMBA dosing, respectively. Log rank test was used for

statistical comparison of tumorigenesis curves. Different letters indicate that the curves are

statistically significant (p<0.05). 
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Discussion 

 We conducted mammary tumorigenesis studies in R72 and P72 transgenic mice to 

study the effect of codon 72 variants on mammary tumor development, which has not been 

resolved so far. In addition, we investigated the effect of codon 72 variants on pregnancy-

mediated protective mechanism on mammary tumorigenesis that has been successfully 

modeled in previously in rat models and two mouse strains.179 Results demonstrated that the 

codon 72 p53 polymorphism modifies mammary tumor susceptibility and latency in both 

the DMBA- and MMTV-Erbb2/Neu-induced mammary tumorigenesis models that are of 

distinct tumor etiologies. R72 variant was associated with higher tumor susceptibility and 

reduced tumor latency compared to P72. However, pregnancy did not reduce tumor 

incidence or latency in R72 and P72 mice exposed to DMBA. 

Several aspects of our carcinogenesis study may explain the lack of pregnancy 

protection, including the use of a different mouse strain, timeline of DMBA treatment, and 

duration of lactation and involution. Medina and Smith utilized BD2fF1 (F1 animals of a 

cross between C57BL and DBA/2f-F1) and C3H/Sm mouse strains193 in contrast to the 

inbred FVB/NJ strain used in our study. In the Medina study, parous mice lactated for only 

1 week before they allowed mammary glands to involute for 3 (in BD2fF1 mice) or 4 (in 

C3H/Sm mice) weeks. In contrast, our p53 variant animals lactated for 3 weeks until pups 

are normally weaned, which is physiologically more relevant, and glands were allowed to 

involute for 3 weeks. Our variant mice were 16 weeks of age at the beginning of the DMBA 

administration, compared to 12 or 15 weeks in the Medina study. However, we believe the 

most important difference was likely the background strain. 
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While the differences mentioned above could explain the observed lack of pregnancy 

protection, recent findings by Katz et al. (2015) may also be informative. In this study, 

parous and nulliparous FVB/NJ mice lactated for 21 days and mammary glands were 

allowed to undergo involution for 4 weeks. Animals were euthanized 4 weeks (at the age of 

125 days) or 6.5 months (at the age of 315 days) post-involution, and genomic DNA was 

subjected to a massive parallel targeted sequencing approach in order to analyze 

differentially methylated regions across the genome.194 Their findings showed that while 446 

genes are hypermethylated after 4 weeks of involution, there was an approximately five-fold 

increase in the number of hypermethylated genes (2,260) 315 days post-involution. Many of 

the members of the IGF-1 pathway that play key roles in mammary development and 

pregnancy, lactation, and involution, such as Igf1, Irs1, Irs2, Igfbp4, Ghr, Akt1 and Akt2, are 

hypomethylated after 4 weeks of involution, but are hypermethylated 315 days post-

involution. These results indicate that the methylation of important IGF-1 pathway genes is 

altered over time following pregnancy and involution.  Since the precise time frame for these 

changes in expression regulation is unknown, it is possible that the effects of pregnancy can 

be altered by epigenetic mechanisms that may be affected by protocol differences. 

Even though the pregnancy protection was not recapitulated in our model, findings 

of DMBA- and MMTV-Erbb2/Neu-driven mammary tumorigenesis in codon 72 mice 

showed that mice with R72 variant had increased tumor incidence and shorter tumor latency 

compared to P72 counterparts. This suggests that R72 variant may increase the risk of 

mammary tumorigenesis despite distinct tumor etiologies, chemical- or genetic-driven. 

Increased tumor proliferation, as assessed by higher number of Ki67+ tumor cells, and 

similar levels of apoptosis, determined by CC3+ tumor cells, which was significantly low, 
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showed that tumors found in E-R72 mice have higher proliferative/survival advantage than 

tumors in E-P72 mice. In addition, this may also explain the reduction in tumor latency 

observed in E-R72 animals. Similar expression levels of Erbb2 and p53 showed that the 

differences in tumor incidence and latency were not a result of Erbb2 and/or p53 expression 

levels. 
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CHAPTER IV 

MOLECULAR MECHANISMS UNDERLYING DIFFERENTIAL MAMMARY 

TUMORIGENESIS IN MMTV-ERBB2/NEU CODON 72 P53 MICE 

Rationale 

The milieu in susceptible tissues can play a critical role in initiation and progression 

of tumors.195, 196 Previous studies have shown that the 72 variants of p53 differ significantly 

in their ability to regulate biological processes such as apoptosis, cell cycle arrest and 

senescence that not only directly regulate cell survival, but can also modulate the tissue 

environment.48, 196.145, 146, 149, 197 Therefore, we examined apoptosis, cell cycle arrest and 

senescence in the mammary glands of adult E-P72 and E-R72 mice, to determine whether 

codon 72 variants differentially regulate processes that modify susceptibility to mammary 

tumorigenesis. 

Results 

Increased proportion of senescent cells in the susceptible mammary glands of E-R72 

mice. 

First, we assessed the expression of p53-regulated proapoptotic genes that trigger 

mitochondrial permeabilization leading to Caspase cleavage and apoptosis. As shown in 

Figure IV-1A, expression of Puma, Noxa and Bax were similar in E-P72 and E-R72 animals. 

Interestingly, Perp showed significantly higher gene expression levels in the susceptible 
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mammary glands of E-P72 mice. Interestingly, Perp showed significantly higher gene 

expression levels in the susceptible mammary glands of E-P72 mice. However, as 

determined by protein densitometry (Figure IV-1B) and immunohistochemistry (Figure IV-

2), similar levels of cleaved Caspase-3 showed that apoptosis was not significantly different 

in the susceptible glands of E-R72 and E-P72 mice. 

 

  

 

 

Figure IV-1. Apoptosis in susceptible mammary glands of E-R72 and E-P72 mice. A) 

Quantitative RT-PCR of mRNAs of p53-regulated proapoptotic genes in the mammary 

glands from age-matched E-P72 (black bars) and E-R72 (grey bars) animals. Relative 

mRNA expression of specified genes is normalized to corresponding Tbp levels. The 

expression values are standardized to the mean of E-P72 samples and shown as mean±SEM 

(n=6). B) Representative western blot image of CC3 and the loading control, GAPDH, in 

the protein extracted from mammary glands of age-matched E-P72 (black bars) and E-R72 

(grey bars) animals (n=4). Densitometry of the CC3 bands normalized to corresponding 

GAPDH levels, and standardized to the mean of E-P72 samples shown as meanSEM. 

A B 
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 We then measured the expression of two major effectors of cell cycle arrest and 

senescence, p21 and p16INK4a.100, 103 These genes induce cell cycle arrest by disrupting the 

formation of Cyclin-CDK complexes and activating RB via hypophosphorylation.85 The 

active form of RB binds to members of the E2F family, repressing expression of cell cycle 

progression genes.198 As shown in Figure IV-3A, the expression levels of p21 and p16INK4a 

mRNA were two and three times higher, respectively, in the glands of E-R72 animals 

compared to E-P72 animals (p<0.05). Protein expression of p21 was also upregulated in the 

Figure IV-2. Representative IHC images of CC3 stained mammary tumors found in E-P72 

and E-R72 animals, respectively. 20X, 40X magnification, scale bar, 50 µm. 
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mammary glands of E-R72 animals (Figure IV-3B). In addition, glands from E-R72 animals 

had a significant decrease in levels of phosphorylated RB (P-RB) (Figure IV-B).  

Sudan Black B (SBB) identifies senescent cells by binding to lipofuscin, an 

aggregate of oxidized and cross-linked proteins.102  As shown in Figure IV-4, the proportion 

of SBB+ cells was higher in mammary glands of E-R72 compared to E-P72 animals. These 

results show that mammary tumor incidence and proliferation were increased in E-R72 mice, 

A B 

Figure IV-3. Cell cycle arrest and senescence in susceptible mammary glands of E-R72 and 

E-P72 mice. A) Quantitative RT-PCR of mRNAs of cell cycle arrest and senescence

effectors, p21 and p16INK4A in the mammary glands of age-matched E-P72 and E-R72 

animals. Results shown as relative mRNA expression of specified genes normalized to

corresponding Tbp levels. The expression values are standardized to the mean of E-P72 

samples and shown as mean±SEM (n=6, *p<0.05). B) Representative western blot image of

p21, phosphorylated RB (P-RB) and the loading control, GAPDH, in mammary glands from

age-matched E-P72 and E-R72 animals. Densitometry of the p21 and P-RB bands normalized 

to corresponding GAPDH levels and standardized to the mean of E-P72 samples shown as 

mean±SEM (n=5, *p<0.05, **p<0.01). 
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while the mammary glands from these animals also had an increased proportion of senescent 

cells. 

 

 

 

Figure IV-4. Representative images of Sudan Black B stained susceptible mammary glands

of age-matched E-P72 (black bars) and E-R72 (grey bars) animals, respectively. 

Magnification 40X, scale bar 50 m. Quantification of relative proportion of Sudan Black B

(SBB)-positive cells in susceptible mammary glands of age-matched E-R72 and E-P72 

animals. Results show counts of six high power fields per animal (more than 9000 cells in 

total). Proportions are standardized to the mean of E-P72 samples shown as meanSEM 

(n=3, *p<0.05). 

E-P72 (40X) - SBB E-R72 (40X) - SBB 
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Increased SASP, proinflammatory markers and angiogenesis in the susceptible 

mammary glands of E-R72 mice. 

Traditionally, permanent cell cycle arrest, a pre-requisite of cellular senescence, has 

been thought to inhibit tumorigenesis by preventing expansion of transformed cells. 

However, recent studies provide strong evidence for the contrary, demonstrating that 

senescent cells can acquire a senescence-associated secretory phenotype (SASP), which is 

proinflammatory and protumorigenic. SASP is characterized by secretion of a mixture of 

proinflammatory cytokines, growth and matrix remodeling factors and chemoattractants that 

contribute to chronic tissue inflammation.103, 119, 199 In turn, chronic inflammation promotes 

cancer initiation and tumor progression, due to its mutagenic and proliferative signals, 

respectively.200, 201 

RelA (p65), one of 5 transcription factors in the NFB signal transduction pathway, 

is phosphorylated in response to stress, and translocates into the nucleus to regulate the 

transcription of factors that contribute to the inflammatory SASP.109, 113 As shown in Figure 

IV-5, levels of phosphorylated p65 (serine 536) were significantly higher in the glands from 

E-R72 compared to E-P72 mice, demonstrating differential activation of the NFB pathway. 
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 In addition to activation of the of the NFkB pathway, differential acquisition of the 

SASP in glands from E-R72 mice is demonstrated by increased expression of genes that 

regulate multiple aspects of the secretory phenotype. Expression of Pai1, an angiogenic 

factor that also contributes to sustained cellular senescence,116 was elevated in the glands of 

E-R72 mice compared to E-P72 (Figure IV-6). The matrix remodeling protease gelatinase-

B (MMP9) has also been associated with breast cancer risk specifically,202 and Mmp9, but 

not Mmp3, was also elevated in glands from R72 mice. Proinflammatory cytokines Tnfa and 

Il6, but not Il8, were also significantly increased in mammary glands of E-R72 mice 

compared to their E-P72 counterparts (Figure IV-6). TNFα in the mammary glands of E-

P72R mice. As shown in Figure IV-7, immunoblots revealed that TNFα protein levels were 

upregulated by two-times in the mammary glands of E-R72 mice, providing further evidence 

of increased NFkB pathway activation. 

 

Figure IV-5. Representative western blots of P-p65 (Ser536) and the loading control,

GAPDH, in mammary glands from age- matched E-P72 (black bars) and E-R72 (grey bars) 

mice. Densitometry of P-p65 bands normalized to corresponding GAPDH levels and

standardized to the mean of E-P72 samples shown as mean±SEM (n=4, *p<0.05). 
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Figure IV-6. Quantitative RT-PCR of mRNAs of SASP genes in mammary glands from 

age-matched E-P72 and E-R72 mice. Relative mRNA expression is normalized to 

corresponding Tbp levels, and expression values are standardized to the mean of E- P72 

samples and expressed as mean±SEM (n=6, *p<0.05). 

Figure IV-7. Representative western blots of TNFA, and the loading control, GAPDH, in

the protein extracted from mammary glands of age-matched E-P72 (black bars) and E-R72

(grey bars) animals. Densitometry of the western blots normalized to corresponding GAPDH

levels and standardized to the mean of E-P72 samples shown as meanSEM (n=4, *p<0.05).
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Inflammation also stimulates vascular dilation and increased capillary density as part 

of the immune response.203, 204 VEGF is one of the most studied angiogenic factors, and 

variants of this gene have been associated with increased risk of a variety of different 

cancers.205, 206 Since a significant increase in Vegfa expression was observed in the glands 

of E-R72 mice (Figure IV-6), mammary angiogenesis was also assessed by 

immunolocalization of the endothelial cell marker CD31.207 As shown in Figure IV-8, a 

significant increase in CD31+ blood vessels was observed in the mammary epithelia of E-

R72 mice. 

Figure IV-8. Representative images of CD31 stained mammary glands from age-matched 

E-P72 and E-R72 mice, respectively. Magnifications, 20X and 40X, scale bar, 50 µm. 

Quantification of CD31+ blood vessels surrounding mammary epithelia per high power 

field in mammary glands from age-matched E-P72 and E-R72 mice. Values are standardized

to the mean of E-P72 samples and shown as mean±SEM (n=5, *p<0.05). 
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Increased influx of proinflammatory macrophages in susceptible glands of E-R72 

mice. 

The influx and persistence of proinflammatory macrophages are also critical 

indicators of and contributors to chronic tissue inflammation.208 CCL2 is a major driver of 

macrophage infiltration that has been shown to promote tumor progression in multiple 

cancer models.209 Expression of a major macrophage chemoattractant, CCL2 was increased 

in mammary glands of E-R72 animals, by 3.3 times at the message level (Figure IV-9A), 

and 1.5 times at the  protein level (Figure IV-9B). 

Figure IV-9. A) Quantitative RT-PCR of Ccl2 mRNA in the mammary glands from age-

matched E-P72 (black bars) and E-R72 (grey bars) animals. Relative mRNA expression is

normalized to corresponding Tbp levels, and values are standardized to the mean of E-P72 

samples and expressed as mean±SEM (n=9, *p<0.05). B) Representative western blots of

CCL2 and GAPDH in extracts of mammary glands from age-matched E-P72 and E-R72 

animals. Densitometry of the CCL2 western blot normalized to corresponding GAPDH

levels and standardized to the mean of E-P72 samples shown as mean±SEM (n=4, 

*p<0.05). 
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Macrophage influx into mammary glands of E-P72R animals was evaluated using 

the pan-macrophage marker, IBA1. Immunohistological localization of IBA1 revealed 

significantly more macrophages surrounding the ducts (Figures IV-10A and B) and within 

the white adipose tissue (WAT) (Figure-10A and C) of susceptible mammary glands from 

E-R72 compared to E-P72 mice.  

Figure IV-10. Influx of macrophages into susceptible glands of E-R72 and E-P72 mice. A)

Representative IHC images of IBA1 stained mammary glands of age-matched E-P72 and E-

R72 animals, respectively (n=5). Magnifications, 20X and 40X, scale bar, 50 µm. B-D)

Quantification of IBA1+ macrophages per 100 epithelial cells (B), 100 adipocytes (C), and

CLSs per animal (D) in mammary glands of age-matched E-P72 and E-R72 animals. The

values are standardized to the mean of E-P72 samples and shown as mean±SEM (n=5,

*p<0.05). 
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Proinflammatory macrophages produce cytokines such as IL1β and, through 

upregulation of iNOS (inducible nitric oxide synthase), reactive nitrogen species.166, 210 

Expression of Il1β and iNos were significantly upregulated in mammary glands of E-R72 

animals compared to E-P72s (Figure IV-11). Dual immunofluorescent staining of IBA1 and 

IL1β revealed a significant increase of proinflammatory macrophages around mammary 

epithelia (Figures IV-12A and B) and adipose tissue (Figures IV-12A and C) in glands of E-

R72 compared to E-P72 mice. 

 

Figure IV-11. qRT-PCR of mRNAs of Il1β and iNos markers in the mammary glands of age-

matched E-P72 and E-R72 animals. Results shown as relative mRNA expression of specified

genes normalized to corresponding Tbp levels. The expression values are standardized to the

mean of E-P72 samples and shown as mean±SEM (n=4, *p<0.05, ***p<0.001). 

Il1β iNos 
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Figure IV-12. A) Representative images of indirect multiplex immunofluorescence using

Hoechst dye (blue), IBA1 (red) and IL1β (green) in the mammary glands of age-matched E-

P72 and E-R72 animals, respectively. Magnifications, 20X and 40X, scale bar 50 µm. 

Arrows point to IBA1+IL1β+ macrophages. B-C) Quantification of relative number of

IBA1+IL1β+ macrophages per 100 epithelial cells (B), and adipocytes (C) mammary glands 

of age- matched E-P72 and E-R72 animals. The values are standardized to the mean of E-

P72 samples and represent mean±SEM (n=5, *p<0.05). 
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An increased number of crown-like structures (CLSs), formed when macrophages 

surround adipocytes, was also detected in glands from E-R72 animals (Figures IV-10A and 

D). CLSs are hallmarks of inflammation, and are often observed in chronically inflamed 

breast tissue of obese women and mice,211-213 and women with breast cancer.214 As shown 

in Figure IV-13, macrophages in CLSs expressed high levels of IL1β, providing further 

evidence of persistent inflammation in the susceptible glands of E-R72 compared to E-P72 

mice. 

 

  

 

Figure IV-13. Representative crown-like structure (CLS) stained with Hoechst (blue), IBA1 

(red) and IL1β (green) found in the susceptible mammary glands of E-R72 mouse. 

Magnification 40X, scale bar 50 µm. Magnified IBA1+IL1β+ macrophages are shown in the

lower-right inset. White square on the merged image identifies the magnified area of the

image. 
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 Increased tumor-associated macrophages (TAMs) and blood vessels in mammary 

tumors from E-R72 mice. 

CCL2 is a major chemoattractant that recruits TAMs to primary tumor sites, where 

they promote an immunosuppressive and angiogenic environment that further stimulates 

tumor growth and progression.215, 216 Inhibition of CCL2 reduces macrophage infiltration 

and tumor growth in MMTV-PyMT mice.217 Since elevated levels of CCL2 and resulting 

macrophage influx were observed in susceptible mammary glands of E-R72 mice (Figures 

IV-9 and 10), we also assessed expression in mammary tumors. Examination of tumor 

sections by IHC revealed a significant increase in IBA1+ macrophages in tumors from E-

R72 compared to E-P72 mice (Figure IV-14). 

Angiogenesis has been shown to play a critical role in tumor progression as depletion 

of tumor vasculature significantly decrease tumor progression.215 Previous work shows that 

TAMs promote angiogenesis by secreting VEGFA.166, 216 Interestingly, expression of Vegfa 

was significantly elevated in the tumors of E-R72 mice compared to E-P72 indicating 

increased angiogenesis in the tumors of E-R72 mice (Figure IV-15). 
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Figure IV-15. qRT-PCR of mRNAs of Vegfa in the tumors age-matched E-P72 and E-R72

animals. Results shown as relative mRNA expression of specified genes normalized to

corresponding Tbp levels. The expression values are standardized to the mean of E-P72

samples and shown as mean±SEM (n=5, *p<0.05). 

Figure IV-14. Representative IHC images of IBA1 stained tumors harvested from E-P72

and E-R72 animals. Magnifications, 20X and 40X, scale bar, 50 µm. Quantification of

number of IBA1+ macrophages in tumors harvested from E-P72 and E-R72 animals. The

values are standardized to the mean of E-P72 samples and shown as mean±SEM (n=4,

*p<0.05). 
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Through secretion of VEGFA, TAMs also promote angiogenesis that supports tumor 

progression.166, 216 As shown in Figure IV-15, expression of Vegfa was significantly elevated 

in tumors of E-R72 compared to E-P72 mice. Density of intratumoral blood vessels, assessed 

by the immunolocalization of CD31, was elevated in mammary tumors from E-R72 animals 

(Figure IV-16). Together, these results show that influx of TAMs, resulting in elevated levels 

Vegfa and angiogenesis, contributed to the enhanced progression of tumors in E-R72 mice. 

 

 

 

Figure IV-16. Representative IHC images of CD31 stained mammary tumors in E-P72 and 

E-R72 animals, respectively. Magnifications, 20X and 40X, scale bar, 50 µm. Quantification 

of CD31+blood vessels per high power field of view (FOV). The values are standardized to

the mean of E-P72 samples and shown as mean±SEM (n=5, *p<0.05). 
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Increased association of R72 with the promoters of cell cycle arrest and inflammation 

genes. 

p53 directly transactivates Tnfα, Ccl2 and p21 by binding to p53 response elements 

(REs) in the respective promoter regions.140, 218 Since these genes are critical effectors of 

inflammation and cellular senescence and their expression was significantly upregulated in 

susceptible mammary glands from E-R72 animals (Figures IV-3 and IV-6), we next 

examined the association of R72 and P72 with the gene promoters using ChIP-qPCR.  ChIP 

assay revealed significantly higher enrichment of p53 REs of p21 (Figure IV-17A and B), 

Tnfα (Figure IV-18A and B) and Ccl2 (distal element) (Figure IV-18C and D) in the 

susceptible mammary glands of E-R72 mice compared to E-P72 showing increased 

association of R72 to the respective p53 REs compared to P72. These results describe a 

mechanism by which R72 directly contributed to the differences in the expression of p21, 

Tnfα and Ccl2, resulting in increased cellular senescence, chronic inflammation and 

macrophage influx compared to P72 variant.  
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Figure IV-17. A) Diagram of the p21 gene with the distal p53 response element (RE). The

start of exon 1 is denoted as +1, and the locations of potential p53 REs are shown relative to

the start of exon 1. B) Chromatin immunoprecipitation of p53 in mammary glands harvested

from E-P72 and E-R72 age-matched animals. Input DNA and immunoprecipitated DNA

were analyzed by qPCR using primers flanking p21 p53 RE. The expression values are

standardized to the mean of E-P72 samples and shown as mean±SEM (n=3, *p<0.05). 

p21 promoter 
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Figure IV-18. A) Diagram of the Tnfα gene with p53 RE. The start of exon 1 is denoted as

+1, and the locations of potential p53 REs are shown relative to the start of exon 1. B)

Chromatin immunoprecipitation of p53 in mammary glands harvested from E-P72 and E-

R72 age-matched animals. Input DNA and immunoprecipitated DNA were analyzed by

qPCR using primers flanking Tnfα p53 response element. The expression values are

standardized to the mean of E-P72 samples and shown as mean±SEM (n=3, *p<0.05). C).

Diagram of the Ccl2 gene with p53 response elements. The start of exon 1 is denoted as +1,

and the locations of potential p53 REs are shown relative to the start of exon 1. D) Chromatin

immunoprecipitation of p53 in mammary glands harvested from E- P72 and E-R72 age-

matched animals. Input DNA and immunoprecipitated DNA were analyzed by qPCR using

primers flanking Ccl2 p53 response elements. The expression values are standardized to the

mean of E-P72 samples and shown as mean±SEM (n=3, *p<0.05). 

Tnfα promoter Ccl2 promoter 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

Numerous human epidemiological studies investigating cancer risk association have 

shown modest, yet persistent association of codon 72 p53 variants with incidence of several 

types of cancers including breast. Studies report R72 is more frequently mutated, thereby, 

providing a proliferative advantage to cancers of the breast, head and neck, and colon.143, 158 

BrCa patients with mutations in the R72 allele has been shown to have significantly poor 

sensitivity to chemotherapy and survival.157, 158,142, 154 To investigate whether codon 72 p53 

variants affect mammary tumorigenesis differentially, we explored this question in a 

physiologically relevant in vivo setting, using a previously characterized human p53 exon 4 

knock-in mouse model, carrying the polymorphic variants.152 Results demonstrated that the 

codon 72 p53 polymorphism modifies mammary tumor susceptibility and latency in both 

the DMBA- and MMTV-Erbb2/Neu-induced mammary tumorigenesis models that are of 

distinct tumor etiologies. R72 variant was associated with higher tumor susceptibility and 

reduced tumor latency compared to P72. Our work showed chronic tissue inflammation to 

be the key factor governing differences in MMTV-Erbb2/Neu mammary tumor incidence 

and latency. Based on our results, increase in persistent cellular senescence observed in the 

mammary glands of E-R72 animals could explain the SASP-mediated elevation of chronic 

tissue inflammation. Increased chronic inflammation was further supported by significantly 

higher influx of proinflammatory macrophages in the susceptible mammary glands of E-R72 

mice.  
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Findings of current work contradict many in vitro findings where the P72 variant is 

found to increase cell cycle arrest and senescence while the R72 variant is better at inducing 

apoptotic response.143 However, this result may be an outcome of a tissue-specific 

phenomenon unique to the mammary gland as none of the previous studies utilized a 

breast/mammary cell line to conduct the experiments. Therefore, the current study 

emphasizes the importance of utilizing relevant in vitro and in vivo model systems that 

closely recapitulate the physiology of the tissue of interest. 

A persistent increase in senescent mammary epithelial cells in the glands of E-R72 

mice was observed, which has been shown to increase chronic inflammation mediated by 

elevated SASP and influx of proinflammatory macrophages compared to E-P72 mice. P21 

is a major effector of senescence regulated by p53. Upregulation of p21 expression together 

with increased affinity of R72 to its p53 RE in the E-R72 mice compared to E-P72 mice, 

show that R72 plays a direct role in inducing senescence and consequently, SASP-driven 

chronic inflammation. 

Upon analyzing a select set of genes, we observed that proinflammatory SASP was 

more active in the glands of E-R72 mice than E-P72 mice. This was demonstrated by 

significantly higher levels of; phosphorylated p65 (demonstrating more active NFkB 

pathway), proinflammatory cytokines Tnfα and Il6, chemoattractants Ccl2 and Ccl4, 

senescence reinforcing Pai1, matrix remodeling metallopeptidase Mmp9 and angiogenic 

Vegfa. These findings are consistent with the gene expression profiles of several previous 

studies that have shown secretory components of SASP to include proinflammatory 

cytokines, chemoattractants, Pai1, Mmps and angiogenic factors.93 In our model, we found 

that Mmp3 and Il8 were not significantly different between the mammary glands of E-R72 
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and E-P72 mice showing that the differential effects of SASP were not mediated through 

these components. While some studies have shown Il8 and Mmp3 are significantly 

upregulated when SASP is active,93, 99, 106 the repertoire of secretory components of 

senescent cells differ depending on the cell type and biological context.103, 106, 107, 119, 131, 219 

Therefore, we were able to identify a subset of genes that led to elevation of proinflammatory 

SASP in the mammary glands of E-R72 mice compared to E-P72 mice. SASP-driven chronic 

inflammation has been shown to enhance tumor development in hepatocellular carcinoma110, 

131 and colorectal carcinoma99 mouse models, as well as in xenograft and in vitro models of 

BrCa,113, 220, 221 further supporting the role of increased SASP-driven chronic inflammation 

in elevating tumor development in E-R72 compared to E-P72 mice. 

Interestingly, comparison of the profiles of induced SASP factors in the above 

models revealed the existence of unique SASP factors showing that the induction of SASP 

factors are context dependent.111 Therefore, next-generation sequencing of susceptible 

mammary glands of E-R72 and E-P72 mice will provide valuable information on what other 

SASP factors are upregulated in the susceptible glands of E-R72 mice compared to E-P72 

mice. Moreover, gene-set enrichment and gene ontology analyses will enable identification 

of pathways and processes that are significantly different between the two variant models 

contributing to differences in tumor development. 

Studies show that SASP-induced chemoattractant CCL2 plays a major role in influx 

of macrophages into mammary glands.216  Therefore, it is possible that elevated expression 

of major chemoattractant CCL2 resulted in greater influx of macrophages into mammary 

glands of E-R72 mice. In addition, TNFα has been shown to increase chronic inflammation 

by establishing a positive feedback loop with activation of the NFB pathway.222 Increased 
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association of R72 to the distal p53 RE of Ccl2 promoter and p53 RE of TNFα, together with 

elevated levels of CCL2 and TNFα demonstrated a direct role of the R72 variant in inducing 

higher influx of proinflammatory macrophages and inflammation. Direct regulation of TNFα 

and Ccl2 by the R72 variant of p53 was recently observed in livers of male R72 Hupki 

animals in C57/B6 background compared to P72 Hupki mice on a high-fat diet. Further, R72 

Hupki mice show increased proinflammatory macrophage infiltration in the white adipose 

tissue.140 Considering this report together with our results, it is apparent that R72 is able to 

regulate Tnfα and Ccl2 expression to increase inflammation albeit potential differences due 

to animal background or tissue of interest. Since TNFα and CCL2 play an important role in 

maintenance of chronic inflammation, which is correlated with poor tumor presentation and 

outcomes in BrCa patients,223 inhibition of these factors may be beneficial in patients 

homozygous for R72. 

Double-staining of macrophages with IBA1 and IL1β showed a significantly greater 

influx of IBA1+IL1β+ proinflammatory macrophages in E-R72 mammary glands. Together 

with elevated proinflammatory components, this result showed increased protumorigenic 

chronic inflammation in the susceptible mammary glands of E-R72 mice compared to E-P72 

mice. During chronic inflammation, influx of proinflammatory macrophages that produce 

reactive nitrogen species through induction of inducible Nitrous Oxide (iNOS) levels results 

in mutagenic oxidative DNA damage.208 In a model of colorectal cancer, reactive nitrogen 

species have been shown to initiate tumors by inducing DNA damage and accelerating loss 

of Apc.224 Interestingly, we observed increased expression of iNos in the susceptible 

mammary glands of E-R72 compared to E-P72 indicating that increased influx of 
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proinflammatory macrophages into mammary glands of E-R72 elevated production of 

reactive nitrogen species. 

In the MMTV-Erbb2/Neu mice, wild-type Erbb2/Neu gene is expressed under 

MMTV-LTR (long terminal repeat) and the incidence of MMTV-Erbb2/Neu-driven 

mammary tumors are attributed to the activation of the tyrosine kinase activity of the 

receptor.180 Sequence analyses in MMTV-Erbb2/Neu tumors have shown that somatic 

mutations and in-frame deletions in the extracellular portion of the ERBB2/Neu receptor 

results in constitutive activation of ERBB2/Neu tyrosine kinase activity.225 In a follow-up 

study, Siegel et al. provided a mechanistic explanation to the above as findings showed that 

somatic mutation of specific cysteine residues promoted dimerization of ERBB2/Neu 

receptors through disulfide bonds.226 In addition to mutations of Erbb2/Neu, p53 mutant 

R172H has also been shown to provide proliferation advantage to MMTV-Erbb2/Neu-driven 

tumors. This was demonstrated by the observed reduction in tumor latency to 154 days from 

the average latency of 234 days and increase in aneuploidy and tetraploidy in tumor cells.182, 

227 Interestingly, findings from human BrCa patients show that the R72 allele is more likely 

to mutate, which was associated with reduced survival.158 Therefore, it is possible that the 

increase in proinflammatory macrophages that produce DNA-damaging reactive nitrogen 

species may have increased the transformation of Erbb2/Neu-overexpressing mammary 

epithelial cells by promoting somatic mutations of Erbb2/Neu and/or R72 alleles increasing 

the mammary tumor incidence in E-R72 animals compared to E-P72 mice. Hence, a next-

generation sequencing of tumors will provide valuable information about how the genetic 

landscape is changed by each polymorphic variant. 
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Together with increased proinflammatory macrophage influx, a modest yet 

significant increase in CD31+ blood vessels was observed in the susceptible glands of E-R72 

mice compared to E-P72 mice. We also observed CCL2 and IL1β to be significantly 

upregulated in the susceptible glands of E-R72 mice compared to E-P72 mice. In addition, 

we observed increased levels of Vegfa and Mmp9 in the susceptible mammary glands.  

Findings of Arendt et al. demonstrated macrophage recruitment and angiogenesis prior to 

tumorigenesis in a humanized mammary tumorigenesis model.228 In this model, 

pharmacological inhibition of CCL2 and IL1β significantly decreased macrophage influx 

and angiogenesis in the precancerous mammary glands showing that CCL2 and IL1β play 

important roles in influx of macrophages and angiogenesis.228 In a different study, increased 

VEGFA levels were shown to play a critical role in inducing angiogenesis, vascular 

permeability and vasodilation and MMP9 was shown to increase the bioavailability of 

VEGFA.229 Therefore, upregulation of CCL2, IL1β, Vegfa and Mmp9 as we observed 

provides a mechanistic explanation for elevated angiogenesis in the precancerous susceptible 

mammary glands of E-R72 mice compared to E-P72 mice.  

In addition to susceptible mammary glands, mammary tumors found in E-R72 mice 

showed increased TAMs and CD31+ vasculature. Macrophages play an important role from 

the early stages of mammary tumor development. Therefore, an increase in macrophage 

infiltration into susceptible mammary glands of E-R72 mice indicate that this may have 

contributed to elevated levels of TAMs and intratumoral angiogenesis in the mammary 

tumors found in E-R72 mice compared to E-P72 mice. In a study conducted in the MMTV-

PyMT mammary tumorigenesis model, which is closely related to the MMTV-Erbb2/Neu 

model, Lin et al. show that macrophage infiltration promotes malignant transformation and 
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tumor vasculature as this was significantly delayed when the macrophage load was depleted 

by deletion of Csf1 expression.215, 230 Further, the previously-described study by Arendt et 

al. demonstrated reduction of macrophage influx by pharmacological inhibition of CCL2 

and IL1β which also decreased TAMs and intratumoral angiogenesis delaying tumor 

development.228 Given the role of TAMs and intratumoral angiogenesis in mammary tumor 

development, increased TAMs and intratumoral vasculature may have promoted 

significantly higher tumor proliferation in E-R72 mice compared to E-P72 mice. 

Findings of the current study have parallels with the recent work by Kung et al. that 

show comparatively increased inflammation in the adipose tissue of R72 Hupki animals 

compared to P72 Hupki mice (C57Bl/6J background) when fed a high-fat diet (HFD). 

Findings show that R72 Hupki animals are more susceptible to obesity, associated 

inflammation, non-alcoholic fatty liver disease and insulin resistance when exposed to a 

HFD (8 weeks) compared to P72 mice.140 Interestingly, increased number of CLSs in 

mammary glands of E-R72 animals than in E-P72 animals provided support for increased 

dysfunction of lipid metabolism in the mammary glands of E-R72 mice compared to E-P72 

mice. Interestingly, CLS are commonly seen in obese women, BrCa patients and mouse 

models that show chronic inflammation in breast or mammary tissues.211, 214 
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Figure V-1. Weekly body weights of male R72 (Red) and P72 (Blue) animals fed HFD

(*p<0.05). 

Figure V-2. Average food intake per male R72 and P72 animal fed HFD (*p<0.05). 
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Recently, we conducted a preliminary study in FVB codon 72 mice to investigate 

how the codon 72 variants affect fat accumulation. Ten weeks old R72 and P72 mice of both 

sexes were fed HFD (45%) for thirteen weeks and body weights and food intake were 

measured weekly. As shown in Figure V-1, R72 male mice showed significant weight gain 

compared to P72 male mice. Male R72 mice had a significantly higher food intake compared 

to P72 mice (Figure V-2) which suggested that differences in food intake may have resulted 

in the observed trends of body weights. Interestingly, R72 female mice had higher weight 

gain compared to P72 and had similar food intake (Figures V-3 and V-4). However, the body 

weight comparison was not statistically significant. Overall, the trends suggested R72 mice 

are prone to increased fat accumulation compared to P72 mice. Interestingly, differences in 

weight gain between male and female mice showed sexual dimorphism in fat accumulation 

that has been previously observed in HFD-fed mouse models of obesity.231 Additional 

animals as well as determination of body fat percentage, lean mass, and expression of genes 

involved in fat metabolism are required to validate and provide further insight into the results 

obtained during this preliminary study. 

Interestingly, a recent study by Yoshimoto et al. provides a link between obesity and 

SASP-driven hepatocellular carcinoma.131 Findings show that dietary and genetic-induction 

of obesity promoted hepatocellular carcinoma (HCC) development by increased production 

of deoxycholic acid (DCA), a gut bacterial metabolite, which caused DNA damage and 

triggered SASP in hepatic stellate cells. Blocking DCA production and/or induction of SASP 

significantly reduced development of HCC showing a mechanistic link between obesity-
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induced tumor development. Therefore, it is indeed interesting to investigate how codon 72 

variants respond to HFD and modify mammary tumorigenesis. 

Figure V-3. Weekly body weights of female R72 (Red) and P72 (Blue) animals fed HFD. 

Figure V-4. Average food intake per female R72 or P72 animal fed HFD. 
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In recent years, obesity has been shown to increase the risk of post-menopausal BrCa, 

which is predominantly HR+HER- luminal A subtype.232, 233 While DMBA- and MMTV-

Erbb2/Neu-driven mammary tumorigenesis provide valuable insight into how tumor 

susceptibility is modified by the codon 72 variants, the tumors found in these mice are HR-

HER2- and HR-HER2+, respectively. Since these tumors do not represent the luminal A 

subtype, it is important to generate a model that closely recapitulate the relevant tumor 

presentation. Recently, Ando et al developed a transgenic mouse model that express human 

Ki-RasG12V selectively in the mammary epithelium post-lactation, which generated invasive 

ductal carcinomas within 3-9 months following Ki-RasG12V induction. Tumors arising in 

these mice closely recapitulated luminal A tumor characteristics such as, ER+PR+HER2-, 

expression of luminal markers (K8 and K18) and low proliferation index and responded 

positively to an aromatase inhibitor.234 While this is the most suitable model to study 

treatment efficacy and progression of luminal A subtype, the observed tumor incidence of 

100% is not amenable to study tumor susceptibility. 

Alternatively, rat models have been successfully used to study luminal A subtype. 

Administration of DMBA, MNU as well as chronic exposure to radiation and estrogen have 

been shown to develop ER+ lesions in rat models.235 The mammary tumor incidence of these 

models vary from 100% to 60% (at 40 weeks) in a background dependent manner.178, 236 

Therefore, the generation of a rat model with codon 72 variants will permit investigation of 

how codon 72 variants will affect tumorigenesis of mammary tumors that closely 

recapitulate luminal A subtype. 

Pregnancy has been shown to protect against post-menopausal luminal A subtype,188, 

237 which can be closely recapitulated in ovariectomized rat models. Multiple rat models 
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have been successfully utilized to study pregnancy protection.177, 178, 236 Therefore, the 

generation of a rat model will also allow investigation of how codon 72 variants would affect 

pregnancy protection. 

As mentioned in detail in the introduction, recent work shows that clearance or 

accumulation of senescent cells are determined by immune cells such as natural killer (NK) 

cells, macrophages and T cells. SASP factors include chemoattractants and activating 

cytokines that are responsible for recruiting immune cells.111, 115 Our study shows significant 

differences in recruitment of proinflammatory macrophages into the mammary glands of E-

R72 and E-P72 mice. However, other immune cell populations were not identified. All of 

these cell populations are successfully isolated by flow cytometry-assisted cell sorting.  

Isolation of these cell populations in E-R72 and E-P72 mice to quantify the abundance and 

to determine the transcriptomic profiles by next-generation sequencing will provide more 

insight into differences in functional outcomes. Quantification of immune cell populations 

will inform whether the tissue microenvironment facilitates accumulation or elimination of 

senescent cells. Transcriptomes of immune cells will increase the resolution of what types 

of cells dictate the functional outcomes especially in heterogenous populations such as 

macrophages and T cell populations.166, 216 A similar approach could be adopted to identify 

immune cell populations in tumors as immune escape or creating an immune suppressive 

tumor environment is critical for tumor progression and metastasis.223 

SASP factors, chronic inflammation and TAMs have been shown to increase cancer 

therapy resistance and metastasis.201, 223, 238 While MMTV-Erbb2/Neu mouse model has 

been shown to have pulmonary metastasis, this process has been shown to have a long lag 

period, which makes this model less desirable to study metastasis.180, 183 MMTV-PyMT 
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model has been successfully utilized to study metastasis and anticancer therapy response. 

The process of tumorigenesis in MMTV-PyMT model has been shown to closely recapitulate 

BrCa in humans and pulmonary metastasis has been shown to occur with a short lag 

period.183, 215, 239-241 Therefore, generating transgenic R72 and P72 mice with MMTV-PyMT 

will enable investigations to determine how codon 72 variants affect mammary tumor 

metastasis and anticancer therapy response. 

SASP-mediated chronic inflammation is a driver of age-related pathologies, such as 

atherosclerosis, Neurodegeneration, sarcopenia and cancer.97, 195 Depletion of senescent cells 

and pharmacological inhibition of NFkB reduce inflammation and rescue the aging 

phenotype in multiple aging models,242-244 demonstrating the deleterious effects of senescent 

cell aggregation and SASP in age-related pathologies. While risk association of the p53 

codon 72 SNP with age-related diseases is not extensively studied in human populations, a 

recent study in a patient cohort of sarcopenia shows that the R72 variant is associated with 

increased risk for development of the disease,245 indicating that R72 may modify the risk for 

age-related disease susceptibility through elevated chronic inflammation mediated by SASP. 

Additionally, this emphasizes the need for further studies investigating the association of the 

p53 codon 72 SNP with susceptibility to other age-related pathologies. 

Chronic inflammation is also a hallmark of cancer.200 Interestingly, a recent human 

epidemiological study with a Canadian patient cohort shows that R72 is associated with 

significant risk for development of inflammatory irritable bowel disease (IBD), which is a 

major risk factor for colorectal cancer (CRC).246 Consistent with the positive association of 

R72 and IBD development, several studies on CRC patient cohorts from several 

countries,247-250 have shown that R72 increases CRC susceptibility, indicating that the R72-
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mediated elevation of chronic inflammation may increase tumor susceptibility. On the other 

hand, P72 has also been shown to be associated with an increased risk of CRC in several 

patient cohorts, showing that risk associations may depend on unique environmental and 

genetic interactions found in distinct, but unrelated geographical locations. 

Similarly, risk association of the p53 codon 72 SNP with BrCa is complex. Several 

epidemiological findings strengthen the increased association of R72 with BrCa.142 While 

the P72 variant is associated with increased risk for BrCa in Caucasian patient cohorts, which 

make up a preponderance of epidemiological studies, the R72 variant has been shown to 

increase risk of BrCa in Asian ethnicities.251, 252 This indicates that further comparisons in 

non-white populations need to be performed in order to understand how the codon 72 SNP 

modifies cancer susceptibility globally. 

Findings reported herein showed that the p53 codon 72 polymorphic variants 

significantly modified susceptibility and kinetics of mammary tumorigenesis in a 

physiologically relevant in vivo model and provided evidence for a mechanistic link between 

p53 codon 72 variants and mammary tumor susceptibility. The proposed model given in 

Figure V-5 illustrates the overall findings, and how arginine variant of codon 72 p53 SNP 

may enhance mammary tumor development. These studies demonstrated that in addition to 

the substantial effect of p53 mutations, single nucleotide polymorphisms can have a 

profound effect on tumorigenesis. Given the adverse role of chronic inflammation in tumor 

susceptibility, progression and treatment response, genotyping of codon 72 variants may 

predict, at least in part, breast cancer susceptibility, disease progression and treatment 

outcome and warrant further investigation into the utility of codon 72 SNP as a biomarker. 
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 Figure V-5. Diagram of the proposed model of how R72 variant increase mammary tumor

incidence and proliferation. Accumulation of senescent cells in the mammary glands of E-

R72 animals contributed to increased chronic inflammation in the mammary tissue milieu

through upregulation of proinflammatory SASP which, elevates influx of proinflammatory

macrophages and angiogenesis. Increased influx of macrophages leads to mutagenic tissue

environment by increasing oxidative stress via RNS, which may elevate cellular

transformation and in turn, tumor incidence. R72 is likely to play a direct role in upregulating

p21, Ccl2 and Tnfα expression via higher affinity to the respective p53 REs. In addition to

prosurvival functions of chronic inflammation, higher influx of macrophages may increase

TAMs that enhance tumor vasculature contributing to increased tumor proliferation

observed in the tumors arising in E-R72 mice.  
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