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Abstract 

 p53 transcriptional factor and tumor suppressor protein is mutated in over 50% of all 

cancers and most metastatic tumors. Majority of p53 mutations are single missense mutation and 

occur in the DNA-binding domain (DBD). The six most common missense mutations in the p53 

DBD are known as “hot spots” and are classified into “conformational” and “contact” mutants. 

Both mutant types interfere with the interaction of p53 with DNA either by altering p53 

conformation/structure (conformational) or affecting amino acid residues directly involved in 

DNA binding (contact). Conformational and contact p53 mutant oncogenic activities have been 

shown to be cell-context and mutation type dependent. Using carcinoma cell lines of various 

origins, previously, we showed that plakoglobin interacted with wild-type and several endogenous 

p53 mutants (e.g., R280K, R273H, S241F, S215R) and this interaction was mediated by the p53  

DBD and plakoglobin C-terminus domain. We further showed that plakoglobin expression in 

carcinoma cell lines deficient in plakoglobin and expressing various p53 mutants restored the 

tumor suppressor activities of mutants in vitro.  

To compare the effects of plakoglobin expression on oncogenic activities of contact vs. 

conformational mutants and to avoid potential confounding cell-context dependent factors, we 

established an in vitro cellular model using the p53-null and plakoglobin-deficient H1299 non-

small cell lung carcinoma cell line. This system allowed us to exogenously express p53-R273H 

contact or p53-R175H conformational mutant with or without plakoglobin to directly compare 

tumor suppressive effects of plakoglobin on these mutants in the same genetic background. 

Functional assays were performed to assess cell growth, colony formation, migration, and 

invasion. qPCR and immunoblotting were used to examine the expression specific genes and level 

and subcellular distribution of proteins that are typically regulated by or regulate p53 function and 
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are altered in mutant p53 expressing cell lines and tumors. Plakoglobin interacted with both 

mutants, affected their oncogenic properties differently, and its tumor suppressive effects were 

significantly stronger in p53-R175H expressing cells. We further extended our studies and 

identified potential amino acid residues in p53-R175H and plakoglobin that mediated their 

interaction. Using in silico 3D molecular dynamic modeling, we identified Q167 and R248 on p53-

R175H, and N690 on plakoglobin as potential amino acid residues mediating their interaction. We 

then validated the in silico model by generating plasmids encoding p53-R175H in which Q167 

and R248 residues were substituted by alanine individually or together. Similarly, we developed a 

plasmid encoding plakoglobin in which N690 was substituted by alanine. Different combinations 

of plasmids were expressed in H1299 cells and the resulting transfectants characterized for changes 

in p53-R175H and plakoglobin interaction and the functional consequences of these changes was 

measured by the in vitro invasiveness of various transfectants. The results showed decreased p53-

R175H- plakoglobin interaction when p53-R175H Q167 and R248 residue were substituted by 

alanine. In contrast, plakoglobin N690A substitution had no effect on its interaction with p53-

R175H. Intriguingly, plakoglobin co-expression with all forms of p53-R175H reduced their 

invasiveness by more than 80%. These observations suggested the potential ability of plakoglobin 

to interact with various conformational mutants. The larger implication of these studies is the 

potential for exploring plakoglobin interactions with p53 conformational mutants as a useful 

approach to develop cancer therapeutics for tumors expressing this type of mutations. 
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CHAPTER 1: INTRODUCTION 
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1.1 p53, a tumor suppressor or a proto-oncogene 

1.1.1. p53: Initial Identification 

p53 protein was originally identified as an oncogene due to its co-immunoprecipitation 

with SV40 large T-antigen in transformed cells (1). Several subsequent studies supported this 

initial observation. p53-transfected rat chondrocyte sensitized these cells to Ras-mediated 

transformation (2). Co-transfection of TP53 and Ras into normal rat embryonic fibroblasts resulted 

in cellular transformation (3, 4). The seemingly critical role of p53 in cell transformation was 

consistent with the presence of high level of p53 in transformed cell lines and tumors relative to 

untransformed cells and normal tissues, which express low levels of p53 (5). However, contrasting 

evidences, such as lack of p53 expression in acute myeloid leukemia (AML), and several studies 

that failed to demonstrate the cell-transforming property of p53 created contradictory views on 

role of p53 in cellular function (6, 7, 8). This controversy was resolved in the late 1980s by a 

number of studies demonstrating that p53 mutations led to its unregulated expression and the onset 

of cellular transformation, which led to p53-mediated cellular transformation observed in the 

aforementioned studies (9). Subsequent studies confirmed the role of wild-type p53 (p53-WT) as 

a tumor suppressor. Transfection of cDNA construct encoding p53-WT did not induce cellular 

transformation in rat embryo fibroblasts, while constructs encoding mutant p53s did (9, 10). p53-

WT expression suppressed foci formation in primary rat embryo fibroblasts transformed by mutant 

p53 and ras, or other oncogene combinations such as myc and ras or E1A and ras.(11). Following 

these observations, numerous studies further supported the notion that p53-WT suppresses cell 

transformation while mutant p53 may lead to oncogenesis (12, 13, 14). In summary, TP53 is a 

tumor suppressor gene and a proto-oncogene that, when mutated in certain amino acid residue(s), 

can promote oncogenesis.  

 

1.1.2. p53 and its role in tumor suppression 

p53 is a transcription factor and a tumor suppressor that mediates cellular response to stress 

signals (15). This response is facilitated by the regulators of p53 and lead to modulations in the 

p53 protein stability and its activities (16). Downstream signaling events of p53 activation include, 

but are not limited to, activation of cell cycle arrest, recruitment of DNA damage repair machinery, 

activation of apoptotic programs and autophagy, and regulation of cellular metabolism, energetics 

and the oxidation state of cells (16, 17).  
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Due to its ability to maintain genome stability in response to genetic/oncogenic mutations, 

p53 is dubbed as “the guardian of the genome” (16, 17). The p53 regulated physiological pathways 

and programs are often dysregulated or non-functional in tumor cells (17). Germline p53 mutations 

is associated with Li-Fraumeni syndrome, which is presented by the early onset of various tumors 

including bone and soft tissue sarcomas, brain and breast carcinomas, acute leukemias, etc (17, 18, 

19). p53 is mutated in over 50% of all cancers, making it the most frequent somatic mutation in 

tumors (17). While mutant p53 lacks p53-WT tumor-suppressing function, it may also activate 

novel pathways that promote all hallmarks of cancers and contribute to tumor development and 

metastasis (20, 21, 22).  

1.1.3 p53 protein structure 

Human p53 is a 393 amino acid protein with various structural and functional domains that govern 

p53 stability and functions (Figure 1-1A) (23). p53 contains two transactivation domains (TAD I 

and TAD II), a proline-rich domain (PRD) and a DNA binding domain (DBD) that is connected 

to the tetramerization domain (TD) via a linker region (L), followed by a C-terminal regulatory 

domain (CTD) (Figure 1-1A) (23).  

TAD is critical for p53 transcriptional activities. Upon recognition of the target gene by DBD, 

TAD activates transcription by binding to the components of the transcriptional machinery and 

other coactivators/corepressors (23, 24, 25). TAD is also the binding site for the E3-ubiquitin ligase 

mouse double minute (MDM2), a major regulator of p53 stability (23, 26). TAD contains multiple 

phosphorylation sites which when phosphorylated by a group of kinases [including ataxia 

telangiectasia mutated (ATM), Rad3-related (ATR), and DNA-dependent protein kinase (DNA-

PK)], directly affect p53 binding to MDM2 and its coactivators (e.g., p300 and CBP) (Figure 1-

1A) (23, 27, 28, 29, 30).  

Proline-rich domain (PRD) spans amino acid 55-100 of the p53 protein (31). As the name 

implies, this domain is rich in proline (31). Mutations in the PRD often occurs on proline residue 

(P82, P89, P98, and the frequently observed P72R polymorphism) (31). These mutations can 

interfere with p53 transcriptional activity or its interaction with binding partners. Specifically, 

repeats of PXXP in PRD confers affinity and specificity for Src homology-domain 3 (SH-3)-

containing proteins and may alter their interaction with PRD (31, 32). For example, polymorphism 
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Figure 1-1. Domain structure of p53 and its regulation of stability and function. (A). p53 consists of 393
amino acids divided into five structural and functional domains . A transactivation domain (TAD), which
consists of TAD I and TAD II, a proline-rich domain (PRD), a DNA-binding domain (DBD), a linker region
(L), a tetramerization domain (TD), and a C-terminal regulatory domain (CTD). p53 CTD is a binding site for
MDM2 E3-ubiquitin ligase that ubiquitinate and marks p53 for proteosomal degradation. In addition, MDM2
can bind to p53 TAD and directly inhibit p53 transcriptional activity. MDM2 binding and p53 level is tightly
controlled by phosphorylation induced by ataxia telangiectasia mutated (ATM), Rad3-related (ATR), and
DNA-dependent protein kinase (DNA-PK) kinases that are activated under various kinds of cellular stress.
Phosphorylation of Serine15 and Serine37 in the TAD domain and inhibit MDM2 binding and MDM2-
mediated p53 degradation. p53 also contains nuclear localization signal (NLS in linker region) and nuclear
export signal (NES in tetramerization domain) that facilitate p53 subcellular localization. (B). The E3
ubiquitin ligase MDM2 functions in both the cytoplasm and nucleus and regulate p53 stability and activity by
multiple mechanisms in both the cytoplasm and nucleus. In the cytoplasm: (1) MDM2 binds to p53, prevents
p53 nuclear translocation and promotes p53 degradation. In addition, MDM4 can interact with MDM2 to
enhance MDM2 stability. (2) MDM4 can bind to and sequester cytoplasmic p53s. (3) MDM2 phosphorylation
by Akt/PKB induces MDM2 nuclear translocation. In the nucleus: (4). Under basal cellular state, MDM2
binds to and ubiquitinate nuclear p53. Ubiquitinated p53s are transported out of the nucleus and undergo
proteasomal degradation. (5) Under cellular stress (e.g., UV radiation or ribosomal stress), MDM2 is
sequestered from p53 by binding to p19ARF [alternate reading frame (ARF)] and ribosomal protein (RP),
which increases p53 stability. Nuclear p53 can then bind to and activate a number of stress response genes
including MDM2.
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on codon 72 has been shown to change MDM2 binding affinity to p53; e.g., p53-R72 has been 

shown to interact with MDM2 with higher affinity than its P72 polymorphic counterpart (33). 

DBD mediates p53 binding to promoters of target genes in a sequence specific manner via 

p53 response element (RE) that is usually located upstream of the transcription start site (23). It 

has been generally accepted that p53 interacts with DNA as a tetramer. Tetramerization begins 

with dimerization of two p53 monomers that occurs co-translationally and is followed by the 

tetramerization of the two dimers (34). In vitro studies have revealed that p53 dimerization and its 

translocation into the nucleus is mediated by the nuclear localization signal (NLS; located in the 

linker region) (35). Nuclear localization function is regulated by the p53 posttranslational 

modification (PTM) and interacting partners (36). The lysine residues in NLS can be ubiquitinated 

by MDM2, and this ubiquitination prevents p53 nuclear translocation (36). These lysine residues 

are also important for p53 binding to the nuclear transport factor importin-α3, which promotes p53 

translocation into the nucleus (35). 

Tetramerization domain (TD) facilitates p53 oligomerization into transcriptionally active 

tetramer (37). In response to stress, p53 accumulates in the nucleus where it tetramerizes and 

regulates the expression of the stress response genes (36). Tetramerization conceals a leucine-rich 

region (amino acid residues 340-351) that acts as a nuclear export signal (NES). Exposure of the 

NES upon dissociation of the tetramer lead to p53 export from the nucleus (36). 

The C-terminal regulatory domain (CTD) exists in an unfolded state. CTD also contains 

critical lysine residues that can be post-translationally modified via acetylation, methylation, 

ubiquitination, sumoylation, neddylation and phosphorylation (23). These PTMs provide complex 

and diverse ways to modulate p53 activities and allow proper regulation of a wide variety of genes 

downstream of p53. 

1.1.4 Regulation of p53 Stability and Function 

MDM2 is a major regulator of p53 stability in both the cytoplasm and the nucleus (Figure 

1-1B) (38, 39). In the cytoplasm, 1) MDM2 binding to TAD prevents p53 nuclear localization and 

promotes its degradation via ubiquitination on CTD (26, 39). Another member of the MDM2 

family, MDM4, which does not ubiquitinate p53 can bind to MDM2, enhance its stability and 
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promote p53 degradation. 2) MDM4/MDMX can also directly bind to p53 TAD and inhibit its 

translocation into the nucleus (17). 3) The protein kinase B (PKB/Akt), which is often found 

overexpressed in human cancers phosphorylates MDM2 in the cytoplasm and induces MDM2 

nuclear localization (40).  

In the nucleus, 4) under basal condition, ubiquitination of the nuclear p53 by MDM2 leads 

to the exposure of NES and subsequent translocation of p53 into the cytoplasm and its proteasomal 

degradation.  5) Under cellular stress, the ribosomal protein (RP) and the tumor suppressor protein 

p19ARF (alternative reading frame), a cell cycle regulating protein can bind to and sequester MDM2 

to inhibit ubiquitination of p53. Stabilized p53 activates the expression of target genes including 

MDM2 (41). 

1.2   Mutant p53 and tumorigenesis 

1.2.1 Gain of Function Mutant p53 

TP53 is one of the, if not the most, frequently mutated gene in human cancers. The majority 

of these mutations are missense (a change in one DNA base pair that changes one single amino 

acid residue in the protein) in the DBD of the protein (Figure 1-2A). The six most frequent 

mutations [Arginine (R) 175, 248, 249, 273, 282 and glycine (G) 245] in the DBD are known as 

“hot spot” mutations and make up ~30% of all p53 mutations. Compared to the p53-null condition, 

these mutations are associated with escalated tumorigenesis and poor prognosis (42). Hotspot 

mutants not only lose p53-WT tumor suppressor function, but also gain new oncogenic function 

and therefore are known as gain of function (GOF) mutants (42). 

GOF mutants are generally classified into two types: conformational mutants (R175, G245, 

R249, R282) and the contact mutants (R248, R273) (42). Both classes interfere with the ability of 

the protein to bind to DNA (Figure 1-2B), albeit by two different mechanisms. In conformational 

mutants p53 protein is misfolded; whereas in contact mutants, residues that directly interact with 

DNA are altered while the protein retains its normal/WT conformation. (Figure 1-2B) (42). The 

intrinsic differences between the two types of p53 mutants may cause a difference in their ability 

to affect p53 target gene expressions (43). For example, while both contact and conformational 

mutants are equally effective in increasing invasive capacity and contribute to oncogenesis by 
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A

The TP53 Database (R20, July 2019): https://tp53.isb-cgc.org

B

p53 Single missense mutation

Stress response
DNA repair
Tumor suppression
Cell cycle regulation

Tumorigenesis
Cell proliferation, 
migration/invasion
Genomic 
instabilityContact

R248
R273

Conformation
R175
G245
R249
R282

p53

p53

p53 X

Y

Figure 1-2. (A) Distribution and classification of hotspot p53 mutations. Majority of the
mutations occur in the DNA-binding domain (aa. 94-292). The most frequent mutations are
known as hotspot mutations and are classified into conformational/structural or contact
mutants based on changes in conformation or the involvement of amino acids that directly
interact with DNA. (B) p53 target gene expression. In non-transformed cells, p53-WT is
activated in response to cellular stress, which in turn activates the expression of tumor
suppressor genes that induce cell cycle arrest, DNA damage response machinery and
apoptosis to maintain genomic stability and cellular homeostasis. In transformed cells
expressing conformational (R175, R245, R249, R282) or contact (R248, R273) mutants,
mutant p53 not only loses the ability to bind to p53-WT target genes but it gains novel
interacting nuclear partners (depicted by X and Y) that enable it to induce activation of
oncogenic targets and promote tumorigenesis/metastasis.
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inducing CXC chemokines (CXCL5, CXCL8, CXCL12) (44). However, only p53 contact mutants, 

have been shown to increase cell motility, EMT, and activity of promigratory pathways by 

activating the extracellular human heat shock protein 90 alpha (eHsp90α) (45). Overall, both p53-

WT and mutants’ effects can be context-dependent and cell-type specific (16). In addition, other 

factors such as external stress and tumor microenvironment must also be considered when 

interpreting the GOF properties of mutant p53 (16). Mutant p53 oncogenic function can be 

activated by several mechanisms as discussed below.  

1.2.2 Mutant p53 exerts dominant negative effect on p53-WT 

In heterozygous cells expressing both p53-WT and mutant, mutant p53 can form 

heterotetramers with p53-WT and exert a dominant negative effect on p53-WT since the 

heterotetramer cannot bind to the p53-WT target genes.(46) For example, using mouse models of 

human R175H and R273H (mouse R172H and R270H, respectively), it has been demonstrated 

that homozygous p53-null (p53-/-), heterozygous p53R172H/+ and homozygous p53R172H/R172H mice 

suppressed p53-dependent apoptosis induced by irradiation (47). Also, p53R172H/+ and p53R270H/+ 

mice formed more tumors compared to p53-/- mice (47). These studies suggest that mutant p53 

contributes to loss of tumor suppressor function of p53 by binding to and nullifying the activity of 

p53-WT.  

1.2.3 Mutant p53 can alter activities of p53 regulators 

Mutant p53s are often stabilized in cancer cells and are present at much higher levels (48, 

49, 50).  However, Similar to p53-WT, mutant p53 accumulates in the nucleus in response to stress 

signals and this accumulation is crucial for the oncogenic activities of GOF mutants (51). As 

discussed earlier, under basal cellular condition/absence of cellular stress, p53-WT is maintained 

at low level through its constitutive interaction with MDM2 and degradation. Under cellular stress, 

MDM2 is inactivated and p53 is stabilized (38). In contrast, mutant p53s are often stabilized in 

cancer cells and are present at much higher levels (48, 49, 50).  

Studies have demonstrated that mutant p53 can bypass MDM2-mediated degradation via 

several mechanisms. Hotspot p53 mutants lose their abilities to bind to DNA and are unable to 

activate MDM2 expression. However, this does not explain the high level of p53 mutants present 
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in cancer cells since MDM2 expression is not mutually exclusive to p53 mutation status (49). Other 

transcriptional factors [such as human nuclear factor of activated T cells 1 (NFAT1) or interferon 

regulatory factor 8 (IRF8)] have been demonstrated to activate MDM2 expression in a p53-

independent manner (52, 53). These observations imply that p53 mutants use additional 

mechanisms to evade MDM2-mediated degradation (52, 53, 54). For example, it has been shown 

that mutant p53s (including R175H and R273H) interact with BAG2 [a member of the Bcl-2 

associated BAG family of athanogenes (inhibitor of apoptosis)] prior to its translocation into the 

nucleus. This association inhibits mutant p53 interaction with MDM2 and its degradation (55). 

Additionally, transient co-transfections with the conformational mutant p53-R175H and MDM2 

in H1299 cells have shown that MDM2-mediated degradation of mutant p53 occurs at a 

significantly lower efficiency compared to MDM2-mediated degradation of p53-WT.(56) Yet 

another mechanism for stability/activity of mutant p53 is its constitutive phosphorylation by 

ERK1/2 and activation of MAP kinase pathway (57). This phosphorylation event may act similarly 

to ATM-mediated phosphorylation of p53-WT, which decreases its interaction with MDM2 and 

its degradation (57). Overall, these observations suggest that p53-WT and mutant stability and 

activity are regulated by distinct mechanisms.  

It is important to consider cellular contexts when studying mutant p53s. Tumors are 

typically heterogeneous and genetic background of each tumor, or even cell line, is complicated 

by differences in selective pressure and stochasticity of mutation (16). These factors further 

complicate the possibility of generalizing the effect and the downstream signaling of mutant p53 

solely based on factors such as the kind of mutation or the type of cancer cells. As stated by 

Kastenhuber and Lowe in their 2017 review, “It seems naive to expect that oncogene activation in 

different tissues (for example, KRAS activation in colon, pancreas, and lung) would precipitate an 

identical p53 transcriptional response. Moreover, one would not presume a priori that the p53 

output generated by DNA damage would exactly mirror the gene expression signature elicited by 

oncogene activation, even in a single cell type.” (16). Despite the complexities discussed above, it 

is generally accepted that one major mechanism of mutant p53 oncogenic activation is by 

interacting with and altering the activities of transcriptional factors.  
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1.2.4 Mutant p53 and regulation of gene expression  

Due to its inability to arrest cell cycle progression following DNA damage and/or to 

activate DNA repair or apoptosis, mutant p53 can induce genetic instability and unregulated cell 

proliferation (42, 58). p53 GOF mutants promote tumorigenesis by several non-mutually exclusive 

mechanisms. Mutant p53 can activate the epithelial-mesenchymal transition (EMT) by inducing 

the expression of EMT-associated factors (e.g., Slug, Twist1, ZEB) (59, 60, 61). Mutant p53 can 

also modulate cellular metabolism by upregulating glycolytic enzymes which contribute to the 

Warburg effect often observed in cancer patients (62). Upregulating multi-drug resistance 1 

(MDR1) gene which leads to chemoresistance in patients is another activity of mutant p53 (63, 

64). These functions are accomplished by binding of mutant p53 to oncogenic and/or tumor 

suppressor protein partners in a cell context dependent manner.  One class of these binding partners 

are transcription factors including but not limited to p63, p73, Ets2, NF-Y, VDR, SREBPs, etc., 

which typically do not interact with p53-WT (42, 58). Mutant p53 interaction with these nuclear 

factors alters the transcription of their target genes. For example, in the murine pancreatic cancer 

cell line KPC, the oncogenic transcriptional factor NF-Y is inhibited by interaction with the p53 

homologue and tumor suppressor p73 (65). Mutant p53 can bind to and sequester p73 from the 

NF-Y transcriptional complex, which then activates the expression of platelet-derived growth 

factor  (PDGF-β) (65). High expression of PDGF-β has been shown to correlate with worse 

disease-free survival in pancreatic cancer patients. Mutant p53 can also recruit NF-Y to activate 

the expression of other tumor promoting factors. In colorectal adenocarcinoma cell lines with 

mutant p53 expression, mutant p53 recruits NF-Y to ephrin (EFN)B2 promoter region and induce 

EMT and chemoresistance via activation of JNK/c-JUN pathway (66). Genomic expression 

analysis has revealed the upregulation of mevalonate pathways by mutant p53 in breast 

adenocarcinoma cell lines by binding to sterol regulatory-element binding protein (SREBP) 

transcription factors. This correlated with the elevated sterol biosynthesis and tissue architecture 

disruption (67). Mutant p53 interaction with Ets2 transcription factor in mouse models of 

osteosarcoma and pancreatic ductal adenocarcinoma activated expression of oncogenic genes 

involved in lipid biosynthesis, nucleotide synthesis, increased cell proliferation, invasiveness and 

metastasis (68). Also, mutant p53 binding to the transcription regulator early growth response 

protein 1 (EGR1) has been shown to drive invasion in breast cancer cell lines in a MAPK/ERK 
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pathway dependent manner (69). Finally, we have recently identified the cell adhesion and 

signaling protein plakoglobin as a novel interacting partner of p53-WT and various mutants in 

cells and tissues of different origins (70, 71). Interestingly, our results have suggested that 

plakoglobin-mutant p53 interaction led to a partial restoration of mutant p53 tumor suppressor 

function in vitro by reducing cellular growth, colony formation, migration and invasion in these 

cells (70, 71, 72). 

1.3 Plakoglobin and its role in tumorigenesis 

1.3.1 Plakoglobin: role in cell adhesion 

Plakoglobin is an 83 kDa protein that was initially identified as a component of the desmosomal 

plaque (73). Later studies showed that plakoglobin is also present in the adherens junction and 

being the only common component of both adhesive junctions, a major regulator of the cell 

adhesive properties (Figure 1-3A) (74). Both adherens junction and desmosomes are cadherin-

based adhesive junctions. Cadherins are calcium-dependent cell adhesion proteins that initiate cell-

cell contact between adjacent epithelial cells and are essential for the maintenance of integrity and 

function of epithelial tissues (75, 76, 77). Structurally, cadherins consist of three domains: an 

extracellular domain, which mediates homotypic or heterotypic contact with cadherin on the 

adjacent cell, a transmembrane domain that spans the plasma membrane and a cytoplasmic domain 

that interacts with the cytoplasmic proteins, which in turn, interact with cytoskeleton to stabilize 

the junction (77). 

Adherens junctions are ubiquitously present in all tissues. At this junction, the extracellular 

domain of classical cadherins [E-cadherin (epithelial), N-cadherin (neural), P-cadherin (placental), 

VE-cadherin (vascular-endothelial), and OB-cadherin (osteoblastic)] interacts with the 

extracellular domain of the cadherin on the adjacent cell to mediate adhesion (Figure 1-3A) (75, 

77). Intracellularly, cadherins cytoplasmic domain bind to proteins known as catenins [   

(plakoglobin) and  (p120)] (78, 79).  (p120) Catenin binds to the juxtamembrane domain of 

cadherins and stabilizes the cadherin dimers.(78) -Catenin or plakoglobin interact with the 

cytoplasmic tail of cadherin in a mutually exclusive manner and associate with -catenin, which 

in turn interacts with actin filaments and links the cadherin-catenin complex to the cytoskeleton 

(Figure 1-3A) (77, 80). 
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Figure 1-3. Cadherin mediated cell adhesion complexes; adherens junction and desmosomes.
A. Schematic diagram of adhesive junctions. Adherens Junction: the extracellular domains of classical
cadherins such as E-cadherins interact with each other in the adjacent cells whereas their cytoplasmic domain
interacts with p120 catenin (juxtamembrane) and b-catenin or g-catenin/plakoglobin (cytoplasmic tail,
mutually exclusive). b-catenin and plakoglobin, in turn, interact with a-catenin ,an actin binding protein that
associates the cadherin-catenin complex to the actin microfilaments and stabilizes the adherens junction at the
membrane. Desmosome: the extracellular domain of desmosomal cadherins (desmocollin and desmoglein)
associates with the corresponding domain in the adjacent cell, while their cytoplasmic tails interact with
plakophilin or plakoglobin and desmoplakin, which in turn connects to the intermediate filaments.
B. Schematic diagram of plakoglobin and b-catenin domain structure. Plakoglobin is a paralogue of b-
catenin and a member of the Armadillo protein family characterized by the presence of 13 armadillo repeats
flanked by a N-terminus and C-terminus. Armadillo repeats are protein-protein interaction domains that
mediate plakoglobin and b-catenin interactions with a number of common and/or unique intracellular partners
that regulate adhesive vs. signaling function of these proteins. The N-terminus of both proteins interacts with
a-catenin to mediate cell-cell adhesion and their C-terminus is the transactivation domain and essential for
their transcriptional activity. a, a-catenin ; b, b-catenin ; PG, plakoglobin/g-catenin; DP, desmoplakin; PP,
plakophilin.
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Desmosomes are adhesive structures that are primarily present in tissues that endure 

significant mechanical stress and require stronger adhesion such as epithelial tissues, cardiac 

muscle and meninges.(81) Similar to adherens junction, the extracellular domain of desmosomal 

cadherins (desmogleins and desmocollins) interact with the corresponding domain of 

desmosomal cadherins on the adjacent cells. (Figure 1-3A) (81). The cytoplasmic domains of 

desmosomal cadherins bind to cytoplasmic proteins plakoglobin, plakophilins, and 

desmoplakins forming the desmosomal plaque, which in turn, associates with intermediate 

filaments (Figure 1-3A) (81, 82). Intermediate filaments are tissue specific and different types 

are expressed in different tissues such as keratins (epithelia), desmin (muscle), vimentin 

(mesenchymal), etc. (82). 

Plakoglobin expression is essential for formation of desmosomes and important for the 

initiation of adherens junction formation where it interacts with classic cadherin in a mutually 

exclusive manner with β-catenin (74, 83, 84). Plakoglobin and β-catenin are paralogues and 

belong to the Armadillo family of proteins with similar dual adhesive and signaling functions 

(85). The two proteins have similar structure and interact with many common intracellular 

protein partners to mediate cell adhesion or participate in signaling pathways that regulate cell 

proliferation, growth and tumorigenesis (Figure 1-3B) (85). 

β-Catenin has well studied oncogenic signaling function via its role as the terminal 

cytoplasmic component of the Wnt pathway (86). Wnt is a developmentally regulated pathway 

that was initially identified in Drosophila (87). Activation of Wnt pathway during development is 

essential for body axis patterning, cell fate determination, proliferation and migration.(85) In the 

absence of Wnt ligand, the cadherin-independent cytoplasmic pool of β-catenin is degraded. When 

activated by Wnt ligand, β-catenin degradation is inhibited, excess β-catenin accumulate in the 

cytoplasm and can translocate into the nucleus (86). In the nucleus, β-catenin binds to TCF/LEF 

transcription factor and activate transcription of Wnt target genes (86). Products of the Wnt 

signaling pathway are essential in embryonic development, but activation of the pathway in adult 

cells induces tumorigenic events such as cell proliferation and cell migration and cancer stem cell 

survival and function (86). While plakoglobin also interacts with the components of the Wnt 
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pathway, it generally acts as a tumor suppressor (85). The rest of this thesis will focus on 

plakoglobin and its role(s) in tumorigenesis and potential mechanisms underlying its tumor 

suppressor function.  

1.3.2 Clinical significance of plakoglobin in tumors 

Numerous studies have associated reduced plakoglobin expression with adverse patient 

outcomes (85, 88, 89, 90, 91, 92, 93, 94). Plakoglobin deficiency is associated with poor prognosis 

in various tumor such as neuroblastoma, non-small cell lung carcinoma, squamous cell, breast and 

bladder carcinomas etc. (88, 91, 92). Reduced plakoglobin, but not -catenin or -catenin, was 

associated with higher lymph node metastasis and poor survival in oral squamous cell carcinoma 

(89). In human bladder tumors, reduced level of plakoglobin was associated with shorter overall 

survival while its cytoplasmic localization was associated with lymph node metastasis (90). It has 

also been shown that reduced plakoglobin level is associated with increased metastatic potentials 

in soft tissue sarcomas (93). 

In contrast to solid tumors, several studies have suggested a tumor promoting role for 

plakoglobin in leukemia and lymphomas. Abnormal expression of both plakoglobin and -catenin 

has been reported in leukemia (95, 96). Overexpression of plakoglobin in acute myeloid leukemia 

(AML) patients is frequently observed and is associated with poor prognosis (97). Plakoglobin 

knockdown from the human acute monocytic leukemia cell line THP-1 induced growth inhibition 

and increased apoptosis, concurrent with reduced level of nuclear -catenin (98). These 

observations suggested that plakoglobin does not directly participate in the pathogenesis in AML, 

instead, plakoglobin overexpression may promote -catenin nuclear translocation and activate Wnt 

signaling pathway, a pathway that is involved in hematopoiesis. This is consistent with Niu et al. 

observations, which showed plakoglobin downregulation resulted in reduced nuclear -catenin 

level in chronic myeloid leukemia (CML) (99). Other studies have reported a -catenin-

independent role of plakoglobin in leukemic cancers. Using mouse models expressing BCR-ABL, 

which is associated with B-ALL or CML, it has been shown that plakoglobin is essential for the 

initiation and maintenance of B-ALL, while -catenin may potentially suppress B-ALL and 

promote CML in hematopoietic stem cells (100). Interestingly, Niu et al. also observed higher 

plakoglobin expression in BCR-ABL-positive CML cell line compared to the BCR-ABL negative 
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CML cell line, which suggested that BCR-ABL may play an important role in facilitating 

plakoglobin function in non-solid tumors (99). Lastly, exogenous overexpression of plakoglobin 

in myeloid leukemia cell lines resulted in the stabilization and nuclear localization of -catenin, as 

well as increased TCF-dependent transcription activities (97). Similarly, plakoglobin siRNA 

treatment in CML led to decreased nuclear -catenin, increased cytoplasmic -catenin, and 

reduced -catenin target gene expression (97). This study suggests that overexpression of 

plakoglobin may indirectly contribute to oncogenesis via displacement of junctional -catenin, and 

promotion of its stabilization and nuclear localization. 

Aside from reports in non-solid tumors, high plakoglobin expressions in circulating tumor 

cells (CTCs) were also observed and were associated with increased metastasis and worse 

prognosis in patients (101, 102). This is consistent with the observation that CTCs have better odds 

of survival and increased metastatic potential as CTC clusters than as single CTCs and it is 

supported by the presence of multiple homotypic and heterotypic cell-cell adhesion molecules and 

tight junction proteins (103, 104).  Presence of plakoglobin may promote survival by promoting 

cell-cell adhesion within the cluster. However, it is important to note that some of these studies 

did not investigate the expression and localization of other cell adhesion proteins including 

cadherins, as well as - and -catenin, which are essential for holding cells in CTC clusters. This 

suggest that plakoglobin, along with other cell-cell adhesion molecules, may increase cell-cell 

adhesion in CTC clusters, consequently, confers a survival advantage for CTCs, and increase their 

metastatic potential.  

1.3.3 Potential Mechanisms of Plakoglobin Tumor Suppressor Activity 

While many clinical and experimental studies support a tumor suppressor function for 

plakoglobin but the mechanism(s) by which it acts as a tumor suppressor was until recently unclear. 

To gain insight into how plakoglobin act as a tumor suppressor, our laboratory has developed 

several experimental models of squamous cell, breast, lung and ovarian carcinoma cell lines to 

investigate potential mechanism(s) of plakoglobin tumor suppressor function (70, 71, 72, 105, 106, 

107, 108, 109, 110, 111). These studies have provided strong evidence and have led us to posit a 

model that supports at least four potential mechanisms by which plakoglobin suppresses 

tumorigenicity and metastasis (Figure 1-4). 1) Plakoglobin is a major regulator of cell adhesive 
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properties and participate in the formation of adhesive junctions (adherens junction and 

desmosomes) to promote extensive cell-cell adhesion, which holds cells together, induces contact 

inhibition of growth and is essential for the maintenance of integrity and function of epithelial 

monolayer. During tumorigenesis, loss of cell-cell adhesion and contact inhibition of growth leads 

to a more mesenchymal phenotype associated with unregulated cell proliferation, increased 

motility, and migratory phenotype (Figure 1-4a). 2) Plakoglobin can interact with and alter the 

subcellular distribution of intracellular protein partners involved in signaling pathways that 

regulate tumorigenesis (Figure 1-4b).3) Plakoglobin can modulate the subcellular distribution of 

β-catenin, its oncogenic function, and activation of Wnt target genes. (Figure 1-4c). Finally, 

plakoglobin can interact with transcription factors and regulate the expression of their target genes 

involved in growth regulatory pathways (Figure 1-4d). The next section will be focused on the 

work form our group has provided evidence in support of the above model. 

1.3.4 Plakoglobin promotes cell-cell adhesion and mesenchymal to epithelial transition 

(MET, Figure 1-4a)  

The earliest evidence for the potential tumor suppressor function of plakoglobin was the 

association of its loss of heterozygosity with a predisposition to familial breast and ovarian cancers 

(112). Following this report, Simcha et al. showed that plakoglobin overexpression in SV40-

transformed 3T3 cells suppressed the tumorigenicity of these cells in syngeneic mice and 

furthermore, this effect was augmented when N-cadherin was co-transfected (113). The authors 

also reported that the expression of plakoglobin in cadherin, -, -catenin and plakoglobin-

deficient renal carcinoma cells reduced tumor formation in a dose-dependent manner in nude mice. 

More importantly, in these transfectants, plakoglobin was diffusely distributed in the cytoplasm 

and nucleus (113). Consistent with these observations, we have shown that generally ~ 20-30% of 

plakoglobin is present in the cytoplasm (105). Furthermore, the expression of either plakoglobin 

or E-cadherin in the plakoglobin and E-cadherin deficient and N-cadherin-expressing human 

tongue squamous carcinoma cells SCC9 induced a mesenchymal to epithelial transition (MET) 

phenotype, along with decreased cell proliferation, increased cell-cell adhesion and desmosome 

formation (105). This phenotypic transition was concurrent with decreased level of 

soluble/cytoplasmic β-catenin.(105) Interestingly and in agreement with Simcha et al, plakoglobin 

expression in SCC9 cells led to stabilization and increased level of N-cadherin (113). This 
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suggested that in the absence of E-cadherin, plakoglobin may use N-cadherin to form junctions 

and induce an epidermoid phenotype. Similar results were obtained with breast, lung, and ovarian 

carcinoma cell lines (Figure 1-4a) (107, 111). 

1.3.5 Plakoglobin interacts with other growth regulating proteins, change their cellular 

distribution and growth regulating activities (Figure 1-4b) 

In addition to regulation of -catenin subcellular localization and oncogenic activity, 

plakoglobin has been shown to interact with and affect the level, subcellular localization, and 

function of other growth regulating cellular partners (Figure 1-4b). Comparison of the proteomic 

profiles of plakoglobin deficient carcinoma cells and their plakoglobin expressing transfectants by 

our group identified a number of differentially expressed proteins and we further characterized 

two of them (71, 108). The following section is a brief summary of these studies.  

The nucleocytoplasmic protein nucleophosmin (NPM) is a multifunctional protein with 

dual oncogenic and tumor suppressing function that shuttles between cytoplasm and nucleus (114). 

The function of NPM is determined by its subcellular localization; the cytoplasmic NPM acts as a 

tumor promoter, whereas the nuclear NPM promotes tumor suppression.(115), (116)  NPM acts as a 

tumor suppressor by its role in stabilizing p53 (117). Nuclear NPM promotes ARF nuclear 

localization and ARF interaction with MDM2 and this interaction sequesters MDM2 from p53 and 

promotes p53 stabilization (118). In contrast, cytoplasmic NPM is generally considered oncogenic 

by conferring a survival and proliferative advantage. Our group has shown that plakoglobin 

interacts with and promotes nuclear localization of NPM (109). Plakoglobin expression in the 

plakoglobin-deficient MDA-MB-231 invasive breast carcinoma cell line resulted in increased 

nuclear NPM, which was concurrent with decreased cell growth, cell migration and invasion. In 

support of the association between plakoglobin and NPM observed in  in vitro experiments, 

examination of the biopsies from normal breast tissue demonstrated primarily membranous 

plakoglobin and primarily nuclear NPM, whereas breast tumors with reduced /no plakoglobin 

expression showed decreased/no nuclear NPM distribution (109). 

The non-metastatic 23 (NM23 H1/H2) is the first identified anti-metastasis protein (119, 

120). Our proteomic analysis identified Nm23-H2 as differentially upregulated in plakoglobin 

expressing transfectants relative to the plakoglobin-deficient parental SCC9 cells (108). Further 
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studies demonstrated that plakoglobin interacted with and stabilized the cytoskeleton-associated 

pool of Nm23-H2 at the membrane and this interaction required the -catenin binding domain of 

plakoglobin (108). Overall, these studies further suggested that increased level and stabilization of 

NM23-H2 may be a potential mechanism by which plakoglobin functions as a tumor/metastasis 

suppressor (Figure 1-4b) (108). 

1.3.6 Plakoglobin modulates -catenin signaling and oncogenic potential (Figure 1-4c) 

The membrane-associated pool of -catenin and plakoglobin interacts with cadherins and 

forms adhesive junctions, whereas their cytoplasmic pool can interact with an array of intracellular 

partners and participate in cellular signaling (86). Due to their structural similarities, plakoglobin 

and -catenin share many common interacting partners and as such, they can play independent and 

interdependent roles in signaling pathways (85). 

As a homolog of β-catenin, the role of plakoglobin in the Wnt signaling pathway has been 

investigated. Multiple studies have demonstrated that plakoglobin can alter the signaling activities 

of -catenin. Overexpression of plakoglobin in the plakoglobin-deficient SCC9 cells increased cell 

proliferation and foci formation and decreased apoptosis (106). These observations were correlated 

with the increased expression of the anti-apoptotic protein BCL-2 in these cells (106). To 

determine the underlying mechanism for induction of BCL-2 expression, a subsequent study was 

done using the same cell line. SCC9 cells were transfected with either plakoglobin cDNA fused 

with nuclear export signal (NES) to express plakoglobin exclusively in the cytoplasm (PG-NES) 

or plakoglobin cDNA fused with nuclear localization signal (NLS) to express plakoglobin 

exclusively in the nucleus (PG-NLS) (107). The results of this study revealed that expression of 

exclusively cytoplasmic plakoglobin (PG-NES) resulted in -catenin nuclear distribution, 

increased -catenin/TCF transcriptional activities, and BCL2 expression. In contrast, PG-NLS 

expression decreased nuclear -catenin, TCF/-catenin transcriptional activity and BCL-2 

expression (107). Overexpression of -catenin alone in SCC9 further confirmed that nuclear -

catenin induced BCL-2 expression whereas SCC9 cells expressing mutant plakoglobin proteins 

unable to interact with N-cadherin and -catenin, had noticeably lower Bcl-2 levels (107). Overall, 

these studies suggested that plakoglobin can modulate the oncogenic potential of -catenin by 
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regulating promoting its degradation/subcellular distribution and by decreasing TCF/-catenin 

signaling in the nucleus (Figure 1-4c).  

1.3.7 Plakoglobin regulates gene expression by interaction with p53 

Studies from various groups have demonstrated that plakoglobin can directly or indirectly 

alter the activity of transcription factors. Plakoglobin was shown to sequester exogenously 

expressed TCF in the cytoplasm and inhibit Wnt target gene activation (121). Plakoglobin also 

interacts with TCF in the nucleus and inhibits TCF/β-catenin target gene activation (Figure 1-4c). 

The SOX4 transcription factor enhances β-catenin signaling. It has been shown that plakoglobin 

interacts with SOX4 in the cytoplasm, inhibit its nuclear translocation and activation of β-catenin 

signaling (122). Recently, our group identified plakoglobin as a novel p53 interacting protein.(70, 

71, 72) Comparison of transcriptome profiles of plakoglobin deficient and their plakoglobin 

expressing transfectants identified a number of differentially regulated p53 target genes in 

plakoglobin expressing cells, including tumor/metastasis suppressors NME1 (NM23-H1) and SFN 

(stratifin, 14-3-3 σ) and tumor promoter SATB1 (71). Subsequent studies showed plakoglobin 

interacted with p53 and together they induced/upregulated NME1 and SFN and downregulated 

SATB1 (71, 108, 110). Work from other groups further confirmed these observations. Using the 

p53-null and plakoglobin-deficient H1299 non-small cell lung carcinoma (NSCLC) cells, 

plakoglobin was shown to activate the expression of promyelocytic leukemia (PML) and 

hepatocyte growth factor activator inhibitor type I (HAI-I) in a p53-dependent manner (123). 

Plakoglobin expression in H1299 cells with either WT-p53 or mutant p53 regulated WT-p53 target 

gene promoter (70, 71, 72, 123). Taken together, the association of plakoglobin with transcription 

factors including p53 provides another potential mechanism for its tumor suppressor function 

(Figure 1-4d).  Intriguingly, work from our group showed that plakoglobin interaction with 

different mutant p53 restores their in vitro tumor suppressor activity (70, 71, 72). Co-

immunoprecipitation and immunoblotting experiments using various cell lines demonstrated that 

plakoglobin interaction with p53 (WT or mutant) is not cell-line/tissue specific (Figure 1-4d) (71). 

1.3.8 Identification of plakoglobin-p53 interacting domains 

 To identify p53 and plakoglobin interacting domains involved in their association, 

constructs encoding different fragments of p53 (N-terminal, DBD, C-terminal) and deletions of 
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plakoglobin (N, Arm, C) were expressed in various combinations in H1299 cells (70). These 

studies revealed that the C-terminus of plakoglobin and the DNA-binding domain of p53 are 

critical in p53-plakoglobin interaction, and that this interaction is important in the synergistic 

decrease in cellular invasion and migration in H1299 cells co-expressing plakoglobin and p53-WT 

(70). Overall, the results of the aforementioned studies have provided the basis for this thesis, 

which specifically examines the effect of plakoglobin on restoration of tumor suppressor activity 

of conformational/structural vs. contact p53 GOF mutant.  

1.4 Rationale and hypothesis 

p53 is mutated in over 50% of all cancers and the majority of metastatic tumors (124). Apart from 

the hereditary cases. p53 mutations generally occur when adenomas progress to carcinomas (125).  

In addition to tumorigenesis/metastasis, p53 mutations also promote drug resistance and interfere 

with therapies targeting many signaling pathways (126, 127, 128). 

Studies have demonstrated that the functional consequences of p53 mutation is both mutant 

and cell context dependent. Further insights into mechanisms and signaling pathways by which 

mutant p53 drives tumorigenesis/metastasis is essential for the development of effective cancer 

therapies. In this thesis, my hypothesis is “plakoglobin affects conformational and contact mutants 

similarly to restore their tumor suppressor activity and this occurs by restoration of p53-WT 

regulated target gene expression via similar signaling mechanisms.”. To validate this possibility, I 

have investigated how plakoglobin expression affects the tumorigenic properties of conformation 

vs. contact mutants under identical genetic background in order to avoid confounding factors 

brought on by cellular context. The promise of plakoglobin’s ability to bind various p53 mutants 

and potentially restore their tumor suppressor function in vitro provides important insights for 

development of plakoglobin targeted therapeutics for various cancers. 
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CHAPTER 2: DIFFERENTIAL EFFECT OF PLAKOGLOBIN ON RESTORING THE 

TUMOR SUPPRESSOR ACTIVITIES OF CONTACT VS. CONFORMATIONAL P53 

MUTANTS 
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2.1 INTRODUCTION 

TP53 encodes a transcription factor and tumor suppressor protein (p53) that plays essential 

roles in the maintenance of genome integrity, cell cycle progression, DNA damage repair, 

apoptosis, etc. (42, 129, 130). Inactivation of p53 function contributes to tumor development and 

metastasis. p53 is mutated in 50% of cancers whereas, in the other 50%, mutations in other 

components of the p53 pathway account for its functional inactivation (131, 132). p53 mutants 

often lose the tumor suppressor function of the wild-type p53 protein (p53-WT), and/or gain new 

oncogenic function (gain-of-function; GOF) that promotes tumorigenesis (15, 125, 133, 134, 135, 

136, 137). The majority of p53 mutations are missense and in the DNA binding domain (DBD) 

(124, 138). The six most frequently occurring DBD mutations are known as the “hot spot” and 

account for ~30% of p53 mutations (124, 127, 133). These mutants can be classified into two 

categories: conformational/structural and contact (16, 17, 42, 124, 139). While both categories are 

compromised in their ability to bind to p53-WT target DNA sites, conformational mutants (R175H, 

G245S, R249S, and R282H) do so by disrupting the conformation and folding of the p53 protein 

whereas contact mutants (R248W, R248Q, and R273H) do so by affecting the amino acid residues 

that are directly involved in p53-WT DNA binding while maintaining a p53-WT-like structure 

(16, 17, 42, 124, 139, 140). 

As the central player in managing the cellular response to environmental stress signals, p53 

levels and functions are tightly controlled. The most important regulator of p53 function is the E3-

ubiquitin ligase MDM2 (mouse double minute 2), which targets p53 protein for degradation, or 

interacts with and sequesters p53 from the transcriptional machinery (38, 39, 141, 142, 143). GOF 

mutants often bypass MDM2 and p53 regulatory mechanisms, gain stability and activate 

oncogenic gene expression and pathways (125, 134, 144, 145, 146, 147). In addition to 

ubiquitination, p53 stability and function is regulated by other post-translational modifications 

such as phosphorylation, acetylation, sumoylation, methylation, and interactions with other 

proteins. We recently identified plakoglobin as a p53 interacting protein partner (148, 149). 

Plakoglobin (PG, γ-catenin) is a dual cell-cell adhesion and signaling protein and a paralog 

of β-catenin (150). These proteins interact with cadherins at the membrane to mediate cell-cell 

adhesion and associate with an array of intracellular proteins to participate in signaling pathways 

(85, 94).  In contrast to the well-known oncogenic function of β-catenin via its interaction with 
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TCF/LEF and activation of the Wnt signaling pathway (151, 152, 153), plakoglobin generally acts 

as a tumor/metastasis suppressor (85, 105, 113, 123, 154, 155, 156). We have shown that one 

mechanism by which plakoglobin acts as a tumor suppressor is via its interaction with p53 (70, 71, 

72, 85, 94). 

We previously demonstrated plakoglobin interaction with endogenously expressed WT or 

various p53 mutants (e.g., R280K, R273H, S241F, S215R) in cell lines of different tissue origins 

and genetic backgrounds (70, 71, 72, 110, 111). These studies showed for the first time, p53-

plakoglobin interactions and the consequences of this association on p53 function. Herein, we 

specifically compared the effects of plakoglobin expression on exogenously expressed contact 

p53R273H and conformational p53R175H mutants in the same genetic background. We have used the 

p53-null and plakoglobin-deficient H1299 non-small cell lung carcinoma cell line (70), which has 

been used routinely to assess the function of exogenously expressed WT and mutant p53 proteins 

under the same genetic background. To the best of our knowledge, H1299 is the only available 

plakoglobin-deficient and p53 null cell line that is uniquely suited for this study. We show for the 

first time that plakoglobin differentially affected the oncogenic properties of contact p53R273H and 

conformational p53R175H mutants. We found that plakoglobin co-expression led to a stronger 

inhibition of the oncogenic properties of p53R175H transfectants relative to that of the p53R273H 

transfectants. Our findings suggest that plakoglobin interaction with p53 conformational mutants 

may have the potential to be exploited for the development of effective therapeutic strategies for 

tumors expressing this type of p53 mutant. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Cell lines and culture conditions 

All tissue culture reagents were purchased from Gibco unless otherwise stated. H1299, 

the non-small cell lung carcinoma cell line has been previously described (70). H1299 cells and 

its transfectants were maintained in minimum essential medium (MEM) supplemented with 10% 

fetal bovine serum (HyClone Laboratories, USA), 1% penicillin-streptomycin and 5 μg/mL 

kanamycin (complete MEM, CMEM). SKOV-3 ovarian carcinoma cell line was purchased from 

American Type Culture Collection (ATCC) and cultured in dulbecco’s modified eagle medium: 
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F12 medium (DMEM/F12, 1:1) supplemented with 10% fetal bovine serum, 1% penicillin-

streptomycin and 5 μg/mL kanamycin. 

2.2.2 Plasmid construction and transfection 

HA-tagged p53, pcDNA3-plakoglobin-FLAG and p53R175H (p53 in which arginine 175 is 

replaced with histidine) expression constructs and their respective H1299 transfectants have been 

described previously (70, 72, 107, 157). The pCMV-Neo-Bam-p53R273H (p53 in which arginine 

273 is replaced with histidine) plasmid was purchased from Addgene (USA). 

p53R273H transfectants were generated using the jetOPTIMUS® (Polyplus, France) DNA 

transfection reagent following the manufacturer’s protocol. Cells were transfected with either 5 μg 

of pCMV-p53R273H (hereafter H1299-p53-273) alone or with 10 μg of pcDNA3-plakoglobin 

plasmids (H1299-PG-p53-273). Stable cell lines were selected by supplementing CMEM with 800 

μg/mL G418 (p53-273 transfectants) or 800 μg/mL G418 and 600 μg/mL hygromycin (PG-p53-

273 transfectants) 48 hours post-transfection. Stable transfectants were maintained in 400 μg/mL 

G418 (H1299-p53-273) or 400 μg/mL G418 and 400 μg/mL hygromycin (H1299-PG-p53-

R273H). p53 and plakoglobin expression were verified using immunofluorescence (not shown) 

and immunoblot assays. All experiments were carried out with stable transfectants unless indicated 

otherwise. 

2.2.3 Cell extraction and immunoblotting 

Equal amounts of total cellular proteins from 100 mm cultures were processed for 

extraction with RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% 

sodium deoxycholate, 1 mM EDTA, 1 mM PMSF, 1 mM NaF, 1 mM Na3VO4, and Roche 

protease inhibitor cocktail, Sigma, Canada) and resolved with SDS-PAGE, transferred to 

nitrocellulose membrane and processed for immunoblotting using primary and secondary 

antibodies (Table 2-1). Blots were developed using LICOR IR fluorescent dyes, scanned, and 

protein bands quantitated using the NIH ImageJ software. Protein levels were normalized to 

internal controls (tubulin/actin or lamin) in the same cell line. 
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2.2.4 Immunoprecipitation 

Confluent 100 mm culture dishes were extracted with 1 mL RIPA buffer as described above. Cells 

were removed from the plates and centrifuged at 48,000 xg for 10 minutes. The resulting 

supernatant was divided into equal aliquots and processed for immunoprecipitation. Duplicate 

aliquots were incubated with 50 L protein G (Pierce, Canada) and anti-p53 or anti-plakoglobin 

antibodies, at concentrations indicated in Table 2-1, and incubated overnight on a rocker-rotator 

at 4C. To ensure complete depletion, samples were centrifuged briefly and the resulting 

supernatants were processed for another round of immunoprecipitation for 3 hours. Beads from 

the two immunoprecipitations were combined, washed three times with RIPA buffer and immune 

complexes eluted in hot 4X-SDS sample buffer. Equivalent amounts of total cellular proteins 

immunoprecipitated from each cell line were resolved on SDS polyacrylamide gels and processed 

for immunoblot as described above. 

2.2.5 Preparation and purification of GST-plakoglobin 

A construct encoding pGEX-TEV-PG was kindly provided by Dr. William Weis (158). 

Escherichia coli DH5α cells were transformed by pGEX-TEV-PG constructs to express PG-GST. 

Cells were grown in Luria-Bertani broth at 37°C to an A600 of 0.6–0.8 and then induced with 0.5 

mM IPTG (isopropyl-β-D-1-thiogalactopyranoside, Thermo Fisher, Canada). Cultures were 

grown for an additional 6 hours at 30°C, harvested by centrifugation at 4,000 x g at 4°C for 12 min 

and the supernatants were discarded. Pellets were resuspended in 6 mL of cold bacterial lysis buffer 

(500 mM NaCl, 0.5% NP-40, 50 mM Tris-HCl pH 7.6, 5 mM EDTA, 5 mM EGTA, 1 mg/mL 

lysozyme, 10 mM DTT, 2.5 U/mL DNase, 1 mM PMSF and an EDTA-free protease inhibitor 

cocktail tablet) and lysed via sonication. Lysates were centrifuged at 10,000 x g for 25 min at 4°C 

and the supernatants were divided into 1 mL aliquots, snap frozen and stored at -80°C. 

2.2.6 GST pull-down assay 

A one mL aliquot of PG-GST bacterial lysate was incubated with 150 μL of glutathione 

sepharose beads (GE Life Sciences) on a rocker-rotator at 4°C for 6 hours. Beads were centrifuged 

at 21,000 x g for 1 min and supernatants were aspirated. Beads were washed 3x using cold KCl-

PBS (0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.0018 M KH2PO4) and stored in KCl-

PBS at 4°C. 
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Cells from 100 mm cultures of H1299 and H1299-p53-(WT, R175H, R273H) transfectants 

were extracted in 750 μL RIPA lysis buffer for 20 min on a rocker-rotator at 4°C. The lysates were 

centrifuged at 48,000 x g for 10 min at 4°C and supernatants were removed. For pull down assays, 

600 L of cell lysates were mixed with 50 μL PG-GST or GST (control) beads and incubated on 

a rocker rotator for 4-6 hours at 4°C. The beads were washed 3x with RIPA lysis buffer, eluted 

with 4x SDS sample buffer and processed for immunoblot using p53 and plakoglobin antibodies. 

2.2.7 Subcellular fractionation 

Cell pellets from 100 mm cultures were extracted with NE-PER™ Nuclear and 

Cytoplasmic Extraction Reagents (Thermo Scientific) according to the manufacturer’s protocol. 

Unless otherwise stated, cytoplasmic and nuclear extracts of equal cell numbers were resolved by 

SDS-PAGE and processed for immunoblot (71, 72). The purities of cytoplasmic and nuclear 

extracts were verified by immunoblotting with tubulin and nuclear lamin antibodies. 

2.2.8 In vitro soft agar colony formation assay 

Cultures were seeded at 7,500 cells in 35 mm culture plates containing 0.6% base agar and 

0.35% top agar (Noble Agar, Thermo Scientific) in CMEM. Plates were incubated at 37°C, 5% 

CO2 for two weeks and supplemented with 0.3 mL CMEM every three days. The colonies were 

fixed and stained with a solution containing 0.05% w/v crystal violet, 1% formaldehyde and 1% 

methanol in PBS for 20 minutes, destained in water overnight at room temperature and colonies 

counted under a dissecting microscope. Colony formation results are presented as means ± SD in 

histograms. 

2.2.9 In vitro migration and invasion assays 

Migration and invasion assays were performed in triplicates using transwell insert (Fisher 

Scientific) For cell migration assays, 2×105 cells were resuspended in 500 μL serum-free media 

and plated in the upper chamber of transwell inserts (3μm pore, 6.5mm diameter; Corning, Life 

Sciences). Normal media containing 10% FBS was added to the lower chamber. Cultures were 

incubated at 37°C in 5% CO2 for 24 hours to allow cell migration. Inserts were transferred into 

new dishes and rinsed with PBS to remove un-attached cells. Inserts were stained using 

NovaUltraTM Hema-Diff Stain Kit (IHC World Life Science Products & Services, USA) following 
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manufacturer’s protocol. Following staining, inserts were viewed under an inverted microscope 

using a 20x objective lens and photographed. 

Matrigel invasion assays were performed according to the manufacturer's protocol (Corning, 

Life Sciences). Cells were starved in serum free media 24 hour prior to plating. For each cell line, 

5×104 cells in 0.2ml serum-free media were plated in the top compartment of Matrigel-coated 

invasion chambers (8 μm pore PET membrane). Fibroblast conditioned media (0.8ml) was added 

to the bottom chambers and plates were incubated overnight at 37°C in 5% CO2. After 24 hour, 

membranes were recovered and processed as described for the migration assay. Inserts were 

viewed under a 20x objective lens of an inverted microscope and photographed.  

The number of migrated/invaded cells was counted in five random fields for each 

membrane using NIH ImageJ Cell Counter software. Migration and invasion results are presented 

as means ± SD in histograms. constructed by normalizing the values of the H1299 mutant p53 

cells to p53-WT cells, and the values of the PG-p53 transfectants to their corresponding p53 only 

expressing cells. 

2.2.10 RNA isolation, RT-PCR and real-time PCR 

Cells grown in 100 mm culture dishes were processed for total RNA extraction using the 

RNeasy Plus Mini Kit (Qiagen) and 1 µg of RNA was used to synthesize cDNA with a QuantiTect 

Reverse Transcription Kit (Qiagen). For real-time PCR, SYBR Green Master Mix (Thermo Fisher) 

and specific primers for PUMA, S100A4, MDM2, BAX and ACTB (Table 2-2) were used. 

Quantitative reverse transcriptase PCR (qRT-PCR) was done using a 7500 ABI Thermocycler. 

Data were normalized to the internal control (ACTB) and fold changes were calculated based on 

the 2−ΔΔCT method. Results are presented as means ± SD in histograms constructed by normalizing 

the values of the H1299 mutant p53 cells to p53-WT cells, and the values of the PG-p53 

transfectants to their corresponding p53 only expressing cells. 

2.2.11 Statistical data analysis 

All quantitative data were presented as mean ± standard deviation (SD). Statistical 

significance between groups were assessed using Student’s t-test for all assays except qPCR, 

which was analyzed by One-way ANOVA. p-values < 0.05 were considered significant in all 

cases. All biochemical experiments were repeated at least 3-6 times and the figures are 
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representative of one typical experiment for each assay. All functional assays were repeated at 

least three times and the histograms represent the average of all assays. 
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Table 2-1: Antibodies and their dilutions in various assays 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody 

Species 

Assays 
Manufacturer/Catalogue 

# Primary IP WB 

Akt2 Mouse - 1:1000 Santa Cruz # sc-5270 

-Actin Mouse - 1:1000 Santa Cruz # sc-47778 

-catenin Mouse - 1:1000 MilliporeSigma # c-7207 

-tubulin  Mouse - 1:1000 Developmental Studies 
Hybridoma Bank (E7) 

Glutathione S-
transferase (GST) Goat - 1:1000 Cytiva # 27-4577-01 

Lamin B Rabbit - 1:1000 Abcam # ab16048 

Nucleophosmin (NPM) Mouse - 1:2000 Abcam # ab10530 

p53 Mouse 1:100 1:1000 Santa Cruz # sc-126 

Plakoglobin Mouse 1:100 1:1000 BD Bioscience # 610253 

Secondary  

AlexaFluor 790 Mouse 
anti-Rabbit  Mouse - 1:30,000 Jackson Immuno 

Research # 211-652-171 

AlexaFluor 790 Goat 
anti-Mouse  Goat - 1:30,000 Jackson Immuno 

Research # 115-655-174 

AlexaFluor 680 Goat 
anti-Mouse  Goat - 1:30,000 Jackson Immuno 

Research # 115-625-174 

Li-Cor IRDye®-
800CW-Donkey anti-
goat  

Donkey - 1:20,000 LiCor # LIC926-32214 
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Table 2-2. List of primers and their sequences used for qRT-PCR assays 

Gene Primers Sequences (5-´3´) 

PUMA 
Forward ACGACCTCAACGCACAGTACGA 

Reverse CCTAATTGGGCTCCATCTCGGG 

BAX 
Forward TCAGGATGCGTCCACCAAGAAG 

Reverse TGTGTCCACGGCGGCAATCATC 

S100A4 
Forward CAGAACTAAAGGAGCTGCTGACC 

Reverse CTTGGAAGTCCACCTCGTTGTC 

ACTB 
Forward CACCATTGGCAATGAGCGGTTC 

Reverse AGGTCTTTGCGGATGTCCACGT 
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2.3 RESULTS 

2.3.1 Plakoglobin interacts with p53-WT, p53-R175H and p53-R273H mutants in H1299 cells 

We previously reported plakoglobin interactions with endogenous p53-WT and several p53 

mutants in various carcinoma cells (70, 71, 72, 110). To determine if plakoglobin interacts with 

exogenously expressed p53-WT, p53R175H (p53-175) and p53R273H (p53-273) similarly, H1299 

cells were transfected with p53 (WT, 175 or 273) with or without plakoglobin. The expression of 

transfected proteins was validated by immunoblotting of total cell extracts (TCEs) using anti-p53 

or -plakoglobin (PG) antibodies (Figure 2-1A). As mentioned earlier, H1299 cells lack 

plakoglobin expression. However, we observed a non-specific band in plakoglobin immunoblots 

(depicted with the asterisk * in Figure 2-1) with the specific plakoglobin antibody used in this 

study. Hence, we validated the absence of plakoglobin protein in H1299 parental cells via 

immunofluorescence. As seen in Figure 2-2, no plakoglobin expression was observed in H1299 

cells, which confirmed the absence of plakoglobin expression in these cells.  

Transiently co-expressing p53-(WT, 175 or 273) and plakoglobin cells were processed for 

sequential and reciprocal co-immunoprecipitation and immunoblotting with p53 and plakoglobin 

antibodies. The results demonstrated that all p53 transfectants (WT, 175 and 273) co-precipitated 

plakoglobin. Similarly, plakoglobin co-precipitated p53 in all transfectants, whereas control 

immunoprecipitates using mouse IgG were negative for both p53 and plakoglobin (Figure 2-1B). 

We also examined plakoglobin interaction with exogenously expressed p53- (WT, 175, 273) in 

SKOV-3 ovarian carcinoma cells that express endogenous plakoglobin and are p53 null (Figure 

2-3A). The results of these experiments showed plakoglobin interacted with wild type p53 and 

both p53 mutants, suggesting that plakoglobin-p53-(WT, 175, 273) interaction is independent of 

tissue and cellular backgrounds (Figure 2-3B).   

 Plakoglobin interactions with the three forms of p53 were also confirmed by GST pull-

down assays. TCEs from untransfected (UT) H1299 cells and H1299 cells transiently expressing 

p53-(WT, 175 or 273) were mixed with PG-GST beads and processed for pull-down and 

immunoblotting with p53 antibodies. PG-GST beads pulled down p53 in all three transfectants 

whereas GST alone beads pulled down GST but not p53 (Figure 2-1C). Finally, subcellular 

fractionation followed by immunoblotting with p53 and plakoglobin antibodies showed the 

presence of both proteins in the same subcellular compartments in all transfectants co-expressing 
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Figure 2-1. Protein expression and interaction of plakoglobin with p53-WT, p53-R175H conformational and p53-R273H
contact mutants. A. Total cellular extracts (TCEs) from untransfected H1299 cells (UT) and H1299 transfectants expressing p53-
(WT, 175 or 273) alone or together with plakoglobin (PG) [H1299-PG-p53-(WT, 175, 273)] were processed for immunoblot using
p53 and plakoglobin antibodies. Beta-tubulin was used as a loading control. B. TCEs from H1299-PG-p53-(WT, 175, 273) were
processed for sequential reciprocal co-immunoprecipitation (Co-IP) and immunoblotting (IB) using p53, plakoglobin and control
(IgG) antibodies. Beta-actin was used as loading control. C. Top: TCEs from H1299-p53- (WT, 175 or 273) transfectants were
incubated with GST-tagged plakoglobin (PG-GST) and processed for GST-pull down assays and immunoblotting with p53 and
plakoglobin antibodies. Beta-actin was used as a loading control. Bottom: TCE from H1299-p53-WT cells was incubated with GST
only beads and processed for pull down and immunoblot with GST and p53 antibodies. D. H1299 transfectants were processed for
subcellular fractionation using NE-PER reagent and Cytoplasmic and Nuclear extracts of equal cell numbers were processed for
immunoblot with p53 and plakoglobin antibodies. The purity of cytoplasmic and nuclear fractions was confirmed by immunoblotting
with tubulin and lamin antibodies, respectively. * Non-specific.
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Figure 2-1. Plakoglobin (PG) expression and localization in H1299 parental cells and
H1299-PG transfectants. Confluent cultures of H1299 and H1299-PG cells grown on
coverslips were processed for immunofluorescence using plakoglobin (PG) antibodies. Nuclei
were counterstained with DAPI and coverslips imaged using a 40x objective of a Zeiss
confocal microscope. Bar, 40 μm.
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DAPI PG
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SD in histograms. p values, * < 0.05, ** < 0.01.
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p53 and plakoglobin (Figure 2-1D). Overall, these results showed that plakoglobin interacted with 

all three forms of exogenously expressed p53 and both proteins localized to the cytoplasm and 

nucleus.  

2.3.2 Plakoglobin co-expression with different p53s differentially affects their colony 

formation, migration and invasion 

 To assess how plakoglobin expression affects the oncogenic properties of mutant p53 (175 

and 273), we performed soft agar colony formation, migration, and invasion assays on H1299-

p53-(WT, 175 and 273) transfectants independently or co-expressed with plakoglobin.  

When expressed individually in H1299 cells, p53-WT reduced colony formation by over 

50%, whereas plakoglobin had no significant effect on clonogenicity (Figure 2-4A). Compared 

with H1299-p53-WT cells, H1299-p53-175 and -273 cells exhibited increased colony formation 

by ~55% and 62%, respectively (Figure 2-5A). Co-expression of plakoglobin with p53-175 or -

273 reduced anchorage-independent growth by > 60% (Figure 2-5A), indicating that plakoglobin 

is able to suppress the anchorage-independent growth induced by p53-175 and -273 in H1299 cells. 

While PG expression significantly decreased cellular migration and invasion in H1299 cells, 

reduction in these properties were more drastic in p53-WT expressing H1299 cells (Figure 2-4B). 

Similarly, compared with p53-WT cells, both p53-175 and -273 transfectants showed increased 

cell migration (75% and 43%; Figure 2-5B) and invasion (45% and 17%; Figure 2-5C), 

respectively. Interestingly, co-expression of plakoglobin only decreased cell migration and 

invasion in p53-175 transfectants (35% and 65%, respectively) but had no significant effect on 

these properties in p53-273 cells (8% and 6%, respectively) (Figure 2-5B and C). Notably, when 

co-expressed, plakoglobin also significantly decreased migration and invasion in H1299-p53-WT 

cells by 66% and 58%, respectively (Figure 2-5B and C), consistent with our previous studies 

(70, 72). These observations suggested that plakoglobin expression exerted differential in vitro 

anti-tumorigenic effects in different p53 mutant backgrounds in H1299-p53-175 and -273 cells. 

Specifically, plakoglobin reduced the colony formation properties of both H1299-p53-175 and -

273 transfectants, but only reduced the invasive and migratory properties of H1299-p53-175 

transfectants. To validate the anti-tumorigenic effect of plakoglobin on exogenously expressed p53 

mutants in a different cellular background, p53-175 and -273 mutants were transiently expressed 

in SKOV-3 ovarian carcinoma cells and invasion assays performed on the transfectants. We found 
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Figure 2-5. Colony formation, migration and invasion of H1299 cells expressing p53-(WT, R175H,
R273H) without or with plakoglobin (PG). A. H1299 cells transfectants were seeded in triplicates at 7.5x103

cells in 35 mm dishes containing 0.35% top agar and 0.6% base agar and grew for two weeks. At the end of the
two weeks, colonies were fixed, stained, counted and the results presented as means ± SD. B and C. Triplicate
cultures of transfectants were processed for 24-hour transwell migration (B) and invasion (C) assays. Inserts
were fixed, stained, and imaged under an inverted microscope at 20x magnification. The number of migrated or
invaded cells was quantitated from five random fields using NIH ImageJ Cell Counter software. Results are
presented as means ± SD in histograms. p values, * < 0.05, ** < 0.001.
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that only p53-175 expression significantly elevated cellular invasion relative to p53-WT in SKOV-

3 cells. Nonetheless, when co-expressed, plakoglobin decreased cellular invasion in both SKOV-

3-p53-175 and -273 cells and also SKOV-3-p53-WT cells (Figure 2-3C). These findings indicated 

that although p53-R175H and -R273H oncogenic functions are cellular-context dependent as has 

been reported previously (106, 159, 160, 161, 162, 163, 164), plakoglobin co-expression was still 

able to suppress their invasive properties. 

2.3.3 Plakoglobin co-expression alters PUMA, BAX and S100A4 mRNA levels 

Mutant p53 has been shown to promote tumorigenesis by altering the expression of p53-

WT target genes (15, 124, 130, 132, 133, 134, 135, 138). Since our earlier studies showed a role 

for plakoglobin in regulating the expression of a number of p53-WT target genes (71, 72, 106, 

110, 123, 155, 165, 166), we investigated the effect of plakoglobin on the expression of two well-

studied p53-WT target genes: PUMA (p53 upregulated modulator of apoptosis) and BAX (Bcl2-

associated X protein) that are growth-regulating, proapoptotic (149, 167, 168, 169, 170, 171, 172, 

173, 174, 175), in mutant p53 expressing cells. We also examined the effect of plakoglobin on the 

expression of tumor invasion and metastasis promoting S100A4 protein that is known to promote 

mutant p53 accumulation and oncogenic target gene expression in cancer cells (176, 177). 

 We first assessed the effects of individual expression of p53-WT or plakoglobin in H1299 

cells. We found that while p53-WT had no effect on the expression of PUMA, BAX and S100A4, 

plakoglobin significantly increased PUMA and BAX but not S100A4 expression in H1299 cells 

(Figure 2-6, A, B and C).  

Expression of mutant p53-(175, 273) in H1299 cells did not affect the expression of PUMA 

or BAX transcripts. However, when co-expressed, plakoglobin resulted in a significant increase in 

PUMA but not BAX expression in H1299-p53-175 and -273 cells (Figure 2-7A and B). We also 

observed a significant increase in PUMA and BAX expression upon plakoglobin co-expression in 

control H1299-p53-WT cells (Figure 2-7A and B).  

With respect to S100A4, we found that p53-175 significantly increased while p53-273 

significantly decreased S100A4 transcripts level in H1299 cells relative to p53-WT. Interestingly, 

co-expression of plakoglobin resulted in a significant decrease in S100A4 levels in both H1299-
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Figure 2-6. Changes in the mRNA expression of p53 or b-catenin target genes in
H1299 cells expressing p53 or plakoglobin (PG). Total cellular RNA was extracted from
confluent cultures of H1299, H1299-p53 and H1299-PG, reverse transcribed and processed
for real-time PCR for PUMA (A), BAX (B) and S100A4 (C), using specific primers (Table
2-2). Expression levels were normalized to the amount of ACTB in the same cell line.
Histograms were constructed based on the mean ± SD. The values of transfectants were
normalized to that of the untransfected H1299 cells. **P < 0.01, ***P < .001, ****P <
.0001.
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p53-175 and -273 transfectants (Figure 2-7C). We also noticed a significant decrease in S100A4 

transcripts when plakoglobin was co-expressed in control H1299-p53-WT cells (Figure 2-7C).  

Together, these findings demonstrated that with regards to PUMA and BAX expression, 

plakoglobin had a mutant p53 independent effect as demonstrated by the significantly increased 

PUMA and BAX transcript levels when only plakoglobin was expressed in H1299 cells. 

Conversely, plakoglobin has a p53-dependent effect on S100A4 expression as evidenced by the 

decreased trend of S100A4 expression when plakoglobin was co-expressed with p53- (WT, 175, 

and 273) in H1299 cells. Notably, our findings showed that plakoglobin had similar effects on 

PUMA, BAX, and S100A4 mRNA expression when co-expressed with either the conformational 

or the contact p53 mutants.  

2.3.4 Plakoglobin decreases nuclear β-catenin and increases nuclear nucleophosmin (NPM) 

levels in mutant p53 expressing H1299 cells  

We next investigated the effects of plakoglobin on the subcellular distribution of -catenin 

and nucleophosmin (NPM) that have been linked to plakoglobin anti-tumor roles in cancer cells 

(107, 109, 156, 178). Indeed, our lab and others have previously demonstrated that a potential 

mechanism of plakoglobin tumor suppressive function is the regulation of the subcellular 

distribution and oncogenic activities of -catenin (91, 109, 156, 158, 179). We have also shown 

that plakoglobin expression in the mutant p53 (R280K)- expressing and highly invasive breast 

carcinoma cells MDA-MB-231 increased nuclear NPM level and this redistribution was 

concurrent with decreased in vitro tumorigenic properties of these cells [(109) and Figure 4 and 

5 therein].  

First, we examined the effect of the p53 mutants on the subcellular distribution of -catenin 

and NPM. We found that while p53-175 had no significant effect on the level of nuclear β-catenin 

in H1299 cells, p53-273 significantly decreased (~50%) nuclear β-catenin expression in H1299 

cells relative to H1299-p53-WT cells. When co-expressed, plakoglobin resulted in a significant 

reduction (60%) in nuclear β-catenin levels in H1299-p53-175 cells. We also observed a 

significant decrease (50%) in nuclear -catenin expression in H1299-p53-WT cells upon co-

expression of plakoglobin. Contrastingly, though not statistically significant, we observed an 
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increase in nuclear -catenin level upon co-expression of plakoglobin in H1299-p53-273 

transfectants (Figure 2-8A and B).  

On the other hand, we found that the levels of nuclear NPM were similar in all H1299-p53-

(WT, 175, 273) transfectants, when co-expressed, plakoglobin increased the nuclear pool of NPM 

by 89% and 55% in H1299-p53-175 and -273 cells, respectively (Figure 2-8C and D). We also 

observed a significant increase (54%) in the nuclear pool of NPM in H1299-p53-WT cells when 

plakoglobin was co-expressed in these cells (Figure 2-8C and D). It is important to note that we 

found plakoglobin in complex with NPM in all H1299-PG-p53- (WT, 175, 273) transfectants 

(Figure 2-9). These findings provide a potential mechanism via which PG may exert its tumor 

suppressor activity in these cells. 

2.3.5 Plakoglobin differentially affects AKT activation in H1299-p53-175 and -273 

transfectants 

The PI3K/AKT signaling pathway is hyperactivated in various cancers and promotes cell 

survival and proliferation (180, 181, 182, 183, 184, 185). Assessment of the pAKT level in breast 

carcinoma cell lines expressing p53-175 and -273 showed no change in pAKT level in p53-175 

cells but significantly increase in pAKT levels in p53-273 expressing cells (159). Consistent with 

these observations, we found that the expression of p53-273 contact mutant but not p53-175 

conformational mutant in H1299 cells resulted in a significant increase in pAKT levels in H1299-

p53-273 transfectants only. Co-expression of plakoglobin led to a significant decrease in pAKT 

levels only in the H1299-PG-p53-273 cells (Figure 2-10). These results suggest a potential 

mechanism for the differences in the tumor suppressor effects of plakoglobin on the oncogenic 

properties of p53-175 and -273 in H1299 transfectants. 

 

2.4 DISCUSSION 

We have previously shown that plakoglobin interacts with endogenously expressed p53-

WT and p53 mutants (70, 71, 72) and that exogenous expression of plakoglobin in plakoglobin 

deficient and mutant p53 (e.g., R280K, R273H, S241F, S215R) expressing carcinoma cell lines of 

different origins restored p53 tumor suppressor activity in vitro (70, 71, 72, 110, 111). Herein, we 
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Figure 2-8. Plakoglobin differentially affects the subcellular distribution of β-catenin and nucleophosmin (NPM) in
H1299 cells expressing p53- (WT, R175H, R273H). Equal amounts of cytoplasmic and nuclear extracts from various
transfectants were processed for immunoblotting using β-catenin (A, B) and NPM (C, D). The purity of the cytoplasmic
and nuclear fraction was confirmed by immunoblotting with tubulin and lamin antibodies, respectively. (A) Nuclear and
cytoplasmic distribution of β-catenin in various transfectants. (B) β-catenin nuclear blots in A were quantitated by NIH
Image software and histograms constructed, which represent means  SD of at least 3 independent experiments. (C)
Immunoblots representative of the cytoplasmic and nuclear distribution of NPM. (D) Histograms depicting the means  SD
nuclear/cytoplasmic ratio of NPM in various transfectants were generated by quantifying cytoplasmic and nuclear blots in
C. Histograms were constructed based on the mean ± SD. *P < .05, **P < 0.01.
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Figure 2-9. Nucleophosmin (NPM) interacted with plakoglobin (PG) in
H1299-p53- (WT, 175, 273) transfectants. Total cellular extracts (TCEs)
from H1299-PG-p53- (WT, 175, 273) cells were processed for sequential
co-immunoprecipitation (IP) and immunoblotting (IB) with
nucleophosmin, plakoglobin and p53 antibodies. Beta-actin was used as
loading control.
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Figure 2-10. Protein expression and phosphorylation of AKT in H1299 cells and H1299
transfectants expressing plakoglobin (PG) or p53-(WT, R175H, R273H) or both. Total
cell extracts were processed for immunoblotting for AKT2 and pAKT antibodies and the
same blots were probed with actin to confirm comparable loadings. Histograms represent
means ± SD of the ratio of pAKT/AKT/actin. Left panel: Representative immunoblot and
histogram depicting the ratio of pAKT/AKT/actin of H1299 cells and H1299 transfectants
expression PG or p53-WT only. Right panel: Representative immunoblot and histogram of
the ratio of pAKT/AKT/actin of the mutant p53 expressing cells and of the PG-p53
expressing cells. *P < .05, **P < 0.01, ***P < .001.
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show that exogenously expressed plakoglobin interacted with both exogenously expressed 

p53R175H conformational and p53R273H contact mutants in the plakoglobin-deficient and p53-null 

H1299 cells and differentially affected their in vitro oncogenic functions. Specifically, plakoglobin 

co-expression significantly reduced the tumorigenic properties of H1299-p53-175 cells, whereas 

it minimally affected the tumorigenic properties of H1299-p53-273 cells. It is important to mention 

that we observed a more tumorigenic effect of p53-175 compared to p53-273 in H1299 cells that 

is H1299-p53-175 cells exhibited significantly increased anchorage-independent growth, 

migratory and invasive properties relative to their p53-273 expressing counterpart. 

Several studies have demonstrated that the oncogenic functions of p53 mutants are 

mediated in part by their altered transcriptional effects on p53-WT target genes. We found that both 

p53-175 and p53-273 had no effect on the transcription of the p53-WT target genes PUMA and 

BAX, as have been reported in other studies (159, 186, 187). Interestingly, plakoglobin co-

expression significantly increased PUMA but not BAX transcript levels in both the p53-175 and 

p53-273 transfectants suggesting a direct regulation of PUMA but not BAX transcripts by 

plakoglobin in H1299-p53-175 and -273 cells. PUMA is a well-known proapoptotic/anti-

tumorigenic p53-WT target gene (169, 170, 174). Its increase in both H1299-p53-175 and p53-273 

cells by plakoglobin may explain how plakoglobin was able to inhibit the anchorage-independent 

growth features displayed by both these transfectants.  

Investigation of a different gene, S100A4 known to promote mutant p53 accumulation and 

oncogenic target gene expression in cancer cells revealed that S100A4 is significantly increased 

by p53-175 but greatly reduced by p53-273 in H1299 cells. S100A4 is a well-known promoter of 

cancer cell migration, invasion and metastasis (188, 189). As such, its upregulated expression in 

response to p53-175 but not p53-273 in H1299 cells may be responsible for the increased migratory 

and invasive properties exhibited by the H1299-p53-175 relative to -273 cells. Importantly, co-

expression of plakoglobin appreciably reduced S100A4 transcript levels in the p53-175 cells, 

which may provide an explanation for plakoglobin’s suppressive effect on the migration and 

invasion of H1299-p53-175 cells. 

Another interesting finding in this study is that plakoglobin co-expression differentially 

affected the levels of nuclear -catenin, which is pro-tumorigenic in the H1299-p53-175 and p53-

273 transfectants. Specifically, while a significant decline in nuclear -catenin levels was observed 
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in the H1299-PG-p53-175 cells there was a slight increase in nuclear -catenin levels in the 

H1299-PG-p53-273 cells, though it was not significant. Plakoglobin suppression of nuclear -

catenin localization in the H1299-PG-p53-175 cells could further explain the anti-tumorigenic 

effect that it has on these cells. While its lack of inhibition of the nuclear -catenin localization in 

the H1299-PG-p53-273 cells could explain why plakoglobin had no significant effect on the 

tumorigenic (migratory and invasive) properties displayed by the H1299-PG-p53-273 cells. We 

also found that plakoglobin co-expression in H1299-p53-175- and -273 cells increased the nuclear 

pool of NPM, which has been associated with decreased in vitro tumorigenic properties– 

specifically decreased growth of mutant p53-expressing cells (109). This may further explain the 

suppressive effects of plakoglobin on the anchorage-independent growth of H1299-p53-175- and 

-273 cells.  

Finally, we found that the p53-273 contact mutant but not the p53-175 conformational 

mutant resulted in a drastic increase in pAKT levels in H1299 cells, which was attenuated by the 

co-expression of plakoglobin. Hyperactivated/phosphorylated form of AKT has been reported to 

affect the oncogenic properties of p53 contact and conformational mutants differently (159). 

Particularly, certain contact mutants have been shown to enhance anoikis resistance and thus 

anchorage-independent growth in an AKT-dependent manner (159). Correspondingly, we 

postulate that the significant suppression of anchorage-independent growth by plakoglobin 

observed in the p53-273 cells relative to its other tumorigenic (migration and invasion) properties, 

which plakoglobin co-expression had no effect on may be due to plakoglobin’s ability to suppress 

the high pAKT levels induced by p53-273 in H1299 cells. 

 Overall, our results suggested that plakoglobin has the ability to reactivate tumor 

suppression in mutant p53-expressing cells especially conformational mutant p53-expressing cells 

and can thus potentially be used for the development of effective therapeutic strategies in highly 

aggressive mutant p53-expressing cancer cells. Using in silico modeling, we have determined the 

3-D structure of PG-p53-WT and PG-p53R175H, identified the amino acid residues involved in their 

interaction and validated the in silico model (190). Information derived from these studies will be 

utilized to develop compounds that mimic plakoglobin-p53 interaction and have the potential to 

be used as therapeutics in various cancers. These compounds will further have the advantage of 

representing a naturally occurring biological interaction that positively promote p53 
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tumor/metastasis suppressor function, potentially, with less side effects in patients with mutant 

p53-expressing tumors. 
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CHAPTER 3: EXPERIMENTAL VALIDATION OF AN IN SILICO MODEL OF 

P53-R175H-PLAKOGLOBIN INTERACTION 
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3.1 INTRODUCTION 

The tumor suppressor and transcription factor p53 plays a central role in the regulation of 

the cell cycle, apoptosis, DNA repair, senescence, metabolism, and immune system (20, 21). In 

normal cells, p53 responds to cellular stress such as DNA damage, hypoxia and oncogenic insults, 

among other stimuli/insults, by regulating the expression of genes and pathways that maintain 

homeostasis and normal cellular functions (17, 136, 191) The inactivation or abnormal activation 

of p53 is one of the most frequent and effective strategies that cancer cells use to maintain survival 

and growth as well as the ability to invade normal tissues and metastasize (136). p53 is inactivated 

by several mechanisms including mutations, posttranslational modifications, and interactions with 

its primary endogenous inhibitor HDM2  (39, 134). p53 mutations are observed in >50% of all 

cancers and the majority of metastatic tumors (192). Consequently, restoring p53 activity is 

currently one of the most promising therapeutic strategies in fighting cancer (126).  

Majority of p53 mutations occur in the DNA-binding domain (DBD) of the protein with 

more than 80% being single missense mutations, 30% of which are represented by six hot spot 

mutations (42). The hot spot mutations are generally classified into DNA contact, which affect 

residues involved in the direct DNA-protein interaction [Arginine (R), 273, 248] without 

conformational changes; and structural/conformation mutations, which change the protein 

conformation [R (175, 245, 249, 282)] (42). Functionally, there are three types of p53 mutants: 

loss/partial loss of wild-type (p53-WT) function, dominant-negative (negatively regulates p53-

WT), and gain of function (GOF; loss of tumor suppressor function and gain of oncogenic 

function) (15, 135). Strategies used for p53-targeted therapy are dependent on p53 status (126, 

193, 194). For p53-WT loss of function (LOF) mutants, therapies are generally based on drugs that 

target its interaction with its major negative regulator, the E3 ubiquitin ligase MDM2. For GOF 

mutants, therapies are centered on drugs/small molecules that promote mutants p53 degradation, 

restore the wild-type transcriptional activity/function of mutants, and inhibit downstream 

oncogenic pathways activated by mutants (126, 193, 194).  

Plakoglobin (PG) is a dual adhesion and signaling protein that we have identified as a novel 

interacting partner of p53 (70, 71, 72, 111). Previously, we have shown that plakoglobin interacted 

with p53-WT and several p53 mutants, including p53-R175H, in carcinoma cell lines of different 

tissue origins (70, 71, 72, 111). p53-R175H is the most frequently occurring p53 mutant in various 
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cancers, with potent GOF oncogenic properties (195). Co-expression of plakoglobin in cells 

expressing p53-R175H restored its tumor suppressor function in vitro by significantly reducing 

cell proliferation and migratory and invasive properties (72). To gain further insights into p53-

R175H-plakoglobin interaction and its potential therapeutic application, herein, we used in silico 

3D molecular dynamic modeling to identify amino acids residues in p53-R175H and plakoglobin 

that are involved in their interaction. The model identified Q167 and R248 in p53-R175H and 

N690 in plakoglobin as residues critical in mediating their interaction. Using site-directed 

mutagenesis, we generated constructs encoding p53-R175H in which Q167 and R248 were 

substituted with alanine individually or together. Similarly, a construct was developed to encode 

plakoglobin in which N690 was substituted by alanine.  

To validate the model prediction, we exogenously expressed various p53-R175H 

constructs without or with plakoglobin in the p53 null and plakoglobin deficient H1299 non-small 

cell lung carcinoma cells. Similarly, wild type or N690A plakoglobin was co-expressed with p53-

R175H expressing cells. Transfectants were then characterized for changes in p53-plakoglobin 

interaction and its functional consequence by measuring invasiveness of cells expressing various 

combinations of p53-R175H and plakoglobin. Our results suggested that Q167 and R248 amino 

acid residues are important for p53-R175H interaction with plakoglobin and their respective 

substitution with alanine individually or together significantly reduced p53-R175H-plakoglobin 

interaction. In contrast, there were no differences in p53-R175H-plakoglobin interaction when PG-

WT or PG-690A was co-expressed with p53-R175H. Intriguingly, plakoglobin co-expression with 

any of the p53-R175H constructs similarly decreased their invasiveness. Overall, the results 

showed that Q167 and R248 residues in p53-R175H are important for its interaction with 

plakoglobin. The results also provide further insights for development of potential cancer 

therapeutics that could function by mimicking plakoglobin effects in cancers expressing this type 

of mutant p53.  
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3.2 MATERIALS AND METHODS 

3.2.1 In silico modeling of p53-R175H and plakoglobin interaction  

3.2.1.1 Cothreading of p53-R175H and plakoglobin  

COTH webserver (196) was initially used to predict the complex structure of p53-R175H 

core domain and the C-terminal residues of plakoglobin (Figure 3-1A). All ten predictions from 

COTH were of the p53 core-domain in a tetramer assembly with PDB IDs: 3KMD, 3D0A, 3EXJ, 

4IBU, 1TSR, 3EXL, 4GUO,1TUP, 4G82 AND 1KZY. Since COTH webserver only outputs the 

alpha-carbon coordinates of the query residues, the top prediction, based on PDB ID: 3KMD (196) 

was used as a starting point to build the model. More specifically, COTH predictions yielded the 

alpha-carbon coordinates of p53-R175H core domain and residues 724-736 of plakoglobin. Tleap 

of Ambertools18 (197) was then used to place the missing atoms for each residue to build an all-

atom model from the predicted alpha-carbon positions. 

3.2.1.2 Construction of the p53-R175H-plakoglobin complex structure 

There is a single experimentally-resolved structure of plakoglobin of residues 126-673 

(PDB ID: 3IFQ (158)). It was necessary to construct the missing C-terminal residues of 

plakoglobin involved in the interaction with p53. Therefore, Quark webserver (198, 199) was used 

for the ab initio structure prediction of residues 674-723 and 737-745 of plakoglobin, which were 

not mapped by COTH. A model of plakoglobin residues 126-745 was then constructed by joining 

residues 126-673 from PDB ID: 3IFQ (158). Quark predicted residues 674-723 followed by COTH 

predicted residues 724-736 in their relative positions with respect to p53-R175H. Quark predicted 

residues 737-745 were then joined to residue 736. 

p53-R175H-plakoglobin complex was then solvated in a neutralized 12 Å TIP3P water box 

with 0.15 M NaCl and parameterized using Amberff114SB force-field. To increase conformational 

sampling of the complex we used accelerated molecular dynamics (aMD) using Amber software 

(200). For this, the solvated complex was first minimized then gradually heated from 0 to 310 K 

using heavy restraints on the backbone atoms. Restraints were gradually decreased until they were 

completely removed before the complex was simulated for 150 ns using classical molecular 

dynamics (cMD) to obtain parameters required for aMD. The latter simulation was run for 200 ns. 
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3.2.1.3 Trajectory processing 

Root-mean-square-deviation (RMSD) based clustering of 10,000 frames obtained from 

aMD were clustered based on a 2 Å cut-off for residues 670-745 of plakoglobin using CPPTRAJ 

of Ambertools18 (197). This yielded 101 different clusters that represent distinct complex 

conformations sampled during the simulation. The average Molecular Mechanics-Generalized 

Born Surface Area (MM-GBSA) binding energy of each cluster was calculated using 

MMPBSA.py (198). Additionally, the pairwise binding energy decomposition was also calculated. 

3.2.2 Cell lines and culture conditions 

All tissue culture reagents were purchased from Gibco unless stated otherwise. H1299, the 

non-small cell lung carcinoma cell line deficient in p53 and plakoglobin expression was provided 

by Dr. Roger Leng, University of Alberta and has been described previously (70, 72, 199). H1299 

cells and its transfectants expressing plakoglobin and various p53-R175H constructs were 

maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum 

(HyClone Laboratories, USA), 1% penicillin-streptomycin and 5 μg/mL kanamycin (complete 

MEM, CMEM). 

3.2.3 Plasmid construction and transfection 

Mutant p53 constructs were generated from HA-tagged p53 cDNA and has been described 

previously (70, 72). Site directed mutagenesis was used to generate plasmids encoding wild type 

plakoglobin (70, 72, 107) in which N690 was replaced by alanine; and p53-R175H and p53-R175H 

in which glutamine (Q) 167 or arginine (R) 248 or both were mutated to alanine to express mutants 

p53-R175H-Q167A, p53-R175H-R248A, and p53-R175H-Q167A-R248A (Synthego 

Corporation, USA). The authenticity of all constructs was validated by sequencing both at 

Synthego and the University of Alberta Molecular Biology Service Unit (MBSU).  

Transfectants were generated using the jetOPTIMUS® (Polyplus, France) DNA 

transfection reagent following the manufacturer’s protocol. Cells were transfected with 2 μg of 

plasmids encoding p53-R175H or p53-R175H-Q167A or p53-R175H-R248A or p53-R175H-

Q167A-R248A alone or together with 3 μg of plakoglobin (WT or N690A). For transient 

transfections, cultures were processed within 30h for various assays. Stable transfectants were 
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selected by supplementing CMEM with 800 μg/mL G418 (p53 transfectants) or 800 μg/mL G418 

and 600 μg/mL hygromycin (PG-p53 transfectants) 48 hours post-transfection. Multiple single cell 

clones for each transfectants were obtained using limiting dilution and the expression of p53 or 

co-expression of p53 and plakoglobin was verified using immunofluorescence and immunoblot 

assays. All experiments were repeated at least 3 times and conducted with stable transfectants, 

unless indicated otherwise. 

3.2.4 Preparation of total cell extracts and Immunoblotting 

Confluent 100 mm culture dishes were rinsed with cold PBS and extracted with 1mL RIPA 

lysis buffer [150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 1 

mM EDTA, 1 mM PMSF, 1 mM NaF, 1 mM Na3VO4, and Roche protease inhibitor cocktail 

(Sigma, Canada)] for 20 minutes on a rocker at 4 °C. Cells were scraped and centrifuged at 48,000 

x g for 10 minutes and supernatants were processed for immunoblotting. Equal amounts of total 

cellular lysates (100 L) were solubilized in 20 L hot 6X-SDS sample buffer (10 mM Tris-HCl 

pH 6.8, 2% (w/v) SDS, 50 mM dithiothreitol (DTT), 2 mM EDTA, 0.5 mM PMSF), boiled for 10 

minutes. Proteins were resolved by SDS-PAGE, transferred onto nitrocellulose membranes, and 

processed for immunoblotting with primary and secondary antibodies at concentrations indicated 

in Table 3-1. Membranes were scanned using an Odyssey CLx infrared imaging system. 

Comparable loadings among various cell lines were confirmed by immunoblotting of the same 

membrane with anti-actin antibodies. 

3.2.5 Immunofluorescence 

Cells were grown to 80% confluency on glass coverslips and processed for immunofluorescence 

staining as described previously (70, 111). Briefly, coverslips were rinsed with cold PBS, fixed 

with 3.7% formaldehyde solution and permeabilized with cytoskeletal extraction buffer (CSK; 50 

mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 3 mM MgCl2, 0.5% Triton X-100, 1.2 mM 

PMSF, and 0.1 mg/mL DNase and RNase) for 7 minutes. Coverslips were blocked with 4% goat 

serum and 50 mM NH4Cl in PBS, rinsed with PBS-BSA and incubated with primary antibodies 

for 1 hour, followed by 30 minutes in species specific secondary antibodies (Table 3-1). Nuclei 

were stained with 1:2000 DAPI. Coverslips mounted in elvanol containing 0.2% paraphenylene 

diamine (PDD, w/v) and viewed using a 40x objective of a Zeiss confocal microscope.  
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3.2.6 Co-immunoprecipitation 

All steps were carried out at 4C. Confluent 100 mm culture dishes were extracted with 1 

mL RIPA buffer as described above. Cells were removed from the plates and centrifuged at 48,000 

x g for 10 minutes. The resulting supernatant was divided into equal aliquots. Duplicate aliquots 

were incubated with 50 L protein A/G (Pierce, Canada), anti-p53 or anti-plakoglobin antibodies 

(Table 3-1) and incubated overnight on a rocker-rotator. Beads containing immune complexes 

were washed three times with RIPA buffer and immune complexes eluted in hot 4X-SDS sample 

buffer. Equivalent amounts of total cellular proteins immunoprecipitated from each cell line were 

loaded onto SDS-polyacrylamide gels and processed for immunoblot using p53 and plakoglobin 

antibodies. 

3.2.7 Preparation of GST-plakoglobin 

A construct encoding pGEX-TEV-PG was kindly provided by Dr. William Weis (158). To 

express PG-GST protein, Escherichia coli DH5α cells were transformed by pGEX-TEV-PG 

constructs. Transformed cells were grown in Luria-Bertani broth at 37°C to an A600 of 0.6–0.8 and 

induced with 0.5 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside, Thermo Fisher, Canada). 

Cultures were grown for an additional 6 hours at 30°C, harvested by centrifugation at 4,000 x g at 

4°C for 12 min and the supernatants discarded. Pellets were resuspended in 6 mL of cold bacterial 

lysis buffer (500 mM NaCl, 0.5% NP-40, 50 mM Tris-HCl pH 7.6, 5 mM EDTA, 5 mM EGTA, 1 

mg/mL lysozyme, 10 mM DTT, 2.5 U/mL DNase, 1 mM PMSF and an EDTA-free protease 

inhibitor cocktail tablet) and lysed via sonication. Lysates were centrifuged at 10,000 x g for 25 

min at 4°C and the supernatants were divided into 1 mL aliquots, snap frozen and stored at -80°C. 

3.2.8 PG-GST purification and GST pull-down assay 

A one mL aliquot of PG-GST bacterial lysate was incubated with 150 μL of glutathione 

sepharose beads (GE Life Sciences) on a rocker-rotator at 4°C for 6 hours. Beads were centrifuged 

at 21,000 x g for 1 min and supernatants were aspirated. Beads were washed 3x using cold KCl-

PBS (0.137 M NaCl, 0.0027 M KCl, 0.01 M Na2HPO4, 0.0018 M KH2PO4) and stored in KCl-

PBS at 4°C. 
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Cells from 100 mm cultures of H1299 and H1299-p53-(R175H, R175H-Q167A, R175H-

R248A, R175H-Q167A-R248A) transfectants were extracted in 1 mL RIPA lysis buffer for 20 

min on a rocker-rotator at 4°C. The lysates were centrifuged at 48,000 x g for 10 min at 4°C and 

supernatants were removed. For pull down assays, 900 μL of cell lysates were mixed with 40 μL 

PG-GST or GST (control) beads and incubated on a rocker rotator for 4-6 hours at 4°C. The beads 

were washed 3x with PBS-KCl buffer (0.137 M NaCl, 0.0027M KCl, 0.01 M Na2HPO4, 0.0018 

M KH2PO4), eluted with 4x SDS sample buffer, and processed for immunoblot using p53 and 

plakoglobin antibodies. 

3.2.9 In vitro invasion assays 

Matrigel invasion assays were performed according to the manufacturer's protocol 

(Corning, Life Sciences). For each cell line, 5×104 cells in 0.2 mL serum-free media were plated 

in the top compartment of Matrigel-coated invasion chambers (8 μm pore PET membrane). 

Fibroblast conditioned media (0.8mL) was added to the bottom chambers and plates were 

incubated overnight at 37°C in 5% CO2. After 24 hours, inserts were stained using NovaUltraTM 

Hema-Diff Stain Kit (IHC World Life Science Products & Services, USA) following 

manufacturer’s protocol. Following staining, inserts were viewed under an inverted microscope 

using a 20x objective lens and photographed. 

The number of invaded cells was counted in seven random fields for each membrane using 

NIH ImageJ Cell Counter software. Migration and invasion results are presented as means ± SD 

in histograms. 

3.2.10 Statistical data analysis 

All quantitative data were presented as mean ± standard deviation (SD). Statistical 

significance between groups were assessed using Student’s t-test for all assays. 

All biochemical experiments were repeated at least 3-6 times and the Figures are 

representative of one typical experiment for each assay. All functional assays were repeated at 

least three times and the histograms represent the average of all assays. 

  

57



Table 3-1: Antibodies and their dilutions in various assays 

 

 

 

 

 

 

 

 

 

 

 

  

Antibody 

Species 

Assays 
Manufacturer/Catalogue 

# Primary IP WB IF 

-Actin Mouse - 1:1000 - Santa Cruz # sc-47778 

p53 (DO-1) Mouse 1:100 1:1000 - Santa Cruz # sc-126 

p53 (FL-393) Rabbit - - 1:100 Santa Cruz # sc-6243 

Plakoglobin Mouse 1:100 1:1000 1:100 BD Bioscience # 610253 

Secondary   

AlexaFluor 
790 Mouse 
anti-Rabbit 
(LC) 

Mouse - 1:30,000 - Jackson Immuno 
Research # 211-652-171 

AlexaFluor 
790 Goat anti-
Mouse (LC) 

Goat - 1:30,000 - Jackson Immuno 
Research # 115-655-174 

AlexaFluor 
488 Goat anti-
Mouse (H+L) 

Goat - - 1:1000 
Thermo Fisher 

# A-11029 

AlexaFluor 
546 Goat anti-
Mouse (H+L) 

Goat - - 1:1000 
Thermo Fisher 

# A-11035 
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Table 3-2: Lowest molecular mechanics-generalized born surface area (MM-GBSA) binding 

energy (in kcal/mol) of the residue pairs in the modeled p53-R175H-plakoglobin complex. 

p53 residue Plakoglobin 
residue 

MM-GBSA 
calculated binding 
energy (kcal/mol) 

P62 H717 -6 

L93 H717 -7 

Q167 Y724 -5 

Q167 D719 -15 

E171 N690 -17 

R174 P692 -14 

G245 N690 -5 

N247 N690 -5 

N247 P688 -5 

R248 D741 -10 

R248 A740 -4 

R248 E654 -23 
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3.3 RESULTS AND DISCUSSION 

Previously, we have shown that plakoglobin interacted with wild type and mutant p53 via 

the DNA binding domain of p53 and C-terminal domain of plakoglobin (70). Remarkably, 

plakoglobin interaction with several mutant p53 expressed in carcinoma cell lines of different 

tissue origins restored their tumor suppressor activity in vitro (71, 72, 108, 109, 110, 111). 

p53-R175H is the most frequently occurring p53 mutant in cancer in which the wild type 

p53 arginine 175 is mutated to histidine. p53-R175H is a structural/conformation mutant that 

changes the DBD conformation and disrupts p53 interaction with target DNA (42). p53-R175H is 

classified as a gain of function (GOF) mutant that not only loses the tumor suppressor activity, but 

also gains potent oncogenic functions (15, 42, 125, 135). Our previous studies have shown that 

when co-expressed, plakoglobin significantly reduced growth, migratory and invasive properties 

of p53-R175H expressing cells. This reduction of tumorigenic properties was associated with 

suppression of oncogenic genes expression such as c-MYC and S100A4 (72). We hypothesized that 

plakoglobin interaction with conformational mutants potentially changes the conformation of the 

mutant protein and restores its binding to the promoters of wild type target genes. The larger 

implication of these observations is the potential of developing therapeutic agents that mimic 

mutant p53-plakoglobin interaction and restore tumor suppressor activity of p53 conformational 

mutants. In this study, we used in silico  modeling and identified potential amino acid residues that 

mediate p53-R175H-plakoglobin interaction and validated the in silico model experimentally. 

3.3.1 In silico modeling identified Q167, R248 on p53-R175H and N690 on plakoglobin as 

residues critical for the interaction between p53-R175H and plakoglobin 

There are no experimentally resolved structures of the C-terminal residues 674-745 of 

plakoglobin, which are involved in the interaction with p53-R175H.  COTH webserver was used 

to predict the relative position of p53-R175H core domain to plakoglobin. This only yielded the 

alpha-carbon positions of p53-R175H and residues 724-736 of plakoglobin (Figure 3-1A). Quark 

ab initio webserver was used to predict the structure of residues 674-723 and 737-745 that 

constitute the missing residues of plakoglobin C-terminal domain. To construct the protein 

complex, we assembled the experimentally resolved structure of armadillo domains, residues 126-
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Figure 3-1. DNA binding domain of p53 interacts with the C-terminus of 
plakoglobin (PG). (A) Ribbon representation of the Armadillo domain of 
plakoglobin (PG) in complex with p53 DNA-binding domain (DBD). (B)  
Schematic of the p53 and plakoglobin domains used in the in silico modelling. 
p53 DNA-binding domain (residue 101-300) and plakoglobin armadillo and C-
terminus (residue 661-745).
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673, of plakoglobin (PBD; ID: 3IFQ), as well as the Quark ab initio (Quark. Bio.tools) predicted 

structures of residues 674-723 and 674-745 to the COTH predicted residues (158).  

Due to the crudeness of the initial structure and the intrinsically disordered nature of the 

C-terminal domain of plakoglobin, it was important to equilibrate the protein structures and 

efficiently sample the conformational landscape of the complex. We, therefore, ran cMD for 150 

ns for equilibration and to obtain parameters for aMD, which was performed for 200 ns. Sampled 

conformations were clustered based on the C-terminal residues closest to p53 with a RMSD cut-

off of 2 Å to distinguish distinct complex conformations. A total of 101 clusters were obtained. 

The MM-GBSA binding energy of each cluster was calculated. The distribution of the size of each 

cluster and its average binding energy is shown in Figure 3-1B. Cluster 6 had the lowest average 

MMGBSA binding energy between p53-R175H and plakoglobin of -49 kcal/mol (Figure 3-1). 

We also decomposed the calculated average binding energy to identify the residue pairs that 

contributed the most to the interaction (Table 3-2). Our results indicate that R248 and Q167 of 

p53-R175H as well as N690A of plakoglobin contributed the most to the total binding energy of 

the complex. To validate this prediction, site-directed mutagenesis was performed to substitute 

these residues by alanine (A). We then examined the expression and localization of p53, its 

interaction with plakoglobin and its effect on the invasive properties of p53-R175H.  

The representative structure of cluster 6 is shown in Figure 3-2A. Several hydrogen bond 

networks can be observed at the interaction interface of the two proteins (Figure 3-2B and C). 

Specifically, hydrogen bonds are formed between the side-chains of Q167 (p53) and D719 

(plakoglobin) while the backbone of D719 forms an intra-chain hydrogen bond with the side-chain 

of H717 (Figure 3-2B). Additionally, a hydrogen-pi interaction is formed between the side-chain 

of H717 (PG) and backbone of L93 of p53 (Figure 3-2B). Furthermore, a dense hydrogen-bond 

network between residues P692 (PG)-R174 (p53)-E171 (p53)-N690 (PG)-G245 (p53)-N247(p53) 

is formed, which would stabilize the interaction between the two proteins. Additionally, a salt 

bridge is formed between R248 of p53 and E654 of plakoglobin and another between R174 and 

E171 of p53 (Figure 3-2C). To validate this prediction, we performed site-directed mutagenesis 

of these residues and assessed the binding of the two proteins. 
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Figure 3-2. (A and B) Ribbon representation of the plakoglobin (grey) in complex with the p53-R175H 
DBD (blue) in the representative structure of the least binding energy cluster. Dark gray bands represent 
Armadillo domains. (C) A plot demonstrating the number of conformations of the complex in each 
cluster and the corresponding average binding energies of each cluster. Cluster 6 (red arrow) has the 
lowest binding energy of -49 kcal/mol.
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3.3.2 Expression and subcellular localization of p53-(R175H, R175H/Q167A, R175H/R248A 

and R175H/Q167A/R248A) with and without plakoglobin in H1299 cells 

To validate the in silico model, site-directed mutagenesis was used to develop plasmids 

encoding p53-R175H -Q167A, p53-R175H-R248A, p53-R175H-Q167A-R248A and PG-N690A 

mutant proteins. These plasmids were used to generate transient and stable H1299-p53-R175- 

(Q167A or R248A or Q167A-R248A) transfectants expressing various forms of p53-R175H alone 

or together with either PG-WT or PG-N690A.  

Western blot (Figure 3-3A) using p53 and plakoglobin antibodies and total cellular 

extracts (TCEs) from transfectants expressing p53 alone or together with plakoglobin confirmed 

similar expression of both proteins in various transfectants.   

Immunofluorescence staining using p53 antibodies showed primarily nuclear localization 

of p53 in cells expressing only p53-(R175H, R175H-Q167A, R175H-R248A and R175H-Q167A-

R248A) only (Figure 3-3B, - Plakoglobin). Double immunofluorescence staining with p53 and 

plakoglobin antibodies in transfectants co-expressing both proteins (Figure 3-3B, + Plakoglobin) 

showed that while p53 was mainly localized to nuclei, it was also detected in the cytoplasm. This 

p53 cytoplasmic staining was more prominent in H1299-PG-p53-R175H and PG-p53-R175H-

R248A cells relative to H1299-PG-p53-R175H-Q167A and PG-p53-R175H-Q167A-R248A 

transfectants (Figure 3-3B, + Plakoglobin). 

Plakoglobin staining in all mutants showed distinct membrane localization and 

cytoplasmic/nuclear distribution typical of this protein. The membrane localization of this protein 

is consistent with its role in cell-cell adhesion via its participation in the formation of adherens 

junction and the desmosome, whereas its cytoplasmic/nuclear distribution is associated with 

signaling functions (85). Also, we detected some co-distribution of plakoglobin and p53 in H1299-

PG-p53-R175H, PG-p53-R175H-R248A and PG-p53-R175H-Q167A-R248A cells (Figure 3-3B, 

+ Plakoglobin, arrows). The co-distribution of p53 and plakoglobin in various cellular 

compartments is consistent with our previous observations that demonstrated p53-plakoglobin 

interaction in both the cytoplasm and nuclei of different carcinoma cells expressing various p53 

mutants (15-17). Together, these results showed that substituting Q167 and R248 by alanine in 

p53-R175H does not interfere with the p53-R175H protein expression and nuclear localization. 
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3.3.3 Substitution of Q167 and R248 by alanine in p53-R175H protein reduced its interaction 

with plakoglobin 

We performed co-immunoprecipitation (Figure 3-4) and GST pull down (Figure 3-5) 

experiments to examine whether substituting Q167 and R248 with alanine individually or together 

in p53-R175H affected its interaction with plakoglobin. H1299 cells were transiently co-

transfected with plakoglobin and various p53-R175H constructs. Twenty-four -36 hours post 

transfection, equal amount of cellular total extract from various transfectants were processed for 

sequential immunoprecipitation and immunoblotting with p53 and plakoglobin antibodies. 

Immunoblotting of total cellular extracts (TCEs) from various transfectants showed similar level 

of p53 and plakoglobin expression among all plakoglobin-p53-R175H transfectants [H1299-PG-

p53- (R175H, R175H-Q167A, R175H-R248A and R175H-Q167A-R248A)] (Figure 3-4, TCE, 

IB: p53, PG, actin).  

Immunoprecipitation assays detected comparable levels of p53 among various 

transfectants when p53 immunoprecipitates were blotted with p53 antibodies. In contrast, 

immunoblotting of plakoglobin immunoprecipitates with p53 antibodies detected significantly 

lower amount of p53 co-precipitated with plakoglobin in p53-R175H- (Q167A, p53-R175H-

R248A and p53-R175H-Q167A-R248A) expressing cells relative to PG-p53-R175H transfectants. 

Compared to p53-R175H, the plakoglobin co-precipitated p53 was reduced by 70%, 60% and 80% 

in p53-R175H-Q167A, p53-R175H-R248A and p53-R175H-Q167A-R248A transfectants, 

respectively (Figure 3-4, IP).  

Results of co-immunoprecipitations studies were further confirmed by GST-pull down 

assays (Figure 3-5). Here, we used PG-GST beads to pull down p53 from equal amount of cellular 

lysate from transfectants expressing p53-R175H and p53-R175H- (Q167A, R248A, Q167A-

R248A. As shown in Figure 3-5, relative to p53-R175H, the amount of p53 pulled down by PG-

GST beads was reduced by 30%, 50% and 60% in p53-R175H-Q167A, p53-R175H-R248A and 

p53-R175H-Q167A-R248A transfectants, respectively. Overall, the results of these two 

independent assays showed that Q167 and R248 substitution by alanine reduced the binding of 

plakoglobin to p53-R175H.  
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R175H Q167A R248A

H1299-p53-

R175H/

Q167A/R248A

PG

p53

p53

TCE

Actin 

p53

PG

IP

IB

55

72

43

1                       0.3                     0.4                   0.2

Figure 3-4. Substitution of Q167 and R248 residues by alanine (A) in p53-
R175H reduced its interaction with plakoglobin (PG). Total cellular extracts 
(TCE) from H1299 cells co-expressing plakoglobin with various forms of p53-
R175H, R175H/ (Q167A, R248A, or Q167A/R248A) were processed for 
sequential  immunoprecipitation (IP) and immunoblotting (IB) using p53 and 
plakoglobin antibodies. Relative intensity of plakoglobin protein bands 
immunoprecipitated with p53 antibody were quantitated using NIH ImageJ 
program. Beta-actin was used as loading control. 

68
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Q167A/R248A
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1 0.7 0.5                    0.4

p53

Figure 3-5. Substitution of Q167 and R248 residues by alanine (A) in p53-
R175H reduced its association with GST-tagged plakoglobin (PG-GST). Total 
cellular extracts (TCE) from H1299 cells expressing various forms of p53-R175H, 
R175H/ (Q167A, R248A, or Q167A/R248A) were incubated with GST-tagged 
plakoglobin (PG-GST) and processed for GST-pull down assays (PG-GST PD) 
and immunoblotting (IB) with p53 and plakoglobin antibodies. Relative intensity of 
p53 protein bands pulled down with PG-GST were quantitated using NIH ImageJ 
program. Beta-actin was used as a loading control. 
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3.3.4. Plakoglobin asparagine 690 substitution by alanine has no effect on its binding to p53-

R175H.  

The 3D molecular dynamic modeling predicted asparagine (N) 690 in plakoglobin as being 

important in plakoglobin-p53-R175H interaction (Table 3-2). To test the validity of this 

prediction, duplicate cultures of H1299-p53-R175H cells were transfected with PG-WT or PG-

N690A. Transfectants were then processed for co-immunoprecipitation followed by 

immunoblotting with p53 and plakoglobin antibodies. As shown in Figure 3-6, immunoblotting 

of the total cellular extracts (TCEs) from H199-p53-R175H- PG-WT or PG-N690A transfectants 

showed similar level of PG and p53. Similarly, immunoblotting of plakoglobin 

immunoprecipitates with p53 antibodies detected similar levels of p53 in H199-PG-WT-p53-

R175H and PG-N690A-p53-R175H transfectants (Figure 3-6). Overall, these results showed 

N690A substitution in plakoglobin has no detectable effect in its interaction with p53-R175H.  

3.3.5 Plakoglobin co-expression decreased invasiveness of all p53-R175H/(Q167, R248, Q167/ 

R248) expressing H1299 cells 

Previously, we have demonstrated that plakoglobin interaction with several p53 mutants in 

various carcinoma cell lines restored mutant p53 tumor suppressor function in vitro. Specifically, 

we have shown that while p53-R175H expression in H1299 cells increased cellular migration and 

invasion and plakoglobin co-expression in H1299-PG-p53-R175H transfectants significantly 

reduced these properties by >70% (72). Based on these observations, we performed invasion 

assays to determine if the reduced plakoglobin interaction with p53-R175H-(Q167A, R248A, 

Q167A-R248A) transfectants affected their invasiveness in vitro (Figure 3-7).  

Matrigel transwell invasion assays showed no difference in the invasiveness of H1299-

R175H-Q167A transfectants relative to H1299-R175H cells. In contrast, the number of invaded 

cells increased by ~43% in both H1299-p53-R175H-R248A and p53-R175H-Q167A-R248A cell 

lines (Figure 3-7). R248 residue in p53-WT is directly involved in its binding to DNA. Mutations 

in this residue are known as hotspot p53 GOF contact mutants and many of them have been shown 

to gain oncogenic functions and activate tumorigenic and metastatic pathways (42, 184, 201, 202).  

Among various mutations in R248 residue (R248W, R248Q, R248P, R248G, R248L) p53- 

R248L in which arginine is mutated to leucine (L), is biochemically similar to alanine substitution 
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H1299- p53-R175H- PG-

WT               N690A
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PG p53
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p53 PG

Figure 3-6. Plakoglobin (PG) asparagine 690 substitution by alanine 
(PG-N690A) does not interfere with plakoglobin -p53-R175H 
interaction. Total cellular extracts (TCE) from H1299-p53-R175H cells 
co-expressing PG-WT or PG-N690A were processed for sequential 
immunoprecipitation (IP) and immunoblotting (IB) using p53 and 
plakoglobin antibodies. Beta-actin was used as loading control.
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used in the current study. R248L mutant has been shown to impair UV-induced apoptosis in 

glioblastoma cell lines and to promote inflammation and chemotaxis in glioblastoma xenografts 

(203, 204). The overexpression of DNA methyltransferase 1 (DNMT1) has been suggested to be 

a mechanism for oncogenicity of p53-R248L and associated with poor prognosis in lung cancer 

patients (205). Using H1299 cells, Lin et al. showed DNMT1 expression was suppressed by the 

exogenous expression of p53-WT but not p53-R248L. The overexpression of DNMT1 in H1299-

p53-R248L cells led to the hypermethylation of several tumor suppressor genes including p16 

(205). Together, these studies are indicative of tumorigenic properties of p53-R248L either by 

GOF or loss of p53-WT function. Interestingly, DNMT (1, 3A and 3B) has been shown to 

downregulate the plakoglobin gene (JUP) (206), which has been associated with metastasis in 

many cancers (85, 94). 

The increased invasiveness of p53-R175H-R248A and p53-R175H-Q167-R248A 

transfectants may be explained by the presence of a conformational and a contact mutant in the 

same protein and acquiring new oncogenic properties including epigenetic modification of 

growth/metastasis regulating genes. Interestingly, when plakoglobin was co-expressed with any of 

p53-R175H constructs, invasiveness was significantly reduced by >80% in all transfectants. 

In summary, our data from in silico modeling and the experimental results suggested that 

amino acid residues Q167 and R248 are important for p53-R175H interaction with plakoglobin. 

However, invasion assays showed cells expressing p53-R175H-Q167A exhibited similar 

invasiveness as p53-R175H expressing cells, whereas transfectants expressing p53-R175H- 

R248A or p53-R175H-Q167A-R248A constructs showed increased invasiveness relative to p53-

R175H cells. This suggests that while Q167A did not change tumorigenicity of p53-R175H, 

R248A increased R175H tumorigenic properties. Plakoglobin co-expression reduced invasiveness 

of all transfectants significantly and similarly regardless of p53 status. The reduction in the 

invasiveness of cells expressing p53-R175H was not surprising and was consistent with our 

previous observations (72). However, the reduced invasiveness of cells expressing various alanine 

substituted residues and exhibiting decreased PG-p53-R175H interaction was somewhat 

unexpected and warrants further investigation. Moreover, considering that Q167A had no effect 

on R175H invasiveness, while R248A or Q167A-R248A significantly increased invasiveness, it 
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was surprising that plakoglobin co-expression reduced invasiveness of all transfectants to similar 

degrees.  

Our previous studies suggested that plakoglobin binding to conformational mutants may 

potentially change their conformation into WT and restore the activation of p53-WT target genes 

(72). It may be possible that Q167A and R248A substitutions, individually or together, did not 

severely change the p53-R175H conformation. While these substitutions decreased plakoglobin-

p53-R175H interaction, as a transcriptional complex, there may exist a low threshold requirement 

to trigger changes in the expression of genes involved in tumor suppression. Alternatively, the 

tumor suppressing effect induced by plakoglobin may be, at least partially, independent of its 

interaction with p53-R175H. We previously showed that plakoglobin expression in H1299-p53-

R175H cells with upregulated -catenin level, decreased the expression c-MYC and S100A4, well-

known tumor/metastasis promoter and targets of Wnt/-catenin, by increasing -catenin 

degradation and decreasing its nuclear distribution (72). It is also possible that plakoglobin-

mediated tumor suppressing effects through p53-R175H may not be dependent on their interaction, 

but through alternative mechanisms such as regulation of gene products induced by p53-R175H 

expression. In this respect, recent studies have shown that oncogenic activities of mutant p53 are 

mediated by its interplay with hypoxia and HIF signaling pathways (207) and plakoglobin inhibits 

the stability and transcriptional activity of HIF2 ()  

3.4. CONCLUSION 

Overall, our studies have suggested that plakoglobin can restore tumor suppressor activity 

of conformational p53 mutants. However, the larger implication of the studies presented here is 

the potential for exploring plakoglobin-mutant p53 interaction for development of cancer 

therapeutics. The advantage of developing compounds that mimic mutant p53-pakoglobin 

interaction to restore the tumor suppressor activity is that these compounds may have the benefit 

of representing a naturally occurring biological interaction that positively regulates p53 

tumor/metastasis suppressor function with less potential side effects. Furthermore, since 

plakoglobin also interacts with p53-WT and regulates p53-WT gene expression (70, 71, 108), it 

may be less likely to cause detrimental effects in normal cells expressing p53-WT. This study may 
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provide a framework for future research into utilizing plakoglobin-p53 interaction as a potential 

p53-targeted therapy.  
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CHAPTER 4: GENERAL CONCLUSION AND FUTURE STUDIES 
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4.1 Overview  

p53 is one of the most important tumor suppressors and one of the most frequently mutated 

protein found in cancer cells. Single missense mutations in the DBD of p53 can lead to altered 

protein conformation, change in its binding affinity to interacting partners, and loss of tumor 

suppress and/or gain of oncogenic function (GOF) that contribute to tumorigenesis.(42) In general, 

there are two categorizes of GOF mutants: conformational and contact. Conformational p53 

mutant loses WT-p53 conformation, making it incapable of DNA-binding whereas in contact 

mutants a single amino acid residue directly involved in DNA-binding is mutated.(42) Consistent 

with their differential mechanisms that compromise their DNA binding ability, studies have 

demonstrated that these two types of mutants promote carcinogenesis via different pathways. Since 

majority of tumors have non-functional or GOF mutants, significant effort is invested to develop 

p53 targeted therapies and drugs that either reactivate p53-WT function or restore tumor 

suppressor function of GOF mutants.(208) It is also clear that the efficiency of p53-targeted 

therapies, that aim to restore GOF mutants’ tumor suppressor activity, may be dependent on 

whether they belong to the conformation vs. contact category. 

Our laboratory has shown that plakoglobin, a dual cell-cell adhesion and signaling protein 

act as a tumor suppressor via several mechanisms one of which is by interacting with p53.(70), (71), 

(72) Plakoglobin has been shown to interact with both p53-WT and mutants (both conformational 

and contact) and its interaction with p53 mutants restores their tumor suppressor activity in vitro. 

The larger implication of our studies is the potential of plakoglobin as a therapeutic target in 

cancers. 

 In this thesis, we compared the effect of plakoglobin co-expression with p53 

conformational and contact mutants in the same cellular background. Additionally, we furthered 

our understanding in p53-R175H and plakoglobin interaction by validating an in silico model of 

p53-R175H and plakoglobin interacting interface, which identified amino acid residues on both 

proteins that are critical for their interaction. Overall, characterization of the differential effect of 

plakoglobin in restoring tumor suppressor activity of conformational vs. contact mutants and 

validation of the in silico model of plakoglobin- p53-R175H conformational mutant have provided 

important insights for exploiting the potential of p53-plakoglobin interaction in development of 

cancer therapeutics. 

77



4.2 Assessment of the differential Effect of Plakoglobin on Conformational vs. Contact p53 

Mutants 

Most frequent p53 conformational mutations occur on R175, G245, R249, and R282, residues, 

which are important for stabilization of p53 structure (via van-der Waal force, hydrogen bonding 

and electrostatic force). On the other hand, the most common contact mutations occur on R248 

and R273 residues that are important for direct contact between p53 and DNA’s minor and major 

grooves.(209) It is not clear whether the categorization of conformational and contact mutants are 

meaningful in the context of tumorigenicity and therapeutics. Currently, several compounds 

capable of restoring mutant p53 tumor suppressor activity such as APR-246 and COTI-2 have been 

identified and have completed phase 3 clinical trial for treatment of TP53 mutant myelodysplastic 

syndromes (MDS) or in phase I trial for malignancies, respectively, as of Sept 2022. However, in 

many cases these compounds are not targeted to specific mutant types and is unclear how they 

restore their tumor suppressive function.  

While our group has previously demonstrated that plakoglobin can interact with WT-p53 

and several mutant p53s, and that this interaction can potentially participate in restoration of WT-

p53 activities in several carcinoma cell lines, we lacked a direct comparison of the effect of 

plakoglobin on p53 conformational and p53 contact mutants in the same genetic and cellular 

background. The effects of mutant p53 expression are cellular context-dependent, and results from 

previous studies that used several cell lines expressing different mutant p53s can be complex to 

interpret and conclude. To this end, we established an in vitro cellular model by expressing p53-

R175H or p53-R273H, with or without plakoglobin in the p53-null and plakoglobin deficient 

H1299 non-small cell lung carcinoma cell line. This model allowed unequivocal comparison on 

the effect of plakoglobin co-expression with either conformational or contact p53 mutant. In 

general, p53-R175H expression in H1299 cells led to strong oncogenic phenotypes, whereas p53-

R273H expressing cells exhibited phenotypes more reflective of cells expressing p53-WT. 

Consistent with these observations, our data demonstrated that the tumor suppressing effect of 

plakoglobin is strongest when co-expressed with conformational p53-R175H mutant. Plakoglobin 

co-expression significantly suppressed p53-R175H tumorigenic properties such as cellular 

migration, invasion, and anchorage independent growth and these phenotypic changes were 

concurrent with decreased nuclear -catenin level and increased NPM nuclear distribution. In 
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contrast, when co-expressed with p53-R273H contact mutant, plakoglobin only reduced 

anchorage-independent growth and this decrease was concurrent with reduction in pAkt level.  

4.2.1 Plakoglobin decreases -catenin nuclear distribution 

Work from various groups including ours has shown that plakoglobin can regulate β-

catenin level in the cytoplasm and its signaling activities in the nucleus. (91), (107), (156), (179) Our 

previous studies have also  demonstrated that plakoglobin co-expression with p53-R175H 

increased -catenin degradation, decreased nuclear -catenin level and expression of Wnt/-

catenin target genes c-MYC and S100A4, concurrent with decreased cellular migration and 

invasion.(72) Here, we showed that plakoglobin co-expression with p53-R273H did not affect 

nuclear -catenin level, which is consistent with the less tumorigenic properties of this mutant and 

its similarity to p53-WT with respect to its growth, migratory and invasive properties. 

4.2.2 Plakoglobin increases NPM nuclear distribution 

Similar to -catenin, NPM is a nucleocytoplasmic protein that shuttles in and out of the 

nucleolus/nucleus and cytoplasm and based on its subcellular distribution has tumor suppressor or 

oncogenic function.(114), (117), (210) NPM plays important roles in the stability of p53 by interacting 

with p53, p14ARF and MDM2 and inhibiting MDM2-mediated p53 degradation.(117) Previously, 

we identified NPM as a differentially expressed protein in our proteomic analysis of carcinoma 

cell lines expressing no/low plakoglobin and their plakoglobin expressing transfectants.(108), (110) 

Further studies demonstrated that in these cells, the exogenously expressed plakoglobin interacted 

with NPM, increased its nuclear distribution, and concurrently decreased their oncogenic potential 

in vitro.(109) In keeping with these observations, plakoglobin expression increased nuclear NPM 

distribution in H1299 cells expressing p53-WT, -R175H and -R273H (Chapter 2). Results from 

these studies suggested that plakoglobin may alter the localization of p53-interacting protein, and 

that this may associate with the decrease in tumorigenic properties we observe in these cells.  

4.2.3 Plakoglobin and Akt 

Activated AKT, pAKT, can promote tumorigenesis by activating pathways such as the 

mTOR signaling or the Wnt/-catenin signaling.(211), (212) pAKT can also phosphorylate NPM and 
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promote dissociation of MDM2 from mutant p53 and increase mutant p53 stability.(118) Several 

studies have demonstrated p53-R273H mutant can promote anchorage independent growth.(213), 

(214), (159) Several studies have also shown specific elevation of pAkt level, but not the total Akt 

level, was elevated in several carcinoma cell lines expressing p53-R273H, and that this was 

associated with increased resistance to anoikis and cellular migration.(159, 215), (216) Consistent with 

these observations, we detected significantly increased pAkt level in H1299-p53-R273H cells 

relative to that of H1299-p53-WT cells. Plakoglobin co-expression with p53-R273H significantly 

decreased pAkt level and soft agar colonies formation in H1299-PG-p53-R273H cells without 

affecting their migratory and invasive properties. These observations suggested that plakoglobin 

may affect the Akt signaling pathway by regulation of Akt phosphorylation.  

Together with the effect of plakoglobin on NPM and -catenin cellular distribution, these 

observations suggest that conformational and contact mutant p53 contribute to tumorigenesis via 

distinctive pathways under same cellular conditions and that plakoglobin’s co-expression 

differentially affected these pathways and the tumorigenic properties in cells expressing either type 

of mutant. 

4.3 Validation of in silico model simulating p53-R175H and plakoglobin interaction 

In silico modeling of p53-R175H and plakoglobin interaction identified Q167 and R248 

residues in p53-R175H and N690 in plakoglobin as potentially important for their interaction. To 

validate the model prediction, we used site-directed mutagenesis to substitute the identified 

residues in both proteins with alanine and assessed the effects.  Results of this study demonstrated 

that Q167A and R248A substitutions, whether individually or together, decreased p53-R175H 

interaction with plakoglobin by > 50%.  In contrast, substitution of N690 in plakoglobin by alanine 

had no effect on it binding to p53-R175H. Interestingly, despite the decreased interaction of 

plakoglobin with p53-R175H/Q167A, p53-R175H/R248A, and p53-R175H/Q167A/R248A 

relative to p53-R175H, plakoglobin co-expression decreased cellular invasion in all transfectants 

similarly. These results suggested that low threshold level of p53-R175H-plakoglobin interaction 

may be sufficient to promote tumor suppression. Alternatively, these observations may suggest 

that tumor suppression induced by plakoglobin co-expression may be independent of p53-
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plakoglobin interaction, which is consistent with p53-independent tumor suppression function of 

plakoglobin.  

4.4 Conclusion: 

Overall, the studies in this thesis provided important framework for future research into 

utilizing plakoglobin interaction with p53 as a potential p53-targeted therapy. Our results 

demonstrated that plakoglobin conferred a preferential and significant decrease in tumorigenicity 

when co-expressed with conformational mutant p53-R175H. A possibility that may also be 

supported by the fact that plakoglobin still interacted (although significantly less) with p53-R175H 

in which the residues involved in their interaction were substituted by alanine. These observations 

may also be an indication of potential plakoglobin interaction with other conformational mutants. 

Together, our studies suggest that plakoglobin may potentially repress p53 mutant 

oncogenic activities by at least two mechanisms; (1) regulation of subcellular localization and 

function of proteins involved in p53 (WT and mutant) growth regulating pathways and 

(2) modulation of p53 mutant target genes expression. Figure 4-1 is a conceivable model of how 

plakoglobin may act as a tumor suppressor by interacting and regulating p53 (WT and mutants) 

tumor suppressor function. In this model, plakoglobin and β-catenin interact with cadherins in a 

mutually exclusive manner at the membrane to form adherens junction and maintain the integrity 

and function of epithelium.  In normal cells, excess cadherin independent cytoplasmic β-catenin is 

ubiquitinated and degraded by the proteosome pathway. (4-1.1a) Plakoglobin and p53-WT 

promote, whereas mutant p53 inhibits the proteosomal degradation of excess cytoplasmic and 

oncogenic competent/nuclear β-catenin. Similarly, plakoglobin interact with and promotes nuclear 

localization of NPM and its tumor suppressor activity of NPM. (4-1.1b) If not degraded, β-catenin 

translocates into the nucleus and together with TCF/LEF activate the expression of 

tumor/metastasis promoting target genes. Plakoglobin counters the oncogenic function of β-

catenin in the nucleus by binding to and replacing β-catenin in the β-catenin-TCF complex and 

inhibiting the expression of tumor promoting genes. (4-1.2a) Plakoglobin interacts with p53-WT 

and together they regulate the expression of genes involved in inhibition of tumorigenesis and 

metastasis. (4-1.2b) Plakoglobin interacts with the p53-R175H conformational mutant, potentially 

changes its conformation to wild-type and activates p53-WT growth inhibitory target genes 

expression while inhibiting the expression of oncogenic targets. (4-1.2c) Plakoglobin interacts 
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with the p53-R273H contact mutant and while it does not change its conformation, it may modify 

its interaction with co-activators that regulate the expression of its target gene(s) involved in 

tumorigenesis.  

4.5 Future Directions 

 The overall goal of this project is to explore the potential therapeutic properties of 

plakoglobin and discover compounds that mimic the interaction of plakoglobin, an endogenous 

cellular protein, with mutant p53 and target cancer cells with minimal effects on healthy tissues. 

To this end and in collaboration with Drs. Tuszynski and West groups, we have screened protein-

protein interaction modulator libraries and identified four compounds that potentially mimic 

plakoglobin and p53-R175H interaction. Future in vitro and in vivo assessment of the functional 

effects of these drugs on p53-R175H expressing cells will provide valuable information and 

insights into development of compounds that mimic plakoglobin-conformational p53 mutants 

interaction for effective p53-targeted cancer therapies. 

 Another future study, based on this thesis, is planned in collaboration with Dr. Jahroudi’s 

team, we have obtained preliminary results which suggests a novel potential mechanism for p53-

R175H-mediated tumorigenesis via activation of de novo expression of Von Willebrand Factor 

(VWF). VWF is a glycosylated protein released by endothelial cells to mediate platelet aggregation 

and blood coagulation during hemostasis.(217) VWF expression is normally restricted to 

endothelial cells and megakaryocytes, but recently has been detected in tumor cells of non-

endothelial origin such as osteosarcoma, hepatocellular carcinoma, glioma and gastric cancer.(218), 

(219) Increased levels of VWF in primary tumor tissues of non-endothelial origin in situ was 

associated with increased metastasis and clinicopathologic staging.(218) These observations 

suggest that some cancer cells may gain de novo expression of VWF that facilitate the adhesion of 

cancer cells and platelets to endothelial walls and consequently promote their metastatic potential. 

Our preliminary results from qRT-PCR and immunofluorescence have shown that exogenous 

expression of p53-R175H but not p53-WT in H1299 cells induced VWF expression. Interestingly, 

co-expression of plakoglobin (H1299-PG-p53-R175H) significantly reduced VWF message in 

these cells. These observations propose a novel mechanism by which plakoglobin may act as a 

tumor suppressor and warrant further investigation.  
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