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Abstract 

 

Mutations in the tumour suppressor gene, TP53 occur in more than 50% of human 

cancers. Mutant p53 proteins not only lose their tumour suppressive capacities, but 

also gain oncogenic functions, broadly referred to as gain of function (GOF). Cancer 

cells frequently accumulate mutant p53 and may become addicted to this protein for 

their survival. During development, mutant p53, like its wild-type counterpart, is 

inherently labile, however in cancer cells mutant p53 frequently accumulates. In part, 

this is due to the interrupted auto-regulatory loop with MDM2. However, MDM2 alone 

cannot explain the stability of mutant p53 in many cancer contexts. We therefore 

argued that additional factors are responsible for its stability in cancer cells. In order 

to identify the major players in the regulation of mutant p53, we performed a high-

throughput RNAi screen through which we evaluated 18,120 genes for their effects 

on mutant p53 levels in two different mutant p53 expressing cell lines. Based on 

network analyses, pathway analyses and extensive literature mining, we selected 37 

candidate genes to be validated through p53 immunoblotting. From the validated 

genes, we chose to investigate an E3 ligase adaptor protein, NDFIP1.  

 

NEDD4 family interacting protein-1 can influence the ubiquitination of several 

substrates of NEDD4 E3 ligases and thereby alter their stability and localization. Our 

original findings identified that NDFIP1 may interact with mutant p53 and is capable 

of regulating its protein expression but not its mRNA expression. We observed 

reduced mutant p53 ubiquitination in NDFIP1 knockout mouse embryonic fibroblasts, 

indicating a facilitating role for NDFIP1 in mutant p53 ubiquitination. Importantly, 

NDFIP1-mediated ubiquitination did not result in increased destruction of mutant p53 

in the proteasome. In contrast, upon NDFIP1 overexpression, we observed 

increased secretion of mutant p53 in exosomes. We found physical, spatial and 

biochemical interactions between NDFIP1 and mutant p53. For the first time, we 

demonstrated that mutant p53 could be transferred inter-cellularly by exosomes. We 

investigated the impact of the intake of mutant p53 by recipient cells. This analyses 

revealed that recipient cells exhibited higher invasive capacity and an upregulation of 

mutant p53 target genes; indicating conferral of mutant p53 GOFs from donor to 

recipient cells. 
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Our results highlight a previously unknown mode of mutant p53 regulation in cancer 

cells. Future studies will explore in greater depth the functional consequences of 

NDFIP1-mutant p53 interaction for the dissemination of oncogenic activities of 

mutant p53. Excitingly, these studies expose new vulnerabilities for therapeutic 

intervention and these opportunities for targeting aggressive cancers with mutant 

p53 will also be the focus of ongoing research. 
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Chapter 1 

Literature review 

 

1.1 Cancer 

 

Cancer is a disease characterized by dysregulated cell growth associated with cell 

‘immortalization’. In healthy cells, multiple checkpoints are in place to prevent 

uncontrolled division. Disruption of these normal systems is a serious risk for cancer 

development. Perturbations of such regulatory systems commonly arise from DNA 

mutations or viral infection, which may debilitate tumour suppressors and activate 

oncogenes. Mutations in DNA can be caused by environmental factors (such as 

carcinogens and irradiation), heredity or by random errors. Cancers have different 

characteristics (such as cell of origin, location, tumour size, lymph node involvement, 

metastasis) and these have been exploited for their classification [1]. With the 

advancement in sequencing technologies, molecular characteristics are now being 

used for classification of cancer patients based on even subtle variations, which are 

now being identified and exploited in the clinic, in the growing field of Precision 

Medicine [2]. 

 

1.1.1 Breast cancer - subtypes 

 

Breast cancer is the most common cause of cancer among women in many 

countries. While the risk factors for familial breast cancer can be attributed to 

mutations in BRCA1/2 or TP53 (Li-Fraumeni syndrome), other risk factors such as 

reproductive factors, alcohol use, obesity and physical inactivity have been identified 

as a cause of overall breast cancer burden (World Health Organization 

https://www.who.int/cancer/prevention/diagnosis-screening/breast-cancer/en/). In 

addition to tumour size, grade and nodal involvement, the presence of markers such 

as Estrogen receptor (ER), Progesterone receptor (PR) and Human Epidermal 

Growth Factor Receptor 2 (HER2) have been used to classify the different types of 
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breast cancer.  Based on the expression of markers, breast cancer is subdivided into 

5 types – luminal A, luminal B, HER2 overexpressing, basal and normal-like (Table 

1.1). The incidence and outcomes of each of the subtypes vary, as do their response 

to therapy. Tumours of the basal subtype are most likely to have p53 mutations and 

are very aggressive [3] [4].  

 

Subtype IHC status Mutation prevalence – p53 

Luminal A ER+ PR+ HER2- KI67- 13% 

Luminal B 
ER+ PR+ HER2- KI67+ 

ER+ PR+ HER2+ KI67- 
40% 

HER2 overexpressing ER- PR- HER2+ 71% 

Basal ER- PR- HER2- 82% 

Normal-like ER+ PR+ HER2- KI67- 33% 

 

Table 1.1: Table showing molecular subtypes of breast cancer. 

The molecular subtypes of breast cancer and the presence of Estrogen receptor (ER), 
Progesterone receptor (PR) and Human Epidermal growth factor receptor 2 (HER2) in each 
of the subtypes and the proliferation marker Ki67. This table was made based on the data 
from [3, 5]. 
 

1.1.2 Current therapies for breast cancer 

 
Breast cancer survival rates are very highly dependent on early detection and 

intervention, and as with other cancers, it is not the primary tumour but the 

metastasis that causes death [6]. Chemotherapy is the first line treatment adopted 

for most breast cancers, however the specific drug of choice depends on the 

molecular subtype. The first monoclonal antibody against cancers, Trastuzumab 

(against HER2) specifically targets HER2 expressing cells and is an effective 

treatment for many patients with amplified HER2+ breast cancers. Up to 50% of 

these patients however exhibit resistance within the first 10 months of therapy, which 

has prompted intensive international searches for new effective treatments [7].  

 

The triple negative breast cancer (TNBC) subtype falls under the basal type of breast 

cancers exhibiting high rate of p53 mutations (mentioned in Section 1.1.1).  Cancers 

of this subtype do not express ER, PR or HER2 and tend to be very responsive to 
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standard chemotherapies early in disease development, but is prone to relapse with 

metastatic, drug recalcitrant disease [8]. With the advances in next-generation 

sequencing (NGS), the implementation of personalized cancer medicine has been 

very useful in tailoring cancer treatments. Recently, circulating tumour cells and DNA 

(ctDNA) have been employed to monitor the success of chemotherapy [9]. Despite 

these advances, the limited repertoire of efficacious drugs toward many of these 

targets remains the major restriction of therapeutic success in these breast cancers.  

 

1.2 Tumour suppressor, p53 

 

Early studies on cancer initiation and progression revealed two broad classes of 

genes – tumour suppressors and oncogenes, as important factors in uncontrolled 

cell proliferation. Tumour suppressor proteins typically function in regulating the cell 

cycle and triggering cell death (apoptosis). P53 is the second tumour suppressor to 

be identified and its 1979 discovery arrived eight years after the report of the 

prototype, Retinoblastoma Transcriptional Corepressor 1 (Rb1); a negative regulator 

of the cell cycle, whose inherited mutations are founders for the hereditary eye 

cancer, retinoblastoma [10]. Originally however, p53 was thought to be an oncogene 

working with SV40 virus in cell transformation, but in 1989, ten years after the 

discovery of the gene, the normal function of p53 in cells was identified to be 

suppression of cell growth [11]. The primary role of p53 is that of a transcription 

factor whose target genes limit cell proliferation upon various stimuli. P53 has a 

central DNA binding domain, an N-terminal transactivation domain, a Proline rich 

domain, an oligomerization domain and a C-terminal regulatory domain (Fig 1.1). 

The oligomerization domain facilitates p53 tetramerization which is critical for its 

DNA binding functions. On the other hand, the N-terminal transactivation domain 

aids recruitment of various chromatin modifying factors which in turn can activate 

gene expression. Post-translational modifications to the C-terminal regulatory 

domain can alter the stability and activity of p53 [12]. In cancer, various alterations in 

p53 domains result in loss of some or all of its tumour suppressive capacities and 

gain of new, oncogenic functions commonly termed as GOF[13]. 
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1.2.1 Functions of p53 are lost in cancer 

 

Several years of research have revealed that wild type p53 (hereafter, wild type p53 

will be referred to as p53) is a stress sensing protein and DNA damage is the most 

studied trigger in the context of cancer. But many studies have shown that beyond 

radiation related DNA damage, stress conditions affecting the oxidative state of a cell 

such as hypoxia, metabolic stress, ribosome dysfunction, and oncogene expression 

can also lead to activation of p53 [14]. In a normal, non-stressed cell, p53 is kept 

labile, under the influence of its major E3-ligase MDM2. Upon exposure to stimuli 

such as radiation that directly causes DNA damage, ATM/ATR kinases 

phosphorylate p53 thereby protecting it from degradation. Stabilized p53 

transactivates its key transcriptional targets including p21, an inhibitor of Cyclin 

Dependent Kinases (CDKs), which delays cell cycle progress to allow DNA repair. 

When DNA damage is irreparable, there is continual p53 stabilization, which results 

in induction of apoptotic genes goading the faulty cells to die. In addition to cell cycle 

arrest and apoptosis, p53 can affect many pathways depending upon the cell type 

and the type of stress signal. Alternatively, p53 can induce the cells to enter a 

senescent state, which is an important tumour suppressive mechanism [15, 16].  

 

Besides tumour suppressive functions, p53 target genes are also involved in 

regulating metabolism, oxidative state of cells and restriction of stem cell state [17, 

18]. In the nucleus, p53 binds to specific response elements (RE) on the DNA and 

recruits factors for the activation of its target genes [14]. In addition to nuclear 

functions as a transcription factor, p53 can influence apoptosis and autophagy in the 

cytoplasm [19]. P53 mediated apoptotic response, although important to curb 

malignant cells from dividing, is absolutely disadvantageous in neurological disorders 

such as Alzheimer’s and Parkinson’s and in the cases of stroke and myocardial 

infarctions [19, 20], where vital cell function can be lost with diabolical 

consequences.  

 

1.2.2 Regulation of wild type p53 is disrupted in cancer 
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Basal levels of p53 are very low in cells unexposed to adverse signals. P53 protein 

levels spike when cells are exposed to stress related events. If the stress signal is 

short-lived, cells recover during which time p53 levels relapse to basal levels. The 

set of events in regulating p53 levels has been widely studied and multiple factors 

have been identified in this process. Low, basal levels of p53 protein are maintained 

by its constant ubiquitination which is catalyzed by MDM2, which promotes 

proteasomal degradation of this key substrate [21, 22]. Stress signals can activate 

proteins that post-translationally modify p53, protecting it from MDM2 mediated 

ubiquitination. P53 can also transactivate the MDM2 promoter, causing an increase 

in MDM2 mRNA levels, which in turn forms a negative feedback loop and brings p53 

back to basal levels [23, 24]. In fact, loss of p53 can reverse the deleterious effects 

of MDM2 loss in mice [25]. 

 

Full length p53 protein is subjected to extensive post-translational modifications at 

multiple residues, involving phosphorylation, ubiquitination, sumoylation and 

acetylation by different proteins, which can either cause activation or repression of its 

function. In general, phosphorylation of the p53 DNA binding domain is an activation 

signal and can result in upregulation of p53 target genes. A host of phosphatases 

and deubiquitinases can reverse these modifications of p53, which allows for its 

recovery from activation, post-stress [26]. In tumour cells with p53, its function is 

frequently negated, either through inactivation caused by viral proteins (such as E6 

of HPV in cervical cancers or HBx in HBV induced HCC) or by amplification of its 

negative regulators, notably MDM2 [27, 28]. However, in multiple cancers, TP53 is 

mutated. 

 

1.3 Mutant p53  

 

TP53 mutations are the major cause of a hereditary syndrome called Li-Fraumeni 

syndrome (confirmed in ~70% of families), which is named after the physicians, 

Frederick Pei Li and Joseph F. Fraumeni, Jr. who described it for the first time [29]. 

Patients with this syndrome exhibit extremely high predisposition to developing 

cancers, predominantly breast cancers (up to 80% in females) and sarcomas 

(19.7%) [30-32]. Mutations in TP53 gene are found in almost 50% of all cancers 
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(non-hereditary cancers). Loss of heterozygosity of TP53 in combination with 

inactivating/activating mutations in the gene contribute to many cancers: brain 

tumours, breast, colon/rectum, esophageal, liver, lung carcinomas; sarcomas; 

leukemias and lymphomas [33]. The majority of mutations are missense and 

frequently confer aggressive properties on the tumour, which reflects negatively on 

patient prognosis [34]. As will be discussed in section 1.3.2, this is because of 

acquisition of new oncogenic (neomorphic) properties commonly referred to as gain 

of function (GOF) by mutant p53 (mt-p53) due to higher stability and new 

interactions. Tumour cells seem to be selected for specific pathogenic mutations 

which give them an advantage to survive in the tumour microenvironment by tailoring 

its metabolic and other adaptations [35].  

 

1.3.1 Types of p53 mutants  

 

Mutations in p53 have been documented in almost every domain, however some 

mutations are highly deleterious compared to others, due to their destabilizing impact 

and capacity to confer oncogenic activity. The most common mutations called the 

hotspot mutants are found to occur in the central DBD (R175, G245, R248, R249, 

R273, R282) (Fig 1.1) [33]. In general, mutations in p53 are grouped into – 

conformational mutants and contact mutants. While contact mutants (R248, R273) 

affect amino acids directly involved in binding to DNA, conformational mutants 

(R175H) are characterized by substitutions in amino acids leading to stabilized 

tertiary structure of the protein due to alteration in the conformation [36]. In both 

cases, DNA binding and therefore activation of target genes are severely 

compromised [37]. These mutant proteins interact with p53, but the resulting 

tetramer is non-functional causing a dominant negative effect in heterozygous 

conditions.  Hence, a single hit (mutation in one of the p53 alleles) is sufficient to 

release cells from growth inhibition and is a classic example of dominant negative 

effect [36]. 
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Figure 1.1: Hot-spot mutations found in the DNA binding domain of p53. 
P53 has an N-terminal transactivation domain (TA), proline rich domain (PR), a central DNA 
binding domain (DBD) and a C-terminal tetramerization (Tet) and regulatory domain (Reg). 
(Image from [38]). 
 

1.3.2 Mutant p53 dependent oncogenesis 

 

Mt-p53 exhibits several characteristics favouring cancer growth and progression and 

these functions, which are independent of p53, are collectively termed as Gain of 

Function (GOF). GOF hypothesis was formulated from the observation of cellular 

changes upon overexpression of mt-p53 in a TP53 null setting or in mouse models. 

Also, mouse models have been particularly helpful in studying the manifestation of 

the disease. The loss or inactivation of p53 in cancer essentially removes a 

roadblock in the conversion of a normal cell to a transformed cell and exposes the 

chromosome of the cell to more DNA damage and therefore clones of cells with most 

favourable mutations divide and form tumours. Importantly however, while p53 

knockout and p53 mutant (R172H mutation) mice have similar disease profiles; mt-

p53 mice show increased metastasis compared with mice lacking p53 [39, 40].  

 

Mutations in the DNA binding domain do not affect the N-terminal transcriptional 

activation domain and this domain can recruit DNA modifying factors. Notably, mt-

p53 (especially the hotspot mutants, R273H and R175H) by partnering with other 

transcription factors such as NF-Y, VDR, SREBP, Sp1, Ets-2 is able to modify the 

transcription of their target genes [37]. This results in changes in the transcriptional 

landscape. Another major gain of function effect of mt-p53 is in the transformation of 

a tumour cell to a more aggressive and invasive phenotype. Previous studies have 

shown that this transformation occurs through multiple pathways. While some of this 

is due to mt-p53-TGFβ-SMAD pathway affecting p63 function, mt-p53 is also known 
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to upregulate components of the Rho/ROCK signaling pathway, enhance NF-kB 

activation by TNF-α and other pathways of cell invasion such as EGFR and integrin 

recycling [41, 42]. Cooperation of mt-p53 (R172H) with PML loss has also been 

observed in driving cancer progression [43].  

 

In addition to effects on cell cycle regulation and cell migration, mt-p53 targets can 

increase drug resistance, angiogenesis, genomic instability, stem cell de-

differerentiation, anchorage independent growth, EMT (epithelial mesenchymal 

transition), increased colony formation, mammary architecture disruption [44]. 

Studies in certain cell line models with mt-p53 knockdown have revealed an 

addiction to mt-p53 for continued growth. Also, knockdown of mt-p53 can reverse 

some of the aggressive phenotypes of malignant cell lines [45]. This addiction to mt-

p53 is reminiscent of oncogene (Myc/Ras) addiction and therefore, mt-p53 has been 

aptly described as the guardian of the cancer cell [46, 47]. Mt-p53 can also affect the 

secretome and thereby modify cells in the tumour microenvironment to provide 

continued support and sustenance favouring tumor growth [48]. This aspect of mt-

p53 GOF is discussed in detail in section 1.6.1. 

 

It is well known that mt-p53 accumulates to high levels in cancer cell lines and 

tumour tissues and the oncogenic functions of mt-p53 are very much dependent on 

its expression levels [49, 50]. Few mechanisms have been identified through which 

mt-p53 stabilization occurs in cancer cells. In the next section, we discuss the known 

regulators of mt-p53, which play a role in either stabilizing the protein or degrading it. 

 

1.4 Regulation of mutant p53 

 

Mt-p53 regulation has been studied in parallel with the control mechanisms 

governing of p53 protein levels and many similarities in pathways and protein 

partners are evident. Mouse models of mt-p53 have been valuable in comparing wild 

type and mt-p53 regulation and it was a great surprise to find that during 

development, mt-p53, like its wild type counterpart exists inherently as a labile 

protein at low levels [39, 51]. Signals that stabilize p53 such as exposure to γ 

radiation, Doxorubicin, oncogenic stress (Ras/Myc) and loss of p16INK4a also 
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stabilize mt-p53, revealing that the modes of stabilization of mutant and wild type 

p53 are essentially the same [52]. However, two distinctions exist that cause 

variations in wild type and mt-p53 regulation: Firstly, a complete/partial lack of DNA 

binding ability of most p53 mutants leading to non-functional negative feedback 

loops. Secondly, conformational changes in mt-p53 result in new interaction partners 

and post-translational modifications protecting mt-p53 from degradation. The 

continued stabilization of mt-p53 observed in cancer cells is markedly different from 

p53 relapse to low levels in normal cells and this stability is found to be a 

consequence of degradation defects as will be explained in section 1.4.2 (Fig 1.2) 

(reviewed in [53, 54]). 

 

 

Figure 1.2: Graph depicting the levels of wild type and mt-p53 with respect to 
time. 
Both wild type (wt-p53) and mt-p53 proteins are originally labile and are stabilized in a 
similar manner by the same stress stimuli. P53 protein levels reach a saturation state and 
then reduce to basal levels. However, mt-p53 remains stabilized and accumulates in cancer 
cells. 

 

1.4.1 Transcriptional controls 

 

The stabilization of mt-p53 that is observed in cancer cells has been mainly studied 

with respect to its protein level; however a number of mechanisms that operate at 

the promoter and RNA levels have also been observed. TGF-β1 can attenuate wild 

type and mt-p53 levels by controlling both transcription and translation [55]. HDAC8 

can increase mt-p53 transcription through HoxA5 and so, treatment of cells with 
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HDAC inhibitors can reduce mt-p53 levels [56]. But these controls that act on the 

promoter level cannot distinguish between wild type and mutant.  

 

Post transcription of TP53 gene, regulation can take place at the mRNA levels by 

microRNAs or protein factors. While ribosomal protein, RPL26 can bind to 5’ UTR of 

TP53 mRNA and enhance translation, Nucleolin can adversely affect translation [57]. 

MicroRNAs are short RNA molecules (18-24 nucleotide long) that can reduce mRNA 

stability and negatively affect translation. miRNAs cannot differentiate between wild 

type and mt-p53, therefore miRNAs that target p53 directly can also target the 

mutant.  In addition, miRNAs that target regulators of mt-p53 can also indirectly 

affect mt-p53 protein levels (reviewed in [53]). However, not much is known about 

the extent of control miRNAs have on mt-p53. Conversely, the effect of mt-p53 on 

miRNA biogenesis and processing is well documented and modulation of this 

pathway results in a mt-p53 specific miRNA signature which further contributes to its 

GOF [58-60]. 

1.4.2 E3 ligases 

 

Much of the spatial and temporal regulation of wild type and mutant p53 takes place 

at the post-transcriptional level through ubiquitination by E3 ligases. 

 

Ubiquitin dependent proteasomal degradation: 

The covalent addition of ubiquitin polypeptide to the lysine residues of a protein is 

the result of a sequential process of reactions involving 3 enzymes E1, E2 and E3, 

the E3 enzyme being specific for substrates [61, 62].  Proteins tagged with 

polyubiquitin particularly Lys-48 chains are targeted for degradation by the 26S 

proteasome machinery [63]. Almost 19 E3 ligases are known to ubiquitinate p53, 

while the E3 ligases known to directly ubiquitinate mt-p53 are MDM2, Pirh2, COP1 

and CHIP [64].  

 

MDM2: 

MDM2, which is the cognate E3 ubiquitin ligase of p53, can also ubiquitinate mt-p53 

and cause its degradation [52]. However, mt-p53 is unable to induce MDM2 

transcription and does not form a negative feedback loop [65]. Therefore, while p53 
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returns to low levels under the influence of MDM2, mt-p53 remains stabilized. 

However, upon overexpression of MDM2, mt-p53 can be ubiquitinated and targeted 

for degradation [21]. Interaction of MDM2 with multiple domains of p53, allows 

successful ubiquitination of different p53 mutants, even though the efficiency of 

ubiquitination is much lower when compared to the wild type (Fig. 1.3) [66-68]. In 

addition, a number of proteins including chaperones interact with mt-p53 and protect 

it from degradation and these are discussed in the forthcoming sections. 

 

Effect of chaperones:  

A large part of mt-p53 stability can be attributed to chaperones. CHIP (C-terminus of 

Hsc-70 interacting protein) is a U-box domain containing E3 ligase, which selectively 

ubiquitinates incorrectly folded/unfolded proteins that also interact with chaperones 

Hsp90 and/or Hsp70. Many studies have shown that mt-p53 forms stable complexes 

with Hsp90, which offers protection from both MDM2 and CHIP mediated 

ubiquitination, in contrast to p53, which is not bound or protected by this chaperone 

[69-71]. Inhibition of Hsp90 by 17AAG or knockdown of its upstream transcriptional 

activator, HSF1 results in an increase in mt-p53 ubiquitination and a further decrease 

in mt-p53 protein levels (Fig. 1.3) [71, 72]. Similarly, inhibition of HDAC6, a 

deacetylase and positive regulator of Hsp90, also results in mt-p53 degradation [73, 

74]. In fact, Ganetespib and AUY-922, both inhibitors of Hsp90 have entered clinical 

trials for a number of cancers and have shown potency in a mt-p53 setting [47, 75]. 
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Figure 1.3: Regulation of wild type and mt-p53 stability.  
Both wild type (wt-p53) and mt-p53 levels are maintained by MDM2 mediated proteasomal 
degradation. Under stress conditions, both wild type and mt-p53 are stabilized due to post-
translational modifications (PTM). When cells recover from stress, p53 returns to low levels 
due to negative feedback loop with MDM2. In contrast, mt-p53 fails to transactivate MDM2 
and accumulates. Mt-p53 also interacts with chaperones, Hsp90 and Hsp70, which prevent 
MDM2 and CHIP mediated degradation. Inhibiting Hsp90 or treating cells with Arsenic 
trioxide can activate MDM2/CHIP and Pirh2 mediated proteasomal degradation respectively. 
Image from [53]. 

 
Further, Hsp70 interacts with unfolded mt-p53 and forms aggregates which are 

protected from ubiquitination through CHIP and MDM2 [72]; pertinently, 

overexpression of Hsp70 blocks MDM2 mediated degradation of mt-p53. DNAJA1 (a 

member of the HSP family) also protects mt-p53 from ubiquitination through CHIP 

and this is reversed by treatment of cells with statins [76]. Heat shock proteins are 

upregulated in many cancers and there also exists a positive feed forward loop, with 

mt-p53 upregulating the levels of HSF1, the major transcriptional regulator of heat 

shock proteins, and consequently ensuring accumulation of mt-p53 [77-79].  Tracz-

Gaszewska et al. (2017) identified in BRCA cohorts (from the TCGA pan-cancer 

dataset which includes both inherited and somatic inactivation of the BRCA1/2 

pathway), a striking correlation between high levels of DNAJB1 (Hsp40) and 
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DNAJB6 in mt-p53-high MDM2 cases with poor survival [80]. In addition to protecting 

mt-p53 from degradation, these chaperones are also involved inactivation of p73 by 

forming a complex with both mt-p53 and p73 [81, 82].  

 

It was also found that while p53 transiently interacts with the HSPs, p53 R175H is 

stabilized in a large complex containing Hsp90-Hsp40-Hop-Hsc70 and this complex 

is resistant to Bag-1 mediated dissociation [82]. A BRCA1/ΔNp63 target gene, 

S100A2 can block Hsp90 mediated stabilization of mt-p53 and particularly in breast 

cancers, S100A2 is downregulated [83]. 

 

Pirh2: 

Pirh2 is a RING domain containing E3 ligase, which interacts with and directly 

ubiquitinates p53 and mt-p53 independent of MDM2 [84]. Studies have shown that 

treatment of cell lines with arsenic can induce Pirh2, which lowers mt-p53 (H179Y 

and R248W) levels [85, 86].  

 

TRIM32 (Tripartite motif-containing protein 32) is a RING domain containing E3 

ligase, which degrades mt-p53 (R273H and R175H) less efficiently when compared 

to wild type. Both Pirh2 and TRIM32 are p53 target genes, whose expression could 

be deregulated in mt-p53 expressing cancer cells due to the absence of functional 

p53 transcriptional activation [84, 87]. Other E3 ligases, which have been described 

to ubiquitinate p53, have not been studied extensively in the context of mt-p53 [88]. 

 

1.4.3 Ubiquitin independent proteasomal degradation: 

 

Degradation of proteins occurring through the 20S proteasome does not require the 

target protein to be ubiquitinated and p53 is degraded by this MDM2 independent 

mechanism [89]. However, mt-p53 is protected from 20S proteasome mediated 

degradation by interaction with NQO1 with increased affinity, when compared to the 

wild type [90]. In many cancers, NQO1 is expressed at high levels and may 

contribute to mt-p53 stability, however this has not been explored [91]. 
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1.4.4 Autophagy 

 

In addition to ubiquitin mediated proteasomal degradation, mt-p53 is also degraded 

by autophagy. The role played by autophagy and the mechanisms involving the 

degradation of mt-p53 through the lysosomal pathway is not very well understood. 

However, studies have identified ubiquitination as a signal for lysosomal degradation 

[92].  

 

Glucose restriction can cause an increase in mt-p53 deacetylation, and degradation 

through the autophagic machinery [93]. Interestingly, this degradation is dependent 

on E3 ligase, MDM2, but does not involve the proteasome. This indicates that pools 

of ubiquitinated mt-p53 exist in cells and are degraded by different mechanisms 

based on cellular conditions. Degradation of mt-p53 is reduced upon knockdown of 

autophagic genes, ULK1 and ATG5 and glucose restriction in MDA-MB-231 cells 

expressing R175H. Similar effects were observed upon treatment of cells with 

Chloroquine, which inhibits autophagy [53, 94, 95]. 

 

However, it is known that mt-p53 localized in the cytoplasm can inhibit autophagy, 

which could be one of the reasons for stabilization of the mutant protein (Morselli et 

al; 2008, Tasdemir et al; 2008, Yang and Klionsky, 2010).  

 

1.4.5 Factors that stabilize mutant p53: 

 

In addition to chaperone proteins (HSPs) discussed previously in Section 1.4.2, 

several proteins are known to regulate mt-p53 indirectly by blocking its degradation. 

For example: DBC1 (Deleted in Breast Cancer 1) competes with MDM2 to bind to 

the N terminal and DNA binding domains of mt-p53 (R280K) and prevents its 

degradation [96]. Bag2 protein interaction with mt-p53 (R175H, R248W and R273H) 

leads to its nuclear translocation and further inhibition of MDM2 mediated 

ubiquitination [97]. Gankyrin enhances the ability of MDM2 to ubiquitinate p53 and 

can target mt-p53 as well [98].  
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P53 is known to be activated in events of ribosomal stress, due to the interaction of 

free ribosomal proteins with MDM2 (reviewed in Zhou, Liao [99]). Ribosomal protein, 

RPS27 and RPL26 increase can stabilize mt-p53 through the same mechanism 

[100, 101]. RPL26 also binds to the 5’-UTR of p53 mRNA and enhances translation 

positively regulating both mt-p53 mRNA and protein expression [57, 101].  

 

1.4.6 Deubiquitinases 

 

Deubiquitinases (DUBs) are enzymes that catalyze the removal of ubiquitin moieties 

from proteins resulting in stabilization of the protein. Many DUBs have been found to 

deubiquitinate p53 and stabilize it. However, their effect on mt-p53 has not been 

studied. ABRO1 activates the DUB, USP7 and causes p53 deubiquitination. 

Although there are no reports regarding ABRO effects on mt-p53, overexpression of 

ABRO1 in cell lines expressing mt-p53 (HT29 and BT474 cells) increases cell growth 

which could be due to increased mt-p53 stability as a result of deubiquitination by 

USP7 [102]. USP10, which is highly expressed in cancers, can deubiquitinate mt-

p53 and protects it from degradation possibly through the autophagic pathway [103]. 

Treatment of cells with Spautin-1, an inhibitor of USP10 and autophagy can reduce 

mt-p53 levels during glucose free and confluent contexts [94]. This indicates that in 

addition to genes mentioned in Section 1.4.4, DUBs may aid in preventing 

autophagic degradation of mt-p53. Further experiments are required to ascertain 

these speculations and the effects of other DUBs on mt-p53. 

 

1.4.7 Post-translational modifications of mutant p53 

 

Post-translational modifications other than ubiquitination may also play a role in 

increasing mt-p53 stability. ERK1/2 phosphorylates mt-p53 at Ser-15 and the 

phosphorylated form of mt-p53 is stable and protected from MDM2 mediated 

ubiquitination [104]. On the other hand, mt-p53 can be degraded upon deacetylation 

by SIRT1 by an unknown mechanism [105]. In hepatocellular carcinoma, SETDB1, a 

histone H3K9 methyltransferase interacts with and dimethylates mt-p53 (R249S) at 

K370, which eventually protects mt-p53 from degradation [106]. In some cases, mt-

p53 stability is the result of lack of interaction with negative regulators. For example, 
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Calpains that cleave and deactivate p53 are unable to act on the mutant form [107]. 

Much remains to be done to validate whether mt-p53 undergoes the same post-

translational modifications as p53 and the subsequent effects on its stability and 

oncogenic function.  

 

1.5 Therapeutic targeting of mutant p53 

 

The loss of p53 is absolutely deleterious for cancer therapy because most therapies 

involving radiation and many chemotherapeutic molecules (for example: Cisplatin, 

Doxorubicin) depend on p53 for induction of apoptosis in cancer cells.  In contrast, 

mt-p53 expression augments drug resistance through its oncogenic pathways. 

Therefore, certain p53 mutations may render tumour cells resistant to therapy and 

harder to target [108]. Yet, over the years, many strategies for therapeutic targeting 

of mt-p53 expressing cancers have been developed and can be broadly classified 

into three major categories: (1) Compounds that reactivate mt-p53 into its wild type 

conformation (2) Targeting the oncogenic pathways downstream of mt-p53 (3) 

Targeting the expression and enabling the degradation of mt-p53 [44].  

1.5.1 Reactivation of mutant p53  
 

Structural studies on wild type and mt-p53 revealed that Zinc is absolutely critical for 

the correct folding of the core domain and therefore indispensable for DNA binding. 

Zinc treatment can convert certain p53 mutants (such as p53 R175H) into a wild type 

form, thereby restoring its tumour suppressive capacities and rendering cancer cells 

susceptible to drugs [109]. Many additional compounds have been selected for a 

capacity to facilitate the conversion of mt-p53 to a wild type like conformation. These 

compounds include: COTI-2, RITA, PEITC, Chetomin, PK7088, NSC319726, 

P53R3, CP-31398 and APR-246 and studies are ongoing to identify their mode of 

action [75, 110].  

 

Of all the therapies, the most successful is the molecule, Prima-1MET (APR-246). 

APR-246 is converted to MQ in cells and MQ binds to mt-p53 and restores it to wild 

type conformation [111-113]. In addition however, APR-246 is associated with 

compounding activities including targeting the glutathione and thioredoxin reductase 
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system, which in turn promotes ROS production [114]. APR-246 is the most 

advanced of these therapies and is the first to enter clinical trials (reviewed in [75, 

110]). 

1.5.2 Targeting regulators of mutant p53 

 

As detailed in section 1.4, only few regulators of mt-p53 stability and their 

mechanism of action are known. SAHA/Vorinostat inhibits HDAC6 (a positive 

regulator of Hsp90) and HDAC8 (a positive regulator of p53 expression) and thereby 

results in reduction in mt-p53 through an MDM2 dependent mechanism as 

mentioned in Section 1.4.2. These have demonstrated killing efficacy toward mt-p53 

expressing cells and have been shown to improve survival in mice [56, 74, 115, 116]. 

As previously described, statins target mt-p53 degradation through the DNAJA1-

CHIP axis and can reduce cell growth [76]. Gambogic acid, Capsaicin and YK-3-231 

are additional molecules that affect mt-p53 stability and target it for degradation [75].  

 

1.5.3 Targeting oncogenic pathways of mutant p53 
 
As discussed in section 1.3.2, mt-p53 can activate a number of oncogenic pathways. 

By targeting these oncogenic pathways, various strategies of cancer cell survival can 

be terminated. Small molecule inhibitor, RETRA-1 can inhibit the interaction between 

mt-p53 and tumour suppressor, p73. Treatment with RETRA-1 results in the 

activation of p73 target genes and tumour suppression. Drugs that target the 

mevalonate pathway, epigenetic factors (such as MLL1, MOZ) and mTOR signaling 

have also demonstrated ability to block mt-p53 GOF mediated tumor proliferation 

pathways [76, 117, 118]. Additionally, ROCK inhibitor (Dasatinib), EGFR inhibitors, 

and also drugs that block PDGFRβ, are able to inhibit mt-p53 driven invasive and 

metastatic pathways (reviewed in [75]).  

 

Investigators have also explored targeting other critical factors for survival of mt-p53 

tumours and p53 null tumours such as Wee1, PLK1, MK2, CHK1/2 [75]. Targeting 

mt-p53 at the transcriptional and at the mRNA level does not result in an appreciable 

decrease in the protein levels [55, 57]. Therefore, mt-p53 must be targeted at both 

transcriptional and protein levels to be able to bring about significant decrease in its 

oncogenic effects.  
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1.6 Tumour microenvironment 

 

Tumour microenvironment refers to the collection of cells in the vicinity of the tumour, 

secreted factors and extracellular matrix, which have the capacity to influence the 

growth of the primary tumour, vascularization, invasion and metastasis of the primary 

benign tumour. Cancer associated fibroblasts (CAFs) form a major group of cells 

associated with the tumour and they release growth promoting factors, modify the 

ECM to favour tumour growth. The ECM provides a scaffold for tumour cell adhesion 

and factors secreted by both CAFs and malignant cells can remodel ECM 

components to give way for cell proliferation, metastasis and angiogenesis.  

Specifically, both tumour cells and CAFs can secrete matrix metalloproteinases 

(MMPs) and lysyl oxidases, which drive ECM remodeling [119]. Also, hypoxic 

conditions in the tumour interior can result in the release of angiogenic factors that 

influence endothelial cells to branch out and cause the development of new blood 

vessels ensuring supply of oxygen and nutrients to the cancer cells [120]. Another 

major subset of cells within the tumour are immune related cells such as T and B 

cells, and macrophages. Different T and B cell populations are found infiltrating 

tumour areas and many studies have observed a correlation between particular 

types of immune cells and patient prognosis [121]. Recent studies have shown that 

tumour microenvironment can be modified in an effort to curb tumour growth and 

metastasis [122]. Studies have identified the roles played by both wild type and mt-

p53 in bringing about changes in the tumour microenvironment. 

1.6.1 Mutant p53 influences tumour microenvironment 

 

Wild type and mt-p53 have opposing roles in shaping the tumour microenvironment 

[123].  By repressing TIMP1-4 (tissue inhibitors of metalloproteinases), mt-p53 can 

increase the secretion of MMPs which play a major role in ECM remodeling. Also, 

mt-p53 can upregulate the expression of various inflammatory cytokines through the 

NF-κB pathway. There is also a correlation between secreted proteins/biomarkers 

such as PSA (Prostate specific antigen) with mt-p53 in predicting tumour metastasis 

[124]. In addition to increased angiogenic factors, chemokines, lactate, mt-p53 also 

alters the extracellular vesicle/ exosome contents [48, 125, 126]. In contrast, p53 



37 
 

inhibits the development of an inflammatory tumour microenvironment, which 

adversely affects tumour growth [127]. 

 

1.7 Exosomes  
 

Cells release hormones, factors, chemokines, RNA, miRNAs in extracellular 

vesicles. Initially, it was suggested that extracellular vesicles are a mode of cellular 

waste disposal, however far more complex roles are now unraveling [128].  

Exosomes refer to a specific set of extracellular vesicles of the size range 40-100nm 

and are released by the fusion of multivesicular bodies to the plasma membrane. 

Exosome secretion is a tightly controlled process and is distinct from microvesicle 

secretion, which are formed by budding of the plasma membrane [129]. Exosomes 

of varying features and composition are secreted by most cells and are therefore 

found in various body fluids. [130].  

 

1.7.1 Exosome biogenesis 

 

The endosomal sorting pathway is closely related to the exosome biogenesis 

pathway. Multivesicular bodies (MVBs) are formed due to invagination of plasma 

membrane and fusion with endosomes or invagination of the endosomal membrane 

and these multivesicular bodies can either fuse with lysosome in which case the 

protein contents are degraded, or fuse with the plasma membrane, where the 

intraluminal vesicles are released as bilipid layered exosomes. Studies have 

revealed the presence of two pools of multivesicular bodies differing in cholesterol 

content which have different destinations – lysosomal degradation or fusion with the 

plasma membrane (Fig 1.4) [131, 132]. 

 

Both membrane proteins and cytosolic proteins can be trafficked to multivesicular 

bodies by controlled sorting through either of the following two mechanisms:  

Endosomal sorting complex required for transport (ESCRT) dependent and the 

ESCRT independent pathway. ESCRTs are the major set of proteins identified 

based on an RNAi screen as being important for multiple steps of MVB 

(multivesicular body) biogenesis [133]. The ESCRT independent pathway is 
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controlled by sphingolipids and proteins of the tetraspannin family [129]. Many 

studies have identified the importance of ubiquitination (especially Lys-63 linkage) of 

protein cargoes for targeting to the membrane of multiple vesicular bodies [134]. 

   

Figure 1.4: Mechanism of exosome biogenesis. 
Ubiquitinated proteins targeted for exosomes are first sorted into multivesicular bodies, 
which are formed by invagination of the plasma membrane and fusion with early 
endosomes. ESCRT components play a major role in multivesicular body formation. Protein 
contents of multivesicular bodies can be degraded upon fusion with the lysosome. Proteins 
in the intraluminal vesicles can also be released as exosomes by fusion of a multivesicular 
body to the plasma membrane. (This image was made on Biorender based on [131]) 

 

1.7.2 Exosomes in cancer 

 

Tumour cells actively communicate with other tumour cells and cells of the 

microenvironment through exosomes (Fig 1.5).  Exosomes released by tumour cells 

and can initiate signaling at the plasma membrane of recipient cells by specific 

receptor binding or through its contents upon internalization [129]. Exosomal RNA 

transferred between cells were found to be functional in the recipient cells: miRNAs 

acting on targets and mRNAs being translated to proteins [135]. Exosomes from 
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cancer cells also carry oncoproteins (EGFR, K-Ras, c-Met), which can act as 

biomarkers [136]. Tumour derived exosomes are not only involved in ECM 

remodeling but modulating recipient cells to favour tumour growth and invasion 

[137]. 

 

It was also found that prostate cancer cells release large vesicles (1-10µm), 

prostasomes, which are also named “large oncosomes” due to their cancer specific 

origin [138, 139]. While putting forth the ‘seed and soil theory’ of cancer metastasis, 

Stephen Paget alluded to the fact that some organs are predisposed for secondary 

cancer and from recent studies, it is now clear that exosomes from primary tumours 

play a significant role in preparing pre-metastatic niches in distant organs that then 

offer a conducive ‘soil’ for the growth of ‘seeded’ metastases [140]. Recently, it was 

identified that mt-p53 in colon cancer cell lines can increase the levels of miR-1246 

in exosomes. Uptake of this exosome cargo by tumour associated macrophages, in 

turn causes them to release immunosuppressive signals [126]. Novo et al., identified 

a GOF pathway of mt-p53 in modulating ECM by increasing the levels of exosomal 

podocalyxin and migration of p53 null cells [125]. These findings reveal that mt-p53 

affects cells in the tumour microenvironment by manipulating the immune landscape 

and migratory capacities through exosomes. 
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Figure 1.5: Functions of exosomes in cancer. 
Contents of tumour derived exosomes (A) can influence multiple cell types to favour tumour 
progression and metastasis. Exosomes can influence secondary sites of metastasis by 
preparing an environment conducive for cancer cells to establish (B). Exosomes can 
stimulate tumour cell proliferation, angiogenesis and can affect the ECM and immune cells, 
which include T cells and Natural killer cells (NK) (C). Bone marrow derived cells (BMDC), 
which are crucial for generation of suitable microenvironment for tumour are influenced by 
exosomes (D) (Image from [141]). 

 

1.8 NEDD4 family interacting protein-1 (NDFIP1) 

 

NEDD4 family of E3 ligases are a part of the ubiquitin ligase family which differ from 

the HECT domain E3 ligase family by the characteristic presence of WW domains 

and a C2 domain. Through ubiquitination of substrates, NEDD4 family controls 

several processes such as viral budding, endocytosis and protein sorting [142]. 

NDFIP1 was initially identified in a far-western screen as an interactor of the WW 

domain of NEDD4  [143]. It was subsequently demonstrated to bind to other 

members of the NEDD4 family, hence the name. NDFIP2 was later identified based 

on sequence homology. These family members are present on different 

chromosomes - NDFIP1 in Chr5 and NDFIP2 in Chr13 [144]. Both NDFIP1 and 
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NDFIP2 are evolutionary conserved in both yeast and Drosophila as a single 

homolog, Bsd2p and dNdfip1 respectively [145, 146].    

 

1.8.1 NDFIP1 – structure 
 

NDFIP1 is a 26kDa protein containing 221 amino acids. NDFIP1 has 3 PPxY motifs 

and 3 conserved transmembrane domains towards the C terminus and a C2 domain, 

which is a Ca or lipid binding domain (Fig 1.6) [147].  

 

Figure 1.6: Domain organization of NEDD4 family of E3 ligases and NDFIP1. 
NEDD4 members contain an N-terminal C2 domain, 2-4 WW domains and a C-terminal 
catalytic HECT domain. NDFIP1 has 3 PY domains and 3 transmembrane regions in the C-
terminus. Images based on [142, 148] 
 

 

NEDD4 E3 ligases are in a constant state of inhibition as the catalytic HECT domain 

is bound by its own WW domains. The mechanism of E3 ligase activation by NDFIP1 

requires the binding of PPxY motifs of NDFIP1 to the WW domains of NEDD4 E3 

ligases releasing the HECT domain from auto-inhibition (Fig 1.7) [148, 149]. In 

addition to NEDD4, it was found that NDFIP1 can also bind to and activate other 

members of the NEDD4 family: including NEDD4L, WWP2, ITCH. It is also known 

that NEDD4 itself is an E3 ligase of NDFIP1 and can ubiquitinate and control its 

stability [147].  
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Figure 1.7: Release of E3 ligase ITCH from auto-inhibition by NDFIP1.  
HECT domain of E3 ligase, ITCH is inhibited by the binding of WW domains resulting in an 
inactivated state. Upon the binding of the NDFIP1 PY domains to the WW domains of Itch, 
the HECT domain becomes activated and releases the other WW domain to bind the 
substrate. (Image from [148]). 

 

 

NDFIP1 is found to be distinctly localized in the Golgi apparatus, endosomal vesicles 

and perinuclear region [147, 150]. Ectopic expression of NDFIP1 can disrupt Golgi 

and result in mislocalization indicating that it is an integral protein of the Golgi [147]. 

Generally, the N-terminus of NDFIP1 is located in the cytosol, while its C- terminus is 

situated on the intra-luminal side of the endocytic membrane [150].  

  

1.8.2 NDFIP1- known functions 

 

The consequences of NDFIP1 mediated ubiquitination of substrates largely depend 

on the cell type and the nature of the stress signals that the cells encounter. NDFIP1 

upregulation upon brain injury/cerebral ischemia leads to a protective effect on 

cortical neurons, preventing them from dying. In this context, NDFIP1 upregulation 

upon ischemia drives PTEN nuclear import and subsequently maintains pAKT levels 

in the cytoplasm aiding cell survival. Also, NDFIP1 deletion increases neuron death 

after HI (hypoxia-ischemia) reduces the number of pAkt-positive neurons [151]. In 
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contrast, in mouse embryonic fibroblasts and the neuroblastoma cell line, SH-SY5Y, 

deletion of NDFIP1 can enhance cell proliferation due to lack of nuclear PTEN [152].  

 

In 2014, Hammond et al identified structural imperfections and atrophic 

characteristics in cortical and hippocampal neurons in NDFIP1 conditional KO mice 

suggesting a major role of NDFIP1 in the development of parts of the brain cortex 

[153]. NDFIP1-/- mice suffer from skin lesions owing to increased inflammation of skin 

and lung and die at approximately 14 weeks of age. This phenotype is very similar to 

Itchy mice characterized by lack of ITCH E3 ligases. Indeed, higher inflammation 

and increased T cell activation is due to repressed ITCH activity in the absence of 

NDFIP1 and consequent JunB protein stability [154]. Studies on NDFIP1-/- mice 

show that in addition to T-cell activation, NDFIP1 is indispensable for Treg cell 

differentiation resulting in increased inflammation [155-157]. Overall, these studies 

provide important insights into the role of NDFIP1 in the neurological and 

immunological spheres. 

 

Interestingly, knockdown of NDFIP1 in cervical cancer cell line, HeLa causes cell 

proliferation. NDFIP1 knockdown can also increase levels of Src, Lyn, EGFR, 

however the mechanism is not completely known. Both NDFIP1 and NDFIP2 can be 

phosphorylated through the EGFR pathway, however the effect of phosphorylation is 

not known [158]. Beck et al., 2015 showed that knockdown of NDFIP1 reduces 

cytokine induced apoptotic death indicating a pro-apoptotic role for NDFIP1 in 

pancreatic beta cells [159]. 

 

NDFIP1 can mediate the ubiquitination of several substrates, such as DMT1, hERG, 

Jun, MAVS, Aquaporin2, Trk receptor through NEDD4 E3 ligases and target these 

proteins for proteasome mediated degradation [160-164]. NDFIP1 mediated 

ubiquitination can also cause nuclear trafficking as in the case of PTEN and BRAT1 

[150, 165]. From studies on Drosophila Ndfip1, it is clear that NDFIP1 can promote 

Notch ubiquitination through lysosomes, while the ubiquitination of Notch is possibly 

through Nedd4 and Su(dx)(the Drosophila ortholog for ITCH and WWP1/2) [166, 

167]. 
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In contrast to its role in directing proteins for destruction through the lysosomes, a 

significant function of NDFIP1 is the trafficking of proteins (non-destructively) into 

exosomes. It was found that NDFIP1 overexpression can increase protein 

ubiquitination in cells and concurrently, the protein content of exosomes. NDFIP1 

overexpression also results in trafficking of NEDD4, NEDD4L, ITCH and PTEN to 

exosomes [168]. Exosomal PTEN is taken up by recipient cells and reduces the 

levels of p-AKT [169]. The presence of WW domains or interaction with WW 

domains seem to be important for NDFIP1 mediated trafficking of proteins to 

exosomes [170]. 

 

1.8.3 NDFIP1 in disease 

 

NDFIP1 has long been implicated in disorders of the brain. NDFIP1 expression was 

found to be upregulated in samples with traumatic brain injury [151] (as introduced in 

Section 1.8.2). Lower expression of NDFIP1 is found in APP/PS1 mouse brain 

(expressing mutated amyloid precursor protein and mutant human presenilin 1), 

which also exhibits Alzheimer’s disease pathogenesis. Low levels of NDFIP1 leads 

to a lack of proteasomal degradation of DMT1 (iron transporter) and a subsequent 

imbalance in iron levels [171]. Indeed, NDFIP1 is elevated in Parkinson’s brains and 

the resulting iron accumulation is due to DMT1 levels [172]. Studies on the relation 

between NDFIP1 and T-cell activation/tolerance have also revealed that NDFIP1 

may play a role in auto-immune disorders [156] [173]. 

 

Little is known about NDFIP1 in the context of cancer and the available reports are 

quite conflicting. NDFIP1 levels are found to be regulated by micro-RNAs – 

particularly miR-155 and miR-338-5p in uveal melanoma and glioblastoma 

respectively. Increase in apoptosis after miR-338-5p overexpression and irradiation 

is attributed to NDFIP1 downregulation in the case of glioblastoma. MiR-338-5p is 

significantly downregulated in glioblastoma samples and the targeting of NDFIP1 by 

miR-338-5p alludes to an oncogenic role for NDFIP1 in glioblastoma [174]. However, 

in uveal melanoma, overexpression of miR-155 mimic can downregulate NDFIP1 

and thereby increase cell proliferation pointing to a growth inhibitory tumour-

suppressive role for NDFIP1 [175]. Regulation of PTEN localization by NDFIP1 also 
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indicates that NDFIP1 could play an important role in lung endocrine tumours [176]. 

Knockout of miR17-92 can upregulate NDFIP1 resulting in nuclear localization of 

PTEN causing apoptosis of a subtype of motor neurons called the lateral motor 

column motor neurons (LMC-MN) [177]. This indicates a potential growth 

suppressive role for NDFIP1 in this particular subtype of cells. A bioinformatic study 

in 2007 revealed that NDFIP1 levels negatively correlate with miR-181a, which is 

elevated in a sub-class of AML [178]. Loss of expression of NDFIP1 (5q31.3 to 

5q33.1) is also observed in a subset of colorectal carcinomas (Staub et al., 2006). 

However, there is no information available on NDFIP1 levels in tumour derived 

exosomes. 

 

1.8.4 NEDD4 E3 ligases and p53  
 

Of all the E3 ligases of the NEDD4 family, WWP1 is the only ligase that directly 

binds to p53 and facilitates its ubiquitination. Ubiquitination by WWP1 results in 

cytoplasmic localization of p53 and reduced transcriptional activity [179]. There 

exists a feedback loop between p53 and WWP1, such that increased expression of 

p53 reduces WWP1 levels [180]. In contrast, NEDD4 ubiquitinates MDM2 (K63 type 

ubiquitin chains) and stabilizes it. Interestingly, another report suggests that 

knockdown of NEDD4 can result in increased basal p53 levels [181]. It was also 

found that in embryonic stem cells, NEDD4 is involved in conversion of mt-p53 

conformation to wild type and maintaining its activity [182]. Another NEDD4 E3 

ligase, SMURF1/2 is known to stabilize MDM2 by inhibiting its autoubiquitination and 

it also enhances interaction of MDM2 and MDMX [183]. In spite of the known 

association of these E3 ligases with p53 directly and/or indirectly, the influence of 

these ligases on mt-p53 has not been explored.  

 

1.9 Aims of the project 
 

Mt-p53 stability is a serious problem in the clinic due to the aggressive nature of the 

associated tumours and poor prognosis. Current knowledge about regulators of the 

mutated form of the major tumour suppressor p53 is inadequate. Lack of mt-p53 

regulation in cancers can only be partially explained by the limited capacity of 
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MDM2/CHIP and the effect of chaperones. It is possible that mt-p53 is destabilized 

by proteins whose functions remain to be exposed. We hypothesize that there are 

still unknown regulators of mt-p53 and that understanding their mechanisms of 

action will offer potential to open up new approaches to overcome the oncogenic 

functions of mt-p53. This defines a considerable gap in our knowledge and such 

candidates may have important implications for understanding cancer mechanisms 

and predicting anti-cancer therapies. Therefore, to identify novel regulators of mt-

p53, a high-throughput RNAi screen was performed in our lab. My project focusses 

on –  

 Analysis of results of the high-throughput RNAi screen and validation of 

selected candidates. 

 Identification of NDFIP1 as a candidate regulator and deciphering the 

mechanism of mt-p53 regulation through NDFIP1. 

 Establishment of functional assays to study NDFIP1 mediated oncogenic 

effects of mt-p53. 
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Chapter 2 

Materials and methods 
 

2.1 Bioinformatic analyses 
 
For pathway enrichment analysis of tertiary screen hits, we used DAVID gene 

functional classification tool and KEGG database as reference. The test gene list 

was compared to a background list of the human genome to identify enriched 

pathways. The gene count threshold for pathway enrichment was set to 2 and 

enriched pathways with a p value>0.05 were considered significant [184, 185]. 

Classification based on protein class was done using PANTHER, which utilizes GO 

(gene ontology) terms to segregate proteins (Protein classes with p values greater 

than 0.05 were considered significant) [186]. Network analysis of the candidates of 

the tertiary screen was carried out using GeneGo’s METACORE tool 

(https://portal.genego.com/). Venn diagram to analyze overlap of candidates across 

4 cell lines was generated using Venny2.0 software [187]. Proportional venn diagram 

of the validated hits was made using BioVenn [188]. Heat map was made using 

MORPHEUS (https://software.broadinstitute.org/morpheus).  

2.2 Cell culture and reagents 
 
MDA-MB-468, MDA-MB-231, AU565, JH-EsoAd1, H1299 were maintained in RPMI 

(GIBCO) supplemented with 10% fetal bovine serum and 0.2% Penicillin-

streptomycin (GIBCO). LN18 and HEK293T cells were maintained in DMEM 

supplemented with 10% FBS and 0.2% Penicillin-streptomycin. All cell lines were 

maintained in 10cm/15cm dishes below confluence and subcultured based on 

growth rate.  

 

For preparation of mouse embryonic fibroblasts (MEFs), E12.5-13.5 embryos were 

used. After removal of organs and other entrails, the emryos are cut into smaller 

pieces with a blade and passed through 18G needle 4 times. These are spread on 

gelatinized dishes. MEFs were maintained in DMEM supplemented with 10% heat-
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inactivated FBS, 10mM non-essential amino acids, 2mM L-Glutamine, 1mM Sodium 

pyruvate, 10mM HEPES (GIBCO) and 50mM β-mercaptoethanol (Calbiochem). 

Table 2.1: List of cell lines used 

Cell line Organism Origin/Cancer type 
TP53 

status 
TP53 

mutation 

MDA-MB-468 Human 
Breast adenocarcinoma 

(TNBC) Mt R273H 

JH-EsoAd1 Human Esophageal adenocarcinoma Mt G266E 

MDA-MB-231 Human 
Breast adenocarcinoma 

(TNBC) Mt R280K 

AU565 Human 
Breast adenocarcinoma 

(luminal) Mt R175H 

MCF7 Human 
Breast adenocarcinoma 

(luminal) Wt - 

H1299 Human Non-small cell lung carcinoma Null - 

LN18 Human Glioblastoma Wt/Mt wt/C238S 

Cos Monkey Kidney Wt - 

 

2.3 Plasmids and cloning 

2.3.1 Gene knockdown strategy 
 
Lentiviral constructs for knockdown of NDFIP1 were constructed by cloning oligos 

into FH1T-cherry at BsmBI/XhoI (NEB) sites as described in [189]. Oligos for 

NDFIP1 shRNA construct were designed based on Open Biosystems clone 

V2LHS_99041 [161]. 

 

Table 2.2: Oligos for NDFIP1 shRNA 

shNDFIP1#1_F 
TCCCGCTGTTCAAGTTAATCTAGAATTCAAGAGATTCTAGATTAACTTGAA 
CAGCTTTTTC 

shNDFIP1#1_R 
TCGAGAAAAAGCTGTTCAAGTTAATCTAGAATCTCTTGAATTCTAGATTAA 
CTTGAACAGC 

Scrambled_F 
TCCCGTTAATTATTGGTAACCGACATTCAAGAGATGTCGGTTACCAATAAT 
TAACTTTTTC 

Scrambled_R 
TCGAGAAAAAGTTAATTATTGGTAACCGACATCTCTTGAATGTCGGTTACC 
AATAATTAAC 

 

2.3.2 Overexpression strategy 
 
Doxycycline inducible NDFIP1 overexpression plasmids were constructed by cloning 

human NDFIP1 (transcript ID: NM_030571.4) into pTRE at the restriction sites 

BglII/EcoRI and then recloned with the Tet-responsive element (TRE) into lentiviral 

vector, FUV1-cherry (kindly provided by A/Prof. Marco Herold (Walter and Eliza Hall 
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Institute of Medical Research)). NDFIP1 ORF was amplified from a human NDFIP1 

expressing vector using primers listed in Table 2.3 and then digested with the 

restriction enzymes, BglII and EcoRI (Promega). The vector pTRE was digested with 

the restriction enzymes, BamHI and EcoRI (Promega). Making use of compatible 

BglII-BamHI cohesive ends, the digested plasmid and the PCR product were ligated. 

The TRE element and NDFIP1 ORF were then released from the vector through 

PacI (NEB) digestion and then subcloned into FUV1-cherry vector. Positive clones 

were sequenced using the primers listed in Table 2.3 to check for orientation and 

fidelity of amplification. 

Table 2.3: Primers for NDFIP1 overexpression construct 

Primers for NDFIP1 PCR 

 Sequence 5’->3’ Restriction site Ta ⁰C 

NDFIP1 
Forward primer 

GAGATCAGATCTCCACCATGGCGTTGGCGT BglII 

60 
NDFIP1 

Reverse primer 
TCAGACGAATTCTTACTTGTCATCGTCGTCCTTGT EcoRI 

Primer for sequencing 

 Sequence 5’->3’ 

FUV seq R GCTGTCCTGAGCGTCCG 

 

Lentivirus for knockdown and overexpression of NDFIP1 were made as discussed in 

the sections 2.4 and 2.5. Cancer cell lines transduced with appropriate lentivirus 

were sorted using the method described in section 2.6. For determining the optimal 

Doxycycline (Sigma) concentration for efficient knockdown/overexpression, cells 

were cultured in 6 well plates with different concentrations of Doxycycline and 

NDFIP1 levels were determined by immunoblotting at 48 or 72 hrs for 

overexpression or knockdown respectively. 

2.3.3 Site directed mutagenesis 
 
Mutations in the construct, VN-p53 were introduced using Q5 site directed 

mutagenesis kit (NEB E0554S) as per manufacturer’s instructions. Primers are listed 

in Table 2.4. 

Table 2.4: Primers for site directed mutagenesis 

Primer Sequence 5’->3’ Ta ⁰C 

VN-p53R273Hfwd TTTGAGGTGCATGTTTGTGCC 
64 

VN-p53R273Hrev GCTGTTCCGTCCCAGTAG 

VN-p53R175Hfwd GTTGTGAGGCACTGCCCCCAC 
66 

VN-p53R175Hrev CTCCGTCATGTGCTGTGAC 
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2.4 Transfection 
 
Reverse transfection of MDA-MB-468 and JH-EsoAd1 cells (60,000 cells/well in a 12 

well plate) were performed with 25nM siRNA pools (Dharmacon) using the following 

protocol. Briefly, the transfection reagent (Dharmafect4) was diluted in Opti-MEM 

(0.733uL/well for MDA-MB-468 and 1.08uL/well for JH-EsoAd1), incubated for 5 min 

following which the appropriate amount of siRNA was added to the mix. This was 

incubated for 20 min at RT for complex formation to occur after which the 

appropriate number of cells were added and seeded onto 12 well plates. Media was 

replaced after 24 hrs and the cells were harvested for extraction of protein after 72 

hrs of transfection. 

 

Transient transfections were performed in H1299, HEK293T and LN18 (seeding 

densities of 1.5X106 for H1299 and 1.75X106 for HEK293T and LN18) using 

polyethylenimine (PEI, Sigma). The DNA:PEI ratio (in terms of µg) used is as follows 

- 1:4.3 for HEK293T and 1:1 for H1299 and LN18. The appropriate amount of PEI 

was diluted in media (without FBS or antibiotic) after which DNA was added to the 

mix and incubated for 5 mins at RT. The DNA:PEI mixture was then added to cells 

and incubated for 2 hrs for H1299 and 6 hrs for HEK293T and LN18 after which the 

transfection media was replaced. 

2.5 Lentivirus generation and infection 
 
Lentiviral packaging plasmids (pMDLg/PRRE, pRSV-Rev, pMD2.G) were generously 

provided by A/Prof. Marco Herold. To generate lentivirus, HEK293T cells were 

transfected with shRNA vectors (10 μg) and 2 μg each of the packaging plasmids 

using polyethylenimine (PEI) as transfection reagent. The supernatant containing 

virus was collected 30, 45, 52, 58 and 70 hours post-transfection and concentrated 

using Amicon Ultra 15 centrifugal filter unit (UFC901024, Millipore). Cells were 

infected with concentrated virus in the presence of 8 μg/ml polybrene for 6 hours. 

The transduced cells were then sorted based on the appropriate fluorescent marker 

by flow cytometry. 
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2.6 Cell sorting 
 
Viral transduced cells were trypsinized and resuspended in FACS (Fluorescence-

activated cell sorting) buffer (PBS-/- with 2% FBS and 0.5mM EDTA (Sigma)) at a 

concentration of 2x107 cells/ml. The cell suspension was filtered using a 35µm nylon 

mesh (Corning, VIC, Australia) to exclude clumps and then sorted using BD FACS 

Fusion5 (BD Biosciences) based on the expression of GFP/cherry. 

2.7 CRISPR based gene knockout 
 
Cas9 vector (FUCas9cherry) and FgH1tUTG_hup53_Ex5 (plasmid with Doxycycline 

inducible guide RNA expression targeting exon 5 of human p53) were kindly 

provided by A/Prof. Marco Herold. In order to knockout p53 from LN18 cell line, cells 

were transiently transfected with the 5µg each of the above plasmids and 

transfection reagent, PEI as discussed in Section 2.5 and Doxycycline (20ng/ml)  

was added 6 hrs after transfection. At 48 hrs post transfection, clones positive for 

both GFP and cherry were sorted as single cells into a 96 well plate using FACS 

sorting. We selected clones with successful knockout of p53 using p53 

immunoblotting.  

2.8 Bimolecular Fluorescence Complementation assay (BiFC assay) 
 
Cells were seeded on coverslips 16-18hrs before transfection. H1299p53-/- cells 

were transfected with 0.5µg of VN-p53 or mutants, 0.5µg of VC-NDFIP1 and 0.25µg 

of Rab5-RFP using polyethylenimine (PEI). Rab5-RFP was used as a transfection 

control. After 12-16hrs, the coverslips were washed once with PBS and then fixed 

with 100% ice-cold methanol (Merck) for 10min at -20⁰C. The coverslips were then 

incubated with DAPI to stain nucleus for 1hour at RT, following which they were 

mounted on slides using Fluorsafe (Calbiochem). Venus+ and Rab5+ cells were 

counted manually using Olympus Bx51 microscope and images were captured using 

Leica Sp5 confocal microscope. The number of Venus+ cells normalized to Rab5+ 

cells was calculated to determine the proportion of cells with positive BiFC signal. 

2.9 RNA extraction 
 
Cell pellets were resuspended in Trizol (ThermoFisher), followed by Chloroform 

(Sigma-Aldrich) and then centrifuged at 12,000 g for 15 min. The aqueous phase 

containing RNA was transferred to a fresh tube and then precipitated using 
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isopropanol (Merck) and was further washed with 70% ethanol. The RNA pellet was 

air-dried and dissolved in Diethyl pyrocarbonate DEPC-treated water 

(ThermoFisher). RNA concentration measured at 260-280nm using NanoDrop 2000 

spectrophotometer (ThermoFisher) and a A260/280 ratio of 2 was considered pure 

RNA. For extracting RNA from <105 cells, Qiagen mRNAeasy column was used. 

2.10 Quantitative real-time PCR 
 
One µg of extracted RNA was used for cDNA synthesis using 0.5µg Random 

primers, 0.5mM dNTP and 2U of M-MLV reverse transcriptase (Promega) as per 

manufacturer’s instructions (RT, 10 min; 40⁰C, 50 min) The resulting cDNA was 

amplified with 2µM forward and reverse primers and Fast SYBRGreen 

(ThermoFisher) in Applied Biosystems StepOne Real-Time PCR system 

(ThermoFisher). The PCR run is as follows – initial denaturation step of 95⁰C, 20s, 

1X followed by 40 cycles of 95⁰C, 3s and 60⁰C, 30s. Primers used are listed in Table 

2.5. The primers sequences of NDFIP1 (Primerbank ID 188595693c2), MAPK1 

(Primerbank ID: 75709179c1) were taken from Primer Bank database [190-192]. The 

primers for TP53 were made in-house and the primers for CycB2, CycA were taken 

from [193]. The primers for AURKB were made using the NCBI primer designing tool 

[194]. Relative gene expression was calculated using 2−ΔΔCT method as described in 

Livak and Schmittgen et al., 2001 [195] 

Table 2.5: qPCR primer sequences 

Primer Sequence (5' -> 3') 

hNDFIP1 
F: TTTGTGGGTCGGGATGATTTTG 
R: AAATGGCCCCATACCTTCCTG 

hTP53  
F: CCTGTGCAGCTGTGGGTTGATTC  
R: ACCATCGCTATCTGAGCAGC  

hCycB2 
F: GGCTGGTACAAGTCCACTCC 
R: GAAGCCAAGAGCAGAGCAGT 

hCycA 
F: AGCAGCCTGCAAACTGCAAAGTTG 
R: TGGTGGGTTGAGGAGAGAAACAC 

hAURKB 
F: GCGTGGCAGATTCAGTTGTT 
R: GACAAGTGCAGATGGGGTGA 

hMAPK1 
F: TACACCAACCTCTCGTACATCG 
R: CATGTCTGAAGCGCAGTAAGATT 

hRPL37a  
F: GCCAGCACGCCAAGTACAC 
R: CCCCACAGCTCGTCTCTTCA 

 

2.11 Cell lysis for immunoblotting 
 



53 
 

Cell pellets were resuspended in Radioimmunoprecipitation assay (RIPA) buffer 

(50mM Tris-HCl (Sigma), 150mM NaCl, 1% NP40, 0.1% SDS, 2mM EDTA (Sigma)) 

supplemented with 5µg/ml Aprotinin and 1mM PMSF (Phenylmethylsulfonyl fluoride) 

followed by incubation in ice for 20 min. The lysates were then centrifuged at 12,000 

g for 15 min at 4⁰C to remove debris. Protein concentration was determined using 

BCA assay based on a standard curve of known BSA concentrations (Pierce BCA 

protein assay kit, ThermoFisher). (BCA assay (Bicinchoninic acid assay works on the 

principle of absorbance by Bicinchoninic Cu+  produced as a result of reaction 

between peptide bods and Cu2+ ions.) Protein sample buffer 4.5X (225mM Tris pH 

6.8, 9% SDS, 22.5% β-mercaptoethanol, 45% glycerol, bromophenol blue (Sigma)) 

was added to 50-80µg of lysate to make up a final concentration of 1X. The lysates 

were boiled at 95⁰C for 10 min and loaded onto an SDS PAGE. 

2.12 Immunoblotting 
 
Cell lysates were separated on SDS-PAGE (containing 0.38M Tris pH 8.5, 0.1% 

SDS, 0.05% Ammonium persulfate (Bio-rad) and 0.08% Tetramethylethylenediamine 

(TEMED, Merck) with 12% Acrylamide (Acrylamide/Bis-acrylamide 37.5:1, Amresco, 

Astral Scientific) along with a molecular weight protein standard (Precision Plus 

Protein Standard Dual Colour, Bio-Rad). Proteins were separated over a charge 

gradient using a running buffer (25 mM Tris-base, 250 mM Glycine (Sigma), 0.1% 

SDS) then transfered to 0.45 µm PVDF (Polyvinylidene fluoride) membrane 

(Immobilon-P Membrane, Merck) in transfer buffer (25 mM Tris-base, 192 mM 

Glycine, 0.01% SDS, 5% Methanol) at 20V for 2 hours. The membrane was then 

blocked with 5% skim milk in PBS-T (PBS-/- containing 0.05% Tween-20 (Sigma)) for 

1 hour at RT. This was followed by incubation with primary antibody (conditions vary 

depending on the antibody and is listed in Table), washing with PBS-T and 

incubating with secondary antibody for 1 hour at RT. The membrane was then 

washed with PBS-T and PBS and the chemiluminescent intensity was detected 

using Western Lightning Plus-ECL (Perkin-Elmer) and visualized on ChemiDoc MP 

(Bio-Rad) using ImageLab software (version 4.1). The antibodies used for 

immunoblotting are listed in Table 2.6. 

Table 2.6: List of antibodies used 
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Antibody 
Clone 
name 

Host Supplier 
Dilution for 

immunoblotting 

Dilution for 
immunofluore

scence 

p53 DO-1 Mouse in-house 1:20 1:4 

p53 1801 Mouse in-house 1:20 1:4 

NDFIP1 polyclonal Sheep 
R&D  

Biosystems 
1:500 

 

Hsp60 H-300 Rabbit Santa-cruz 1:1000 
 

Tsg101 polyclonal Rabbit Sigma 1:1000 
 

H2B Lg2-2 Mouse in-house 1:60 
 

Anti-mouse 
HRP 

polyclonal Goat Invitrogen 1:3000 
 

Anti-rabbit 
HRP 

polyclonal Goat Invitrogen 1:3000 
 

Anti-sheep 
HRP 

polyclonal Donkey 
R&D  

Biosystems 
1:3000 

 

Anti-mouse 
Alexa 

Fluor488 
polyclonal Goat Invitrogen 

 
1:800 

 

2.13 Isolation of extracellular vesicles 
 

Cell culture supernatant was centrifuged for 3700  xg for 10 min at 4⁰C to remove 

cell debris. The supernatant was then transferred to ultracentrifuge tubes and 

subsequently centrifuged at 20,000 xg for 15 min at 4⁰C (Beckmann ultracentrifuge, 

rotor Type 70Ti) to remove apoptotic bodies. The supernatant was then transferred 

to a fresh ultracentrifuge tube and centrifuged at 100,000 xg for 70min at 4⁰C to 

pellet the extracellular vesicles. The pellet was resuspended in 10ml PBS and then 

centrifuged at 100,000 xg for 60min at 4⁰C (Beckmann ultracentrifuge, rotor SW41). 

For western blotting, the pellet was resuspended in RIPA buffer and boiled for 5min 

with Laemmli Buffer. For uptake experiments, the pellet was resuspended in 20mM 

HEPES.  

2.14 Immunofluorescence 
 
Immunofluorescence was performed on cells (1.25X104) originally plated on 

coverslips (Menzel Glazer). Cells were washed once with PBS and then fixed with 

ice-cold 100% methanol for 10 min at -20⁰C. The coverslips were then washed with 

PBS-/- and blocked with 3% BSA (Bovogen, VIC, Australia) for half an hour at room 

temperature. These were then incubated with primary antibody (diluted in 1% 

BSA/PBS-/-) overnight at 4⁰C in a humid chamber and then washed thrice with PBS. 

After staining with the primary antibody, the coverslips were incubated with the 
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appropriate secondary antibody (diluted in 1% BSA/PBS-/-) and DAPI (ThermoFisher, 

diluted 1:5000) for 1 hour at room temperature in a humid chamber and then 

mounted on glass slides (1mm Superfrost Plus microscope slides, ThermoFisher) 

with Fluorsafe mounting medium (Calbiochem). Stained cells were imaged either 

using Olympus BX-51 (Olympus, VIC, Australia) and software, Spot one (version 

5.0.27; Diagnostics Instruments Inc., MI, USA) or Nikon C2 confocal system and NIS 

software 3.20.02. The antibodies used are listed in Table 2.5. 

2.15 Invasion assay 
 
Transwell assays were performed in 24 well inserts (6.5mm, 8µm membrane, 

Costar) for cell invasion. Matrigel coating of transwell inserts was done as per 

manufacturer’s instructions. In brief, matrigel (GFR- growth factor reduced, from In 

vitro technologies) was diluted to 200µg/ml with growth media and added to transwell 

inserts and incubated at 37⁰C for 2 hrs before adding the cells. 

 

H1299 cells were incubated with exosomes in serum free media for 24 hrs after 

which the cells were trypsinized and counted. Then, 30,000 cells were plated on 

matrigel coated inserts in serum free media. Media with 20% serum was added to 

the bottom chamber and the cells were allowed to migrate for 24 hrs. At the end of 

the assay, cells on the upper chamber were removed with a cotton swab and the 

invaded cells were fixed in 4% paraformaldehyde (Alfa Aesar) and stained with DAPI 

(ThermoFisher, diluted 1:5000) for 1 hour at room temperature. The transwell filters 

were mounted on glass slides (1mm Superfrost Plus microscope slides, 

ThermoFisher) with Fluorsafe mounting medium (Calbiochem) and coverslip (22X50 

No.1, Labserv). Images of 6 fields (per filter on 10X) were taken using Zeiss Axiovert 

microscope and software, Spot one (version 5.0.27; Diagnostics Instruments Inc., MI, 

USA). Cell count of images was done using Fiji [196]. 

2.16 Statistical analysis 
 
Data is represented as mean ± standard deviation (SD). Statistical analysis was 

carried out using GraphPad Prism 7.02 (GraphPad Software, La Jolla California 

USA). Unpaired non-parametric student’s t-test was performed for comparison of two 

independent groups and the determined significance was represented as * for p-

value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or **** p-value < 0.0001. 
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Chapter 3  

Analysis and validation of high-throughput 
RNAi screen results 
 

3.1 Preface 
 
The aim of this chapter is to analyze the results of a high-throughput RNAi screen 

designed to identify mt-p53 regulators, to rationally select candidates for evaluation 

and to validate their potency toward mt-p53. 

 

The RNAi screen and initial bioinformatic analysis was performed by Kah Hin Tan 

and Franco Caramia, respectively. Immunoblotting represented in figures 3.5-3.7 

was performed once (n=1). 

 

3.2 Introduction 
 
Mt-p53 accumulation is a major risk for cancer development due to its acquired 

oncogenic activities that are most critically associated with metastatic disease that 

lacks effective clinical therapeutic options (detailed in Chapter 1, Section 1.3.2). 

Studies in mice models reveal that mt-p53 is initially a labile protein, which is 

stabilized in response to stress signals. The consequent accumulation of mt-p53 is in 

part due to the absence of MDM2-dependent negative regulation or is effected 

through interaction with chaperones, which protect mt-p53 from proteasomal 

degradation [197] [52, 54]. Targeting protein factors and chaperones that protect mt-

p53 from degradation can lower mt-p53 levels in certain cancers and this approach 

has some success in reducing tumour growth [115] [74]. We hypothesize that in 

addition to the known E3 ligases: MDM2, CHIP and Pirh2, mt-p53 stability can be 

affected by other molecules. Support for this concept is starting to emerge from a 

number of recent studies as we previously reviewed [53]. The first step to 

understanding the regulation of mt-p53 accumulation is to identify key factors that 

can stabilize or destabilize mt-p53. To this end, we performed a high throughput 

RNAi screen in cancer cell lines expressing mt-p53 and measured changes in mt-

p53 expression through high content imaging.  
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The workflow of the genome wide RNAi screen in cell lines expressing mt-p53 is 

illustrated in Fig 3.1A. The cancer cell lines for the screen were chosen based on 

their mt-p53 expression levels: triple negative breast cancer cell line, MDA-MB-468 

(p53 mutation R273H) and esophageal adenocarcinoma cell line, JH-EsoAd1 (p53 

mutation G266E) with high and low levels of mt-p53 respectively with the aim to 

capture the complete range of genes upregulating and downregulating mt-p53. The 

cell lines were reverse transfected in a 384 well plate containing siRNA duplexes 

against every protein-coding gene of the human genome (Dharmacon SMARTpool 

library) followed by immunostaining with anti-p53 antibody and quantifying mt-p53 

levels through high content imaging (Fig 3.1B). Quantification of p53 intensity was 

done on multiple fields and normalized to that of non-targeting control, OTP (On-

target control). All cell lines used in the screen express mt-p53 with gain of function 

properties. 

 

Figure 3.1: Identification of NDFIP1 as a potential mt-p53 regulator.  
A. A flowchart illustrating the RNAi screening strategy. The number of genes tested in each 
screen is listed. B. Experimental design of the RNAi screen showing reverse transfection of 
cells in 384 well plates followed by high-content imaging.  

 

In brief, the primary screen was performed using SMARTpools against 18,120 genes 

in MDA-MB-468 and JH-EsoAd1 and the top 400 genes were chosen based on Z-

score (-2>Z score>2) for testing in the secondary screen (for calculation of Z-score 
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see Materials and Methods). This section of the screen involved the rigorous testing 

of 400 genes using each of the 4 siRNA duplexes individually (Deconvolution 

screen) and 240 genes were found to replicate the results of the primary screen in at 

least 2 out of 4 duplexes. Positive hits from the secondary screen (240 genes) were 

re-examined in a tertiary screen using the original SMARTpools in two additional cell 

lines – MDA-MB-231 (R280K) and AU565 (R175H) with high and low mt-p53 levels 

respectively.  

 

In this chapter, we discuss the results of the tertiary RNAi screen performed on the 4 

cell lines and in particular, we explain in detail the process of selection of candidate 

genes that are mostly likely to influence mt-p53. Furthermore, we also discuss the 

validation process used, the known functions of validated candidates and our gene 

of interest. 

3.3 Analysis of the high-throughput RNAi screen 

3.3.1 Important parameters in the analysis of tertiary screen results 
 
The tertiary screen tested the effects of 240 genes on the expression levels of mt-

p53 in four cell lines - MDA-MB-468, JH-EsoAd1, MDA-MB-231, AU565, two of them 

originally used in the primary and secondary screen and the latter two included for 

additional validation. In order to identify genes with the most significant impact on 

p53 expression, the tertiary screen results were filtered based on a threshold of 10% 

difference from the control (OTP), which translates to >1.1 for high mt-p53 intensity 

and <0.9 for low mt-p53 intensity. The threshold was decided based on the range of 

p53 intensities observed in the tertiary screen. Upon comparison of mt-p53 intensity 

scores, we observed that 150 genes scored a value higher than 1.1 and 19 genes 

scored a value lower than 0.9 in at least one cell line in the tertiary screen and these 

were considered for detailed analysis. The remaining unconfirmed genes failed to 

show phenotypes equivalent to the primary screen. Comparison of p53 intensities 

reveal that ~88% (150/169) genes identified from the tertiary screen lead to increase 

in mt-p53 expression levels when targeted by siRNA. Only a small proportion of 

genes (19/169) were found to be favouring mt-p53 stability (Fig 3.2B). We 

hypothesize that a possible reason for this contrast could be because of the difficulty 

in observing decreases in mt-p53 levels owing to its high stability and also the fact 

that stabilization of mt-p53 could be due to multiple factors. There is 19% overlap 
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between the candidates (32/169) identified across the 4 cell lines (Fig 3.2C). 

Candidates common to all the 4 cell lines are shown in a representative heat map 

(Fig 3.2A). If a knockdown of a gene results in decrease in mt-p53, that gene is an 

attractive target for inhibition in the context of cancer. On the other hand, if 

knockdown of a gene results in increased mt-p53 levels, that gene represents a 

regulatory checkpoint in maintaining mt-p53 levels. 
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Figure 3.2: Analysis of candidates from the tertiary screen.  
A. Heat map of common candidates. p53 intensities were normalized to OTP (intensity=0). 
XRCC6BP1 is the only candidate across all cell lines to aid mt-p53 stability. B. Pie chart 
illustrating the proportion of candidates showing high vs low mt-p53. C. Analysis of overlap 
of candidates across the 4 cell lines used in the tertiary screen. 

 

The following criteria were taken into account when prioritizing the selection of genes 

for further consideration. 

 

(1) One important factor for selecting proteins was the DAPI score which 

indicates relative toxicity. Low DAPI score would indicate that knockdown of 

that gene is toxic to the cells and that the gene is essential for cellular 

function. Therefore, we chose a cutoff of 0.3 for DAPI score and a candidate 

was selected for further analyses only if the DAPI score was greater than 0.3. 

 

(2) The candidate genes were classified into categories in an attempt to identify 

the pathways which are most crucial for mt-p53 stability. 

 

(3) Network analysis was carried out using GeneGo’s METACORE to enrich for 

proteins closest to p53 in the networks.  

 

(4) The association of the candidate gene with cancer and whether the protein is 

‘druggable’ were also considered to be important criteria. In fact, 122 out of 

169 candidates are found to be related to cancer in terms of expression level 

patterns, epigenetic modifications or mutations. 

 

(5) It was also considered whether the candidate gene was already known to 

affect p53. As most of the databases rely on information on pathways with 

respect to p53, network analyses revealed candidates associated with the 

wild-type form of p53.  

 

3.3.2 Enrichment analysis of genes 
 
In order to gain insight into the screen results, we subjected the hits through pathway 

and network analyses in addition to extensive data mining. Enrichment analysis of 

candidate genes identified in the tertiary screen, performed based on multiple 
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databases (KEGG, Reactome and Biocarta) in DAVID bioinformatics tool [184, 185] 

gave similar results and the top 10 pathways enriched based on KEGG database are 

listed in Fig 3.3A [198]. The top pathways are related to genes of the spliceosome, 

RNA transport and degradation. Proteins of the splicing machinery have been 

implicated in regulation of p53 levels and we believe that a similar pathway could be 

in place for mt-p53 regulation [199-201].  

 

Of particular interest are three enzymes (LPP1, ASAH1 and CERK) of the pathway 

for sphingolipid metabolism, which may play a role in regulating mt-p53 levels. In 

fact, many enzymes of this pathway are deregulated in cancers and key metabolites 

of this pathway are linked to p53. Bioinformatic analyses of NCI-60 gene datasets 

identified CERK as a possible synthetic lethal target in combination with p53  [201]. 

Both p53 and metabolites of the sphingolipid pathways act during events of cellular 

stress and in fact, studies indicate that the metabolites function both upstream (direct 

binding of Ceramide to p53) and downstream (p53 dependent increase in Ceramide)  

[202, 203]. However, all reports are in the context of p53 and have not been 

investigated in the context of mt-p53. The genes from the tertiary screen represented 

in the top 10 pathways are listed in Table 3.1. 

 

To understand the representation of the types of genes in our gene list, we 

performed functional clustering using PANTHER [186]. The genes were classified 

into categories based on their protein class. By making use of gene ontology terms, 

it was clear that “nucleic acid binding proteins” is the most represented protein class 

among the candidates (Fig 3.3B). This is not surprising as there are both 

transcription factors and RNA binding proteins in our list of candidates. This raises 

the question as to whether mt-p53 is directly regulated at the transcriptional and 

mRNA levels in these cells or indirectly through other regulators. 
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Figure 3.3: Enrichment analysis of candidates from the tertiary screen. 
A. An overview of the enriched pathways identified based on KEGG database. The number 
of hits identified in the screen to the total number of genes in the pathway is also listed at the 
end of each bar. B. Top 10 protein classes identified from the functional classification of 169 
genes from the screen using PANTHER. 
 

Table 3.1: List of candidate genes in the top 10 KEGG pathways 

Gene 
ID 

Gene 
symbol Gene Name 

hsa03040:Spliceosome 

51503 CWC15 CWC15 spliceosome associated protein homolog 

9416 DDX23 DEAD-box helicase 23 

51729 WBP11 WW domain binding protein 11 

10523 CHERP Calcium homeostasis endoplasmic reticulum protein 

55119 PRPF38B Pre-mRNA processing factor 38B 

9128 PRPF4 Pre-mRNA processing factor 4 

8175 SF3A2 Splicing factor 3a subunit 2 

153527 ZMAT2 Zinc finger matrin-type 2 

5683 PSMA2 Proteasome subunit alpha 2 

23658 LSM5 LSM5 homolog, U6 small nuclear RNA and mRNA degradation associated 

57819 LSM2 LSM2 homolog, U6 small nuclear RNA and mRNA degradation associated 

51691 LSM8 LSM8 homolog, U6 small nuclear RNA associated 

hsa03013:RNA transport 

81929 SEH1L SEH1 like nucleoporin 

8894 EIF2S2 Eukaryotic translation initiation factor 2 subunit beta 

8661 EIF3A Eukaryotic translation initiation factor 3 subunit A 

2332 FMR1 Fragile X mental retardation 1 

4927 NUP88 Nucleoporin 88 

1977 EIF4E Eukaryotic translation initiation factor 4E 

1981 EIF4G1 Eukaryotic translation initiation factor 4 gamma 1 

hsa05169:Epstein-Barr virus infection 

5290 PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

5713 PSMD7 Proteasome 26S subunit, non-ATPase 7 

6416 MAP2K4 Mitogen-activated protein kinase kinase 4 

8737 RIPK1 Receptor interacting serine/threonine kinase 1 

890 CCNA2 Cyclin A2 

3105 HLA-A Major histocompatibility complex, class I, A 

hsa03018:RNA degradation 

4849 CNOT3 CCR4-NOT transcription complex subunit 3 

57819 LSM2 LSM2 homolog, U6 small nuclear RNA and mRNA degradation associated 
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23658 LSM5 LSM5 homolog, U6 small nuclear RNA and mRNA degradation associated 

51691 LSM8 LSM8 homolog, U6 small nuclear RNA associated 

3313 HSPA9 Heat shock protein family A (Hsp70) member 9 

hsa00600:Sphingolipid metabolism 

427 ASAH1 N-acylsphingosine amidohydrolase 1 

64781 CERK Ceramide kinase 

8611 PLPP1 Phospholipid phosphatase 1 

hsa04668:TNF signaling pathway 

6416 MAP2K4 Mitogen-activated protein kinase kinase 4 

4217 MAP3K5 Mitogen-activated protein kinase kinase kinase 5 

5290 PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

8737 RIPK1 Receptor interacting serine/threonine kinase 1 

hsa04722:Neurotrophin signaling pathway 

5598 MAPK7 Mitogen-activated protein kinase 7 

4214 MAP3K1 Mitogen-activated protein kinase kinase kinase 1 

4217 MAP3K5 Mitogen-activated protein kinase kinase kinase 5 

5290 PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

 

3.3.3 Network analysis 
 
Network analysis was carried out to identify related genes and protein interaction 

networks through GeneGo’s METACORE software, which is based on available 

literature (https://portal.genego.com/). Shortest path algorithm was used to perform 

network analysis. This algorithm not only identifies relationships between genes in 

our list based on available literature but also uncovers links with additional genes in 

the database, which directly affect our genes of interest. We included TP53 in our 

gene list in a bid to identify candidates that are already known to interact with p53. 

The genes connected to these hubs were identified to interact with p53 directly or 

indirectly through any of the following mechanisms – transcriptional regulation, 

binding, influence on expression, ubiquitination. The directionality of the interaction 

and the outcome (activation/inhibition) were also acquired for most of these hits. The 

networks are based on available knowledge (which mostly pertains to the wild type 

form of p53) and the nodes in this network are those genes, which are already 

known to associate with p53. This analysis was of utmost importance considering the 

fact that there are common pathways regulating both wild type and mt-p53. From the 

network, we found that 47 genes (out of 169) are related to p53 (Fig 3.4). When the 

directionality of the interaction is considered, we found that only 11 genes are known 

to affect p53 levels indicating that 93% of the genes discovered from the screen are 

novel.  
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Figure 3.4: Network of related candidate genes of the tertiary screen.  
The green arrows indicate activation and the red arrows indicate inhibition. More 
details on the symbols have been included in the appendix. 

 

3.3.4 Potential drug targets uncovered from the RNAi screen 
 
We also investigated whether the candidates from the RNAi screen are potential 

drug targets. Specifically, we identified inhibitors against 22% (37 out of 169) of the 

candidates through extensive data mining of various databases such as GeneCards 

and NCBI gene. These inhibitors can directly or indirectly affect the activity or level of 

the candidates. Table 3.2 summarizes the information obtained based on available 

literature.  
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Table 3.2: List of druggable candidates 

  
Gene 

symbol 
Gene name Inhibitor 

p53 intensity 
(tertiary 
screen) 

Cell line (primary-
tertiary) 

1 ANAPC1 
Anaphase-promoting complex subunit 
1;ANAPC1;ortholog proTAME High 468-468, JH-JH 

2 ANKRD1 
Ankyrin repeat domain-containing protein 
1;ANKRD1;ortholog Doxorubicin High 468-468, JH-JH 

3 ASAH1 Acid ceramidase;ASAH1;ortholog Carmofur(variant of 5-fluorouracil) High 468-468, JH-JH 

4 CAPN1 Calpain-1 catalytic subunit;CAPN1;ortholog MDL-28170 High 468-468, JH-565 

5 CERK Ceramide kinase;CERK;ortholog NVP-231 High 468-468, JH-565 

6 COPS6 
COP9 signalosome complex subunit 
6;COPS6;ortholog Doxycycline High 468-468, JH-JH 

7 COPS8 
COP9 signalosome complex subunit 
8;COPS8;ortholog Doxycycline High 468-468, JH-JH 

8 CRBN Protein cereblon;CRBN;ortholog Pomalidomide High JH-565 

9 DHFR Dihydrofolate reductase;DHFR;ortholog Methotrexate High 468-231, JH-565 

10 DHRS4 
Dehydrogenase/reductase SDR family member 
4;DHRS4;ortholog Finasteride High 

468-468, 468-231, JH-
JH 

11 EIF2S2 
Eukaryotic translation initiation factor 2 subunit 
2;EIF2S2;ortholog Rapamycin High 

468-468, 468-231, JH-
JH 

12 EIF3A 
Eukaryotic translation initiation factor 3 subunit 
A;EIF3A;ortholog Rapamycin High JH-JH 

13 EIF4E 
Eukaryotic translation initiation factor 
4E;EIF4E;ortholog LY2275796, Rapamycin High 468-231 

14 EIF4G1 
Eukaryotic translation initiation factor 4 gamma 
1;EIF4G1;ortholog Rapamycin High JH-JH 

15 FKBP3 
Peptidyl-prolyl cis-trans isomerase 
FKBP3;FKBP3;ortholog Rapamycin High 468-231, JH-565 

16 HSPA9 Stress-70 protein, mitochondrial;HSPA9;ortholog MKT077 High JH-JH 

17 KDM2B Lysine-specific demethylase 2B;KDM2B;ortholog ML324 High 468-468 

18 LDHB L-lactate dehydrogenase B chain;LDHB;ortholog Sodium oxamate High 468-231, JH-565 

19 MAP2K4 
Dual specificity mitogen-activated protein kinase 
kinase 4;MAP2K4;ortholog Dabrafenib, Trametinib High 468-468, 468-231 
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20 MAP3K1 
Mitogen-activated protein kinase kinase kinase 
1;MAP3K1;ortholog E6201 High all 

21 MAP3K11 Mitogen-activated protein kinase kinase kinase 11 CEP1347, URMC-099 High 468-468, 468-231 

22 MAP3K5 
Mitogen-activated protein kinase kinase kinase 
5;MAP3K5;ortholog GS 4997, AGI 1067 High 468-231, JH-JH 

23 MAPK7 Mitogen-activated protein kinase 7;MAPK7;ortholog XMD 8-92 Low 468-468, 468-231 

24 MMEL1 
Membrane metallo-endopeptidase-like 
1;MMEL1;ortholog Phosphoramidon High 468-468 

25 NUP88 
Nuclear pore complex protein 
Nup88;NUP88;ortholog Deguelin High 468-468, JH-JH 

26 PIK3CA 
Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit alpha isoform;PIK3CA;ortholog Copanlisib and many inhibitors High 468-468, JH-JH 

27 PLOD3 
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 
3;PLOD3;ortholog Minoxidil High JH-565 

28 PPAP2A Phospholipid phosphatase 1;PLPP1;ortholog XY-14 High JH-JH 

29 RARA Retinoic acid receptor alpha;RARA;ortholog all trans retinoic acid (ATRA) High all 

30 SLC4A7 
Sodium bicarbonate cotransporter 
3;SLC4A7;ortholog EIPA (Ethylisopropyl ameloride) High JH-JH, JH-565 

31 USP5 
Ubiquitin carboxyl-terminal hydrolase 
5;USP5;ortholog DUB inhibitor WP1130 High 468-468 

32 DAPK3 Death-associated protein kinase 3;DAPK3;ortholog TC-DAPK-6 Low JH-565 

33 RIPK1 
Receptor-interacting serine/threonine-protein kinase 
1;RIPK1;ortholog Necrostatin Low 468-231 

34 TNK2 Activated CDC42 kinase 1;TNK2;ortholog Dasatinib(tyr kinase inhibitor) Low JH-565 

35 HDAC9 Histone deacetylase 9;HDAC9;ortholog TMP-269, TFMO Low JH-JH 

36 HK3 Hexokinase-3;HK3;ortholog Lonidamine Low JH-565 
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3.4 Validation of putative regulators of mutant p53 
 
The analyses of hits from the tertiary screen yielded 37 putative candidates selected 

largely on the basis of novelty and p53 intensity. The next step was to validate the 

candidates using a method alternative to immunostaining, used in the screen. 

Therefore, we employed immunoblotting as our validation method to check the effect 

of the selected candidates on mt-p53 levels. We achieved gene knockdown by 

transiently transfecting siRNA against the selected candidates in MDA-MB-468 and 

JH-EsoAd1 and harvesting the cells after 72 hrs and immunoblotting for mt-p53. 

siRNA against p53 was used as a positive control to confirm successful transfection. 

The intensity of p53 expression was normalized to that of Hsp60 and was plotted in a 

graph and compared to that of non-targeting control (OTP) (Fig 3.5-3.7). Candidates 

with relative p53 intensity greater than 1.2 or less than 0.9 were considered to be 

validated.  

 

 

 

Figure 3.5: Validation blots in MDA-MB-468 (A) and JH-EsoAd1 (B).  
5 candidates (SRRT, HK3, DAPK3, HERC1 and RIPK1) were selected out of 19 candidates 
(showing low mt-p53 upon knockdown). The validation blots and associated graph 
presenting p53 intensity quantitation is shown in the figure. 
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Figure 3.6: Validation blots of candidates in MDA-MB-468 (A-D).  
32 candidates selected for validation out of 150 candidates showing high mt-p53 phenotype. 
The western blots and the associated graphs showing p53 intensity is presented in the 
figure. 
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Figure 3.7: Validation blots in JH-EsoAd1 (A-D). 
32 candidates selected for validation out of 150 candidates showing high mt-p53 phenotype. 
The western blots and the associated graphs showing p53 intensity is presented in the 
figure. 
 

3.4.1 Validation results 
 
Mt-p53 protein levels were compared to OTP (non-targeting control) and we 

observed that 5 candidates validated true in both cell lines and in total 23 candidates 

out of 37 validated in at least one cell line. The list of all candidates considered for 

validation and their validation scores are listed in table 3.3. The 5 common 

candidates are ANAPC1, DLEC1, MAP2K4, SLC4A7 and NDFIP1 and their known 

functions are briefly discussed in the following section. 
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Table 3.3: List of candidates selected for validation and validation scores 

 

 
Gene 

symbol 
Gene name Function 

p53 intensity 
(screen) Cell line (primary-tertiary)* 

p53 intensity (WB) 

JH 468 

1 DLEC1 
Deleted in lung and esophageal 

cancer 1 
Transcription factor High  All(Hi) Yes(1.384) Yes(1.452) 

2 LSM8 Lsm8 homolog RNA related High  All(Hi) Yes(2.039) No(0.953) 

3 LMO1 LIM domain only 1 (rhombotin 1) Transcription factor High  All(Hi) Yes(1.325) No(0.812) 

4 PRPF4 
PRP4 pre-mRNA processing factor 

4 homolog (yeast) 
RNA related High  All(Hi) No (1.083) No(0.79) 

5 SF3A2 Splicing factor 3a, subunit 2, 66kDa Splicing High  All(Hi) Yes(1.22) No (1.113) 

6 WDR88 WD repeat domain 88 Splicing High  All(Hi) No(0.979) No(1.158) 

7 MAP3K1 
Mitogen-activated protein kinase 

kinase kinase 1 
Kinase High  468-231, 468-468 Yes(1.296) No(0.955) 

8 MAP2K4 
Mitogen-activated protein kinase 

kinase 4 
Kinase High  468-231, 468-468 Yes(1.235) Yes(1.414) 

9 MAP3K5 
Mitogen-activated protein kinase 

kinase kinase 5 
Kinase High  468-231, JH-JH No(0.813) Yes(1.975) 

10 EIF4G1 
Eukaryotic translation initiation 

factor 4 gamma, 1 
Translation initiation High  JH-JH Yes(1.515) No(0.927) 

11 EIF2S2 
Eukaryotic translation initiation 
factor 2, subunit 2 beta, 38kDa 

Translation initiation High 468-231, 468-468, JH-JH Yes(2.000) No(0.653) 

12 DTX2 Deltex homolog 2 (Drosophila) E3 ligase High  468-231, JH-565 No (1.101) No(0.579) 

13 DTX3 Deltex homolog 3 (Drosophila) E3 ligase High  468-468 No(0.62) No(0.633) 

14 STAMBPL1 STAM binding protein-like 1 DUB High  JH-JH No(0.878) No(0.735) 

15 NAA10 
N(alpha)-acetyltransferase 10, 

NatA catalytic subunit 
Coregulator of 
transcription 

High  468-231, JH-565 No(0.828) No(0.756) 

16 TBL1X Transducin (beta)-like 1X-linked 
E3 ligase/F box 

proteins 
High  468-231, 468-468 No(0.627) No(0.702) 
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17 FBXO47 F-box protein 47 
E3 ligase/F box 

proteins 
High  468-468, JH-565 Yes(1.279) No(0.964) 

18 FBXW12 
F-box and WD repeat domain 

containing 12 
E3 ligase/F box 

proteins 
High  JH-565 No(0.967) No(0.853) 

19 CCT6A 
Chaperonin containing TCP1, 

subunit 6A (zeta 1) 
Chaperones High  All No (1.03) No(0.619) 

20 CCT4 
Chaperonin containing TCP1, 

subunit 4 (delta) 
Chaperones High  JH-JH Yes(1.25) No(0.798) 

21 CCT8 
Chaperonin containing TCP1, 

subunit 8 (theta) 
Chaperones High 468-231, 468-468, JH-JH Yes(1.419) No(0.612) 

22 UQCC 
Ubiquinol-cytochrome c reductase 

complex chaperone 
Chaperones High  All Yes(2.83) No(0.539) 

23 EFCAB4B 
EF-hand calcium binding domain 

4B 
Signaling molecule High 468-468, JH-JH, JH-565 Yes(2.67) No(0.939) 

24 ANAPC1 
Anaphase promoting complex 

subunit 1 
cell cycle protein High  468-468, JH-JH Yes(1.636) Yes(1.59) 

25 NDFIP1 NEDD4 family interacting protein 1 protein stability High  JH-JH, JH-565 Yes(2.257) Yes(1.34) 

26 CRBN Cereblon protein stability High  JH-565 Yes(1.253) No (1.018) 

27 RNF113B Ring finger protein 113B E3 ligase High  468-468 No (1.15) No (1.07) 

28 SLC39A10 
Solute carrier family 39 (zinc 

transporter), member 10 
Transporters High  JH-JH Yes(1.39) No(0.72) 

29 SLC4A7 
Solute carrier family 4, sodium 

bicarbonate cotransporter, member 
7 

Transporters High  JH-JH, JH-565 Yes(1.56) Yes(1.32) 

30 WIPI2 
WD repeat domain, 

phosphoinositide interacting 2 
Signaling molecule High  JH-565 No(1.09) Yes(1.34) 

31 LDHB Lactate dehydrogenase B Metabolism High  468-231, JH-565 Yes(1.9) No(0.62) 

32 ZMAT2 Zinc finger, matrin-type 2 Transcription factor High  All Yes(1.94) No(0.48) 

33 SRRT 
Serrate RNA effector molecule 

homolog (Arabidopsis) 
miRNA/RNA Low JH-565 No(0.90) No(1.1) 

34 HK3 Hexokinase 3 (white cell) Metabolism Low JH-566 No(1.05) No(0.94) 

35 DAPK3 Death-associated protein kinase 3 kinase Low JH-567 No(1) No(1.03) 
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36 HERC1 

Hect (homologous to the E6-AP 
(UBE3A) carboxyl terminus) 

domain and RCC1 (CHC1)-like 
domain (RLD) 1 

E3 ligase Low JH-JH No(1.06) No(1.1) 

37 RIPK1 
Receptor (TNFRSF)-interacting 

serine-threonine kinase 1 
kinase Low 468-231 Yes(0.81) No(1.1) 

 

 
*Cell line (primary-tertiary) refers to the cell lines in which the gene was validated in the primary vs the tertiary screen.
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Figure 3.8: Validation results. 
Graph showing all candidates (with high mt-p53 phenotype in the screen) and their p53 
intensity scores in MDA-MB-468 (A) and JH-EsoAd1 (B). (C) Candidates (showing low mt-
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p53 phenotype in the tertiary screen) represented in the graph with their validation scores. 
(D) Venn diagram depicting the overlap between the validated candidates among the two 
cell lines, MDA-MB-468 and JH-EsoAd1. 
 

 

 

ANAPC1 (Anaphase promoting complex 1) is the largest subunit of the anaphase 

promoting complex/ cyclosome (APC/C), which functions as an E3 ubiquitin ligase 

[204]. By degrading securin and cyclin B, APC/C complex allows the sister 

chromatids to separate and aids the cells in metaphase to anaphase transition [205]. 

The association between APC/C and p53, while striking, is also very conflicting. 

While siRNA against ANAPC1 can increase p53 levels [206], knockdown of a 

scaffold subunit of APC/C, APC2 results in accumulation of MDM2 and attenuation 

of p53 [206, 207]. It is also suggested that mt-p53 acts upstream of APC complex by 

upregulating CKs1, which activates APC [208]. It remains to be found if there are any 

functions of ANAPC1 independent of the APC complex. ANAPC1 is mutated, 

methylated in multiple cancers due to its function in maintaining chromosomal 

stability [209, 210].  

 

DLEC1 (Deleted in lung and oesophageal cancer 1) is a tumour suppressor gene, 

which is silenced by methylation in many cancers [211, 212]. It is also interesting to 

note that p53 binds to DLEC1 promoter and upregulates it [212].  

 

MAP2K4 is an essential part of the JNK signaling pathway. The protein is found to 

be mutated and non-functional in many cancer types and it is known that inactivation 

of MAP2K4 can drive the aggressiveness of K-Ras and mt-p53 tumors. [213] 

 

SLC4A7 is a transmembrane protein of the sodium bicarbonate cotransporter family. 

Literature mining of p53 target genes, transcriptome data and bioinformatic analyses 

of p53 response elements by Garritano et al., 2013 identified SLC4A7 to be 

upregulated in the presence of mt-p53 [214]. SLC4A7 has also been identified as a 

tumour suppressor as disruption of this gene in mice can delay breast cancer 

development [215]. 
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NDFIP1 belongs to a conserved group of proteins that act as activators of NEDD4 

family of E3 ligases [147, 216]. NDFIP1 interacts with WW domains of E3 ligases 

through its proline rich (PY) domain, which releases them from auto-inhibition [148]. 

Protein substrates ubiquitinated by the effect of NDFIP1 can have different fates – 

degradation (DMT1), nuclear transport (BRAT1) or exosomal release (PTEN) [161, 

165, 217]. This gene has not been linked to wild type or mt-p53 and therefore, we 

sought to explore the mechanism of NDFIP1 mediated mt-p53 regulation using 

cancer cell line models. 

 

3.5 Discussion 
 
In this chapter, novel mt-p53 regulators that were identified in our genome-wide 

RNAi screen were profiled for known functions, using bioinformatic pathway 

analyses tools and extensive text mining. Intriguingly, the top pathways identified 

from our screen to regulate mt-p53 are RNA related: the Spliceosome and RNA 

degradation.  

 

Pertinently, the spliceosome has been demonstrated to influence p53 levels. 

Specifically, targeting the spliceosome or mutation of its components have been 

demonstrated to trigger p53 accumulation. This is linked to reduction in the levels of 

negative regulators of p53, including MDM2 and MDM4 [199-201]. This 

p53:spliceosome connection provides an exciting basis for investigating a 

comparable link to mt-p53, as predicted by its accumulation in response to RNAi 

knockdown of spliceosomal components. This also reveals that there are similarities 

between wild type and mt-p53 regulation and therefore studying the mechanisms in 

cancer in detail would open up new avenues to specifically target mt-p53 expressing 

cancers. 

 

It is important to ascertain whether the effect of knockdown of RNA related factors 

affects mt-p53 directly at the RNA level or instead at its protein levels, for example 

by indirect mechanisms where regulators of mt-p53 are the direct targets. Further 

studies can explore the actual mechanism of mt-p53 stability and identify possible 

drug targets.  
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The other pathway of interest is the Sphingolipid biosynthesis pathway. The 

probability of 3 enzymes involved in the same biosynthetic pathway to show the 

same p53 phenotype is unlikely to be coincidental. Two of the enzymes, ASAH1 and 

CERK convert ceramide to sphingosine and ceramide kinase respectively and 

considering the association between ceramide and p53, it is apparent that this 

metabolic pathway and its metabolites play a role in mt-p53 regulation in cancer cells 

[218]. This is interesting because there is a high degree of crosstalk between the 

sphingolipid pathway and the mevalonate pathway [219]. Also, mt-p53 and 

mevalonate pathway exist in a feed forward loop, with metabolites in the pathway 

playing a role in mt-p53 regulation [220]. It is possible that both the sphingolipid and 

the mevalonate pathway are working together in maintaining mt-p53 stability. 

Perturbations in these pathways indicate that metabolic landscape of cancer cells is 

altered by mt-p53 and the metabolites in turn bolster mt-p53 accumulation resulting 

in a positive loop favouring tumour progression. Given the growing interest in 

targeting metabolic pathways and the successful reduction in mt-p53 levels by 

statins, we will be testing the effect of targeting the sphingolipid pathway [76]. 

 

Mt-p53 stability was considered when defining end points of the knockdown 

experiments in the screen. Immunostaining of mt-p53 was done at 96hrs after siRNA 

knockdown to measure changes affecting mt-p53 stability.  

 

Interestingly, we did not observe any preferential gene overlap between the cells 

lines, grouped based on the expression levels of mt-p53 – MDA-MB-231 with MDA-

MB-465 or JH-EsoAd1 with AU565, As expected, the number of candidates identified 

to decrease mt-p53 upon knockdown were much higher in JH-EsoAd1 and AU565. 

The lower limit of the cut-offs for validation tests were set to 0.9 to reflect the cut-offs 

used in the tertiary screen and the upper limit was raised to 1.2 to increase 

stringency. The validation experiments must be performed in more cell lines in the 

future to confirm the results of the screen. Results from the validation test of 

candidates by immunoblotting complement the RNAi screen results and led us to the 

selection of 5 candidates with the potential to regulate mt-p53 with a greater degree 

of certainty. Of all the 5 candidates discussed in section 3.2.1, NDFIP1 is a novel 

candidate previously unrelated to p53. As an adaptor protein, NDFIP1 binds and 

activates NEDD4 E3 ligases resulting in ubiquitination of various substrate proteins, 
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which have proven roles in a number of cellular functions like cell survival, iron 

accumulation, inflammation [146]. We predicted that this adaptor protein could affect 

mt-p53 stability and it is probable that this association is vital in cancer cells. To test 

this prediction, we generated several cell line models and constructs and performed 

mechanistic studies, which yielded interesting insights into this pathway. In light of 

the fact that the aspect of mt-p53 regulation with respect to NEDD4 family of E3 

ligases is underexplored, we decided to investigate this mechanism methodically and 

the observed results are described in detail in the next chapter. 
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Chapter 4  

Deciphering the mechanism of regulation of 
mutant p53 by NDFIP1 

 

4.1 Preface 
 
The aim of this chapter is to establish the mechanism of mt-p53 regulation that is 

exerted by NDFIP1, as reflected in the RNAi discovery screen. 

 

I thank Prof. Sharad Kumar (Centre for Cancer Biology, University of South 

Australia) for the kind gift of the construct, pcDNA3-NDFIP1-Flag used in this study. 

The qRT-PCR experiment involving JH-EsoAd1-shNDFIP1 cell line was performed 

by Arielle Kogan, Research Assistant in our lab. The BiFC experiments in Cos cell 

lines and the exosome experiment represented in figure 4.8B were performed in 

A/Prof. Jason Howitt’s lab, The Florey Institute of Neuroscience and Mental Health. 

Confocal images represented in figures 4.2B, 4.3 and 4.5A were taken by Chad 

Johnson (formerly at Centre for Advanced Histology and Microscopy (CAHM), Peter 

MacCallum Cancer Centre). Confocal images represented in figures 4.4B, C, D were 

taken by Dr. Cristina Gamell, former postdoctoral fellow in our lab. I acknowledge 

Tahlia Procter, former member of the tumour suppression lab for assistance in the 

generation of MCF7-shNDFIP1 cell line. I acknowledge Dr. Simon Keam, a 

postdoctoral fellow in our lab for his assistance in the preparation of figures 4.1A, B, 

4.2A, B, 4.4A, B, D, C and 4.9. 

 

All experiments otherwise mentioned below were done thrice. The experiment 

represented in figure 4.1 was performed once (n=1). The experiments represented in 

figures 4.2C, 4.5B, 4.6A, 4.7 were performed twice (n=2).  

 

4.2 Introduction 

 
The NEDD4 E3 ligase family comprises of closely related ligases, all of which 

contain a C-terminal catalytic HECT domain. The NEDD4 ligase subset differ 
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markedly from other ligases of this ‘HECT family’ due to the presence of a C2 

domain and multiple WW domains, which are important for lipid and substrate 

binding respectively. NEDD4 E3 ligases become catalytically active when their WW 

domain binds to the adaptor protein NDFIP1 through its PPXY motif (Fig 1.6) [142]. 

 

Since mt-p53 is largely regulated at the post-transcriptional level, it is of great 

interest to explore the possibility that its levels can be influenced by an adaptor 

protein that mediates engagement with relevant E3 ligases. The primary 

consequence of ubiquitination is degradation through the proteasomal machinery. 

However other functional changes are also observed [221]. In particular, mt-p53 is 

known to be ubiquitinated at multiple sites by multiple E3 ligases of the RING, HECT 

and U-box type, resulting predominantly in degradation and in certain instances in 

stabilization, modification of transcriptional activity and nuclear export (reviewed in 

[88, 222]).  

 

We hypothesize that NDFIP1 is involved in ubiquitination of mt-p53 by activating one 

of the members of the NEDD4 E3 ligase family. However it is also possible that 

NDFIP1 acts indirectly through one of the known regulators of mt-p53. The aim of 

this chapter is to validate NDFIP1 as a regulator of mt-p53 levels and to elucidate its 

mode of action in cancer cells. In this thesis, the human (NDFIP1) and the mouse 

version (Ndfip1) of the candidate gene will be referred to as NDFIP1 without 

distinction. 

4.3 Results 

4.3.1 NDFIP1 knockdown affects mt-p53 at the post-transcriptional level 
 
In order to corroborate the results of the RNAi screen, we knocked down NDFIP1 

using siRNA in JH-EsoAd1 and AU565 and checked the expression levels of mt-p53 

at the protein level through western blotting. Both AU565 and JH-EsoAd1 have 

missense mutations in p53 and express mutant forms with gain of function 

properties. As we had observed in the screen, mt-p53 protein levels increased upon 

NDFIP1 knockdown in both AU565 and JH-EsoAd1cells (Fig 4.1A, B). These 

findings confirmed that cellular mt-p53 protein levels were negatively regulated by 

NDFIP1. This raised the question whether NDFIP1 was directly controlling mt-p53 at 

the protein level and/or at the RNA level? We made use of both siRNA and shRNA 
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mediated knockdown of NDFIP1 in JH-EsoAd1 and AU565. Transfections using 

siRNA were performed as described in section 2.4. Cell lines with inducible NDFIP1 

knockdown were created for ease of control of NDFIP1 expression and to avoid sub-

optimal siRNA transfection. Optimization of Doxycyclin concentrations were 

performed as described in section 2.3.2. 

 

To determine whether NDFIP1 affects p53 protein or mRNA levels, the levels of p53 

mRNA upon NDFIP1 knockdown in AU565 cells were then checked, but no 

significant increase in mt-p53 expression was observed (Fig 4.1C). We also 

transduced JH-EsoAd1 cells to stably express a Doxycycline (Dox) inducible NDFIP1 

shRNA construct and examined mt-p53 mRNA levels upon Doxycycline treatment 

(Fig 4.1D). As in the case of AU565, we did not observe any modulation in mt-p53 

mRNA levels in response in NDFIP1 reduction. This result substantiates our 

hypothesis that NDFIP1 regulation of mt-p53 is at the post-transcriptional level. 

 

 

Figure 4.1: NDFIP1 knockdown increases mt-p53 protein levels. 
Western blot analysis of AU565 (A) and JH-EsoAd1 (B) cells transfected with NDFIP1 
siRNA and negative control (OTP). Increase in mt-p53 protein levels is observed upon 



81 
 

NDFIP1 knockdown. C. NDFIP1 levels were targeted in AU565 cells by siRNA and p53 
mRNA levels were checked using quantitative RT-PCR. The mRNA expression levels were 
normalized to the housekeeping gene, hRPL37a and expressed relative to Mock or no 
Doxycycline. D. JH-EsoAd1-shNDFIP1 cells were treated with 10ng/ml Doxycycline for 3 
days and the NDFIP1 and TP53 mRNA levels were analyzed using quantitative real time-
PCR.  
 
 

4.3.2 NDFIP1 interacts with mutant p53 
 

We were interested to test whether NDFIP1 dependent regulation of cellular mt-p53 

levels could be mediated through direct physical interaction between the two 

proteins. NDFIP1 has been identified as a transmembrane protein, which is 

predominantly observed in specific sorting organelles, such as the Golgi body and 

the endosomal compartments [147, 168]. On the other hand, localization of mt-p53 

has not been reported in endosomes, even though p53 is known to shuttle between 

the nucleus and cytoplasm [223]. 

 

In order to study both interaction and localization of NDFIP1 and mt-p53, we 

employed a fluorescent technique called the bimolecular fluorescence 

complementation (BiFC) assay. This assay relies on the capacity of two non-

fluorescent peptide fragments to enter close proximity and configure into a 

fluorescent protein. If two putative protein partners are chemically linked to these two 

complementary non-fluorescent peptides, direct binding of the proteins will be 

visualized through the fluorescence emitted upon engagement of their tags [224].  

We utilized mt-p53 tagged with N-terminal Venus domain (VN1-173) and NDFIP1 

tagged with C-terminal Venus domain (VC155-238) for BiFC assay (Fig 4.2A). 

Specifically, we created plasmid constructs expressing two common hotspot mutants 

of p53 R273H and R175H tagged to VN and transiently transfected these with VC 

tagged NDFIP1 to perform BiFC assay. These hot spot mutants were selected for 

our current study as these mutations are highly common and pathogenic. These 

mutants were also expressed in the cell lines used in the screen – R273H in MDA-

MB-468 and R175H in AU565. We chose Cos cells, which due to its large size is 

ideal for visualizing BIFC signal. In addition to Cos, we also utilized H1299, a non-

small cell lung cancer which is null for p53. We observed interaction and 

colocalization of mt-p53 and NDFIP1 in H1299 and Cos cells, indicating that the two 

proteins physically bind to each other (Fig 4.2 B,C). Endosomal markers, Rab5, 
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Rab7, Rab9 and Rab11 tagged with red fluorescent protein (RFP) were co-

transfected with the BiFC constructs to identify whether the interaction occurs in the 

early or the late compartments of the endocytic pathway [225].  

 

 
 
Figure 4.2: NDFIP1 interacts with mt-p53.  
A.  Schematic representation of the BiFC assay showing VN-tagged mt-p53 and VC-tagged 
NDFIP1. Co-expression of Rab5 with BiFC constructs in Cos (B) and H1299 cells (C). 
Presence of functional Venus protein (Green) indicates interaction between NDFIP1 and mt-
p53 (R273H and R175H). Nuclei are stained with DAPI (Blue) and early endosome marker 
protein, Rab5 is tagged with RFP. 

 

Interaction between NDFIP1 and mt-p53 was predominantly observed within early 

endosomes (as indicated by co-localization with protein Rab5) and also in recycling 

endosomes (identified through co-staining with Rab11) (Fig 4.2 and 4.3). However, 

the BiFC signal was not observed to be colocalized with Rab7 and Rab9, which 

indicates that mt-p53 in association with NDFIP1 is not trafficked into the late 

endosomes or lysosomes (Fig 4.3B,C) [225]. Firstly, identification of mt-p53 in 

endosomes is a novel observation from these studies and predicts a previously 

unreported mode of p53 transportation in the cell. Secondly, as NDFIP1 is frequently 

found within endosomal compartments, it is valid to speculate that localization of mt-

p53 to the endosome is promoted through its association with NDFIP1 [168, 170].  
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Figure 4.3: NDFIP1-mt-p53 interaction occurs in early endosomes. 
Co-transfection of Rab-RFP with BiFC constructs VC-NDFIP1 and VN-p53R273H (A) or VN-
R175H in Cos cells (B). NDFIP1-mt-p53 BiFC signal is colocalized with Rab11 and not 
colocalized with Rab7 and Rab9 indicating that the interaction takes place in early and 
recycling endosomes but is not observed in late endosomes.  
 

4.3.3 NDFIP1 is important for mutant p53 ubiquitination 
 

As an adaptor protein, NDFIP1 can drive ubiquitination of multiple substrates of the 

NEDD4 family of E3 ligases. By extrapolation, we were interested to check whether 

p53 ubiquitination could be influenced by NDFIP1 [148, 150]. We performed a BiFC 

assay using mt-p53 and Ubiquitin, in an attempt to track and quantitate ubiquitinated 

mt-p53 (Fig 4.4A). To assess the possibility of tracking ubiquitinated mt-p53, we 

transfected Cos cells with VN-mtp53 and VC-Ubiquitin and observed fluorescent 

signal indicating successful tracking of p53-Ub (Fig 4.4B). 

 

To directly visualize this interaction, we adopted primary cell systems: mouse 

embryonic fibroblasts (MEFs) of NDFIP1 WT and KO origin and co-transfected into 

them VN1-173-mt-p53 and VC155-238-Ubiquitin, with Rab5-RFP as a transfection control 

[165]. We noticed that there were significantly more NDFIP1WT MEFs with strong 

ubiquitinated mt-p53 signal, compared with the NDFIP1KO MEFs counterparts, 

suggesting that NDFIP1 enhances mt-p53 ubiquitination (Fig 4.4C). A representative 

BiFC image and the associated graph showing BiFC signal is shown in Fig 4.4C, D.  
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Figure 4.4: NDFIP1 promotes mt-p53 ubiquitination.  
A. Constructs, VN-mtp53R273H/R175H and VC-Ubiquitin used to detect ubiquitinated mt-p53 are 
depicted in this figure. B. Cos cells were transfected with Rab7, VN-mt-p53 and VC-Ub and 
the BiFC image shows that ubiquitinated mt-p53 can be tracked in cells. C. NDFIP1WT and 
NDFIPKO MEFs were transfected with the BiFC constructs and Rab5-RFP and the number of 
Venus+ cells detected were normalized to the number of RFP+ cells to calculate %Ub-p53 in 
these cells. The graph represents the number of cells with ubiquitinated mt-p53 and there is 
significant reduction in ubiquitination of mt-p53 in the absence of NDFIP1. D. A 
representative BiFC image showing ubiquitinated mt-p53 in NDFIP1WT MEFs. 
 

4.3.4 NDFIP1 also promotes p53 ubiquitination 
 
We were interested to explore whether this newly discovered NDFIP1 interaction is 

exclusive to mt-p53 or whether engagement with p53 also occurs. To this end, we 

tested interaction of p53 with NDFIP1 through BiFC assay as described in section 

4.2. BiFC signal representing p53 and NDFIP1 was observed in both H1299 and Cos 

cells as with mt-p53 (Fig 4.5 A,B). The NDFIP1-p53 interaction was also found to be 

colocalized with Rab5 and Rab11 mirroring the results of NDFIP1-mt-p53 BiFC 

assay (Fig 4.5A). 
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We next performed p53-Ubiquitin BiFC assay in NDFIP1 WT and KO MEFs. The 

number of NDFIP1 KO cells showing BiFC signal was very low when compared to 

that of NDFIP1 WT cells revealing the NDFIP1 is also capable of promoting p53 

ubiquitination (Fig 4.5C). As both mouse and human NDFIP1 have a homology of 

97%, the results of the BiFC assay extend to the human version of NDFIP1. Taken 

together, these results indicate that NDFIP1 promotes this ubiquitination pathway 

independent of p53 mutation status. It also predicts that NDFIP1 has a role in normal 

cells with respect to p53, however exploring the consequence of this interaction and 

ubiquitination is beyond the scope of this thesis. 

 

Figure 4.5: NDFIP1 interacts with p53 and enhances its ubiquitination. 
BiFC assay showing interaction of NDFIP1 and p53 in Cos cells (A) and H1299 cells (B). C. 
Graph representing the percentage of cells with ubiquitinated p53 in NDFIP1 WT vs KO 
MEFs. Significant decrease in ubiquitination of p53 is observed in NDFIP1 KO cells. 

 

4.3.5 Half-life of p53 is not affected by NDFIP1 
 
Ubiquitination of proteins can direct their degradation through the 26S proteasomal 

pathway. Results in the previous section, which demonstrated that NDFIP1 facilitates 

p53 ubiquitination, predict that this effect is catalyzed by one of the E3 ligases of the 

NEDD4 family. Following the observation from our screen that NDFIP1 influences 

mutant p53 stability (Chapter 3, section 3.2.1) and findings from section 4.1, we 
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questioned whether degradation through the proteasome would be the outcome of 

p53 ubiquitination mediated by NDFIP1. We chose to test this hypothesis initially in a 

wild type p53 setting, as the wild type protein has a shorter half-life than mt-p53 

(between 5-20 min for wild type protein versus hours for the mutant).  We proposed 

to compare p53 degradation in the presence or absence of NDFIP1. Conversely, in a 

mt-p53 expressing cell line, we proposed to overexpress NDFIP1 and measure the 

rate of mt-p53 degradation. If our hypothesis that NDFIP1 can cause mt-p53 

degradation were to be true, we predicted that we would be able to observe 

accelerated mt-p53 degradation differentially in the presence of NDFIP1.   

 

Accordingly, we first, tested this possibility in MCF7 human breast cancer 

adenocarcinoma cell line expressing p53 and transduced with a Doxycycline-

inducible short-hairpin RNA against NDFIP1 (shNDFIP1). Specifically, we measured 

the half-life of p53 in MCF7 cells in the presence of NDFIP1 and following its 

knockdown. Upon NDFIP1 knockdown and cycloheximide treatment, we followed 

p53 levels over 60 min. Contrary to our prediction; we did not observe any delay in 

p53 degradation in response to NDFIP1 knockdown (Fig 4.6B). We repeated a 

similar experiment in the mt-p53 line, JH-EsoAd1 that had been used in the screen, 

but modified with the introduction of a Doxycycline-inducible NDFIP1-overexpression 

system. Also in this case, JH-EsoAd1-NDFIP1 cells induced for NDFIP1 

overexpression and subjected to cycloheximide chase assay did not manifest a 

significant change in mt-p53 half-life (Fig 4.6A). Together these results rule out 

degradation as a consequence of NDFIP1-p53 interaction and indicate that other 

mechanisms must be responsible for the altered levels of cellular mt-p53 that were 

identified in the screen.  
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Figure 4.6: NDFIP1 does not have a major effect on p53 protein half-life in 
cancer cells. 
A. JH-EsoAd1 cells with Doxycycline inducible NDFIP1 overexpression were subjected to 
CHX assay after 48hrs of Doxycycline (80ng/ml) induction and the mt-p53 levels were 
tracked over time. Graph shows densitometric analysis of p53 expression relative to Hsp60 
and indicates no change in half-life upon NDFIP1 overexpression. B. MCF7-shNDFIP1 cells 
were created by transducing Doxycycline-inducible NDFIP1 knockdown construct in the 
cells. These cells were subjected to CHX assay after 72hrs of Doxycycline (10ng/ml) 
induction and the p53 expression was tracked over time. Graph shows densitometric 
analysis of p53 expression relative to Hsp60 and indicates no change in half-life upon 
NDFIP1 overexpression. 

 

4.3.6 NDFIP1 overexpression results in exosomal release of p53 
 

In addition to its identity as an integral membrane protein of the Golgi apparatus and 

sorting vesicles, NDFIP1 recruits several proteins to extracellular vesicles [168]. In 

order to check if mt-p53 is similarly channeled by NDFIP1 into exosomes, culture 

supernatants were collected using ultracentrifugation, from cell lines with mt-p53 and 

overexpressing NDFIP1 (Fig 4.7A). We transiently co-transfected either H1299 (a 

p53-null non-small cell lung cancer cell line) or HEK293 cells with NDFIP1 and 

p53R273H mutant and observed an increase in mt-p53 protein in their corresponding 

exosomes (Fig. 4.7B, C). Lower NDFIP1 expression observed in co-transfection of 
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NDFIP1 and p53-R273H could be due to the strength of promoter of these 

expression constructs and this was avoided by repeating the experiment in cell lines 

with stable overexpression of NDFIP1. Similarly, we observed an increase in p53 

levels in the exosome fraction of JH-EsoAd1-NDFIP1 cells, indicating that NDFIP1 

promotes the export of mt-p53 through vesicles (Fig 4.7D). In H1299 cells with stable 

constitutive expression of p53R273H mutant, endogenous p53 was identified in 

exosomes, presumably due to endogenous NDFIP1. Pertinently, levels of mt-p53 in 

the exosomes increased in response to NDFIP1 overexpression (Fig 4.7E). 

Additional experiments in HEK293 cells revealed that in response to NDFIP1 

overexpression, p53R175H and wild type p53 respectively could also be promoted 

into exosomes. Together these novel findings indicate that NDFIP1 is able to recruit 

either wild type or mt-p53 into extracellular vesicles/exosomes.  
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Figure 4.7: NDFIP1 overexpression results in release of mutant p53 in 
exosomes.  
A. Experimental setup to isolate extracellular vesicles: Cell culture supernatant is centrifuged 
at 10,000rpm to remove cell debris and then at 35,000rpm to collect exosomes in the pellet. 
The pellet is then lysed and the proteins are detected by western blotting. Transient 
transfection of p53 with NDFIP1 in HEK293 (B) and H1299 (C) results in increased mt-p53 in 
the exosome fraction. Induction of NDFIP1 using Doxycycline in JH-EsoAD1-NDFIP1 (D) 
and H1299-R273H (E) also increases mt-p53 levels in exosomes. 
 

4.4 Discussion 
 
Mt-p53 accumulation in cancers predicts that it is being inadequately regulated at the 

protein level. Mt-p53 stability can be partly attributed to chaperones, deubiquitinases 

and lack of negative feedback loops [53]. The identified function of NDFIP1 as an E3 

ligase activator and its impact on mt-p53 levels in our screen encouraged us to 

pursue its relationship with p53. We validated the results of the RNAi screen by 

confirming that NDFIP1 expression has a subtle inverse effect on mt-p53 protein 

levels in cells. However, there is no concomitant change in p53 mRNA levels, which 

substantiates that NDFIP1 mediated regulation of mt-p53 is post-transcriptional and 

aligns with the known function of NDFIP1 as an E3 ligase modulator. 

 

Previous studies have reported that direct binding of NDFIP1 to its target substrates 

is required for effective substrate-ubiquitination by the respective E3 ligases [148, 

161, 226]. In fact, our results reveal that direct physical interaction between NDFIP1 

and mt-p53 takes place in the cytoplasm and based on colocalization studies with 

specific endosomal markers, it is clear that the spatial location of NDFIP1-mtp53 

complexes is observed in early (Rab5) and recycling (Rab11) endosomes and not 

late endosomes (Rab7) or lysosomes (Rab9) [227, 228]. There is no previous 

reports of p53 localization in endosomes and it is possible that interaction with 

NDFIP1 (most often located in golgi and endosomes) is pivotal for the recruitment of 

mt-p53 in early endosomes [147, 216, 223]. Absence of NDFIP1-mtp53 in the late 

endosome (LE) and lysosome effectively rules out the probability of p53 degradation 

through the endolysosomal system.  

 

Several studies have linked ubiquitination of proteins to trafficking through early 

endosomes, to multivesicular bodies, which upon fusion with the plasma membrane 

release from cells, bi-lipid vesicles as exosomes [229]. It is established that NDFIP1-



90 
 

NEDD4 mediated ubiquitination is important to target proteins to multivesicular 

bodies in concert with the ESCRT protein complexes (Endoplasmic sorting complex 

required for transport), which are indispensable for almost all steps of exosome 

biogenesis [168]. Also, Rab11 (with which NDFIP1-mt-p53 interaction is colocalized) 

promotes fusion of multivesicular bodies to plasma membrane to trigger the release 

of exosomes [230]. These previous reports, together with our results from NDFIP1 

overexpression cell systems are consistent with a model in which NDFIP1 enhances 

mt-p53 ubiquitination and subsequent trafficking into the endocytic pathway and 

release as exosomes (Fig 4.8). 

 

Figure 4.8: Model depicting the predicted mechanism of packaging of mt-p53 
into exosomes. 
 
Our results also show that the type of mutation (R273H and R175H) does not 

influence or hinder interaction with NDFIP1, p53 ubiquitination, or subsequent 

recruitment into exosomes. Future experiments involving BiFC constructs of p53 and 

Ubiquitin in human cancer cell lines with knockout of NDFIP1 gene in addition to in 

vivo ubiquitination assays need to be performed to validate the results from the BiFC 

assays. Although there are numerous reports on the effects of both wild type and mt-

p53 on the endocytic pathway, there is much less information on mt-p53 protein itself 

in exosomes [125, 231, 232]. In 2009, Lee et al discovered that in a K-Ras mutant 

cell line, Snail expression results in exocytosis of p53. The released p53 however is 
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degraded upon proteinase treatment indicating that p53 is not protected in a vesicle 

[233]. This also implies the involvement of a completely different pathway compared 

to our findings in the absence of K-Ras mutation.  A recent study revealed that 

overexpression of p53 could cause export of the protein into exosomes [234], 

however no underlying mechanism was identified. Our novel findings indicate that 

the packaging of p53 into exosomes is promoted by NDFIP1-mediated ubiquitination.  

 

The only member of the NEDD4 E3 ligase family which is known to ubiquitinate p53 

is WWP1 and this ubiquitination results in cytoplasmic localization of p53 and 

increased stability [180]. This suggests that WWP1 could be the missing link in the 

NDFIP1-mt-p53 pathway; however it is important to note that NDFIP1 mediated 

ubiquitination of mt-p53 does not alter its stability. Also, WWP1 has been studied 

only in the context of the wild type protein and the findings may not extend to 

accumulating p53 mutants in a cancer setting. Furthermore, ubiquitination of 

substrates through the NEDD4 family can involve both homo and heterodimerization 

of E3 ligases and so this does not rule out the possibility that multiple NEDD4 E3 

ligases interchangeably or cooperatively ubiquitinate p53 [164, 235, 236]. A 

significant part of mt-p53 stability and GOF in cancer can be attributed to differences 

in binding efficiencies of wild type and mt-p53 to protein partners and therefore 

biochemical experiments need to be performed to test NDFIP1-p53 interaction 

efficiencies in normal and cancer conditions [37]. NDFIP1 mediated mt-p53 

ubiquitination and the consequences are highly unlike the effects of MDM2 in 

maintaining steady state levels of p53 and therefore the conditions that trigger 

release of exosomes must be different and the process strictly regulated. 

 

In this chapter, we examined the mechanism of regulation of mt-p53 by NDFIP1 

through a number of breast, esophageal, lung cancer cell line models and primary 

MEFs. We conclude that NDFIP1 affects mt-p53 post-transcriptionally and enhances 

its ubiquitination. NDFIP1 also interacts with mt-p53 and the complexes are found in 

specific compartments of the endosomal pathway. Cancer cells with NDFIP1 

overexpression show negligible change in mt-p53 levels in the cell lysate but 

increased mt-p53 in exosomes indicating the presence of a novel NDFIP1 mediated 

pathway for export of oncogenic mt-p53 from cancer cells into the tumour 

microenvironment.  
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Chapter 5 

Establishing novel functional assays for studying exosome 
mediated mt-p53 gain of function 

 

5.1 Preface 
 
The aim of this chapter is test for uptake of exosomal mt-p53 by tumour cell lines 

and to design functional assays to determine the impact of its uptake. 

 

Analyses of TCGA data for generation of survival curves represented in Fig 5.5A, B 

were performed by Franco Caramia, a PhD student of our lab. I acknowledge Dr. 

Simon Keam, a postdoctoral fellow in our lab for his assistance in the preparation of 

figures 5.3, 5.5A&B, 5.6. All experiments otherwise mentioned below were done 

thrice. The experiment represented in figure 5.3, 5.4D were done twice (n=2). The 

experiments represented in figure 5.4C were done once (n=1).  

5.2 Introduction 
 
Missense p53 mutants are highly stable and partner with proteins in a manner that is 

distinct from p53. Further, p53 mutants influence pathways that drive a cancer 

phenotype that is more aggressive than those associated with p53 null tumours. The 

extent and diversity of the gain of function (GOF) effects have been discussed in 

detail in Chapter 1, Section 1.2. Accumulation of mt-p53 is absolutely critical for 

effectiveness of oncogenic functions of mt-p53 and therefore its depletion can 

reduce cell proliferation, tumor malignancy.  

 

In the previous chapter, we discussed a novel pathway involving NDFIP1 driven 

recruitment of mt-p53 into exosomes. Exosomes are a mode of intercellular 

communication and several studies have shown that tumour derived exosomes are 

central to promoting tumour establishment and metastasis. Specifically, signaling 

between cells of the tumor microenvironment such as endothelial cells, stromal cells, 

and immune cells, and cells at distant metastatic sites have been shown to involve 

exosomes [237]. Internalization of exosomes by cells is dependent on 
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ligand/receptor engagement between exosomes and recipient cells. Signaling 

mediated by exosomes is primarily driven by the contents. Multiple studies have 

revealed that the protein contents of exosomes can function in the recipient cells as 

well. In fact, PTEN transfer between cells by NDFIP1 is known to reduce AKT 

phosphorylation in the recipient cells [169]. Even in normal physiological conditions, 

exosomes are important for intercellular communication and for coordination of 

various functions including protein clearance and immunity. On the other hand, 

cancer cells use exosomes such that it favours their growth, survival and 

propagation [238]. We hypothesize that tumour cells expressing mt-p53 protein 

package the oncogenic protein in to exosomes through NDFIP1 and the exosomal 

mt-p53 contributes to aggressiveness of these tumours over p53 deficient or wild 

type p53 expressing tumours.  

 

A recent study revealed that overexpression of p53 can result in packaging of the 

protein into exosomes and these exosomes were found to have an anti-proliferative 

effect on recipient cells, which was attributed to p53 function [234]. In this chapter, 

we describe the outcome of NDFIP1 mediated trafficking of mt-p53 into exosomes. 

We hypothesize that exosomes are internalized by recipient cells and mt-p53 from 

these exosomes enhances the oncogenic properties of recipient cells.  

 

5.3 Methods 
 

5.3.1 Cell line models created to study NDFIP1-mutant p53 pathway in cancer 
 
In the previous chapters, we had extensively worked on the cell lines which harbor 

pathogenic mutations of p53 – MDA-MB-468 (R273H), JH-EsoAd1 (G266E). 

However, to study exosomal mt-p53 effects, it was important to generate a set of 

compatible donor and recipient cell lines. The recipient cells need to be devoid of 

p53 to examine uptake of exosomes and functional effects. 

 

As donor cell lines, we made use of isogenic non-small cell lung cancer cell lines 

generated in our lab - H1299 parental (H1299par), which is p53 deficient and 

H1299R273H, which has stable overexpression of mt-p53 (R273H). We transduced 

H1299par and H1299R273H with a construct for Dox inducible NDFIP1 expression 
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so that we have isogenic lines, which upon Dox treatment, overexpresses NDFIP1 

and releases exosomes with no p53 and mt-p53 (R273H) respectively. 

 

The parental cell line H1299 lacking p53 is an ideal cell line for transfection of wild 

type or mt-p53 and loading of the protein into exosomes. The parental glioblastoma 

LN18 cells are heterozygous for p53, with a wild type allele and C238S mt allele and 

therefore would have a heterogenous population of p53 protein and are not well 

suited for this study [239, 240]. Therefore, we stably knocked out p53 from LN18 

using CRISPR/Cas9 system and then performed single cell selection to select for 

p53 knockouts. The clone LN18p53KO can be used as both a donor (by transfecting 

NDFIP1 and mt-p53) and an exosome acceptor. We also have osteosarcoma cell 

line, Saos2, which can be used as an exosome acceptor due to the lack of p53 [241]. 

Table 5.1 lists all the cell lines generated to study the effects of exosomal mt-p53. 

 

 

Table 5.1: List of cell lines generated/used in the study of NDFIP1-mutant p53 
pathway 

 

Exosome donor cell lines 

Cell line 
Cancer cell line 

type 
p53/NDFIP1 status 

Experiment to prepare 
exosomes with mt-p53 

H1299par 
Non-small cell lung 

carcinoma 
p53 deficient 

Transient transfection of 
NDFIP1 and mt-p53 

 
LN18par Glioblastoma p53wt/C238S 

LN18p53KO Glioblastoma CRISPR knockout of p53 

H1299par-
NDFIP1 

Non-small cell lung 
carcinoma 

p53 deficient and Dox 
inducible overexpression of 

NDFIP1-flag Dox induction to 
increase NDFIP1 

expression 
H1299R273H-

NDFIP1 

Stable expression of mt-
p53R273H and Dox 

inducible overexpression of 
NDFIP1-flag 

Exosome recipient cell lines 
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H1299par 
Non-small cell lung 

carcinoma 

p53 deficient 
  

LN18p53KO Glioblastoma 

Saos2 Osteosarcoma 

 

5.3.2 Experimental design for assessing uptake of exosomes 
 
The “donor” exosomes were collected from H1299par cells (~ 4X106) that were 

transiently transfected with NDFIP1 and p53R273H to promote mt-p53 loading into 

exosomes. Exosomes isolated by ultracentrifugation from the cell culture 

supernatant of the donor cells were then introduced to the “recipient” H1299 cells 

(1.25X104 cells seeded on 24-well plates) that had been plated on coverslips one 

day prior to exosome isolation. Specifically, donor exosomes were incubated with the 

acceptor cells in serum-free media for 24 hours, after which the cells were fixed with 

100% methanol and stained for p53. 

 

5.3.3 Experimental design to study the functional effects of exosomal mutant-
p53 in recipient cells 
 

The experimental setup is similar to the one described in section 5.3.2 and is shown 

in detail in Fig 5.1. H1299 donor cells were seeded on 10cm dishes and then 

transiently transfected with control constructs, NDFIP1 only, p53R273H only and 

NDFIP1+p53R273H using PEI. The transfection media was removed after 1.5hrs 

and then replenished with 12ml of complete RPMI. Exosomes were isolated from 

these donor cells 24hr after transfection using ultracentrifugation. Exosomes from 

each experimental arm were added to recipient cells (also H1299par, 0.03X106 cells 

in a 12-well) in presence of reduced serum (2%FBS). Exosomes were isolated again 

at the 48hr time point from the donor cells and added to the recipient cells. One hr 

after the second exosome feeding, the recipient cells were harvested for functional 

assays – qRT-PCR and Invasion assay.  

 



96 
 

Total RNA was isolated from the recipient cells and qRT-PCR for select mt-p53 

target genes were performed. For invasion assays, recipient cells exposed to 

exosomes were trypsinized and plated on transwells coated with matrigel and 

allowed to invade across a serum gradient. After 24hrs, the membrane was fixed and 

stained with DAPI and the number of cells that successfully crossed the membrane 

were counted using Fiji. 

 

Figure 5.1: Experimental design to study the functional effects of exosomal 
mutant p53 in recipient cells. 
H1299 “donor” cells were transfected with control constructs, NDFIP1 only, p53R273H only 
and NDFIP1+p53R273H and exosomes were collected and added to recipient cells at 24 
and 48hrs post-transfection. Recipient cells were harvested 1hr after the last exosome 
addition for p53 staining or functional assays. 

 

5.4 Results 

5.4.1 Uptake of exosomes by recipient cells 
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We investigated the possibility that mt-p53 protein is transferred between cells 

through exosomes, by testing whether donor exosomes were taken-up by 

designated acceptor (recipient) cells (Section 5.3.2). By using a p53 null cell line 

(H1299) as recipient, we were able to visualize uptake of exosomal mt-p53 and its 

localization in the recipient cell by immunofluorescence (Fig 5.2A). Specifically, we 

could observe p53 staining predominantly in the cytoplasm and to a lesser degree in 

the nucleus of the recipient cells confirming successful uptake of exosomes (Fig 

5.2B,C). 

 

Figure 5.2: Mutant p53 in exosomes is taken up by H1299 ‘recipient’ cells. 
A. Experimental setup to detect uptake of vesicles: Exosomes were isolated from H1299 
“donor” cells co-transfected with NDFIP1 and p53R273H or control (blank plasmid) and then 
incubated with “recipient” H1299 cells (seeded on coverslips) for 24hrs, followed by p53 
staining. B. Confocal images of H1299 “recipient” cells incubated with exosomes and stained 
for p53 showing presence of exogenous mt-p53 (Green). C. Orthogonal section of a 
recipient cells showing localization of p53 in the nucleus. 
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For proof of concept, we repeated this experiment with the glioblastoma cell line, 

LN18par cell line as donor cells. We isolated exosomes from LN18 cells transfected 

with NDFIP1 and mt-p53 (R175H) and exposed H1299 cells to these exosomes for 

24 hours. These recipient H1299 cells were also identified by confocal microscopy to 

have internalized p53 protein (Fig 5.3).  

 

Figure 5.3: Mutant p53 in exosomes of LN18 ‘donor’ cells is taken up by H1299 
‘recipient’ cells. 
Confocal images showing presence of p53 in H1299 recipient cells incubated with exosomes 
from donor LN18 cells transfected with p53R175H or NDFIP1 and p53R175H. Scale bar = 
10µm. 

 

 

5.4.2 Mutant p53 in exosomes confers neomorphic, ‘gain of function’ (GOF) 
properties to recipient p53-/- cells 
 
Ascertaining functionality of internalized mt-p53 exosome cargo is fundamental to 

characterizing the relevance of this process in cancer. We speculated that the 

possible modes by which this exosomal mt-p53 could impose neomorphic 

transformation, include: altering transcriptional repertoire by binding to many 

transcription factors (Ets1, Ets2, NF-Y, Sp1, NF-kB, VDR, SREBP) and altering the 

transcription of their target genes and therefore modifying cell physiology [242]. 

 

Relevant to influencing recipient cell transcription, many mt-p53 target genes are 

components of the cell cycle and can drive cell growth and proliferation [37, 44]. 

Also, many mt-p53 regulated genes can directly or indirectly influence the 



99 
 

migratory/invasive capacity of cells and trigger an aggressive phenotype [41]. We 

observed partial nuclear localization of internalized mt-p53, which prompted us to 

monitor the levels of specific target genes known to be upregulated in the presence 

of mt-p53. In addition, relevant to altered cell physiology, we examined the influence 

of exosomes on the capacity of recipient cells to perform transwell invasion. 

 

The uptake experiments were performed as described in section 5.3.3. Exosomes 

loaded with mt-p53 (isolated from cells transfected with NDFIP1+p53R273H) were 

added twice sequentially onto p53-null H1299 cells (24hrs and 48hrs after cell 

seeding) and these recipient cells were harvested one hour after the second 

exosome addition. The controls for this experiment consisted of recipient cells 

exposed to exosomes containing either no mt-p53, NDFIP1 only or residual mt-p53, 

isolated from H1299 donor cells transfected with empty vector (pcDNA), NDFIP1 or 

p53R273H only respectively  (Fig 5.3A). Significant increase in mRNA expression of 

known mt-p53 target genes CycA, CycB2, AURKB and MAPK1 was observed 

indicating an upregulation of genes driving G2/M progression (Fig 5.4C) [193, 243].  

 

Mt-p53 expression in cells is known to impart higher invasive and migratory 

capabilities primarily due to the suppressive effects on p63. We examined whether 

exogenous mt-p53 transferred through exosomes can increase the invasive capacity 

of recipient cells through a matrigel invasion assay. Recipient cells incubated with 

exosomes (as explained above) were trypsinized and plated on matrigel coated 

transwells and allowed to migrate across a serum gradient for 24 hrs. The transwells 

were fixed and the nuclei of cells were stained by DAPI. The relative number of 

recipient cells that successfully crossed the matrigel was found to be higher in 

transwells seeded with recipient cells exposed to mt-p53 containing exosomes when 

compared to that of cells exposed to control exosomes (Fig 5.4D). Taken together, 

these results suggest that exogenous mt-p53 protein that is taken up by recipient 

cells is functional and increases gene expression levels favouring cell proliferation 

and also potentiates the invasive capacity of these recipient cells in a matrigel 

invasion assay. 
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Figure 5.4: Mutant p53 in exosomes exhibits gain of function (GOF) properties 
in recipient p53-/- cells. 
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A. Experimental setup to examine functional effects of exosomal mt-p53: Exosomes were 
isolated from H1299 “donor” cells transfected with control constructs and 
NDFIP1+p53R273H at 24 and 48hrs post-transfection. Exosomes were added to recipient 
p53-null H1299 cells twice (24 and 48hrs after cell seeding) and harvested 1hr after the last 
exosome treatment. B. Western blot showing presence of mt-p53 in donor cell lysates and 
exosomes collected at 24 and 48hr. C. Quantitative real time PCR analysis of the expression 
of mt-p53 target genes, CycB2, CycA, AURKB and MAPK1 in H1299 “recipient” cells. D. 
Graph showing the cell count (in 6 fields) in transwell filters at the end of the invasion assay. 
 

5.4.3 NDFIP1-mtp53 in cancer 
 

In healthy cells, NDFIP1 has been demonstrated to play a pivotal role in modulating 

cellular localization and ubiquitination of tumour suppressor PTEN, however its role 

in a cancer context has not previously been delineated. Through data mining of 

various freely available cancer databases, we evaluated NDFIP1 alterations with 

respect to cancer types and related parameters. Firstly, we analyzed TCGA data for 

NDFIP1 expression and cancer survival and segregated the data based on p53 

mutation (which includes “3'UTR”, “5'UTR”, “Frame_Shift_Del”, “Frame_Shift_Ins”, 

“Missense_Mutation”, “Nonsense_Mutation”,  “Splice_Region” and “Splice_Site”). 

We observed reduction in overall survival of breast cancer samples with 

NDFIP1(High)-p53mt datasets over samples with mt-p53-NDFIP1 (Low) or wt-p53-

NDFIP1 (High/Low) over a span of 7 years in all breast cancer types, particularly in 

luminal subtype of breast cancer (Fig 5.5A, B). We hypothesize that a combination of 

high NDFIP1 and mt-p53 can result in aggressive tumours due to the oncogenic 

effects of exosomal mt-p53 resulting in poor survival. 

 

To gain more understanding of NDFIP1 in cancer, we investigated whether NDFIP1 

is altered in cancer samples using cBIOPORTAL database. We queried NDFIP1 

against a pan-cancer dataset and the resulting graph representing the percentage of 

NDFIP1 alteration frequency vs cancer type is shown in Fig 5.5C. NDFIP1 alteration 

frequency refers to the percentage of genetic alterations observed in NDFIP1 

genomic locus derived from primary tumour sequencing data relating to mutation, 

deletion, fusion and amplification. In a dataset of renal clear cell carcinoma samples, 

6% (31 out of 512 cases) of patient samples show amplification of NDFIP1 [244, 

245]. We also queried NDFIP1 in Oncomine database and found a dataset of 

mesothelioma showing significantly higher expression of NDFIP1 when compared to 

the corresponding normal samples (of lung and pleura) [246, 247]. 
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It is important to note that NDFIP1 expression in cells is not a clear indication of its 

ability to ubiquitinate proteins and recruitment to exosomes as NDFIP1 by itself lacks 

enzymatic activity and so the expression levels of the cognate NEDD4 E3 ligases 

are of importance.  

 

 

Figure 5.5: NDFIP1-mutant p53 axis in cancer. 
Kaplan-Meier plot of survival rates for breast cancer patients segregated based on NDFIP1 
expression (grouped based on median) and p53 mutation. The plot shows overall survival 
over 7 years for all breast cancer types (A) and luminal breast cancer (B). Mutations in p53 
together with high expression of NDFIP1 (red solid line) is associated with poor survival. (C) 
Graph showing the top 10 cancer types with NDFIP1 alterations and frequency of alterations 
observed for each tumour. (D) Box-plot showing NDFIP1 expression in normal samples 
(lung and pleura) vs malignant mesothelioma from Gordon mesothelioma dataset from 
Oncomine. The number in brackets represents the number of samples in Gordon 
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mesothelioma dataset. (P-value = 4.07E-10, Fold change=2.982 and reporter used 
217800_s_at). 
 

5.5 Discussion 
 
Results of this chapter provide proof of concept for our hypothesis that oncogenic 

mt-p53 protein is transferred between cells through exosomes and confer 

neomorphic, gain of function activities in the exosome recipient cells. The key 

phenotypes examined were altered transcriptional capacity and modified cellular 

invasive capacity. 

 

From our results, it is clear that a small amount of exosomal mt-p53 is transported to 

the nucleus of recipient cells. Nuclear localization of exosomal contents have been 

observed previously in a number of studies. In principle, these proteins are found to 

be functional in the nucleus in DNA recombination and transcriptional regulation as 

proven in the case of uptake of Cre or beta-catenin respectively [170, 248, 249]. 

Consistent to our observation of mt-p53 in the nucleus, we have observed higher 

levels of mt-p53 target genes playing a role in G2/M transition of cell cycle, two of 

which are regulated by the mt-p53-NF-Y complex. Increase in CycB2, CycA 

expression is expected due to mt-p53-NF-Y complex binding to CCAAT sites in the 

respective promoters [250, 251]. On the other hand, AURKB and MAPK1 expression 

levels also increase in presence of mt-p53 supposedly through Sp1/Ets-1 and E2F1, 

respectively [243]. While CycB2 and CycA function through the corresponding CDKs 

in phosphorylating Rb, AURKB is important for mitotic events such as chromosome 

condensation and cytokinesis [252]. The activation of ERK pathway has been 

associated with many pathways relating to cell proliferation, survival and migration 

(reviewed in [253]). Follow-up experiments to check whether increase in G2/M 

cyclins or MAPK1 would accelerate cell proliferation rates will be important to confirm 

the outcome. Also, considering that exosomes with wild type p53 have a growth-

inhibitory effect on target cells, it is important to examine whether mt-p53 has a 

converse effect [234]. The cell lines mentioned in Table 5.1 will be of great use in 

future experiments. Future studies will also focus on quantitating the percentage of 

cells that take up mt-p53 and the proportion of nuclear localization. 
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In addition to transcriptional changes, cells treated with exosomal mt-p53 exhibit a 

highly invasive phenotype when compared to controls. A plausible explanation of this 

remarkable phenomenon relates to the reported capacity of mt-p53 to sequester its 

family member p63 (an ability that is not exhibited by wild type p53) [254]. 

Consistently, we speculate that mt-p53 bearing exosomes can impart invasive and 

metastatic capabilities through its engagement of p63, which in turn blocks p63 

transcriptional and tumour suppressive activities. Importantly, p63 inactivation leads 

to upregulation of NF-κB2, which in turn results in upregulation of CXC chemokines 

important for cell migration [255, 256].  Many other mechanisms of mt-p53 mediated 

invasion have been identified – for example,  mt-p53-SMAD complex driving TGF-β 

dependent cell invasion pathway, Rho-ROCK pathway, Integrin recycling reviewed in 

[41]. Additional experiments are needed to discern whether these pathways increase 

the invasive capacity of recipient cells (NDFIP1+mt-p53) compared to empty vector 

control in the context of H1299 cells.  

 

Mt-p53 has functional roles in both nucleus and cytoplasm of cells and regulates 

different pathways in both compartments. Therefore, there is a need to look beyond 

the roles of mt-p53 in nucleus. Cytoplasmic mt-p53 is known to inhibit autophagy and 

can promote TNF-α induced NF-kB pathway [257, 258]. It would be of interest to 

examine the effects of mt-p53 on these pathways in the target recipient cells. In 

addition, the recipient cells could be subjected to alterations in metabolic pathways 

such as glucose transport and gain chemoresistance in response to mt-p53 [259]. In 

fact, studies on intra-tumoural heterogeneity have revealed that paracrine effects 

between subclones cooperating to sustain the tumour [38, 260]. In the case of 

colorectal cancer, conditioned media from resistant cells protect sensitive cells from 

inhibition of EGFR by cetuximab [261]. It is possible that mt-p53 transfer between 

tumour cells in a heterogenous population can result in a transfer of resistance 

phenotype against multiple drugs. 

 

Our experiments describe the transfer of exosomes between tumour cells. 

Importantly however, there are also many reports on tumour derived exosomes 

affecting stromal cells, macrophages and cells at distant organs. Indeed, the 

progression of a tumour from a benign state to an invasive/metastatic state needs 

tumour cells communicating (in the form of secreted factors, extracellular vesicles, 
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chemokines) with neighbouring stromal cells and distant cells in pre-metastatic 

organs. One study described effects of certain p53 mutations pertaining to modifying 

cancer associated fibroblasts (CAFs) to support the growth and dissemination of 

tumour cells by modifying the secretome [125]. Another study by Cooks et al has 

shown that mt-p53 can reprogram macrophages to a more tumour supportive state 

by increasing the levels of exosomal miR-1246 [126].  

 

The oncogenic potential of mt-p53 could extend to its own dissemination through 

exosomes and might play a previously undetermined role in modifying surrounding 

cells of the tumour microenvironment and cells of distant pre-metastatic sites by 

preparing a favourable environment for tumour cells to invade. Many questions also 

arise as to the receptors on the exosomes carrying mt-p53 and the identity of cells 

that take up the exosomes in a physiological setting. To substantiate the exosomal 

effects of mt-p53 in tumour and stromal cells, in vivo experiments must be performed 

to mimic the effect of tumour derived exosomes in influencing invasion and 

metastasis in physiological conditions. The possibility of exosomal mt-p53 promoting 

invasion to secondary organs by initiating the establishment of a pre-metastatic 

niche needs to be examined further. Intravenous injections of exosomes with varying 

mt-p53 levels followed by the injection of luciferase tagged cancer cells in NSG mice 

would facilitate tracking of cells and the establishment of metastasis in mice. Cell line 

models mentioned in Table 5.1 will be valuable in exploring NDFIP1-mt-p53 axis in 

propagating metastasis, establishment of secondary cancers and other mt-p53 GOF. 

 

From a clinical point of view, mt-p53 is a well-established promoter of aggressive 

phenotypes in cancer and is a valuable predictor of patient prognosis, particularly in 

breast cancers [262]. From available literature, we have some insights into the 

possible link connecting NDFIP1 expression levels to tumour growth. High NDFIP1 

levels positively correlate with poor survival in the case of head and neck carcinomas 

and better survival rate in renal cell carcinoma 

(https://www.proteinatlas.org/ENSG00000131507-NDFIP1/pathology) [263]. 

Interestingly, previous studies have revealed that NDFIP1 overexpression is not 

favourable for cell growth, possibly due to its effect on PTEN [152, 175]. Therefore, 

further stratification of the data on the basis of TP53 alterations is required to confirm 

these findings. Frequent loss of PTEN combined with TP53 mutations are observed 
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in some cancers and it would be interesting to study the effect of NDFIP1 in this 

context.  

 

 

Figure 5.6: Model depicting transfer of oncogenic mt-p53 between cancer cells 
through exosomes.  
NDFIP1 in cancer cells drives export of mt-p53 protein into exosomes, which are released 
into the tumour microenvironment. These exosomes are internalized by recipient cells where 
these exogenous mt-p53 proteins execute their oncogenic functions resulting in an 
aggressive recipient cell.  

 
 

Based on our current results, we propose an NDFIP1 driven model for the transfer of 

mt-p53 between tumor cells and the subsequent transformation of the exosome 

recipient cells into a more pathogenic type (Fig 5.7). In the light of our discovery of 

mt-p53 in exosomes, questions arise as to whether exosomal mt-p53 transfer can 

aid the process in an endocrine and paracrine manner and both in-vitro and in-vivo 

experiments are needed to address these questions. 
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Chapter 6 

Concluding remarks and future directions 

 
Targeting mutant p53 protein is of great clinical importance due to its high mutation 

rates and associated accumulation and oncogenic properties. Studies targeting the 

mt-p53 expression and enabling its degradation have proven to be successful in 

improving survival in mice models. Specific regulatory mechanisms controlling mt-

p53 stability exist but are currently unknown and unravelling these mechanisms can 

enable the development of improved therapies. In this study, we have identified a 

novel pathway of mt-p53 trafficking through an E3 ligase adaptor, NDFIP1.  

 

This work is built upon a powerful high-throughput RNAi screen designed to identify 

mt-p53 regulators. The extensive data mining and bioinformatic analysis described in 

this thesis unveiled many interesting candidates never previously linked to mt-p53. 

Not unexpectedly, some regulators identified in the screen had previously been 

associated with p53. This is consistent with the key E3 ligase of p53, MDM2, which 

is also capable of targeting mt-p53 (although with different kinetics) [68]. 

Remarkably, few candidates from the screen were identified to decrease mt-p53 

levels. One possible explanation for this could be that mt-p53 is extremely stable and 

protected by chaperones and multiple pathways need to be targeted to reduce its 

levels. Secondly, the negative regulators of mt-p53 could be expressed at low levels, 

that siRNA against these candidates have no effect on mt-p53. From the results of 

this screen and current known interactors, we have gained an understanding of the 

pathways that could affect mt-p53 protein and this information can be used to build a 

comprehensive map of mt-p53 regulation. 

 

 Among the top pathways enriched based on the candidate list were RNA 

related pathways - Spliceosome, RNA transport and RNA degradation. It is 

possible that these pathways affect both wild type and mt-p53 and this can be 

explored by checking if these pathways influence mt-p53 directly or indirectly 

through regulators of mt-p53.  
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 One of the interesting pathways enriched from the RNAi screen candidates is 

Sphingolipid metabolism. Three key enzymes of this pathway may play a role 

in regulating mt-p53 levels possibly through indirect mechanisms. Although 

metabolites of this pathway are known to affect p53, these have not been 

explored in the context of the mutants [203]. 

 

 We validated 23 candidates based on mt-p53 immunoblotting in two cell lines 

and based upon its function as an E3 ligase adaptor in controlling substrate 

protein levels, we chose NDFIP1 as a potential candidate to pursue.  

 

It is important to note that the RNAi screen has been extremely sensitive in 

identifying even small changes in mt-p53 levels. The NDFIP1 is a fabulous example 

of the unexpected, where initially we considered its potential as a tumour suppressor 

due to its capability of reducing mt-p53 levels. However, further studies revealed the 

presence of a trafficking pathway directed by NDFIP1 and the resulting 

dissemination of mt-p53 into the tumour microenvironment. At least, in cancer cells, 

NDFIP1 seems to be hijacked into the oncogenic juggernaut of mt-p53 cancer 

promoting machinery and its activities may have wider implications in tumour-stroma 

interactions.  

 

In the second part of this work, we performed specific experiments to decipher the 

mechanism of NDFIP1 effects on mt-p53. We found that NDFIP1 interacts with mt-

p53, promotes its ubiquitination and subsequently packages mt-p53 into exosomes. 

NDFIP1 was also found to have a similar effect on p53(wild type) possibly through 

the same mechanism. Many aspects of NDFIP1-mt-p53 pathway are still unknown. 

 

 NDFIP1-p53 complex is found to be localized in specific compartments of the 

endosomes even though p53 is not generally found in endosomes. By 

studying the interaction between NDFIP1 and p53 mutants with their nuclear 

export signal (NES) disrupted, we can further elucidate how NDFIP1 and mt-

p53 interact in the endosomal compartments and whether nucleocytoplasmic 

shuttling of mt-p53 is necessary for interaction with NDFIP1.  
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 More experiments such as ubiquitination assays need to be performed to 

identify the E3 ligase that ubiquitinates mt-p53 in the presence of NDFIP1 and 

whether it leads to mono or polyubiquitination. It is also important to check if 

ubiquitination is absolutely important for exosomal loading of mt-p53.  

 

 Through deletion constructs, we need to examine the actual domains involved 

in NDFIP1-mt-p53 interaction. This will give more insights into whether 

NDFIP1 competes/complexes with other proteins (MDM2 or CHIP) for 

interaction with mt-p53.  

 

 Other questions that arise with respect to NDFIP1-p53 interaction and 

subsequent release in exosomes relate to the upstream signals that can 

trigger this pathway. NDFIP1 protein levels are known to be upregulated in 

conditions of stress in neuronal cells – ischemia, DNA damage and high iron 

levels [151, 165, 172]. Cancer cells also have high levels of DNA damage and 

oxidative stress and it will be of interest to check if NDFIP1 is upregulated in 

such conditions. Recent studies have shown that chemotherapy can alter the 

contents of exosomes [264] and it would be worthwhile to check if the 

NDFIP1-mt-p53 pathway is affected by therapeutic agents. 

 

 Since exosomes are found in most body fluids, it would be interesting to 

explore whether mt-p53 can be found in exosomes isolated from plasma of 

cancer patients, in which case mt-p53 and NDFIP1 in exosomes can be 

valuable as biomarkers for predicting patient prognosis, response to 

chemotherapy and predicting relapse [130]. Whether NDFIP1 is a tumour 

suppressor or a tumour promoting gene would largely depend upon the 

mutational status of p53 and the status of PTEN in the tumour. Improvement 

in technologies for purification and sensitive detection of exosomal proteins 

can give way to reliable use of mt-p53 and NDFIP1 as a biomarker. 

  

To examine the functional outcome of mt-p53 in exosomes, we developed a set of 

cell line models and assays to identify mt-p53 function in recipient cells that take up 

exosomes. Unlike a previous study which identified that exosomal K-Ras to be non-

functional in recipient cells [265], we have evidence that mt-p53 transferred between 
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cells retains functionality. We observed significant increase in mt-p53 target genes 

involved in G2/M progression in the recipient cells and an enhancement of invasive 

potential of these cells. These results have opened up new questions -  

 

 Patocs et al., 2007 had identified increased p53 expression (suggestive of 

p53 mutation) in breast cancer associated stromal cells and attributed this to 

genetic alterations in these stromal cells [266]. However the existence of p53 

mutations in stromal cells is disputed [267]. It would be worthwhile to revisit 

the data on mt-p53 expression in stromal cells taking into consideration 

exosomal mt-p53 transfer. Other studies have observed mt-p53 dependent 

tumour promoting roles of cancer associated fibroblasts (CAFs). Addadi et al., 

2010 showed that p53 mutant CAFs promote tumour growth, and Arandkar et 

al., 2018 observed that p53 in CAFs exhibit a mt-p53-like conformation [268, 

269]. Based on these studies, it would be imperative to explore this further as 

it would have significant implications to cancer therapy. 

 

 Our work has singularly focused on tumour-tumour interactions and the 

implications of mt-p53 suggest a paracrine GOF mechanism. Further 

experiments must be performed to examine the fate of exosomal mt-p53 

(originating from cancer cells) in recipient normal cells with wild type form of 

p53. Is mt-p53 stable in recipient cells and whether a dominant negative effect 

is observed in addition to GOF? 

 

 Different p53 mutants have different levels of aggressiveness and this is 

assumed to be due to differential stability and interaction affinities with protein 

partners [37]. Does the type of mt-p53 affect what paracrine effects takes 

place in recipient cells? Furthermore, examining tissue distribution of 

exosomes and identifying recipient cells responsive to exosomal mt-p53 

would be helpful in predicting future metastatic sites.  

 

 Considering the broad effects of mt-p53 GOF (listed in section 1.3.2), it is 

possible that the epigenetic and metabolic changes in stromal cells of the 

tumour microenvironment could be due to exosomes with mt-p53. 
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 Further studies on the mechanisms of exosomal uptake can identify receptors 

or proteins that could blocked/inhibited as a way of therapeutically targeting 

mt-p53 dissemination through exosomes. 

 

 Until now, suppressive effects of mutant p53 on immune cells have always 

been associated to be due to its non-autonomous effects on the TNF-α/NF-kB 

pathway or through miRNAs [270, 271]. Based on our discovery of inter-

cellular mt-p53 transfer, we need to investigate whether exogenous mt-p53 is 

transferred into tumour associated immune cells and whether it is capable of 

compounding an immune-suppressive milieu through autonomous 

mechanisms. Considering the gaining importance of immunotherapy, the 

ramifications of mt-p53 dissemination on immune cells should be explored. 

 

Recent studies have identified proteins with significant functions such as oncogenic 

tyrosine kinases (MET in melanoma), immunosuppressors (PD-L1 in melanoma), 

angiogenic factors (VEGF-A in glioblastoma) being transported through exosomes 

and promoting metastasis, immune evasion and angiogenesis [140, 272, 273]. This 

existing evidence of cancer promoting abilities of exosomes is compounded by our 

current findings on mt-p53 and this opens up a new area of research in the field of 

p53 with bigger implications in multiple cancers. Also, our study reveals a new 

pathway which is distinct from pathways of degradation and mt-p53 reactivation, 

which current therapies are focused on. Much is still unknown about this pathway 

and is also made complicated by the sheer number of p53 mutants and tumour types 

to study. There is an urgent need to study how current therapies could a play a role 

in modulating exosomes and in particular mt-p53. Investigating the mechanics of mt-

p53 loading into the exosomes and uptake of exosomes can open new avenues of 

therapeutic targeting of mt-p53 expressing tumours. 
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Chapter 7 

Appendix 
 
I. Cloning of shRNA oligos into FH1T vector 
 
1. Annealing of oligos 
 
1μL of forward and reverse oligos (100μM) were diluted to 10μL with annealing 

buffer (750mM KCl, 200mM Tris-HCl). The oligos were subjected to 37⁰C, 30min; 
95⁰C to 5⁰C, 15min (decrement); 25⁰C, forever. 
 
2. Cloning into FH1T vector 
 
FH1T-cherry vector (5μg) was sequentially digested with BsmBI (NEB) followed by 
digestion with XhoI (NEB). The digested vector was purified using Qiagen gel 
purification kit. The annealed oligos and the purified vector digest were ligated using 
T4 DNA ligase (NEB). Insertion of shRNA was confirmed by sequencing. 
 
II. Cloning of hNDFIP1 into FUV-cherry vector 
 
1. Amplication of NDFIP1 
 

Reaction 
 

2x Phusion HF buffer  25μL 
NDFIP1 Forward primer 0.5μM 
NDFIP1 Reverse primer  0.5μM 
Template DNA  50ng 
DMSO  1.5uL 
Make up to 50μL with Nuclease free water 

 
The template DNA used was NDFIP1-His construct already containing human 
NDFIP1. 

PCR conditions: 98⁰C 30s 1x; (98⁰C, 5s; 60⁰C, 30s; 72⁰C, 32s) 32x; 72⁰C, 10 min, 
1x, 4⁰C, forever.  
 
2. Cloning into pTRE vector 
 
pTRE vector (5μg) was digested sequentially with BamHI (Buffer E, Promega) and 

then with EcoRI (Buffer H, Promega). All digests were conducted at 37⁰C for 3hrs. 
The PCR product was digested first with BglII and followed with EcoRI digestion. The 
digested plasmid and PCR product were run on an agarose gel followed by 
extraction by Qiagen Gel purification kit. The digested plasmid and PCR product 

were ligated using T4 DNA ligase (NEB) at 16⁰C overnight. 
 
3. Sub-cloning into FUV1-cherry 
 
pTRE-NDFIP1 was digested with PacI (NEB) followed by gel purification of the TRE-
NDFIP1 fragment (Tet response element and NDFIP1 coding region). FUV1-cherry 
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vector was also digested with PacI and the purified vector digest was ligated with 
TRE-NDFIP1 fragment using T4 DNA ligase. The orientation of the resulting clones 
was confirmed by sequencing with FUVseqR. 
 
III. Site directed mutagenesis in VN-p53 vector: 
 
Mutations: R175H CGC –> CAC, R273H CGT –> CAT  
Total vector size = VN vector (5216bp) + p53 CDS (1182bp) = 6398bp 
 

SDM reaction μL Final concentration 

QF mix 12.5 1X 
10 μM Fwd Primer 1.25 0.5uM 
10 μM Rev Primer 1.25 0.5uM 
Template DNA 1 1-25ng 
NF Water 9 

 
Total volume 25 

 
 

Reaction 
conditions 

⁰C 
 

Initial denaturation 98 30s 

25X 
98 10s 

50-72* 30s 
72 3min 15 sec 

Final extension 72 2min 

 
4 

 
 

*Annealing temp used – R273H - 64⁰C, R175H - 66⁰C. 
The PCR product was ligated using the NEB protocol for KLD reaction (Kinase, 
Ligase and DpnI reaction) and competent cells were transformed with the reaction 
mixture and plasmid DNA was isolated from the resulting colonies and sequenced. 
 
 
 
IV. METACORE legend 
 
The following figure is from METACORE quick reference guide describing the 
network objects and their function. 
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