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Abstract 
 

 The p53 tumor suppressor is a transcription factor that exerts its anti-neoplastic 

effects by regulating the expression of specific mRNAs and miRNAs. Previous work 

from our lab using a temperature sensitive variant of p53 that permitted rapid and 

reversible control of p53 activity suggested that p53-induced mRNAs were unstable 

while miRNAs were stable.  In this way, p53-induced mRNAs returned to baseline 

rapidly after transient p53 activation while p53-responsive miRNAs remained elevated, 

modulating subsequent p53 responses. In the present work, this model was tested using a 

reversible small molecule activator of p53 (Nutlin-3a) in HCT116 colon cancer cells.  In 

addition, the p53 response was monitored in buccal epithelium and blood samples 

obtained throughout the course of daily radiation treatments in patients with acute 

myeloid leukemia in preparation for bone marrow transplantation.  These models didn’t 

fully recapitulate earlier findings but provide important insight into the p53 response in 

vitro and in vivo. 
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1. Introduction 

1.1 p53 

1.1.1 History of p53 

 The p53 tumor suppressor protein was initially discovered in 1979 by a variety of 

groups (Lane and Crawford, 1979; Kress et al., 1979; Linzer and Levine, 1979; Melero et 

al.,1979; Smith et al., 1979) as a protein that complexed with the large tumor antigen of 

SV40 (T antigen). At the time cell lines were being transformed with the SV40 virus, and 

it appeared that the T antigen carried by the SV40 virus was important in maintenance of 

the transformed state of the cells. This therefore necessitated research into the 

interactions of the T antigen in transformed cells, which these groups carried out by a 

variety of immunoprecipitation experiments. These experiments yielded 2 bands by SDS-

PAGE: a 94kD protein, being the SV40 T antigen, and another 53kD protein which was, 

as of yet, undefined (Lane and Crawford, 1979).   

 The cDNA of the  murine p53 gene was cloned in 1983 (Oren and Levine, 1983; 

Zakut-Houri et al., 1983), and at the time p53 was actually considered an oncogene. This 

came about for a variety of reasons, among them studies such as one conducted in 1983 

by Varda Rotter showing that p53 protein accumulated in high quantities in tumors 

harvested from mice no matter how the tumor was generated, while normal thymocytes 

displayed only low p53 protein levels (Rotter, 1983). Rotter also showed that the 

phosphorylation status of the p53 protein in tumors differed from that in normal cells. At 

the time, these results put p53 squarely in the oncogene/cellular tumor antigen category 

(Rotter, 1983). Adding to this, Nature published a series of articles in December of 1984 
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which all demonstrated how cells that were transfected with both an activated ras gene 

along with p53 lead to transformation of primary cell lines (Eliyahu et al., 1984; Jenkins 

et al., 1984; Parada et al., 1984). Further complicating the matter, attempts to clone the 

transcript were substantially less advanced than they are today, and so cloning was done 

in cellular environments which were conducive to large quantities of p53 (Levine and 

Oren, 2009). This meant conducting cloning experiments to generate cDNA for the p53 

transcript in cancer cell lines, leading researchers to use mutated cDNA for further 

experimentation, continuing  the misconception that p53 functioned as an oncogene.  

 It was not until 1985 that the existence of p53 as an oncogene was called into 

question. While investigating the expression of p53 in Friend virus-induced 

erythroleukaemic cells, Mowat et al. found that a surprisingly large proportion of cell 

lines expressed no p53, or a truncated variant. They also found that cells which did not 

express p53 appeared to have experienced gene rearrangements which inactivated the p53 

gene, which was curious as p53 was thought at the time to contribute to tumorigenicity 

(Mowat et al., 1985). Later in 1988 Finlay et al. showed that one particular p53 cDNA 

clone could not transform cells, but became 'activated' upon obtaining mutations (Finlay 

et al., 1988). Later in 1988, it was shown that wild-type p53 had no transformative 

capabilities, and only cDNA clones carrying point mutations were able to transform 

primary cell lines (Eliyahu et al., 1988). In 1989 results surfaced that firmly categorized 

p53 as a tumor suppressor. One discovery which contributed to this change was that 

human colorectal cancers, which frequently harbor deletions in the 17p chromosomal 

arm, also had high expression of the remaining p53 allele. This p53 allele, however, was 

mutated, and so no wild-type p53 remained in the tumor tissue (Baker et al., 1989). The 
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loss of wild-type alleles in tumor cells is typically telling of tumor suppressors, but in 

addition to this finding, there was also evidence that wild-type p53 overexpression could 

inhibit tumor formation in normal tissues when co-expressed  in cells under tumorigenic 

pressure such as overexpression of ras (Finlay et al., 1989; Eliyahu et al., 1989). Later, 

researchers showed that a lack of functional p53 can be seen in the cancer-prone disorder 

of Li-Fraumeni syndrome (Srivastava et al., 1990), and also that p53-null mice are prone 

to spontaneous development of tumors (Donehower et al., 1992). All of the research 

mentioned here, along with more that will be discussed in greater detail later, firmly 

positioned the p53 protein as a key piece of the puzzle regarding cancer biology requiring 

further investigation. 

    

1.1.2 p53 structure 

 The TP53 human gene is roughly 19kb, contains 12 exons, and is located on the 

short arm of chromosome 17 at 17p13.1 (NCBI gene ID 7157, 

http://www.ncbi.nlm.nih.gov/gene/7157). The full-length human p53 protein contains 

393 amino acids split into six major domains: two transactivation domains (TAD), one 

proline-rich domain (PRD), one sequence-specific DNA-binding domain (DBD), one 

oligomerization domain (OD), and the C-terminal domain (CTD)(Figure 1)(Garcia and 

Attardi, 2014). There are also five highly conserved regions referred to as BOX-I, BOX-

II, BOX-III, BOX-III, BOX-IV, and BOX-V (Soussi et al.,1987; Soussi et al., 1990). 

  The first TAD was discovered in 1990 by three groups of researchers (Fields and 

Jang, 1990; O'Rourke  et al., 1990; Raycroft et al., 1990). They did this by creating 

fusion proteins linking fragments of p53 cDNA to the GAL4 DNA-binding domain, and  
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Figure 1: The human p53 protein. 

General depiction of human p53 protein, along with pertinent post-translational 

modifications. Green star represents phosphorylation at Ser
15

. Blue circles represent 

phosphorylation at Thr
18

 as well as serines 20, 33, and 37. Orange rectangle represents 

acetylation at Lys
320

. Red diamonds represent acetylation/ubiquitination at lysines 370, 

372, 373, 381, 382, and 386. Black rectangles below the figure represent NLS1 (316-

322), NLS2 (370-377), and NLS3 (380-386). Black rectangles above the figure represent 

evolutionarily conserved BOX regions I-V. Black arrows below the figure represent 

residues 22/23 of TAD1 and 53/54 of TAD2. Red lines in TAD1 represent Phe
19

, Trp
23

, 

and Leu
26

, while red lines in TAD2 represent Ile
50

, Trp
53

, and Phe
54

. TAD1: 

transactivation domain 1 (1-42). TAD2: transactivation domain 2 (43-63). PRD: proline-

rich domain (61-94). DBD: DNA-binding domain (102-292). OD: oligomerization 

domain (325-356). CTD: C-terminal domain (361-393).  
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Fields and Jang observed that amino acids 1-73 of p53 could effectively activate 

transcription (Fields and Jang, 1990). Unger et al. further narrowed down the 

transactivation domain to amino acids 1-42 two years later (Figure 1)(Unger et al., 1992) 

using the same approach. TAD2 was discovered later by Zhu et al. in 1998 to be 

comprised of amino acids 43-63 (Figure 1)(Zhu et al., 1998) by employing p53 

constructs missing portions of their N-terminal region. This was particularly surprising 

as, previously, it had been shown that hydrophobic amino acid residues at position 22 and 

23 were required for effective transcriptional activation by p53 (Figure 1)(Lin et al., 

1994). In 1996 Chen et al. showed that a cell line lacking the first 22 amino acids of p53 

could still induce apoptosis to similar levels as wild-type (Chen et al., 1996), and after 

investigating further Zhu et al. found that induction of the apoptotic response was closely 

linked to the availability of wild-type amino acids 43-63 (Zhu et al., 1998). Interestingly, 

similar to TAD1, TAD2 contained two hydrophobic residues at position 53 and 54 

(Figure 1), both appearing to be integral to maintaining some transcriptional activation in 

the absence of TAD1 function (Zhu et al., 1998). It should also be mentioned that the 

transactivation domains are one of the domains subject to post-translational modifications 

which allow for regulation of their activity, but that will be discussed in detail later in this 

introduction. 

 Brady et al. continued the line of inquiry of the importance of key hydrophobic 

residues to the TADs by creating mouse MEFs mutant for p53 at position 22/23, 53/54, 

or the quadruple mutant (Brady et al., 2011). They found that the quadruple mutants had  
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essentially no transactivation potential, seeming nearly identical to the p53 null case. 

Those cells bearing the 22/23 mutation had substantially reduced transactivation 

capability, and cells with the 53/54 mutation appeared similar to wild-type MEFs (Brady 

et al., 2011). It should be mentioned, however, that cases between murine and human p53 

may be different when discussing p53 transactivation domains. Although Brady et al. 

identified deficits in the expression of distinct mRNAs in cells lacking the murine 

equivalent of either 22/23 or 53/54, Smith et al. found that the same mutations in the 

human protein led to decreased expression of similar proteins in colorectal carcinoma 

cells, suggesting that there were no distinct targets that were differentially activated by 

the individual TADs (Smith et al., 2007). While the work of both groups support a role 

for both transactivation domains, it remains unclear how these interact in the control of 

specific genes.  

 The PRD has had a somewhat more varied history. Originally investigated by 

Walker and Levine in 1996 (Walker and Levine, 1996), they claimed the PRD included 

amino acids 61-94 of human p53 which contains 5 repeats of PXXP (Figure 1), where P 

designates a proline residue and X represents any other amino acid. Notably, proline-rich 

regions such as the PRD of p53 are commonly involved in protein-protein interactions, 

and this particular motif was suggested to be similar to SH3-binding motifs of other 

proteins (Sakuramo et al., 1997). Walker and Levine found that the PRD was dispensable 

for transactivation, but was necessary for effective suppression of growth (Walker and 

Levine, 1996). Later it was contested whether or not the PRD was actually important for 

growth suppression, but that the PRD was involved in apoptosis, and not in cell cycle 

arrest (Sakuramo et al., 1997; Venot et al., 1998; Baptiste et al., 2002). Venot et al. also 
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provided evidence that the PRD was important for maintenance of transcription 

repression for some genes, as well as proper DNA binding and transcription activation of 

some pro-apoptotic genes (Venot et al., 1998). Berger et al. later demonstrated how the 

PRD was integral to p53 regulation via its key inhibitor, MDM2 (Berger et al., 2001). 

They showed that p53 lacking the PRD had increased susceptibility to inhibition by 

MDM2, leading to greater MDM2-mediated p53 degradation, and that this was caused by 

an increase in the affinity of the p53 lacking the PRD for MDM2 (Berger et al.,2001). 

Interestingly, Toledo et al. generated mice lacking a section of the p53 PRD and found 

that they were deficient in their ability to undergo cell cycle arrest, which was opposing 

what had been found previously (Toledo et al.,2006). Much more recently, work has been 

done by Campbell et al. in 2013 suggesting that the PRD is involved in mediating growth 

suppression and DNA repair in the event of DNA damage, but not other cellular stressors 

such as hypoxia (Campbell et al., 2013). It should, however, be noted that the deletion of 

the PRD in question was from residues 58-88, which does contain the end of TAD2, and 

that this may potentially play a part in the phenotype seen. 

 The p53 DNA-binding domain includes amino acids 102-292 of the p53 protein 

(Figure 1)(Pavletich et al., 1993). It also contains the vast majority of mutations found in 

tumours, as changes to the ability of p53 to bind DNA sequences all but abolishes its 

function (Bargonetti et al., 1991; Kern et al., 1991; Hollstein et al., 1991; El-Deiry et al., 

1992; May and May, 1999). In fact, of the 280 p53 mutations that were analyzed by 

Hollstein et al. in 1991, 98% of them were found within the region between residues 110-

307, and nearly one third of them  came from CpG hotspots at residues 175, 196, 213, 

248, 273, and 282 (Hollstein et al., 1991). This has held true for nearly 30000 somatic 
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mutations (IARC, http://p53.iarc.fr/TP53SomaticMutations.aspx). The sequence-specific 

DNA-binding capabilities of p53 were first demonstrated by two groups in 1991 

(Bargonetti et al., 1991; Kern et al., 1991). El-Deiry et al. reported the consensus 

sequence bound by p53: a 10bp motif of 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3', where Pu 

represents a purine nucleotide and Py represents a pyrimidine nucleotide. These would 

appear twice in each bound segment, separated by 0-13bp (El-Deiry et al., 1992). 

Depending on the source and method, the number of targets of p53 (deemed p53 response 

elements, or REs) differs drastically. For instance, in 2006 Wei et al. used a ChIP paired-

end tag method to identify 542 loci in the human genome which had high confidence of 

direct p53 binding (Wei et al., 2006). However, many interactions of p53 with DNA can 

occur transiently with low fidelity when mismatches are taken into consideration, and this 

allows for potentially further regulation of p53 (Tebaldi et al., 2015). Upon analyzing the 

human genome for p53 REs of varying levels of fidelity to the consensus sequence, using 

previous studies, the method employed by Tebaldi et al. predicted a drastically larger 

number of p53 REs than Wei et al. did. For example, their method used ENCODE data to 

predict p53 REs in roughly 44000 distant enhancer elements (Tebaldi et al., 2015), 

although these were variable in their predicted functionality. 

 The oligomerization potential of p53 was initially shown by Kraiss et al. in 1988 

(Kraiss et al., 1988), and was originally deemed to incorporate amino acids 311-363 of 

p53 (Pavletich et al., 1993). Following this, the OD of p53 was isolated to only amino 

acids 325-356 of the p53 protein (Figure 1)(Clore et al., 1994; Jeffrey et al., 1995). p53 

carries out its functions in a homotetramer, and when the ability of p53 to complex with 
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itself is removed through removal of the OD, it becomes deficient in transactivation 

potential (Pietenpol et al., 1994). 

 The C-terminal end of the p53 protein is the subject of some debate. Generally, 

however, it is accepted to undergo a variety of post-translational modifications which 

modulate p53 function and its regulation (Joerger and Fersht, 2008). Consisting of 

residues 361-393 (Figure 1)(Weinberg et al., 2004), the CTD of p53 was shown to 

nonspecifically bind DNA (Foord et al., 1991), and  that removal or occupation of the 

CTD by binding other substrates or phosphorylation can lead to activation of sequence-

specific DNA binding by p53 (Hupp et al., 1992). In fact, use of an antibody titled Pab-

421 came into use as an activator of sequence-specific DNA binding as it bound the C-

terminus of p53 (Hupp et al., 1992). This lead to the creation of a model of allosteric 

regulation of DNA binding by p53 proposed by Hupp and Lane in 1994, where they 

provided evidence suggesting that 'latent' DNA binding by p53 can be activated by 

changes in conformation by disrupting interactions between the core domains of p53 and 

the CTD (Hupp and Lane, 1994). However, multiple studies provided a variety of 

arguments against this hypothesis, such as that of Ayed et al. who demonstrated that there 

is no conformational difference between 'latent' and 'active' forms of p53 (Ayed et al., 

2001). Instead, Weinberg et al. found that the DBD of p53 could bind sequence-specific 

DNA inherently, but that the CTD competed with the DBD, and that in the presence of 

both specific sequences of DNA and non-specific DNA, the CTD binding to non-specific 

sequences out competed sequence-specific DBD binding (Weinberg et al., 2004). As the 

CTD becomes post-translationally modified, it loses the ability to bind DNA non-

specifically, and therefore allows the DBD to bind DNA in a sequence-specific manner, 
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thereby regulating the DNA binding potential of p53 (Frielder et al., 2005). Interestingly, 

a model was proposed in 2004 by McKinney et al. in response to mounting evidence of a 

positive effect of the CTD on p53 regulation and their own results. In this model, the 

ability of the CTD to non-specifically bind DNA is required by p53 for it to effectively 

scan or 'linearly diffuse' along long stretches of DNA (McKinney et al., 2004). 

 The CTD has been shown to be implicated in a variety of other regulatory roles 

than just DNA binding regulation. For example, one major role of the CTD of p53 is as 

the site of ubiquitin ligation by the E3 ubiquitin ligase MDM2 (Rodriguez et al., 2000). 

MDM2 serves as the primary regulator of p53 levels and activity, and will be discussed at 

length later in this introduction (Figure 2). The CTD also serves as the target of MDM2-

mediated neddylation: the modification of lysine residues with the ubiquitin-like NEDD8 

protein, which serves to inhibit p53 transcriptional activity (Xirodimas et al., 2004; 

Guihard et al., 2012). Sumoylation of the CTD of p53 also provides a variety of 

regulatory opportunities to activate or inhibit p53 transcriptional activation in response to 

the addition of SUMO1, or SUMO2/3 proteins (Chen and Chen, 2003; Stindt et al., 

2011). Lysine methylation in the CTD also appears to be important in p53 function, as 

demonstrated by Chuikov et al. (Chuikov et al., 2004). The results of their studies 

suggest that K372 methylation is important for p53 stabilization, nuclear localization and 

transcriptional activation, as well as that it may preclude acetylation in response to DNA 

damage. The CTD has also been shown to be involved in recruiting coactivators and 

histone acetyltransferases following acetylation (Barlev et al., 2001; Mujtaba et al., 

2004). However, as stated earlier, there is some debate as to the importance of the effects 

of the CTD. For example, in 2005 Krummel et al. generated mice which had germline  
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Figure 2: Simplified interaction between human p53 protein and MDM2. 

 MDM2 inhibits p53 sequentially in two ways. First, the MDM2 N-terminus binds to the 

BOX-I region of the p53 TAD1 and inhibits the transactivation potential of p53 by 

disrupting the p53 TAD. Once the N-terminus of MDM2 binds the BOX-I domain of p53, 

a conformational change takes place in MDM2 which favors the binding of the MDM2 

acidic domain to the BOX-IV/BOX-V region of the p53 DBD. This leads to 

polyubiquitination of the p53 CTD, and the eventual degradation of the p53 protein. 

TAD1: transactivation domain 1. TAD2: transactivation domain 2. PRD: proline-rich 

domain. DBD: DNA-binding domain. OD: oligomerization domain. CTD: C-terminal 

domain. (Modified from Meek, 2015) 
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mutations of p53 such that all seven CTD lysines were mutated to arginines, and 

discovered the mice to be phenotypically normal, which was astonishing given beliefs 

about the CTD (Krummel et al., 2005). The conflicting reports surrounding the effects 

and importance of the CTD highlight our lack of concrete understanding, as well as 

differences in experimental methodologies between researchers (Joerger and Fersht, 

2008).  

 Three nuclear localization signals have also been identified in the C-terminus of 

p53 (Shaulsky et al., 1990). These include residues 316-322 (NLS1), 370-377 (NLS2), 

and 380-386 (NLS3)(Figure 1). NLS1 appears to direct the transport itself, whereas 

NLS2 and NLS3 appear to increase the efficiency of the import process (Shaulsky et 

al.,1990).    

 

1.1.3 p53 function and regulation 

 Despite some conflicting results and gaps in understanding, such as those 

mentioned previously, there is general consensus on p53 function and regulation. There is 

also drastically more information available than can be covered here: a simple search of 

PubMed using the search term p53 will return over 80000 articles which discuss p53 

function and/or regulation in some manner, including over 9000 review articles. 

 What is important to know, and what is agreed upon by all, is that the primary 

function of p53 is in the role of a transcription factor. Despite some functions related to 

p53 directly contributing to apoptotic functions of the cell by interacting with other 

cytoplasmic proteins and contributing to membrane permeabilization (reviewed in 

Vaseva and Moll, 2009; Green and Kroemer, 2009), the p53 protein largely carries out its 
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immense cellular influence through its transactivation capabilities. However, the p53 

protein is kept at relatively low levels in resting cells through interactions with other 

proteins, primarily with the E3 ubiquitin ligase MDM2, leading to ubiquitination, 

proteasome-mediated degradation, as well as inhibiting transactivation by forming an 

MDM2-p53 complex (Figure 2)(Meek, 2015). The importance of the in vivo MDM2-p53 

interaction was made evident by the rescue of embryonic lethality in MDM2-null mice by 

deletion of p53 (Jones et al., 1995; Montes de Oca Luna et al., 1995). 

 The p53 response becomes activated in response to a wide variety of cellular 

stresses, which typically lead to disruption of the p53-MDM2 interaction, thereby 

allowing p53 protein levels to rise. The first cellular stress to be identified as activating 

the p53 response, and also the most extensively studied, is DNA damage (Maltzman and 

Czyzyk, 1984). Besides DNA damage, p53 also responds to other stressors such as 

activation of oncogenes, ribosomal stress, hypoxia, or heat shock (reviewed in Hu et al., 

2012; reviewed in Meek, 2015). Following activation, p53 has been shown to lead to cell 

cycle arrest (Baker et al., 1990; Diller et al., 1990; reviewed in Meek, 2015), apoptosis 

(Yonish-Rouach et al., 1991; reviewed in Meek, 2015), or senescence (Figure 3)(Bond et 

al., 1996; reviewed in Meek, 2015). However, although somewhat less intensely 

investigated, p53 has also been shown to be involved in a variety of other pathways such 

as regulation of proliferation and differentiation of stem cells (reviewed in Aloni-

Grinstein et al., 2014), ageing (Tyner et al., 2002), and immune response via antagonism 

of NF-κB (Komarova et al., 2005; Liu et al., 2009).    

 Not only did Maltzman and Czyzyk identify the increase of p53 protein  in 

response to DNA damage caused by either UV irradiation or chemical induction, they  
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Figure 3: Model of the autoregulatory feedback mechanism of p53 and MDM2. 

p53 activity is kept in check by transactivation inhibition by MDM2 and MdmX, along 

with nuclear export and polyubiquitination by MDM2 and associated MdmX. In the 

event of cellular stressors such as DNA damage, this interaction is disrupted, and p53 

accumulates and becomes active. This leads to transactivation of numerous transcripts 

such as p21
Waf1/Cip1

 and Bcl-2 family proteins such as BAX, NOXA, and PUMA. These 

can direct the cell towards cell cycle arrest, senescence, or apoptosis. p53 activation also 

leads to transactivation of MDM2 and, inhibiting p53-mediated transactivation. Nutlin-3a 

disrupts this feedback loops, and it is thus capable of indirectly activating p53. The p53 

protein also transactivates miRNAs, which may feedback onto p53 regulators such as 

MDM2 and MdmX to modulate the p53-mediated transcriptional response.  
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also presented evidence that this was due to a dramatic increase in p53 protein stability 

(Maltzman and Czyzyk, 1984). This increase of protein stability is primarily a result of 

the disruption of the interaction between MDM2 and p53, although the destabilization of 

p53 is not the only result of p53-MDM2 interactions. Upon identifying that a 90kD 

protein which co-purified with p53 in immunoprecipitation experiments was actually 

homologous to mdm-2 (murine double minute 2), Momand et al. demonstrated its ability 

to disrupt p53 transactivation (Momand et al., 1992). Shortly after it was shown that 

MDM2-p53 complexes lose the ability to strongly bind DNA in a sequence-specific 

manner, and that this potentially contributes to disruption of p53 transactivation in the 

presence of MDM2 (Zauberman et al., 1993). This was expanded upon by Oliner et al. 

by showing that the disruption of transactivation was due to MDM2 blocking the 

transactivation domains of p53 (Oliner et al., 1993). That same year, Wu et al. 

demonstrated the fact that p53 transactivates MDM2 via a p53-responsive element in the 

5' end of the MDM2 sequence, and that MDM2-p53 complexes lose this ability (Wu et 

al., 1993). This lead to the formation of what is now a well-known auto-regulatory 

feedback loop, whereby p53 activation leads to transactivation of its own repressor, 

which in turn decreases the transactivation function of the available p53, as well as 

shutting off the upregulation of MDM2 (Figure 3). This feedback loop would help 

maintain p53 levels at low levels to permit cell proliferation and allow cells to survive 

(Wu et al., 1993).  

 The interacting regions of the MDM2-p53 complex at the amino-terminus were 

outlined by Kussie et al., showing that the amino-terminus of the MDM2 protein forms 

essentially a trough of hydrophobic residues which interacts with residues in TAD1 of  
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p53 (Figure 2)(Kussie et al., 1996). Of particular importance are three p53 residues: 

Phe
19

, Trp
23

 and Leu
26

, which are an integral part of the p53-MDM2 complex, and are 

invariant across species (Figure 1)(Kussie et al., 1996) and will be discussed in detail  

later when explaining BOX-I mimetics. These residues also play an important role in the 

specific mechanism by which p53 causes transactivation, and are a part of BOX-I 

(residues 13-26)(Liu et al., 2001). The TAD1 region of p53 has been shown to recruit 

subgroups of the TFIID transcription machinery, specifically TBP-associated factors 

(TAFs) such as TAFII40 and TAFII60 and their human homologs, and that mutation of 

residues 22 and 23 in human p53 leads to disruption of the association between the p53 

TAD1 and interacting TAFs (Lu and Levine, 1995; Thut et al., 1995). 

 The repression of p53 by MDM2 does not end only in inhibition of interaction 

with TAFs and, by extension, of transactivation. In 1997 two separate groups 

demonstrated that MDM2 also targets p53 for degradation by functioning as an E3 

ubiquitin ligase (Honda et al., 1997; Haupt et al., 1997), and it was later discovered that 

the lysine residues that are targets for ubiquitination by MDM2 reside in the C-terminus 

of p53 (Kubbutat et al., 1998): namely the six lysine residues Lys
370

, Lys
372

, Lys
373

, 

Lys
381

, Lys
382

, and Lys
386

 (Figure 1)(Rodriguez et al.,2000). It should be mentioned, 

however, that there is no indication that the C-terminus of p53 is involved in the binding 

of MDM2 to p53. There is also evidence that low levels of MDM2 lead to the 

monoubiquitination and nuclear export of the p53 protein (Li et al., 2003).  

 In order for MDM2 to target p53 for degradation, more needs to happen than 

simply the binding of the N-terminus of MDM2 to the N-terminus of p53. Burch et al. 

presented evidence of a second MDM2 binding site in p53 (Burch et al., 2000), and 
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Shimizu et al. identified this domain in a flexible, unfolded linker region of the p53 DBD 

between two conserved domains referred to as BOX-IV and BOX-V (Figure 2)(Shimizu et 

al., 2002). This region was actually shown to have a much lower affinity for MDM2 

binding, and only bound to MDM2 upon a conformational change in MDM2 caused by 

the binding of its N-terminus to a substrate. A trio of papers emerged in 2006 which 

further discussed the secondary MDM2 binding domain in p53 (Yu et al., 2006; Kulikov 

et al., 2006; Wallace et al., 2006). All three papers concluded that the MDM2 binding 

domain of p53 interacted with the central acidic region of MDM2, and Kulikov et al. 

discovered three key findings. Firstly, MDM2 binding to the DBD of p53 is implicated in 

the necessary deacetylation of the p53 CTD prior to polyubiquitination, which will be 

discussed in more detail later. Secondly, MDM2 binding the DBD of p53 is necessary  

for effective polyubiquitination (and subsequent degradation) of p53 protein. Thirdly, 

although it was known that MDM2 was commonly phosphorylated, Kulikov et al. 

demonstrated how MDM2 phosphorylation at Ser
253

 and Ser
256

 were key for effective 

binding of MDM2 to the DBD of p53 (Kulikov et al., 2006). Collectively, MDM2 and 

p53 interact in a variety of ways and there are several levels of control, but the initiating 

event is the binding of MDM2 to the BOX-I region within TAD1 of p53. 

 Wallace et al. conducted experiments using peptides which were found to block 

the binding of MDM2 to p53, leading to increased p53 levels and activity (Wallace et al., 

2006). Intriguingly, they found that using peptides which would mimic the TAD1 region 

bound by MDM2 (BOX-I) did not inhibit ubiquitination, despite disrupting the BOX-I 

binding of MDM2 (Wallace et al., 2006) (This particular category of peptide will be 

discussed later, and was used as an activator of the p53 response in our studies). Instead, 
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Wallace et al. found that only peptides which mimic the BOX-IV/BOX-V region of p53 

(thereby disrupting MDM2 binding there) disrupted p53 ubiquitination by MDM2, and 

that peptides that mimic BOX-I actually lead to an increase in ubiquitination, despite 

causing p53 to become transcriptionally active. Following this, a model emerged of 

allosteric regulation, whereby interaction between the N-terminus of MDM2 and the 

BOX-I region of p53 did not directly contribute to ubiquitination. Instead, it causes a 

conformational change in MDM2 which favors interactions between the MDM2 acidic 

domain and the p53 BOX-IV/BOX-V region, leading to polyubiquitination and subsequent 

degradation (Figure 2)(Wallace et al., 2006). There is some evidence that binding of the 

N-terminus of MDM2 to p53 may potentially occur outside of the BOX-I region, as Chi et 

al. demonstrated that residues in TAD2 also have binding affinity for MDM2 (Chi et al., 

2005). These residues were Ile
50

, Trp
53

, and Phe
54

, which is particularly interesting as the 

53/54 residues were discussed previously as being integral to TAD2 function (Figure 1).   

 In order for the inhibition of p53 by MDM2 to be circumvented, a number of 

post-translational modifications need to occur. For the sake of simplicity, only those post-

translational modifications which are pertinent to this project will be outlined here, full 

reviews on post-translational modifications can be found elsewhere (reviewed in Jenkins 

et al., 2012; Reed and Quelle, 2014). 

  When p53 was first recognized as a protein of interest to the scientific 

community, it had been identified as a phosphoprotein, and consequently investigations 

began into the specific residues found to be phosphorylated. For example, Samad et al. 

identified four possible phosphorylation in murine p53 (Samad et al., 1986), which Meek 

and Eckhart expanded to include serines 7, 9, 12, 18, 23, 37, 310, 312, and 389 (Meek 
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and Eckhart, 1988). It should be noted here that murine p53 incorporates an additional 3 

residues in the N-terminal, and so homologous residues between murine and human p53 

actually have different residue positions. For example, serine 18 and 23 in murine p53 

correspond to serine 15 and 20 in human p53. Serines 6, 15 , 37, and 166 were shown to 

be phosphorylated by DNA-activated protein kinase (DNA-PK) in human p53, although 

only Ser
15

 and Ser
37

 were phosphorylated efficiently (Lees-Miller et al., 1992). Other 

phosphorylation events pertinent to this discussion include Ser
33

 phosphorylated by 

multiple c-Jun N-terminal kinases (JNKs)(Hu et al., 1995), Ser
20

 (Shieh et al.,1999; Craig 

et al., 1999), and Thr
18

 (Craig et al., 1999, Dumaz et al., 1999), of which both Ser
20

 and 

Thr
18

 are conserved residues in the BOX-I region and are phosphorylated by casein kinase 

I (CK1)(Figure 1). Dumaz et al. also found that Thr
18

 and Ser
20

 are preferentially 

phosphorylated following initial phosphorylation of Ser
15

 (Dumaz et al., 1999).    

 How phosphorylation of p53 relates to its function has been demonstrated by a 

number of research groups (Figure 1). Fiscella et al. initially demonstrated the 

importance of the Ser
15

 phosphorylation event by showing that p53 variants with an 

alanine substitution at Ser
15

 caused a decrease in cell cycle arrest capability, as well as a 

decrease in the ability of p53 protein to accumulate (Fiscella et al., 1993). This was 

elaborated on by Shieh et al. who identified a number of key findings regarding p53 

phosphorylation. First and foremost, they discovered that Ser
15

 phosphorylation is not a 

steady-state condition of resting cells, but that it can occur following DNA damage by 

UV light, ionizing radiation (IR) or chemical induction (Shieh et al., 1997). Secondly, 

they demonstrated that Ser
15

 or Ser
37

 phosphorylation disrupt p53-MDM2 complex 

formation, and that this leads to an increase in the transactivation activity of p53 by 
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reducing the inhibitory effect the MDM2-p53 complex has on p53-dependent 

transactivation. At the same time, Mayo et al. showed that MDM2 is also phosphorylated 

by DNA-PK, and that phosphorylation at Ser
17

 in particular (which is near the p53-

binding site) was potentially even more critical to the disruption of the MDM2-p53 

complex than serine 15 or 37 phosphorylation of p53 (Mayo et al.,1997). Craig et al. also 

found that Ser
15

, as well as Thr
18

 and Ser
20

 phosphorylation reduces the binding of 

MDM2 to p53. Interestingly, Pise-Masison et al. found that phosphorylation at only 

Ser
15

, in the absence of Ser
37

 phosphorylation, lead to a decreased  interaction with TFIID 

(Pise-Masison et al., 1998). Conversely, phosphorylation of both residues disrupted 

MDM2 binding and increased the interaction between p53 and TFIID. Taken 

together, the results presented regarding the multiple phosphorylation sites in the p53 N-

terminal and MDM2 clearly demonstrate the importance of phosphorylation in the 

disruption of the p53-MDM2 complex and subsequent activation of p53.    

 Evidence emerged suggesting that phosphorylation of p53 not only disrupted 

MDM2 binding, but also directed subsequent post-translational modifications: acetylation 

of C-terminal lysines. Gu and Roeder demonstrated that the histone acetyltransferases 

(HATs) CBP/p300 and p300/CBP-associated factor (PCAF) directly lead to the 

acetylation of p53 in the CTD (Gu and Roeder, 1997). Lys
373

 and Lys
382

 were identified 

as being preferentially acetylated, while lysines 370, 372, and 381 underwent lower 

amounts of acetylation, and the positions of these residues appear to be evolutionarily 

conserved (Figure 1). Acetylation of the CTD was also shown to dramatically increase 

sequence-specific DNA binding of p53. These results were supported by Sakaguchi et al.,   
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who then identified another acetylated residue at Lys
320

 (Figure 1), which was 

preferentially acetylated by PCAF, and demonstrated the activating effect that p53    

acetylation events by p300 and PCAF in the CTD had on sequence-specific DNA binding 

(Sakaguchi et al., 1998). Commensurate with acetylation taking place at many of the 

same lysines required for ubiquitination and degradation, Ito et al. found that acetylated 

lysines in the C-terminal of p53 must be deacetylated by a complex of MDM2 and 

HDAC1 prior to degradation (Ito et al., 2002). This lead to a model of competition 

between acetylation by p300/CBP and ubiquitination by MDM2 and HDAC1.     

 CBP/p300 have also been shown to interact directly with the N-terminal of p53 

(Avantaggiati et al.,  1997; Gu et al., 1997; Lill et al., 1997; Scolnick et al., 1997). This 

interaction was abolished in the presence of mutated residues 22 and 23 of TAD1 (Gu et 

al.,  1997) or residues 53 and 54 (Scolnick et al., 1997), but it was identified that the 

interaction with wild-type p53 led to an increase in transactivation activity, and that the 

interaction with p300/CBP takes place at its C-terminal transactivation domain 

(Avantaggiati et al., 1997; Gu et al., 1997; Scolnick et al., 1997). Inhibiting the 

interaction of p300/CBP with p53 through dominant negative isoforms or competitive 

inhibition was also shown to suppress p53-dependent transactivation (Avantaggiati et al., 

1997; Lill et al., 1997; Scolnick et al., 1997). Lill et al. also presented evidence that p53-

DNA complexes were dependent on p300/CBP binding, and that this interaction is 

imperative for p53-dependent cell cycle arrest and transcription-dependent, early 

apoptosis (Avantaggiati et al., 1997; Lill et al., 1997).  

 In order for any of this to happen, however, Ser
15

 first needs to become 

phosphorylated, and this can be caused by DNA-PK as mentioned before, or by the gene 
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product mutated in ataxia telangiectasia (ATM)(Siliciano et al., 1997; Banin et al., 1998; 

Canman et al., 1998). DNA-PK can also phosphorylate Ser
15

 in response to DNA damage 

caused by UV light, IR or chemical induction, but Siliciano et al. demonstrated that 

patients with mutant ATM  generated very low levels of Ser
15

 phosphorylation 

specifically in response to IR (Siliciano et al., 1997). However, Canman et al. found that 

Ser
15

 phosphorylation only occurred in association with functional ATM (Canman et al., 

1998), potentially demonstrating some evidence of cell-specific or context-specific 

regulation. One potential reason for the differences in activation of DNA-PK and ATM is 

that ATM activity is regulated by the availability of manganese ions, and not the presence 

of sheared double-stranded DNA, as is the case with DNA-PK (Banin et al., 1998). 

Another role for ATM in response to DNA damage is the phosphorylation of MDM2 on 

Ser
395

, which has been shown to inhibit its ability to affect the degradation of p53 (Maya 

et al., 2001). 

 The link between phosphorylation and acetylation lies in Ser
15

. In response to p53 

phosphorylation by DNA-PK, binding of p300/CBP increases, and this is largely 

dependent on Ser
15

 phosphorylation, although Ser
37

 phosphorylation plays a very minor 

role as well (Lambert et al., 1998). Also, this increase in p300/CBP binding to p53 was 

correlated with increased acetylation, and as before the acetylation was dependent on 

Ser
15

 phosphorylation. These results were supported by Dumaz and Meek, who 

demonstrated that while Ser
15

 phosphorylation itself increases binding of p300/CBP, it 

does not directly affect MDM2 binding (Dumaz and Meek, 1999). 

 Once the p53-MDM2 interaction has been disrupted, p53 then has to carry out its 

functions, which previously had been broadly categorized as being involved in cell cycle 
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arrest, apoptosis, senescence, differentiation of stem cells, ageing, etc. In order for p53 to 

affect these changes, it needs to transactivate genes related to those functions (Figure 3). 

The most well-studied target of p53 transcriptional activation is the CDKN1A gene 

encoding the p21
Waf1/Cip1

 protein, which is the major mediator of p53-dependent G1 arrest 

(el-Deiry et al., 1993; Deng et al., 1995; Waldman et al., 1995). The p53-mediated 

apoptotic response is associated predominantly with the induction of pro-apoptotic Bcl-2 

family proteins such as Bax, Noxa, and PUMA (Figure 3)(McCurrah et al., 1997; Yin et 

al., 1997; Oda et al., 2000; Nakano and Vousden, 2001; Chipuk et al., 2005), but p53 can 

also interact directly with Bcl-2 family proteins in mitochondria to stimulate apoptosis 

(reviewed in Vaseva and Moll, 2009; Green and Kroemer, 2009). Of note, the response of 

these pro-apoptotic proteins to p53 activation may not be equal in their importance. For 

instance, disrupting Bax induction does not abolish p53-mediated apoptosis, but deletion 

of Noxa or PUMA substantially reduces apoptotic response to DNA damage (Oda et al., 

2000; Nakano and Vousden, 2001; Chipuk et al., 2005). 

 An extra layer of regulation comes with the discussion of Mdm4, or MdmX. 

Originally identified in mice as a protein with similar structure to MDM2, both the mouse 

(Shvarts et al., 1996) and human (Shvarts et al., 1997) MdmX proteins were 

demonstrated to have p53-binding capabilities leading to inhibition of transactivation in 

vivo (Figure 3). However, levels of MdmX did not respond to UV irradiation, unlike 

MDM2 (in response to p53 transactivation). MdmX and MDM2 were shown to form 

hetero-oligomers through their respective C-terminals, which lead to increased stability 

of MDM2 (Tanimura et al.,1999). Critically, loss of MdmX results in early embryonic 

lethality, much like loss of MDM2, and was identified as being a result of unregulated 
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p53 activity (reviewed in Marine and Jochemsen, 2005).  As mentioned previously, 

MdmX was found to inhibit p53 transactivation, and this appeared to be related to the 

binding of MdmX to the same TAD region as MDM2, inhibiting interaction with 

p300/CBP (Bӧttger et al., 1999; Sabbatini and McCormick, 2002). 

The interaction of MdmX with MDM2 also appears to be integral for effective 

polyubiquitination of p53, as although MdmX has no ubiquitin ligase function itself, the 

disruption of the complex results in increased p53 levels and reduced p53 

polyubiquitination (Kawai et al., 2007; Wang et al., 2011). MdmX has also been shown 

to be phosphorylated by ATM on multiple serine residues following DNA damage,  

leading to an increase in MdmX ubiquitination by MDM2 and its subsequent degradation 

(Pereg et al., 2005). 

 With the emergence of microRNAs (miRNAs) came investigation into the role of 

miRNAs in the regulation of the p53 response. Multiple articles in 2007 surfaced to 

report members of the miR-34 family (a, b, and c) as being the most prominently induced 

miRNAs in response to p53 activation (Figure 3)(reviewed in Hermeking, 2007). These 

miRNAs were found to affect cell cycle arrest, senescence, and apoptosis, and miR-34a 

was shown to be encoded by a separate transcript from miR-34b/c. Most of the groups 

also found that miR-34a-5p is most significantly induced following p53 induction, 

although ectopic induction of miR-34a or miR-34b/c can induce G1 arrest, senescence, or 

apoptosis, and inhibition of production of miR-34a-5p resulted in reduced rates of DNA 

damage-mediated apoptosis. Members of the miR-34 family have been shown to target 

transcripts for proteins such as Bcl-2 and Mdm4, both of which have been discussed 

previously (reviewed in Rokavec et al., 2014). Of particular interest, MDM2 is a target of 
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miR-143-3p/miR-145-5p, which are both generated from the same primary transcript, and 

activated by p53 (Figure 3)(Zhang et al., 2013). Overexpression of miR-143-3p/miR-

145-5p resulted in decreased MDM2 levels, and knockdown of miR-143-3p/miR-145-5p 

resulted in increased MDM2 levels, and consequently had the inverse result on p53 

levels. Similarly, adding the miR-143-3p/miR-145-5p recognition sites to reporter 

constructs lead to inhibition of the reporter construct when in the presence of miR-143-

3p/miR-145-5p, and this interaction was abolished upon mutation of the miR-143-

3p/miR-145-5p recognition sites. Considering miR-143-3p/miR-145-5p result in 

inhibition of MDM2, it logically follows that they would have anti-proliferative and pro-

apoptotic functions, and this is exactly what was found (Zhang et al., 2013). The response 

of miR-143-3p/miR-145-5p to p53 activation is not at the transcriptional level, though; 

instead, the rise in miR-143-3p/miR-145-5p levels is a result of posttranscriptional 

regulation. The p53 protein can stimulate the processing of miRNAs in response to DNA 

damage by interacting with part of the miRNA processing machinery, the Drosha 

complex (Suzuki et al., 2009). This interaction was shown to increase processing of 

primary miRNAs to precursor miRNAs, an integral step in the maturation process of 

miRNAs.    

 A simplified model for the overall response of p53 to DNA damage is that, at 

steady-state levels, p53 is bound tightly by MDM2, both at the N-terminal BOX-I region, 

as well as at the BOX-IV/BOX-V core MDM2 binding region. This causes the nuclear 

export of p53, inhibition of p53-dependent transactivation, and polyubiquitination of the 

p53 CTD. However, in response to DNA damage, ATM (or ATR) phosphorylates of 

MDM2 and MdmX, inhibiting degradation of p53 and causing the degradation of MdmX 
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by MDM2. ATM then causes the phosphorylation of Ser
15

, which then begins a cascade 

of phosphorylation and acetylation events. Primarily, Ser
15

 phosphorylation increases the 

binding affinity for p300/CBP, which competes for binding with MDM2. Other residues 

in the N-terminal of p53 become phosphorylated as a result of Ser
15

 phosphorylation as 

well, p300/CBP outcompetes MDM2 for p53 binding, and acetylates lysine residues in 

the p53 CTD, which increases the stability of the p53 protein and increases sequence-

specific DNA binding. Following this, p53 goes on to transactivate downstream effectors 

such as p21, Bax, Noxa, and PUMA, resulting in cell cycle arrest, senescence, or 

apoptosis. The activation of p53 also results in the transactivation of miRNAs, as well as 

the increase in miRNA processing through Drosha, following which the nascent miRNAs 

go on to inhibit other transcripts, including those transactivated by p53, providing another 

layer of feedback regulation.   

           

1.1.4 Nutlin and MDM2 

 Considering p53 is such an important tumor suppressor with wide-ranging 

functions, there is little wonder why researchers have dedicated considerable effort to 

identifying drugs which will stimulate its activity. The major target for drug development 

is the disruption of the p53-MDM2 interaction. To this end, groups synthesized antisense 

oligonucleotides and peptides homologous to p53 to inhibit MDM2 either at the transcript 

or the protein level, respectively (Chen et al., 1998; Wasylyk et al., 1999; Chène et al., 

2000; Tortora et al., 2000). These all effectively activated p53 functions such as 

transactivation of downstream effectors. Those peptides or molecules which disrupt the 
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MDM2-p53 interaction by occupying the same region on MDM2 as BOX-I of p53 are 

referred to as BOX-I mimetics.  

  Vassilev et al. screened chemicals for small-molecule inhibitors of the p53-

MDM2 interaction (Vassilev et al., 2004). Phe
19

, Trp
23

 and Leu
26

 of the p53 N-terminal 

were all previously discussed as being integral to the p53-MDM2 complex, and project 

into the hydrophobic cleft of MDM2 (Kussie et al., 1996). Vassilev et al. identified a 

group of compounds they termed Nutlins which disrupted the p53-MDM2 interaction at 

the hydrophobic cleft of MDM2 by mimicking the Phe
19

, Trp
23

 and Leu
26

 residues 

(Figure 3)(Vassilev et al., 2004). Treatment of cells with Nutlin-1 lead to increases in 

cellular p53, MDM2, and p21
Waf1/Cip1 

 in a p53- and MDM2-dependent manner, which 

was related to decreased degradation of p53, as well as G1 and G2 arrest. It is important to 

note that Nutlin treatment did not result in Ser
15

 or Thr
18

 phosphorylation (Vassilev et al., 

2004; Tovar et al., 2006; Kumamoto et al., 2008). Despite the fact that p53 is not 

phosphorylated on critical N-terminal serines, there is evidence that Nutlin-3a can lead to 

induction of p53 acetylation, presumably due to the lack of MDM2-directed 

ubiquitination of lysine residues on p53 that also serve as targets for acetylation (Haaland 

et al., 2014). In keeping with this, Nutlin-3a treatment also leads to histone H2B and 

Hsp27 acetylation, both potential targets for MDM2-mediated deacetylation and 

ubiquitination. Also, p53 acetylation-defective mutant cells (lacking p53 C-terminal 6 

lysines) are resistant to Nutlin-3a (Haaland et al., 2014). It would appear that acetylation, 

but not phosphorylation, is necessary for effective activation of p53 in the context of 

Nutlin treatment.    
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 An investigation into differentially expressed genes following Nutlin treatment 

revealed 2942 genes were affected: 1737 up-regulated, and 1205 down-regulated. 

Included in those up-regulated were BTG2, GDF15, p53, and BAX (Kumamoto et al., 

2008). Along with those genes found up-regulated following Nutlin-3a treatment, miR-

34a and miR-34b/c were found to be induced, and miR-34a was found to be induced prior 

to miR-34b/c. Interestingly, although treatment with Nutlin is capable of inducing cell 

cycle arrest, its ability to induce apoptosis varies between cell lines, ranging from 80% 

after 48h with 10µM Nutlin-3 in SJSA-1 cells to less than 10% in HCT116 or A549 cells 

even after 72h with 10µM Nutlin-3a (Tovar et al., 2006). Upon investigating potential 

causes for these differences, Tovar et al. discovered that 53 genes were differentially 

expressed between tested cells that respond to Nutlin with high levels of apoptosis 

(SJSA-1 and MHM) and those that respond with low levels of apoptosis (HCT116 and 

U2OS), 14 of which were noted as being related to apoptosis function, including PUMA, 

NOXA, and BAX. It was suggested that SJSA-1 and MHM cell lines overexpress MDM2 

while maintaining wild type p53. In partial contrast, HCT116 cells have wild-type p53 

with normal MDM2 expression, so they may have different downstream alterations in the 

p53 pathway that ultimately affect the outcome of Nutlin treatment (Tovar et al., 2006). 

Curiously, although resistance to Nutlin-mediated apoptosis is seen in some cell lines, it 

was demonstrated that Nutlin-3a not only binds MDM2, but is also capable of binding 

anti-apoptotic Bcl-2 family proteins, thereby directly contributing to the induction of 

apoptosis (Ha et al., 2011; Shin et al., 2012).  

 Nutlin-3a was also shown to cause cellular senescence, with 50% senescence after 

treatment with 10µM for 3 days, and 100% senescence with 10µM within 7 days 
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(Kumamoto et al., 2008). However, senescence in U2OS, which was previously shown to 

resist Nutlin-induced apoptosis, did not occur until 14 days after the beginning of 

treatment, which was attributed to the previously discussed possibility of defects 

downstream in p53 signalling.  

 Nutlin-3 is now being used in clinical trials, although in another form. Many 

human tumors present with amplification or overexpression of MDM2 (reviewed in 

Momand et al., 1998), and therefore disrupting the MDM2-p53 complex in these cases 

with Nutlin-3a may prove to be therapeutic. Vu et al. generated a new small-molecule 

antagonist of MDM2 named RG7112 by using the Nutlin structure as a basis (Vu et al., 

2013). RG7112 was found to be as effective as Nutlin-3a with only a quarter of the same 

dose, and was found (like Nutlin) to inhibit tumor growth. Since its synthesis and 

characterization, RG7112 has been used for clinical trial testing, and in one Phase I study 

was administered to 116 patients (Andreeff et al., 2016). All patients suffered some form 

of side-effect, while tumor suppression was seen in 30 patients with acute myeloid 

leukemia. Not surprisingly, p53 transactivation activity was only identified in those 

patients with wild type p53 in their leukemic cells.         

 

1.1.5 Consecutive p53 responses separated by a period of recovery 

 Much of the discussion about p53 in this paper surrounding its extensive 

regulation has mentioned either DNA or protein, and very little has been said about 

mRNA. One reason for this is that, as discussed, p53 mRNA levels change very little, 

while protein levels range widely due to post-translational regulation. Shortly after p53 

activation by reparable DNA damage, p53 itself is inhibited by increased MDM2 levels, 
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and p53 levels drop accordingly. Therefore, the synthesis of p53-regulated mRNAs may 

occur for a relatively short period of time followed by recovery, such that downstream 

effectors are only transiently expressed.  

 Melanson et al. investigated the induction and subsequent decay of the p53 

response by employing HT29-tsp53 cells (Melanson et al., 2011). These cells express a 

murine p53 variant which includes a valine-to-alanine substitution at residue 135, leading 

to a temperature-sensitivity for nuclear import (Michalovitz et al., 1990; Gannon and 

Lane, 1991). In these cells, incubation at 32
o
C (permissive temperature) leads to nuclear 

accumulation of p53 protein, target gene transactivation, and G1 arrest, whereas 

incubation at 38
o
C (restrictive temperature) prevents these effects. RNA was harvested 

from cells that were incubated for 16h at the permissive temperature with or without a 6h 

period of recovery (Melanson et al, 2011). These RNA samples were analyzed with 

oligonucleotide microarrays. Twenty nine known targets of p53 were induced and 21 of 

these transcripts had apparent half-lives of less than 2h (Melanson et al., 2011). 

Heterologous reporter constructs containing the 3'UTRs from representative mRNAs 

recapitulated the rapid turnover of p53-regulated mRNAs. Analysis of the 3'UTRs of 

p53-regulated mRNAs identified the presence of motifs associated with mRNA decay 

pathways in short-lived mRNAs that were absent in the more stable transcripts (Melanson 

et al., 2011). Therefore, most p53-induced mRNAs were short-lived.  

 It was unclear whether cells that had recently recovered from a p53 response were 

capable of eliciting a second response immediately. When HT29-tsp53 cells were 

incubated in the permissive temperature for 16h, moved to the restrictive temperature for 

6h, and then placed back in the permissive temperature to elicit a second p53 response, 
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the response of most p53-regulated mRNAs was similar between both p53 responses 

(Figure 4a)(Cabrita et al., unpublished data). However, the response of MDM2 and 

BTG2 was attenuated during the second p53 response when compared to the first (Figure 

4a). Cabrita et al. assessed the appearance of putative miRNA consensus sequences in 

p53-regulated mRNAs, and found the short-lived p53-regulated transcripts contained 

sequences recognized by p53-induced miRNAs such as miR-34a-5p and miR-143-

3p/miR-145-5p (Cabrita et al., unpublished data). MDM2 and BTG2, in particular, 

contained multiple putative p53-regulated miRNA consensus sequences. When analyzed 

using the same experimental conditions as above, the p53-regulated miRNAs were far 

more stable than the p53-regulated mRNAs during the 6h recovery period, and therefore 

their levels remained high during the second p53 response (Figure 4b). In absence of the 

second p53 response, the p53-regulated miRNAs had half-lives >24h. It is possible that 

the highly stable p53-regulated miRNAs are the cause of the attenuation seen in MDM2 

and BTG2 during the second p53 response. This attenuation can also be seen at the 

protein level. Using the same experimental procedure as above, MDM2 protein levels 

were seen to be attenuated during the second p53 response in comparison to the first 

(Figure 4c). 

  During the initial 16h induction, mRNA and miRNA levels rise in the HT29-

tsp53 cells. When returned to the restrictive temperature, mRNA levels plummet, 

whereas miRNA levels remain high. When cells were once again incubated at the 

permissive temperature, mRNAs are once again transcribed, and miRNA levels (which 

were already raised) continued to rise or remained elevated (Cabrita et al., unpublished 

data). Accordingly, it is presumed that the presence of large quantities of miRNAs  
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Figure 4: p53-regulated protein, mRNA, and miRNA expression in HT29-tsp53 cells. 

a) p53-regulated mRNA expression in HT29-tsp53 cells in response to two consecutive 

p53 responses as induced by incubation at 32
o
C for 16h, separated by a 6h recovery 

period at 38
o
C. MDM2 and BTG2 exhibit attenuated mRNA expression during the 

second p53 response compared to the first. b) p53-regulated miRNA expression in HT29-

tsp53 cells in response to two consecutive p53 responses as induced by incubation at 

32
o
C for 16h, separated by a 6h recovery period at 38

o
C. p53-regulated miRNAs were 

substantially induced during the first p53 response, remained stable during the recovery 

period, and remained elevated through the second response (solid symbols). Open 

symbols represent miRNA expression in HT29-tsp53 cells which were only subjected to 

the first p53 response. miRNA levels in these cells decreased only slightly during the 

following 24h. Individual points in (a) and (b) represent the mean (+/- the standard error 

of the mean (SEM)) of 3 independent experiments. c) Immunoblot assays of protein 

concentrations in HT29-tsp53 cells subjected to two p53 responses as described in (a). 

MDM2 protein levels are clearly attenuated during the second p53 response, while 

GDF15 protein exhibited similar increases in protein levels during both p53 responses. 

Data is presented here with permission and modified from Cabrita et al. (unpublished).    
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remaining from the initial induction phase feedback onto emerging mRNA targets during 

the second p53 response, and it has already been described that MDM2 is a target for 

miR-143/miR-145. 

 The p53 in HT29-tsp53 cells is not regulated through normal means, and therefore 

it became of interest to see if the same response can be found in cells harboring wild type 

p53. Therefore, one of the goals of this project was to identify the response of p53 to 

repeated and reversible activation in HCT116 cells without changes in temperature, as 

this constitutes a cellular stress that activates p53. In order to accomplish this, Nutlin-3a 

was to be used to disrupt p53-MDM2 interaction and thereby activate p53 transactivation. 

As was previously mentioned, although HCT116 cells harbor wild type p53, they do not 

respond to Nutlin with apoptosis, which allowed the analysis of their response to 

consecutive p53 responses without dramatic cell loss.     

 

1.2 Acute myeloid leukemia 

1.2.1 Overview 

 Leukemia is a category of cancer which typically affect the progenitor cells of 

blood. The type of leukemia diagnosed is based on which progenitor cell is affected. 

According to the National Cancer Institute (NIH) SEER website, all leukemias will likely 

represent 3.6% of all new cancer cases in 2016, and 4.1% of all cancer-related deaths 

(NIH SEER, http://seer.cancer.gov/statfacts/html/leuks.html). Acute myeloid leukemia 

(AML) is a subcategory of leukemia, and it is estimated that in 2016, 19950 people will 

be diagnosed with AML, and 10430 people will die from it (NIH SEER,  
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http://seer.cancer.gov/statfacts/html/amyl.html). With 4.1 new cases per year per 100000 

people, and 2.8 deaths as a result of AML per 100000 people per year, AML represents 

just 1.2% of all new cancer cases.   

 Acute myeloid leukemia is a subcategory of leukemia, and includes a wide variety 

of subgroups differentiated based on cellular morphology, cytochemistry, 

immunophenotype, genetics, and clinical features (reviewed in Vardiman et al., 2008; 

Dohner et al., 2010; Dombret and Gardin, 2016). According to the World Health 

Organization (WHO), "myeloid" refers to any cells commonly derived from the common 

myeloid progenitor (CMP): granulocytes (neutrophils, eosinophils, basophils), 

monocytes/macrophages, erythrocytes, megakaryocytes, and mast cells (reviewed in 

Vardiman et al., 2008). According to WHO, patients with greater than 20% neoplastic 

cells ("blast" cells) in peripheral blood or bone marrow samples are considered to have 

acute myeloid leukemia, although the diagnosis can be made with lower blast percentage 

in the event of identification of specific genetic contributions. These blast cells are 

identified based on morphology according to guidelines, as opposed to identification 

based on cell markers such as CD34 (discussed later), as not all patients develop blasts 

which express these markers. Multiparameter flow cytometry analyzing blood cells based 

on cell differentiation (CD) markers, however, can be useful for identifying blast lineage. 

 Considering the vast array of diseases that can be categorized under "acute 

myeloid leukemia" of some form, prognosis for patients is entirely dependent on their 

individual circumstances. Factors that play a role in prognosis fall into two categories: 

those that are related to the state of the patient, and those that relate to the state of the 

specific AML they have (reviewed in Dohner et al., 2010). One criteria that should be 
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defined here is what constitutes "complete remission" (CR). According to Dohner et al., 

complete remission of AML in patients is indicated by <5% blasts in the bone marrow, 

absence of extramedullary disease, absolute neutrophil count >1.0x10
9
/L, platelet count 

of >100x10
9
/L, and independence from red cell transfusions (reviewed in Dohner et al., 

2010). 

 Treatment of many leukemias, including AML, usually involves intense induction 

therapy using either anthracyclines or cytarabine. These function well in AML in 

particular, as these drugs generate DNA damage, and AML cases commonly retain wild-

type p53 (Hu et al., 1992; Nakano et al., 2000). In young patients, this approach has been 

shown to produce CR with rates of >80% (Dohner et al., 2010; Dombret and Gardin, 

2016). Following remission, younger patients are commonly placed on a regimen of high-

dose cytarabine (HiDAC). However, in the event that it is deemed relatively low-risk, 

patients can be considered for autologous stem cell transplantation. Allogenic 

transplantation, alternatively, is associated with the lowest rate of recurrence of AML, but 

is also far more dangerous, with a much higher morbidity and mortality risk. To 

determine if the potential benefits of transplantation outweigh the potential risks of death, 

many variables need to be considered, such as patient age, disease stage, donor type, and 

the time interval between the initial diagnosis and the transplantation event (Dohner et 

al., 2010; Dombret and Gardin, 2016). Because of this, allogenic transplantation is 

usually reserved for highly unfavorable AML prognoses and for second remission of 

other AML cases.    

 



49 
 

1.2.2 Hematopoiesis  

 One segment of the project being presented was the handling and analysis of 

blood samples retrieved from AML patients during the course of their treatment, and 

therefore it is necessary here to briefly discuss the cells of blood and how they are made.  

 Hematopoiesis is the process of proliferation and differentiation of hematopoietic 

stem cells (HSCs) to generate all the cells of blood. This differentiation process is divided 

up into multiple steps involving a gradual reduction of multipotency (see Figure 

5)(reviewed in Orkin and Zon, 2008; Widmaier et al., 2008; Rieger and Schroeder, 

2012). Blood can largely be classified into two or three categories: myeloid and lymphoid 

cells, or erythrocytes, leukocytes, and megakaryocytes/platelets. Erythrocytes are red 

blood cells, whose purpose is to carry oxygen to the cells and remove carbon dioxide. 

Leukocytes form a larger category of cells generally termed "white blood cells", and 

includes granulocytes (neutrophils, eosinophils, and basophils), monocytes (commonly 

associated with macrophages), and lymphocytes (T cells, B cells, natural killer (NK) 

cells) (reviewed in Widmaier et al., 2008; Rieger and Schroeder, 2012).  

 These cells, as mentioned, can also be classified as myeloid or lymphoid based on 

their differentiation process (Figure 5). Myeloid cells are those derived from what is 

termed a "common myeloid progenitor" (CMP) and include neutrophils, basophils, 

eosinophils, monocytes, megakaryocytes, and erythrocytes (although megakaryocytes 

and erythrocytes can develop through a megakaryocyte-erythrocyte progenitor (MEP), as 

well). Lymphoid cells include B cells, T cells, and NK cells (reviewed in Widmaier et al., 

2008; Rieger and Schroeder, 2012). Refer to Table 1 for general functions of these cells. 

In the context of AML, the neoplastic cells are those derived from the CMP. 
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Figure 5: Overview of hematopoietic lineages. 

Upon dividing, daughters of hematopoietic stem cells can either continue to proliferate to 

maintain the population of stem cells, or undergo differentiation. This differentiation 

results in a gradual loss of multipotency, eventually committing to one of multiple fates. 

LT-HSC: long-term renewing hematopoietic stem cell. MPP: multipotent progenitor. 

CMP: common myeloid progenitor. CLP: common lymphoid progenitor. MEP: 

megakaryocyte/erythrocyte progenitor. GMP: granulocyte/macrophage progenitor 

(modified from Orkin and Zon, 2008; Rieger and Schroeder, 2012). 
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Cell Function 

Erythrocytes Transportation of oxygen to cells and 

removal of carbon dioxide 

Neutrophils Phagocytosis of foreign substances and 

release of inflammatory agents 

Basophils Release of inflammatory agents 

Eosinophils Participate in hypersensitivity (allergic) 

reactions, and assist in the destruction of 

parasites 

Monocyte/Macrophage Phagocytosis of foreign substances, 

secretion of toxic substances, present 

antigens to T cells, and secretion of 

cytokines which mediate inflammation and 

maturation of T cells 

B cells Generate and secrete antibodies in 

response to activation by antigen 

recognition (as a plasma cell), present 

antigens to T cells 

T cells (CD4+) Secretion of cytokines to activate other 

cells which mediate immune response such 

as B cells, CD8+ T cells, and NK cells. 

T cells (CD8+) Binding of antigens on targeted cells and 

cause their destruction by releasing 

cytotoxins 

NK cells Kill virus-infected and cancerous cells, 

along with killing cells targeted by 

antibody-production from B cells 

Platelets Blood clotting 

Table 1: Major cell groups of blood and their major functions. 

 (modified from Widmaier et al., 2008).   
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1.2.4 p53 and AML  

 It was discussed previously that one of the goals of this project was to identify the 

response of p53 to repeated and reversible activation through the use of Nutlin-3a. As 

cancer therapies are generally administered in repeated fractions, the behaviour of p53 in 

response to repeated activators is important clinically. Our collaborator, Dr. Mitchell 

Sabloff, at the Ottawa Hospital is conducting clinical trials on phase IV (metastatic) AML 

patients treated with total body ionizing radiation (TBI) and subsequent allogenic stem 

cell transplant. This trial was conducted with ethics approval from the Ottawa Hospital, 

and our participation was further approved by the CUREB-B.   

 Four phase IV AML patients underwent TBI over the course of 4 days on 

average, with a total irradiation of 18Gy. Patients were irradiated once in the morning, 

and once in the afternoon, and between these treatments blood samples and buccal swabs 

were harvested. Blood samples and buccal swabs were received frozen, with the blood 

samples having been separated with Ficoll-Pacque®. The fraction of blood received 

contained the peripheral blood mononuclear cells (PBMCs), which includes T cells, B 

cells, NK cells, and monocytes.  

 The portion of this project associated with the patient samples had multiple goals. 

Firstly, considering that p53 generates major changes in cells following irradiation, it was 

hypothesized that the patient samples would provide an excellent model for the 

investigation of repeated p53 activation. The buccal swab samples presented a non-

invasive source of normal, non-diseased RNA. Therefore, the buccal swab samples were  
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expected to present an example of repetitive p53 activation in an actual human system, 

and this was to be compared to previous results from the HT29-tsp53 cells (data 

unpublished), as well as those from the HCT116 portion of this project. The blood  

samples were expected to be somewhat more complicated, as they would contain both 

normal blood and leukemic cells. The buccal swabs and blood samples were to be 

compared and compiled in order to provide a clearer picture of the body's response to 

daily doses of ionizing radiation.  

 One final aspect of the patient samples is the identification of markers for use in 

determining prognosis of treatment while treatment is ongoing. As only 4 patients are 

represented in this project, this aspect of the project does not present a large enough 

sample size to adequately determine the presence or absence of any such markers. It does, 

however, serve as a pilot project, as clinical trials are ongoing, and more patient samples 

will be analyzed in the future.  

 

1.3 Rationale and Hypotheses 

 The p53 protein and its associated targets clearly present integral components of a 

cell's ability to suppress tumorigenesis. Many therapeutic agents in use today to combat 

cancer activate p53 through DNA damage, such as the anthracyclines used in the 

treatment of leukemias, and radiation used in the transplant setting. These treatments are 

commonly given on a daily basis, leading to repetitive activation of the p53 network. 

Although much time and effort has been devoted to illuminating the mechanisms of p53 

activation and its consequences, little work has been done on the analysis of repeated p53 

activation.  
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 Based on previous work, we hypothesized that treatment of HCT116 cells with 

Nutlin-3a in a reversible and repeated manner would lead to up-regulation of a variety of 

target mRNAs and miRNAs, but that the miRNA response would modulate subsequent 

response(s) at the mRNA and protein level. We also proposed that these patterns would 

be apparent in the analysis of RNA samples from buccal swabs and blood samples taken 

from AML patients during TBI treatments. Finally, we hoped to find some trend in gene 

expression in the human samples which could be further investigated in the future to find 

RNA marker(s) to denote patient prognosis mid-treatment.   
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2. Methods: 

2.1 Cell culture: 

 HCT116 cell lines were cultured in McCoy's 5A Media (Hyclone, Logan, UT) 

with 11% serum in a 3:1 ratio of heat-inactivated newborn calf serum (Gibco, 

Mississauga, ON): fetal bovine serum (Gibco, Mississauga, ON), with 90units/mL 

penicillin (Hyclone, Ottawa, ON), and 90µg/mL streptomycin (Hyclone, Ottawa, ON).  

Cultures were maintained at a subconfluent level by routine subculturing at a 1:4 ratio. 

During subculturing, cells were washed using 1X phosphate buffered saline (PBS), and 

were detached from the dish using 0.25% trypsin (Hyclone, Ottawa, ON). Cells were 

maintained in a humidified incubator for 1 minute at 37
o
C, 100% humidity and 5% CO2.  

 Where needed, Nutlin-3a (Sigma-Aldritch, St.Louis, Mo) treatment media was 

made by adding 250µL-1000µL of 0.1µmol/mL Nutlin-3a to media to result in a final 

volume of 10mL, with final concentrations of drug being 2.5-10µmol/L. 

 

2.2 RNA extraction:  

 Treatment of cultured cells prior to RNA extraction required the removal of any 

media from the dishes, followed by two washes with 3mL of PBS. Following this, 

extraction continued in accordance with the mirVana miRNA isolation protocol outlined 

below.   

 RNA extraction of samples was conducted using the mirVana miRNA isolation 

kit (Invitrogen, Fisher Scientific Ltd., Ottawa, ON) as per the manufacturer's instructions. 

In brief, samples were treated with 300µL (buccal swabs) or 600µL of Lysis Buffer 

(blood samples and cultured cells), and then collected into 2mL conical tubes. Samples 
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were briefly vortexed, then treated with 1/10 volume of miRNA Homogenate Solution, 

vortexed again, and left on ice for 10 minutes. 1 volume of Acid Phenol: Chloroform was 

added in accordance with the quantity of Lysis Buffer added. Solutions were inverted, 

vortexed for 1 minute, then centrifuged at 10000rcf for 5 minutes. Upon completion, the 

aqueous phase was removed and transferred to a new 2mL conical tube. 1.25 volumes of 

ethanol were added according to the volume of aqueous phase removed, and the resultant 

solution was mixed thoroughly. 700µL of this solution were transferred to a filter 

separation column and centrifuged at 10000rcf for 15 seconds, whereupon the eluant was 

discarded. This was repeated until the total volume of sample was passed through the 

column. Columns were subsequently rinsed with 700µL of miRNA Wash Solution 1 and 

centrifuged at 10000rcf for 15 seconds, discarding the eluant. This was repeated twice 

with 500µL of miRNA Wash Solution 2/3. Columns were then centrifuged at 10000rcf 

for 1 minute to remove any remaining moisture on the filter. Filters were then transferred 

to a new 2mL collection tube, and 50-100µL of 90
o
C RNase-free water was added to the 

filter, which was centrifuged at 10000rcf for 30 seconds, resulting in the final RNA 

extract. 

 In the case of blood samples, 1mL of provided samples were transferred into new 

2mL conical tubes and centrifuged at 317xG for 5 minutes, supernatant was removed 

from the pellet, and 1mL PBS was added. The sample was briefly vortexed to wash the 

sample, and then centrifuged as before. Following the removal of the supernatant, 

extraction was carried out following the mirVana miRNA isolation kit protocol outlined 

above.  
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 Initial treatment of patient buccal swabs prior to RNA extraction required the 

transfer of swabs from the provided container into a new 2mL conical tube, whereupon 

300µL of Lysis Buffer was added. Samples were then vortexed for 1 minute, and left to 

sit for 5 minutes. Swabs were then removed with forceps, and extraction continued as per 

the mirVana miRNA isolation outlined above, continuing with the addition of miRNA 

Homogenate Solution. 

 

2.3 Reverse Transcription (RT): 

 Prior to reverse transcription, samples were quantified using a DeNovix DS-11 

Spectrophotometer (DeNovix, Wilmington, DE) and sample added to the following 

reverse transcription protocol were normalized to the lowest RNA concentration such that 

equal amounts of RNA were used for the RT reaction. Those samples which required less 

sample to achieve the base RNA content had the remainder replaced with RNase-free 

distilled water.  

 Reverse transcription for conversion of mRNA to cDNA was carried out using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Fisher Scientific 

Ltd., Ottawa, ON) according to the manufacturer's guidelines. In brief, 5.8µL of a master 

mix containing 2µL 10X reverse transcription buffer, 0.8µL 100mM dNTPs (with dTTP), 

2µL 10X reverse transcription random primers, and 1µL MultiScribe
TM

 reverse 

transcriptase (50U/µL) were added to each 200µL PCR tube. Following this, 4.2µL 

RNase-free water was added to each tube, and a total of 10µL of sample was added 

(normalized as above). Samples were subsequently vortexed briefly, and placed into a 

GeneAmp PCR System 9700 (Applied Biosystems, Fisher Scientific Ltd., Ottawa, ON) 
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where they were cycled at 25
o
C for 10minutes, then 37

o
C for 2 hours, and finally 85

o
C 

for 5 minutes. Resultant cDNA was stored at -20
o
C until needed. 

 Reverse transcription for conversion of miRNA to cDNA was conducted using 

the TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, Fisher 

Scientific Ltd., Ottawa, ON) according to the manufacturer’s guidelines. In brief, 2.84µL 

of master mix containing 0.15µL 100mM dNTPs, 1µL MultiScribe
TM

 reverse 

transcriptase (50U/µL), 1.5µL 10X reverse transcription buffer, and 0.19µL RNase 

Inhibitor (20U/µL) were added to each 200µL PCR tube. Following this, 4.16µL RNase-

free water was added to each tube, and a total of 5µL of sample was added (normalized 

as above). Samples were vortexed briefly, and placed into a GeneAmp PCR System 9700 

where they were cycled at 16
o
C for 30 minutes, 42

o
C for 30 minutes, and finally 85

o
C for 

5 minutes. Resultant cDNA was stored at -20
o
C until needed.  

 

2.4 Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR): 

 qRT-PCR was completed using a StepOnePlus Real-Time PCR System (Applied 

Biosystems, Fisher Scientific Ltd., Ottawa, ON) with the StepOne Software v2.3 

(Applied Biosystems, Fisher Scientific Ltd., Ottawa, ON).  

 qRT-PCR for cDNA generated from mRNA was conducted using TaqMan® 

Gene Expression Assays (Applied Biosystems, Fisher Scientific Ltd., Ottawa, ON) 

following the manufacturer’s guidelines. In brief, 10µL TaqMan® Universal Master Mix 

II, with UNG (Applied Biosystems, Fisher Scientific Ltd., Ottawa, ON), were added to 

each MicroAmp® Fast Reaction Tube (Applied Biosystems, Fisher Scientific Ltd., 

Ottawa, ON). Following this, 1µL of the TaqMan® Gene Expression Assays primer 
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being used was added to the tubes, followed by 9µL of the appropriate sample. Tubes 

were briefly vortexed prior to being placed in the StepOnePlus Real-Time PCR System, 

and were then cycled at 50
o
C for 2 minutes, at 95

o
C for 10 minutes, and then underwent 

40 cycles comprised of 95
o
C for 15 seconds followed by 60

o
C for 1 minute.  

 qRT-PCR for cDNA generated from miRNA was conducted using TaqMan® 

MicroRNA Assays (Applied Biosystems, Fisher Scientific Ltd., Ottawa, ON) following 

the manufacturer’s guidelines. In brief, 10µL TaqMan® Universal Master Mix II, with 

UNG, were added to each MicroAmp® Fast Reaction Tube. Following this, 7.67µL 

RNase-free water were added, along with 1µL of the TaqMan® MicroRNA Assays 

primer being used, and finally 1.33µL of the appropriate sample. Tubes were then briefly 

vortexed prior to being placed in the StepOnePlus Real-Time PCR System, where they 

underwent the same cycling conditions as previously described.  

 Any qRT-PCR conducted on samples harvested from patient buccal swabs 

underwent 50 cycles of the StepOnePlus Real-Time PCR System instead of 40 due to 

extremely low RNA concentrations.  

 

2.5 Immunoblot analysis: 

 Cell cultures first had their media removed, and were then rinsed twice with 3mL 

PBS. Cells were then treated with 600µL of RIPA buffer (Sigma-Aldritch, St.Louis, MO) 

and collected in a 1.5mL microcentrifuge tube. Cell lysates were stored at -20
o
C until 

needed, whereupon they were sonicated using an XL-2000 series sonicator at setting 7 for 

roughly 12 seconds (Qsonica, LLC., Newtown, CT). Cell lysates were then quantified by 

comparing absorbance readings of samples to those of a dilution series BSA standard 
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using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, Mississauga, ON) read 

with a Bio-Rad iMark
TM

 Microplate Reader at a wavelength of 595nm(Bio-Rad, 

Mississauga, ON). Equal amounts of protein were run through a NuPage 10% Bis-Tris 

precast polyacrylamide gel (Invitrogen, Carlsbad, CA) at 200V and subsequently 

transferred onto a nitrocellulose membrane (Bio-Rad, Mississauga, ON) for 1h at 30V. 

Membranes were blocked in 5% milk in TBST for 1h, washed four times with TBST for 

5min each, and treated with primary antibody for 1.5h. Primary antibodies were: Ab-6 

p53 (Calbiochem, Billerica, MA), Ab-1 p21 (Calbiochem, Billerica, MA), SMP14 

MDM2 (Santa Cruz Biotechnology, Dallas, TX), and actin (Sigma-Aldritch, St.Louis, 

MO). All primary antibodies were suspended in 0.5% milk in TBST. Membranes were 

then washed with TBST four times for 5min each, and treated with secondary antibody 

for 1h. Secondary antibody was goat anti-mouse conjugated to Horse Radish Peroxidase 

(Santa Cruz Biotechnology, Dallas, TX). Membranes were subsequently washed with 

TBST four times for 5min each. 1mL of Super Signal Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific, Ottawa, ON) was added to membranes, incubated for 5min, 

and then imaged.  
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3. Results: 

3.1 HCT116 cells 

3.1.1 Nutlin-3a activation of p53 transactivation in HCT116 cells is reversible 

 One of the primary goals of this project was to characterize the response of p53 

and downstream targets to consecutive Nutlin-3a induced p53 responses separated by a 

period of recovery. First it was necessary to ensure that the p53 activation by Nutlin-3a 

treatment led to an increase in p53 expression and activity and that these were reversible 

upon removal of the drug. To this end, HCT116 cells were treated with 2.5µM or 5µM 

Nutlin-3a in growth media (see Methods) for 6h. Cells were then subsequently rinsed 

with PBS and then incubated in fresh growth media for 24h. Protein samples were 

harvested, and western blots were run using antibodies against p53, MDM2, p21, and 

actin (Figure 6a). p53 protein levels were clearly induced following 6h of treatment with 

both 2.5µM and 5µM Nutlin-3a. p53 protein then decreased rapidly, reaching baseline 

levels within 1h under both treatment conditions. The p53-regulated MDM2 and p21 

proteins increased within the 6h of treatment as well. Both MDM2 and p21 protein levels 

remained high for 3h following the removal of Nutlin-3a, although they did decrease to 

baseline levels sometime between 3 and 24h following removal of the drug. These results 

indicate that the p53 induction following Nutlin-3a treatment is rapidly reversible in 

HCT116 cells while the recovery of downstream targets is delayed in comparison. 

 mRNA levels were determined under the same conditions as proteins above. 

Briefly, HCT116 cells were treated with different concentrations of Nutlin-3a for 6h. 

Cells were then rinsed with PBS, and total RNA was isolated, reverse transcribed and 

subjected to quantitative PCR analysis (qRT-PCR). TP53 mRNA levels remained  
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Figure 6: p53 induction in HCT116 cells by Nutlin-3a is reversible. 

a) Western blots of HCT116 cells treated with 2.5µM or 5µM Nutlin-3a for 6h, washed 

with PBS, and incubated in growth media for 24h. b-d) HCT116 cells were exposed to 

the indicated concentration of Nutlin-3a for 6h, were washed in PBS and were incubated 

in fresh media without drug for a further 6h. TP53, MDM2 and CDKN1A mRNA was 

assessed by qRT-PCR. Individual points (b-d) represents the mean (+/- standard error of 

the mean (SEM)) determined from 3 independent experiments. *** indicates that the 

value is significantly different from 1 (p<0.001) by single sample t test.  
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relatively constant throughout treatment (Figure 6b), as expected, because p53 activation 

is primarily achieved by post-translational modification. MDM2 and CDKN1A mRNAs 

increased in the presence of Nutlin-3a to a similar extent regardless of concentration 

(Figure 6c, d). After washout, the levels of MDM2 and CDKN1A mRNA decreased just 

as quickly (Figure 6c, d). The rapid decrease of these transcript levels supports previous 

work, suggesting that the p53 response is dominated by short-lived transcripts (Melanson 

et al., 2011). Taken together, Nutlin-3a activates p53 and induces p53-dependent mRNAs 

in HCT116 cells, and this is readily reversible.  

   

3.1.2 Consecutive p53 activations appear to be independent 

 The results above indicate that Nutlin-3a is reversible in HCT116 cells. Therefore, 

this model system allowed us to activate p53 again after recovery, as we have done using 

the temperature sensitive variant of p53 (Cabrita et al., unpublished). HCT116 cells were 

treated with 2.5µM, 5µM, or 10µM Nutlin-3a for 6h, rinsed with PBS, and incubated in 

fresh growth media for 18h. The cells were then treated with the same concentration of 

Nutlin-3a for another 6h. Total RNA was harvested at various times and analyzed by 

qRT-PCR. 

 Once again, TP53 mRNA levels stayed relatively constant throughout the 

experiment, regardless of the concentration of Nutlin-3a used (Figure 7a). The other p53-

regulated transcripts increased in the presence of Nutlin-3a similarly at all concentrations 

tested (Figure 7b-e). MDM2, CDKN1A, BTG2, and GDF15 transcript levels decreased 

rapidly following the removal of Nutlin-3a, such that their levels had decreased to 

baseline or below by 6h after the removal of Nutlin-3a. When Nutlin-3a was added the  
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Figure 7: mRNA expression of HCT116 cells treated twice with Nutlin-3a on consecutive 

days. 

Cells were treated for 6h with Nutlin-3a, washed with PBS and incubated in fresh growth 

media for 18h, then they were treated with Nutlin-3a for another 6h. Dotted lines at 6h 

and 24h represent removal and addition of Nutlin-3a, respectively. The expression of the 

indicated mRNA was normalized to GAPDH. Individual points represent the mean (+/- 

SEM) determined from 3 independent experiments. No significant difference is 

detectable between Nutlin-3a concentrations by Two-way ANOVA.   
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second time, MDM2, CDKN1A, BTG2, and GDF15 mRNAs increased again to a similar 

extent, regardless of Nutlin-3a concentration. Therefore, the p53 responses appeared to be 

similar in magnitude. This was unexpected, because we previously reported that the 

increases in p53-regulated mRNAs in response to p53 induction were selectively 

attenuated by a previous p53 response using a temperature sensitive variant of p53 that 

permitted similar reversible control of p53 activity. 

 MicroRNAs can inhibit gene expression at the translational and post-

transcriptional levels; therefore, it was important to assess protein expression as well. 

HCT116 cells were subjected to the same experimental procedure and cell lysates were 

collected for immunoblot analysis (Figure 8). Once again, p53 levels increased within the 

first 3h of Nutlin-3a treatment, and decreased rapidly falling to levels similar to baseline 

within the first 3h in absence of Nutlin-3a. p53 protein levels then rose within 3h during 

the second induction to levels comparable to the first response. Similarly, MDM2 and 

p21 levels increased in the presence of Nutlin-3a, and then decreased to baseline levels 

after the removal of Nutlin-3a. Both proteins were induced when exposed to Nutlin-3a 

again. These results are consistent with the results obtained from the mRNA expression 

analysis, and suggest that these two p53 responses separated by a period of recovery were 

similar. Therefore, the present analysis does not support specific parts of our previous 

work (Cabrita et al., unpublished data). 

 In this previous work, the attenuation of the second p53 response was attributed to 

a mechanism involving p53-induced miRNA-mediated feedback (Cabrita et al., 

unpublished data). Specifically miR-34a-5p, miR-143-3p, and miR-145-5p appeared to 

target the 3'UTRs of MDM2 and BTG2 preventing their increase in response to a   
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Figure 8: Immunoblot assay of protein in HCT116 cells treated with Nutlin-3a. 

HCT116 cells treated with 2.5µM Nutlin-3a for 6h, washed with PBS, incubated in 

growth media for 18h, then treated with Nutlin-3a for another 6h to activate p53 again. 

Whole cell lysates were collected for immunoblot analysis of the indicated proteins. 

Similar results were obtained in 4 similar experiments.  
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secondary p53 activation. Therefore, the expression of these   miRNAs was analyzed  

throughout the course of similar Nutlin-3a experiments (Figure 9). Surprisingly, miR-

34a-5p, miR-143-3p, and miR-145-5p were not strongly induced by Nutlin-3a treatment 

in HCT116 cells, failing to increase more than 2-fold above baseline. This is drastically 

lower than miRNA induction detected (10 to 50 fold) in the other model system (Cabrita 

et al.,unpublished data). The absence of a prominent p53-dependent miRNA induction in 

HCT116 cells exposed to Nutlin-3a likely explains the disparity between studies.   

 

3.2 AML patient samples 

3.2.1 The use of buccal swabs to identify normal tissue response to irradiation is 

hampered by low RNA yield and heterogeneity in the sampling population 

 In order to assess the effects of total body radiation therapy on the normal tissues 

of patients, buccal epithelial cells were harvested from patients daily. Patients were 

treated with 2.5Gy of ionizing radiation twice daily, once in the morning and once in the 

afternoon. Buccal epithelial cells were harvested roughly 4 hours after the start of their 

morning treatment for analysis of total RNA as described in the methods. Both mRNA 

and miRNA expression was assessed by qRT-PCR (Figures 10 and 11). It is important to 

note that not all samples amplified during qRT-PCR, and that limited sample and 

extremely low sample RNA concentration meant that only a limited number of mRNAs 

could be assessed.  

 MDM2 and CDKN1A mRNAs were used as indicators of p53 activity. MDM2 

(Figure 10a) and CDKN1A (Figure 10b) levels generally decreased throughout treatment 

for all patients, although MDM2 and CDKN1A levels recovered to baseline levels in  
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Figure 9: miRNA expression in HCT116 cells treated twice with Nutlin-3a. 

HCT116 cells treated for 6h with 2.5µM, 5µM, or 10µM Nutlin-3a (square, inverted 

triangle, and circle symbols, respectively) to stimulate p53 activation were washed with 

PBS and incubated in fresh growth media for 18h, then treated with the same 

concentration of Nutlin-3a for another 6h. Dotted lines at 6h and 24h represent removal 

and addition of Nutlin-3a, respectively. miRNA levels are normalized to miR-103. 

Individual points represent the mean (+/- SEM) determined from 3 independent 

experiments. No significant difference is detectable between Nutlin-3a concentrations by 

Two-way ANOVA.  
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Figure 10: mRNA expression of patient buccal epithelium samples during TBI treatment. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample (Day 0) harvested roughly a month prior to the beginning of 

treatment. The expression of the indicated mRNA was normalized to GAPDH. Individual 

points represent the mean (+/- SEM) of a minimum of 2 technical replicates.  
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Figure 11: miRNA expression of patient buccal epithelium samples during TBI treatment. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. miRNA levels are normalized 

to miR-103. Individual points represent the mean (+/- SEM) of a minimum of 2 technical 

replicates. 
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patient 01-015 samples by day 4.The decrease in p53-responsive gene expression was in 

complete contrast to what was expected, as ionizing radiation leads to p53 activation and 

buccal swabs were supposed to contain a normal population of cells with wild type p53. 

Similarly, the p53-inducible miRNAs assessed (miR-34a-5p, miR-143-3p, and miR-145-

5p) were not increased during the course of radiation treatment (Figure 11). miR-145-5p 

levels increased in patients 01-015 and 01-016, although this was only transient in patient 

01-015. Also, miR-143-3p and miR-145-5p levels in patient 01-017 decreased 

dramatically throughout treatment. Combining the mRNA and miRNA responses, there 

was no clear p53 response detected in the RNA population obtained from these patient 

samples.  

 The buccal mucosa contains multiple layers which can be categorized based on 

expression of integral cytoskeletal elements termed cytokeratins (reviewed in Squier and 

Kremer, 2001; Presland and Jurevic, 2002). The proliferative basal layer of the buccal 

mucosa maintains its population while also providing cells to the suprabasal layers, 

which undergo a process of terminal differentiation to populate the superficial layer. 

During this differentiation, the cytokeratins expressed in the cells change, and so the 

origin of a cell or the relative proportions of cells in a population can be identified based 

on cytokeratin expression patterns. KRT13 can be used as a marker for non-proliferative,  

suprabasal cells in the buccal mucosa, and KRT14 is expressed in the proliferative cells 

in the basal layer. 

 We reasoned that the p53 response could be absent in terminally differentiated 

cells, such as those in the superficial layers of the buccal mucosa which are most 

accessible to buccal swabs, and that the ratio of KRT14+ to KRT13+ cells may change  
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during the course of treatment. To test this with available samples, qRT-PCR analysis 

was performed using primers specific for cytokeratin 13(KRT13) and cytokeratin 

14(KRT14), as well as TP53 (Figure 12). KRT13 expression remained stable, or 

increased throughout treatment (Figure 12b). In contrast, KRT14 expression decreased in 

2 of the 3 informative patient samples (Figure 12c). Therefore, the proportions of these 

cytokeratins changed in the patient samples throughout treatment, likely indicating 

changes in the proportion of these cell types in individual samples.  

 It is hypothesized that the major function of p53 in the response to irradiation and 

DNA damage is to prevent the fixation of mutation. This would be necessary in 

proliferative cells, and less important in non-proliferative, differentiated cells, like those 

found in the suprabasal layers of the buccal mucosa. By extension, increases in p53-

regulated mRNAs in response to irradiation may be best represented by those cells which 

express KRT14 rather than those that express KRT13 in the buccal mucosa. TP53 mRNA 

levels and KRT14 mRNA correlate well in the single informative patient(Figure 12a, c), 

which is consistent with p53 predominantly being expressed in the proliferative, KRT14+ 

population. 

 If p53 expression likely plays a more important role in proliferative (KRT14+) 

cells than in non-proliferative (KRT13+) cells, then normalization to KRT14 would be 

anticipated to unmask increases in p53-regulated mRNAs during treatment. Interestingly, 

normalization to KRT14 unmasks slight increases in p53-regulated mRNAs and miRNAs 

in both patients 01-015 and 01-016 (Figure 13). The increases in mRNA levels of MDM2 

are quite small (Figure 13a), although CDKN1A levels increase more substantially 

throughout treatment relative to baseline (Figure 13b). Interestingly, the induction of p53- 
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Figure 12: TP53 and cytokeratin mRNA expression in patient buccal epithelial samples 

during TBI treatment.  

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. Expression of the indicated 

mRNA was normalized to GAPDH. Individual points represent the mean (+/- SEM) of a 

minimum of 2 technical replicates.  
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Figure 13: mRNA and miRNA expression of patient buccal epithelial samples 

normalized to KRT14 expression. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. Here the expression of the 

indicated mRNA was normalized to KRT14, and miRNAs are normalized to both miR-

103 and then expressed relative KRT14. Individual points represent the mean (+/- SEM) 

of a minimum of 2 technical replicates.  
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regulated miRNAs in patient 01-015 appears to be transient, and is slower to develop in 

patient 01-016 (Figure 13c-e). These results are consistent with a small p53 response 

generated from a subset of KRT14+ cells. However, levels of mRNA and miRNA in 

patient 01-017 continued to decrease throughout treatment compared to baseline, and a 

lack of amplification of KRT14 in the samples of patient 01-018 made it impossible to 

assess changes upon KRT14 normalization.  It is clear that, although activation of p53 

and induction of p53-regulated mRNAs is likely occurring in the buccal mucosa of these 

patients in response to TBI it is incredibly difficult to demonstrate reliably. This is likely 

because of radiation induced decreases in the KRT14+ population coupled with the 

higher accessibility of KRT13+ cells. This difficulty is compounded by incredibly low 

RNA yield from buccal swab RNA isolation which made it difficult to detect measurable 

amplification of qPCR products. 

 

3.2.2 AML patient blood sample cell heterogeneity obscures the p53 response, but can be 

alleviated by normalization to TP53.  

 As it was important to analyze the effects of TBI on diseased cells as well as 

normal tissues to form a full picture of the human body's response, blood samples were 

also harvested from phase IV AML patients. These samples were taken from the same 

patients who provided the buccal swabs, and were taken at roughly the same time, as 

described above. The blood samples were analyzed based on morphology to provide the 

information in Table 2. Blood samples were then separated with Ficoll-Pacque®, and the 

PBMCs were harvested and frozen prior to analysis. The PBMC fraction of blood 

contains predominantly lymphocytes, monocytes, and circulating blast cells, although the  
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Patient Day WBC Blasts %Blasts Lymphocytes %Lymphocytes 

01-015 Baseline 50 41.2 82.4 3.5 7.0 

 1 17.2 13.2 76.7 2.1 12.2 

 2 6.9 3.7 53.6 0.8 12.8 

 3 2.3 0.7 30.4 0.1 4.3 

 4 1 0.2 20.0 0.1 10.0 

       

01-016 Baseline 2.3 1.4 60.9 0.8 34.8 

 1 5.8 3.5 60.3 2.1 36.2 

 2 1.9 1 52.6 0.7 36.8 

 3 1.9 1 52.6 0.9 47.4 

 4 1.3 1.1 84.6 0.2 15.4 

       

01-017 Baseline 7.1 1.8 25.4 0.7 9.9 

 1 9.4 2.9 30.9 0.6 6.4 

 2 3.2 0.4 12.5 0.5 15.6 

 3 1.4 0.2 14.3 0.1 7.1 

 4 0.8 0.04 5.0 0.02 2.5 

       

01-018 Baseline  5.2 3.5 67.3 - - 

 1 33.3 - - - - 

 2 49.2 44.9 91.3 4.3 8.7 

 3 39.3 - - - - 

 4 30.0 26.7 89.0 3.0 10.0 

Table 2: Phase IV AML patient blood sample cell counts. 

Note that there are almost always more blast cells than lymphocytes. %Blasts and 

%lymphocytes indicate the percentage of overall white blood cells that belong to that 

category. WBC: white blood cells.  
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process of harvesting the PBMCs can lead to contamination with platelets. Total RNA 

was isolated from patient blood samples as described in the methods. Patient samples 

were analyzed by qRT-PCR for p53-regulated mRNA and miRNA expression, as with 

the buccal swab samples.  

 Analysis of patient blood prior to Ficoll separation based on cell morphology 

produced the blood cell counts seen in Table 2. Interestingly, there are almost always 

more blast cells in the patient blood samples than lymphocytes.  Also, based purely on 

the decline in the blast cell population throughout treatment, it appears that both patient 

01-015 and 01-017 responded favorably to treatment (Table 2). However, patient 01-015 

responded best clinically to TBI treatment out of the four patients tested in this project 

and was the only patient who was disease free at follow up. 

 Similarly to the buccal mucosa, blood is a heterogenous mixture of a variety of 

blood cell types, as discussed earlier. These blood cells can be differentiated based on 

cluster of differentiation (CD) markers, also referred to as cell differentiation markers 

(reviewed in Lai et al., 1998). These markers are expressed in specific cell types and are 

therefore highly useful in identifying cells, and were therefore used here to identify 

relative proportions of cells in the patient blood samples, similar to the use of 

cytokeratins when analyzing buccal swabs. CD3 is expressed in T cells, CD19 is 

expressed in B cells, and CD41 is expressed in platelets. CD34 is commonly used to 

identify stem cells in blood, and is most often found in bone marrow, but the AML 

patients who provided samples for this project were all tested and express CD34 in their 

blast cells. Therefore, CD34 mRNA was used to estimate changes in the proportion of 

blast cells in the patient blood samples.  
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 Expression of CD34 decreased 1000-fold by day 4 in patient 01-015 (Figure 14a), 

whereas CD34 levels increased transiently in patient 01-017 samples, and remained 

stable throughout treatment in patients 01-016 and 01-018. This outcome is consistent 

with patient 01-015 responding the best to treatment, although the transient increase in 

CD34 expression in patient 01-017 is at odds with the observed blast cell count in Table 

2. There was no significant change in CD34 expression in patients 01-016 or 01-018, 

consistent with their blast counts. Together, CD34 expression correlated well with blast 

counts and therapeutic response in 3 of 4 patients while CD34 levels did not correlate in 

patient 01-017. 

 CD3 (T-cell marker) levels decreased throughout treatment similarly in patients 

01-015 and 01-016, but remained very stable in patient 01-018 and was not amplified in 

patient 01-017 (Figure 14b). Similarly, CD19 (B-cell marker) expression decreased 

through treatment for all patients except 01-018 whose expression remained stable 

(Figure 14c). CD41 (platelet marker) expression differed for all patients throughout 

treatment (Figure 14d). CD41 expression increased in patient 01-018, but decreased in 

patient 01-015. Taken together, all cell types were among the most sensitive in patient 

01-015 while all cell types appeared to be radiation-resistant in patient 01-018.  

 TP53 levels were also analyzed to determine if p53 mRNA expression prediced 

responses in patients. Its expression was remarkably similar to CD34 expression, 

suggesting that p53 was expressed predominantly in these CD34+ cells (Figure 14a, e). 

This may reflect a similar predominance for the p53 response to exist primarily in 

proliferative cells, much like we found in the buccal mucosa. The changes in multiple CD 

marker expressions throughout treatment are consistent with the clinical outcomes of the  
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Figure 14: CD marker and TP53 mRNA expression of patient blood samples during TBI 

treatment.  

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. The expression of the 

indicated mRNA was normalized to GAPDH. Individual points represent the mean (+/- 

SEM) of a minimum of 2 technical replicates.  
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patients.  Although the levels of CD3 and CD19 expression decreased during treatment in 

multiple patients, CD34 expression decreased solely in the samples taken from patient 

01-015, who had the only complete remission(Figure 14a-c). 

 Expression of a variety of p53-regulated mRNAs was measured using the same 

patient RNA samples (Figure 15). Only CDKN1A increased consistently during 

treatment. This was apparent in all patient samples except 01-016 (Figure 15b). Changes 

in MDM2 and BTG2 varied more among patients (Figure 15a, c). Nonetheless, MDM2 

levels appeared to increase in the same patients with induced CDKN1A (Figure 15a). 

Also, patient 01-016 was unique in that there was no evidence of increased expression of 

any of these p53-regulated transcripts.  

 The blood samples of patient 01-017 typically presented very similar patterns of 

mRNA expression among most of the mRNAs assessed. This pattern consisted of 

substantially increased expression on day 1, which then decreased slightly by day 3, and 

increased again on day 4 (Figure 14a, c, e, Figure 15a-c). This, along with the similarity 

of expression patterns of TP53 and CD34 mRNAs, lead us to believe that changes in the 

proportion of specific cells could be affecting our data, similar to the buccal mucosa cells. 

Samples were subsequently normalized to TP53 expression. Upon normalization of 

mRNAs to TP53 levels, a far more robust increase in p53-regulated mRNAs was seen in 

all patients, with the exception of patient 01-016 (Figure 16). Patient 01-015 clearly 

showed the largest increase in p53-regulated mRNAs during treatment, which is 

consistent with their clinical outcome, having responded best to treatment of all four 

patients. 
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Figure 15: mRNA expression in patient blood samples during TBI treatment. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. The expression of the 

indicated mRNA was normalized to GAPDH. Individual points represent the mean (+/- 

SEM) of a minimum of 2 technical replicates. 
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Figure 16: mRNA expression in patient blood samples during TBI treatment normalized 

to TP53. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. The expression of the 

indicated mRNA was expressed relative to TP53 expression. Individual points represent 

the mean (+/- SEM) of a minimum of 2 technical replicates.  
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  p53-responsive miRNAs were also analyzed (Figure 17). miRNA levels did not 

change much throughout treatment, except in patient 01-015. All patients showed minor 

miR-34a-5p induction up until day 4, whereas miR-34a-5p levels in patients 01-015 and 

01-016 increase further (Figure 17a). miR-143-3p levels increased during treatment in 

patients 01-015 and 01-018, but decreased in patients 01-016 and 01-017 (Figure 17b), 

and miR-145-5p levels only increased in patient 01-015 during treatment (Figure 17c). 

When normalized to TP53, the expression of all three p53-regulated miRNAs increased 

in samples obtained from patient 01-015 (Figure 18). miRNA levels in patients 01-016 

and 01-018 were relatively stable during treatment when normalized to TP53, while 

miRNAs in patient 01-017 decreased transiently before returning to baseline levels. 

miRNA induction only appearing in samples from patient 01-015 when normalized to 

TP53 is consistent with the clinical outcome of the patients, where only patient 01-015 

responded favorably. Taken together, there is a clear p53 response in these clinical 

samples when the loss of p53 expressing cell populations is taken into account. Also, the 

p53 response correlates with favorable therapeutic outcomes and may distinguish 

between favorable outcomes better than direct cell counts (i.e. patients 01-015 and 01-

017).   
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Figure 17: miRNA expression in patient blood samples during TBI treatment.  

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. The expression of the 

indicated miRNA was normalized to miR-103. Individual points represent the mean (+/- 

SEM) of a minimum of 2 technical replicates.  
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Figure 18: miRNA expression in patient blood samples during TBI treatment normalized 

to TP53. 

Patient samples were harvested daily between 2.5Gy morning and afternoon treatments, 

with a baseline sample harvested as described in Figure 10. The expression of the 

indicated miRNA was normalized to miR-103 and expressed relative to TP53 expression. 

Individual points represent the mean (+/- SEM) of a minimum of 2 technical replicates.  
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4. Discussion: 

4.1 HCT116 cells 

4.1.1 The p53 response elicited by Nutlin-3a treatment is reversible in HCT116 cells. 

 It was previously shown in our lab that HT29-tsp53 cells, expressing a 

temperature sensitive variant of p53, could be used to modulate p53 activity in a 

reversible manner. Cells placed at the permissive temperature elicited a typical p53 

response. A rapid attenuation of p53 transcriptional activity was observed when cells 

were returned to the restrictive temperature and this was associated with the rapid decay 

of over 70% of the induced mRNAs (Melanson et al., 2011). Using the same 

experimental design, it was later reported that miRNAs induced by p53 remain 

remarkably stable compared to mRNAs (Cabrita et al., data unpublished). When cells 

were transferred to the restrictive temperature a second time, the p53 response was not 

identical (Cabrita et al., data unpublished). At least 2 mRNAs, MDM2 and BTG2, were 

not induced to the same extent while the p53-regulated miRNAs remained elevated. The 

3'UTR MDM2 and BTG2 mRNAs contained sequences corresponding to several p53-

regulated miRNA binding sites. These results led us to propose that the attenuation of 

MDM2 and BTG2 during the second p53 response was a result of the highly stable, 

elevated levels of miRNAs which had been transcribed during the first response. These 

miRNAs left a legacy of activation to essentially "prime" cells to respond differently to 

further stresses. One could speculate that this alteration in the p53 response could affect 

the outcome of p53 in chronic or fractionated settings. These findings spawned this 

project. 
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 We sought to test this model in a different cell system, independent of 

temperature change. It was necessary to determine if Nutlin-3a-dependent p53 activation 

was reversible upon removal of the drug. Nutlin-3a led to increased p53 protein and this 

was reversed within 1h following washout without affecting p53 mRNA levels (Figure 

6a,b). Nutlin-3a also led to increased expression of the p53-regulated proteins, MDM2 

and p21, and this was again reversible but with delayed kinetics despite the rapid loss of 

MDM2 and CDKN1A (encoding p21) mRNA expression. Although the speed at which 

these transcripts decreased was slower than what was seen by Melanson et al. in HT29-

tsp53 cells, all of the p53-responsive transcripts tested had decreased to  ≤25% of the 

induced level within 6 hours of the removal of Nutlin-3a (Melanson et al., 2011). These 

results indicate that the Nutlin-3a-mediated p53 response was reversible and this work 

confirms the findings of Melanson et al. that the p53 response decays rapidly following 

the loss of p53 activity.  

 It would make thematic sense for important p53-responsive mRNAs to be 

unstable, as the proteins encoded by these transcripts can generate major changes in the 

outcome of the cell, and therefore need to be tightly regulated to ensure the provoked p53 

response does not get out of control. As an example, CDKN1A/p21 activation is well 

known to induce a G1 cell cycle arrest (el-Deiry et al., 1993; Deng et al., 1995; Waldman 

et al., 1995; reviewed in Meek, 2015). MDM2 up-regulation is well known as an 

inhibitor of the overall p53 response, and is integral for cell survival (Jones et al., 1995; 

Montes de Oca Luna et al., 1995; reviewed in Meek, 2015). Evidently, proteins with such 

extreme impacts on the overall state of the cell need to be kept in check. Beyond the 

extensive protein feedback loops involved in maintaining appropriate activity of these 
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proteins and p53 itself, as well as their associated mRNAs, Melanson et al., and now we, 

have suggested that further regulation of the p53 response comes in the form of highly 

unstable p53-responsive mRNAs (Melanson et al., 2011).  

4.1.2 HCT116 cells do not respond to consecutive p53 responses with attenuation of p53-

responsive mRNAs. 

 In previous results from our laboratory using a temperature sensitive variant of 

p53 to study consecutive p53 responses separated by a recovery period, we found that 

there was the selective attenuation of BTG2 and MDM2 induction during the second p53 

response (Cabrita et al., unpublished data). This was attributed to miRNA-mediated 

feedback involving miR-34a-5p, miR-143-3p and miR-145-5p (Cabrita et al., 

unpublished data). In conceptually similar experiments using Nutlin-3a treatment to 

induce two p53 responses separated by a period of recovery, p53-responsive transcripts 

increased similarly with each challenge. The similarity in consecutive p53 responses was 

also observed at the protein level, p53, Mdm2, and p21 protein levels increased similarly 

in both the first and second p53 responses (Figure 8).  

 In addition, p53-responsive miRNA levels changed very little during Nutlin-3a 

treatments in HCT116 cells. The similarity of the consecutive p53 responses and the 

absence of a pronounced p53-miRNA response is in contrast to what was seen previously 

in our lab in HT29-tsp53 cells, where p53-responsive miRNAs increased substantially in 

response to incubation at the permissive temperature (Cabrita et al., 2016; Cabrita et al., 

unpublished data). If the attenuation of mRNAs seen previously was a result of p53-

responsive miRNA feedback, then the lack of miRNA induction found here in HCT116 

cells would explain the absence of any statistically significant attenuation in the p53-
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responsive mRNA levels. The lack of miRNA induction found here may also contribute 

to the discrepancy in the stability of p53-regulated mRNAs detected by Melanson et al. 

and ourselves. miRNA expression affects mRNA stability so it is possible that the 

instability of p53-induced mRNAs in our previous work is at least in part dependent on 

miRNA expression. Thus the lack of p53-regulated miRNA induction found in HCT116 

cells in response to Nutlin-3a treatment could result in an increase in stability of the 

target mRNAs in this model system.    

 It is possible that, if we had achieved comparable induction of p53-responsive 

miRNAs then we may have detected similar attenuation of p53-dependent MDM2 and 

BTG2 expression. However, in order to achieve similar increases in these miRNAs using 

Nutlin-3a, the cells would have to be treated with Nutlin for upwards of 24h (Kumamoto 

et al., 2008). This would pose a challenge to perform meaningful experiments because 

sustained p53 and miR-34a-5p expression would likely lead to irreversible changes in 

these cells, including senescence (Kumamoto et al., 2008), as this p53 response would no 

longer be reversible. Therefore, we were unable to fully test the miRNA feedback model.   

 It was particularly interesting that there appeared to be little difference in mRNA 

or miRNA responses to different concentrations of Nutlin-3a. This would suggest that the 

cells are saturated even at the lowest Nutlin-3a concentrations used here. However, other 

evidence suggests that varying concentrations of Nutlin-3a in HCT116 cells can alter 

Mdm2 and p21 protein levels and CDKN1A mRNA induction (Vassilev et al., 2004; 

Carvajal et al., 2005). Vassilev et al. provided immunoblot evidence of dose-dependent 

increases in protein levels of MDM2 and p21 in response to 8h Nutlin-3a treatment in 

HCT116 cells, with concentrations of Nutlin-3a between 0-8µM (Vassilev et al., 2004). 
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They also demonstrated similar results for p21 mRNA using qRT-PCR, with Nutlin-3a 

concentrations between 0-18µM. Carvajal et al. also provided qRT-PCR evidence of 

dose-dependent increases in p21 mRNA after 24h of Nutlin-3a treatment using 

concentrations between 0-10µM. These other results involved longer treatment periods, 

but the source of this difference remains unclear.  

  

4.2 AML patient samples 

4.2.1 Changes in cell population during treatment occlude the p53 response in buccal 

epithelium cells. 

 Acute myeloid leukemia (AML) is a subcategory of blood-related cancers (i.e. 

leukemias) which is characterized by neoplastic progenitor cells (blast cells) descended 

from the myeloid lineage of hematopoiesis (reviewed in Vardiman et al., 2008; Dohner et 

al., 2010; Dombret and Gardin, 2016). AML patients are commonly treated with 

chemotherapeutics such as anthracyclines which cause DNA damage, and this is often 

effective in AML patients because of the low incidence of p53 mutation seen in AML 

cases (Hu et al., 1992; Nakano et al., 2000). However, when necessary, patients can 

undergo allogenic stem cell transplants in an effort to replace their diseased blood cells 

with healthy cells generated from the healthy stem cells. The patients included in this 

study were phase IV AML patients who underwent total body irradiation (TBI) with 

ionizing radiation prior to receiving an allogenic stem cell transplant. The TBI treatment 

was intended to ablate the blast cells in the blood of the patients to give them the best 

chance at repopulating their blood with donor cells. The radiotherapy was conducted over 

multiple days, with treatments of 2.5Gy in the morning and afternoon, to a total of 18Gy. 
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Relatively little research has been conducted on the effects of total body irradiation in 

humans (Wang et al., 2015). Samples from these patients provided an excellent resource 

to investigate the effects of irradiation on both normal and diseased tissues of the human 

body. To this end, buccal epithelial cells and blood samples were analyzed for expression 

of p53 and p53-regulated mRNAs and miRNAs in response to ionizing radiation-induced 

DNA double-strand breaks.  

 It was assumed that the epithelial cells contained in the buccal swabs obtained 

from patients would display a typical p53 response because the buccal epithelium in these 

patients represents normal, non-diseased tissue. However, analysis of p53-responsive 

mRNAs and miRNAs in the patient buccal swabs did not increase as anticipated. It was 

proposed that the buccal swabs could be sampling cells from multiple cell layers, each of 

which would express different levels of p53 and/or could be differentially susceptible to 

p53 activation in response to DNA double strand breaks induced by ionizing radiation.  

 The buccal mucosa is a form of stratified squamous epithelium referred to as non-

keratinized epithelium (reviewed in Squier and Kremer, 2001; Presland and Jurevic, 

2002). The buccal mucosa itself is comprised of the basement membrane, the basal layer, 

and the suprabasal layers (Figure 19). The basal layer is attached to the basement 

membrane, and is comprised of a layer of cuboidal or columnar keratinocytes which are 

mitotically active (reviewed in Squier and Kremer, 2001; Presland and Jurevic, 2002). 

This proliferative layer is necessary to replenish cells that are removed from the most 

superficial layer of the epithelium, although proliferation can be stimulated in more 

superficial layers in response to injury and disease by inflammatory cytokines or growth 

factors. Following mitosis of progenitor cells, daughters can either continue to proliferate  
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Figure 19: Simple depiction of the buccal mucosa. 

The buccal mucosa is an example of a non-keratinized epithelium. The basement 

membrane is formed of a fibrous connective tissue, to which the basal layer is attached. 

Cells in the basal layer are proliferative, and daughter cells either maintain the basal layer 

population, or proceed through differentiation in the suprabasal layers. Differentiation 

involves a gradual enlargement and flattening of cells (not as pronounced as in 

keratinized epithelium), and alterations in the expression of proteins such as cytokeratins. 

Fatty granules referred to as cored granules eventually aggregate to the apical aspect of 

the superficial layer, forming an intercellular permeability barrier. Cytokeratins 5 and 14 

are expressed in the basal layer, whereas those that are undergoing differentiation express 

cytokeratins 4 and 13. Modified from Squier and Kremer, 2001; Presland and Jurevic, 

2002. 
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in the basal layer, or begin maturing by entering the suprabasal region. During this time, 

the differentiating cells alter their pattern of cytokeratin production. The population from 

which keratinocytes are collected can be identified by the particular expression patterns 

of cytokeratins (reviewed in Squier and Kremer, 2001; Presland and Jurevic, 2002). Cells 

in the proliferative basal layer express cytokeratins 5 and 14, whereas maturing cells in 

non-keratinized epithelium express keratins 4 and 13. 

 KRT13 and KRT14 mRNA were analyzed in the patient buccal swabs to identify 

the relative proportions of cells that were being harvested, and p53 mRNA levels were 

assessed to determine the effect of population changes on overall p53 levels. Not 

surprisingly, KRT13 and KRT14 expression in the patient buccal swabs displayed a 

roughly inverse relationship. What was surprising was that the p53 expression in patient 

01-015 buccal swabs closely follows the expression of KRT14 (Figure 12a, c). There is 

evidence that KRT14 expression is important for proliferation of cells in the buccal 

mucosa, and the p53 response may be activated more readily in proliferating cells. It is 

also intriguing that KRT14 expression initially decreased in patient 01-015 and 01-016, 

but then subsequently increased (Figure 12c). The initial decrease in the proportion of 

KRT14+ cells can be attributed to the death of the proliferative cell population in 

response to the ionizing radiation and the associated p53-dependent apoptotic response. 

This would lead to a relative increase in KRT13+ cells due to changes in the relative 

proportion of cells in the buccal epithelium. However, the eventual increase in KRT14 

expression by day 3 and 4 of treatment may be a result of KRT14 expression emerging in 

the suprabasal layers of the buccal mucosa in response to trauma or mucositis, which is a  
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common result of head and neck irradiation  (Bonan et al., 2006; Nobusawa et al., 2014). 

This spread of KRT14 expression and associated proliferative status would likely explain 

the eventual increase in p53 expression, as well (Figure 12a). Alternatively, changes in 

the sampled population could simply be a result of differences in the harvesting 

methodology, i.e. differences in how hard the nurses swabbed the patients, particularly 

when the buccal epithelium becomes inflamed and sensitive.  

 We hypothesized that the KRT14+ cells would be most sensitive to irradiation 

and most likely to respond to radiation by eliciting a p53 response. When the p53-

responsive mRNAs and miRNAs were normalized to KRT14 levels in the patient buccal 

swabs to adjust for changes in these cell populations, a small p53 response in patients 01-

015 and 01-016 was apparent. Surprisingly, patient 01-017 continued to show a complete 

absence of p53 activation. It is possible that this result reflects prior activation of the p53 

response by therapies received prior to the transplant conditioning protocol, as patients 

have received a variety of therapies prior to their inclusion in the  

study. Alternatively, the swabs contained primarily KRT13+ cells and this dominated the 

qRT-PCR signal.  

 Based on our preliminary analysis, it is clear that buccal swabs are unlikely to 

present a clear view of the response of normal human tissue to total body ionizing 

radiation. The differences in response of a heterogenous cell population, coupled with the 

extremely low sample size and resultant RNA yield, simply were not conducive to 

extracting statistically sound information.  
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4.2.2 Cell differentiation marker expression presents a higher resolution image of 

treatment progression than morphological analysis 

 It is generally accepted by those in the field of hematology and immunology that 

cell differentiation markers can be used to identify cell types in the blood (reviewed in 

Lai et al., 1998). However, primary analysis of abnormal blood samples often still 

consists of morphological identification, as it is an extremely low-cost method, and more 

reliably identifies abnormal blood cells than automated counting. If a person were to look 

only at the blood counts presented in Table 2, which are based on cell morphology, it 

would appear that both patients 01-015 and 01-017 responded favorably to treatment, as 

they both display significant declines in the blast population (Table 2). However, the 

actual clinical outcome of the patients does not agree with this assessment, as it was 

identified after treatment that only patient 01-015 responded favorably. In contrast, the 

clinical outcomes of the patients do match the CD marker expression patterns seen in 

Figure 14, where only patient 01-015 saw a substantial decrease in CD34 expression.  

 It is interesting that the radiation-induced changes in the expression of TP53 in 

the patient blood samples are similar to those of CD34 expression. Analysis of CD 

markers show decreased expression of CD3 and CD19 in patients, with the exception of 

patient 01-018. This would indicate decreases in the proportions of CD3+ and CD19+ 

cells in the blood samples. There was no compensatory increase in any of the CD markers 

examined, so it is unclear which cell population gives rise to the bulk of the remaining 

mRNA in these CD34- CD3- and CD19-depleted samples. It is possible that monocytes, 

which are also purified in the PBMC fraction of Ficoll, contribute mRNA in these 

depleted samples, but that remains to be tested. Nonetheless, the similarity of the TP53 
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expression to CD34 would suggest that whatever cell type is increasing in proportion in 

these samples does not provide substantial p53 activity beyond what is being contributed 

by the CD34+, CD3+, CD19+, and CD41+ cells.  

 

4.2.3 The p53 response in human blood samples in response to radiotherapy  can be 

revealed by normalization to p53 mRNA 

 Initial analysis of the p53-responsive mRNAs demonstrated p53 responses in all 

patients except for patient 01-016. However, as we had already determined that p53 

levels varied during treatment in response to changes in the cell population, we 

normalized the p53-regulated mRNAs to p53 mRNA expression in hopes of extracting 

the 'real' p53 response in these samples. This revealed a far more robust induction of p53-

regulated mRNA in patient 01-015, which is consistent with their clinical outcome 

(Figure 16). However, normalization to p53 levels did not increase the apparent response 

in patients 01-017 or 01-018 and decreased the response in patient 01-016.  

 Similarly, p53-responsive miRNAs showed a relatively small p53 response to 

radiotherapy, with the exception of patient 01-015. However, normalization to p53 

mRNA levels magnified this difference, increasing the apparent size of the p53 response 

in patient 01-015, and diminishing the response in all other patients. As p53 

normalization distinguished patient 01-015 as the only patient to display an induction of 

p53-responsive miRNAs, and patient 01-015 displayed the only favorable clinical 

outcome, p53 mRNA levels coupled with analysis of p53-responsive mRNAs and 

miRNAs may be useful markers of therapeutic efficacy.  
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Patient Outcome Clinical Response p53 Response 

Cell 

Count 

CD 

Marker 

Buccal Swabs Blood Samples 

mRNA miRNA mRNA miRNA 

01-015  + + + +/- +/- + + 

01-016  - - - +/- +/- - - 

01-017  - + - - - + - 

01-018  - - - N/A N/A + - 

Table 3: Compiled patient sample outcomes.  

A table comparing the results from all analyses of the patient samples to the final 

outcome of each patient. Outcome refers to the final outcome of the patient: although 

patients 01-015 and 01-017 both responded favorably to treatment, patient 01-017 

relapsed, and so only patient 01-015 had a positive final outcome. Clinical response 

refers to the predicted patient outcome by morphological analysis (cell count) and CD 

marker analysis. Results for the buccal swabs are regarding the KRT14-normalized data, 

and results for the blood samples are in reference to the TP53-normalized data. + and - 

denote positive and negative results, respectively. +/- denotes a minor, non-statistically 

significant result. N/A denotes results which were unavailable.    
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Conclusions 

 The response of cells to consecutive p53 responses was assessed in cultured cells 

as well as biological samples from patients receiving total body irradiation as part of the 

conditioning regiment in preparation for bone marrow transplantation. In the in vitro 

portion of the presented work, we confirmed that the p53 response is rapidly reversed due 

to rapid mRNA decay. However, we did not detect any apparent miRNA-mediated 

attenuation of p53-regulated mRNAs in response to consecutive p53 responses induced 

by treatment with Nutlin-3a in HCT116 cells. The lack of p53-induced miRNA induction 

likely explains this discrepancy from our previous work. In patient samples, the p53 

response could not be reliably identified in patient buccal epithelium cells, likely because 

of heterogeneity in the sampled cell population and extremely low sample size and 

resultant RNA yield. A p53 response could be identified in blood samples harvested from 

patient 01-015, as defined by substantial increases in both p53-regulated mRNAs and 

miRNAs. The discovery that p53-regulated miRNAs only increased during treatment in 

patient 01-015, who responded most favorably to treatment, warrants further 

investigation to determine if p53 mRNA expression coupled with p53-regulated mRNA 

and miRNA induction may be a potential marker for treatment progression.     
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