
The Role of 14-3-3 Gamma in Promoting Genomic Instability

Item Type text; Electronic Dissertation

Authors Gomes, Cecil

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:59:21

Link to Item http://hdl.handle.net/10150/628052

http://hdl.handle.net/10150/628052


THE ROLE OF 14-3-3 GAMMA IN PROMOTING GENOMIC INSTABILITY 

 

by 

 

 

Cecil Gomes 

 

 

__________________________ 

Copyright © Cecil Gomes 2018 

 

 

A Dissertation Submitted to the Faculty of the 

 

 

GRADUATE INTERDISCIPLINARY PROGRAM IN CANCER BIOLOGY 

 

 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

2018 



2 
 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Cecil Gomes, titled The Role of 14-3-3 Gamma in Promoting Genomic Instability 

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 

Doctor of Philosophy. 

 

 

 

 

 

 

 

 

 

 

 

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission of the 

final copies of the dissertation to the Graduate College.   

I hereby certify that I have read this dissertation prepared under my direction and recommend that it be 

accepted as fulfilling the dissertation requirement. 

 

 

    

 



3 
 

 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of the requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library to be 

made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that an accurate acknowledgment of the source is made.  Requests for permission for extended 

quotation from or reproduction of this manuscript in whole or in part may be granted by the head 

of the major department or the Dean of the Graduate College when in his or her judgement the 

proposed use of the material is in the interest of scholarship. In all other instances, however, 

permission must be obtained from the author.   

 

SIGNED: Cecil Gomes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

ACKNOWLEDGEMENTS 

 

 

I would like to thank the UACC flow cytometry core for all of their help in data collection and 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

DEDICATION 

This work is dedicated to my mother, Patricia Gomes.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

TABLE OF CONTENTS 

LIST OF FIGURES.......................................................................................................................8 

LIST OF TABLES…………………………………………………………………………….....9 

ABBREVIATIONS……………………………………………………………………………..10 

ABSTRACT……………………………………………………………………………………..11 

CHAPTER 1: INTRODUCTION 

 Non-small cell lung cancer………………………………………………………………13 

14-3-3 proteins: Structure, Function and Regulation…………………………………….14 

 Cellular Processes Regulated by 14-3-3 Proteins………………………………………..23 

 14-3-3 Proteins in Human Health and Disease…………………………………………..30 

 Tumor Promoting and Tumor Suppressing Roles of 14-3-3 Isoforms…………………..31 

 Polyploidization as a Result of 14-3-3 Overexpression…………………………………35 

 Consequences of Polyploidy in Human Tumorigenesis…………………………………38 

 Statement of the Problem………………………………………………………………...43 

 

CHAPTER 2: 14-3-3 EXPRESSION PATTERNS IN NSCLC 

Abstract…………………………………………………………………………………..44 

Introduction………………………………………………………………………………45 

Results……………………………………………………………………………………46 

Discussion and conclusions……………..…………………………………………….....54 

 

CHAPTER 3: 14-3-3 GAMMA’S ROLE IN THE DEVELOPMENT OF POLYPLOIDY 

 Abstract…………………………………………………………………………………..57 

Introduction………………………………………………………………………………58 

Results……………………………………………………………………………………60 

Discussion and conclusions……………………………………………………………...79 

 

CHAPTER 4: MONITORING MITOTIC PROGRESSION OF POLYPLOID CELLS BY 

LIVE-CELL MICROSCOPY 

Abstract…………………………………………………………………………………..83 

Introduction………………………………………………………………………………85 

Results……………………………………………………………………………………87 

Discussion and conclusions…………………………………………………………….101 

  

CHAPTER 5: CONCLUSIONS AND PERSPECTIVES...………………………………...105 

 

CHAPTER 6: MATERIALS AND METHODS 

 14-3-3 expression patterns in NSCLC………………………………………………….109 

The induction of endoreduplication and polyploidy by elevated expression of 14-3-

3………………………………………………………………………………………..109 

Measuring DNA content in live cells by fluorescence microscopy…………………….113 

 



7 
 

APPENDIX A: MANUSCRIPTS……………………………………………………………116 

REFERENCES……………………………………………………………………………….117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF FIGURES 
 

Figure 1.1 - Sequence alignment of human 14-3-3 isotypes…………………..………………..16 

Figure 1.2 - Mechanisms of 14-3-3 function…………………………………..………………..18 

Figure 1.3 - The degree of amino acid similarity across all 13 Arabidopsis 14-3-3s is displayed 

graphically………………………………………………………...…………...…………………21 

Figure 1.4 - 14-3-3 in cell cycle regulation………………………...……………………………27 

Figure 1.5 - Roles for 14-3-3 proteins at multiple points in the apoptotic signaling network…..29 

Figure 1.6 - Overexpression of 14-3-3 eta inhibits Ras-induced focus formation in NIH3T3 

cells………………………………………………………………………………………………33 

Figure 1.7 - Overexpression of 14‐3‐3γ leads to abnormal DNA replication and increased DNA 

content……………………………………………………………………………………………37 



8 
 

Figure 1.8 - Mechanisms for tetraploidization in cancer……………………..…………………41 

Figure 2.1 - 14-3-3 Gene mRNA Expression Data from TCGA…………………..……………48 

Figure 2.2 - mRNA expression of 14-3-3 gamma, sigma, theta, and zeta in normal lung tissue 

and in early and late stage lung cancers……………………………………………….…………50 

Figure 2.3 - Kaplan–Meier estimates of overall survival in LUAD and LUSC patients according 

to high 14-3-3 and low 14-3-3 expression groups……………………………………….………53 

Figure 3.1 - Overexpression of 14-3-3 induces polyploidy……………………………….……61 

Figure 3.2 - Overexpression of 14-3-3 leads to mononucleated polyploid cells………….……64 

Figure 3.3 - Overexpression of 14-3-3 promotes mitotic bypass………………………………66 

Figure 3.4 - 14-3-3 derived mononucleated tetraploid cells have a significantly prolonged 

mitoses…………………………………………………………………………………………...70 

Figure 3.5 - Overexpression of 14-3-3 promotes chromosomal instability……………………71 

Figure 3.6 - 14-3-3-overexpressing tetraploid cells perpetuate over time…………………..…74 

Supplemental figure 3.1 - Sorting of polyploid cells…………………………………………..75 

Figure 3.7 - 14-3-3 mRNA expression is elevated in lung samples predicted to be genome 

doubled…………………………………………………………………………………………..77 

Supplemental figure 3.2 - 14-3-3 mRNA expression is elevated in breast and colorectal tumors 

predicted to be genome doubled…………………………………………………………………78 

Figure 4.1 - Procedural schematic for measuring DNA content in live cells……………...……89 

Figure 4.2 - Determining the length of supravital dye saturation……………….………………91 

Figure 4.3 - Cell cycle profiles obtained with varying cellular densities………….……………94 

Supplemental Figure 4.1 - Side-by-side comparison of cell cycle profiles derived from flow 

cytometry or produce by live-cell fluorescence microscopy………………………….…………95 

Supplemental Figure 4.2 - Calculating cellular ploidy in live cells using Hoechst 33342…...99 

Figure 4.4 - Polyploid cells occasionally experience error prone mitoses ……………………100 

 

 

 

 

 

 

 

 

 

LIST OF TABLES 

 

Table 1.1 - Incidence of hypertriploid karyotypes in various cancers……………………….…42 

Table 4.1 - Cell cycle distributions from images with varying densities of cells………………96 

 

 

 

 

 

 

 



9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABBREVITIONS 

 

 

LUAD – lung adenocarcinoma 

LUSC – lung squamous cell carcinoma 

TCGA – the cancer genome atlas 

NSCLC – non-small cell lung cancer 

FUCCI – fluorescence ubiquitin cell cycle indicator 

H2B – Histone 2B  

GFP – green fluorescent protein 

FDA – food and drug administration 



10 
 

EGFR – epidermal growth factor receptor 

ALK – anaplastic lymphoma kinase 

ATP – adenosine triphosphate 

G1 – growth phase I 

S – synthesis 

G2 – growth phase II 

M – mitosis 

BrdU – 5-Bromo-2’-deoxyruidine 

PI – propidium iodide 

CDK – cyclin dependent kinase 

RB – retinoblastoma 

LOH – loss of heterozygosity 

mRNA – messenger RNA 

MAPK – mitogen-activate protein kinase 

PI3K – phosphoinositide 3-kinase 

FISH – fluorescence in situ hybridization 

FACS – fluorescence activated cell sorting 

SNP – single nucleotide polymorphism 

COAD – colorectal adenocarcinoma 

BRCA – breast carcinoma 

shRNA – short hairpin RNA 

LCFM – live-cell fluorescence microscopy 

Ho342 – Hoechst 33342 

DAPI – 4’,6-diaminodino-2-phenylindole 

7 AAD – 7-aminoactinmycin D 

DMEM – dulbecco’s modified eagle’s medium 

FBS – fetal bovine serum 

PBS – phosphate buffered solution 

CMOS – complementary oxide semi-conductor 

N.A. – numerical aperture  

 

  

 

 

 

 

ABSTRACT 

 
 The 14-3-3 family members are a group of highly conserved scaffolding proteins that are present 

in all eukaryotes. Despite having limited endogenous activity, the 14-3-3s bind to numerous client 

proteins and directly modulate their activities by a variety of mechanisms. In mammals, there are seven 

isoforms (, , , , , , and ), and between them over 200 known binding partners, which allow them 

to function in nearly every aspect of cellular biology. The 14-3-3 family has long been studied in regards 
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to cancer, as aberrant changes in their expression patterns have been associated with numerous human 

cancers. It is, therefore, a shared goal, among many, to elucidate the role of 14-3-3 proteins in 

tumorigenesis. For the last decade, our laboratory has been keenly focused on the tumor-promoting roles 

of 14-3-3 proteins in the context of lung cancer, as their expression patterns are highly dysregulated in 

this cancer setting. Herein, we expand on this area of research and demonstrate that four of the seven 14-

3-3 isoforms are significantly elevated in both adenocarcinomas and squamous cell carcinomas of the 

lung. We then investigated the consequences of these isoforms being increased in malignant lung tissues 

and showed that when upregulated, 14-3-3 sigma, gamma, and zeta correlate with poorer prognosis in 

patients with lung adenocarcinoma (LUAD). Interestingly, these associations with survival were not 

observed in patients with lung squamous cell carcinoma (LUSC), suggesting that the upregulation of 

these 14-3-3 isoforms may influence patient survival and serve as suitable prognostic biomarkers.  

To explore the cellular consequences of 14-3-3 upregulation, our laboratory previously 

overexpressed 14-3-3 gamma, the isoform that demonstrated the strongest prognostic capacity in the 

LUAD-TCGA dataset, in human lung adenocarcinoma cells. Overexpression of this isoform caused a 

fraction of cells to become polyploid, meaning they contained more than two sets of chromosomes. 

Amassing data have demonstrated that polyploid cells are uniquely resistant to chemo- and radiotherapy, 

making polyploid cells integral components in driving the ongoing evolution of the patient disease and 

recurrence. We, therefore, became interested in illuminating the molecular mechanism(s) driving 14-3-3 

gamma-induced polyploidy, the net effect these cells had on genomic integrity, and whether this 

phenomenon occurred in vivo. By utilizing the fluorescence ubiquitin cell cycle indicator (FUCCI) 

system, we were able to show that overexpression of 14-3-3 gamma resulted in inhibition of mitotic entry, 

forcing some cells to bypass mitosis entirely, thereby facilitating the polyploid phenotype. In pursuit of 

investigating whether these polyploid cells could re-enter the cell cycle and undergo cell division, we 

developed a widely-applicable, nontoxic procedure for measuring DNA content in live cells by 

fluorescence microscopy. This capacity allowed a cell’s temporal location within the cell cycle and its 

DNA ploidy to be coupled with a variety of imaging directed analyses. By tracking these polyploid cells 
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over time in combination with the nuclear-reporter H2B-GFP, we were able to show that these polyploid 

cells are capable of entering mitosis, and when they do, they experience a prolonged and error-prone cell 

division. Collectively, these data demonstrated that the overexpression of 14-3-3 gamma resulted in a 

genetically unstable polyploid intermediate with the capacity to undergo mitosis and plausibly facilitate 

the transition into an aneuploid cell state. Equipped with this knowledge, we examined whether this 

phenomenon occurred in vivo. To do this, we turned back to the TCGA and confirmed that polyploid 

tumors had significantly elevated expression of 14-3-3 gamma compared to diploid tumors. This data may 

explain one avenue as to why elevated expression of 14-3-3 gamma correlates with more reduced survival 

in patients with lung adenocarcinomas. Taken together, our studies suggest that 14-3-3 may play a role 

in tumorigenesis by inducing polyploidy, which may set the stage for further changes that lead to 

neoplastic progression. 

 

 

 

 

 

 

CHAPTER 1: INTRODUCTION 

 

Non-small cell lung cancer 

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related mortality. The 

two major subtypes of NSCLC are adenocarcinomas and squamous cell carcinomas. 

Adenocarcinomas (ADs) originate from glandular cells that line the inside of the lungs, while 

squamous cell carcinomas (SCCs) originate from squamous cells – flat cells that line the inner 

airways of the lungs. Unfortunately, even when diagnosed at an early-stage (I and II), patients 
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suffering from lung cancer frequently succumb to their disease in as little as one to two years. 

However, some early-stage patients may survive five years or more, despite sharing the same 

clinicopathologic diagnosis and tumor stage. The cause of this variability is unclear. It is, 

therefore, a common goal in cancer research to understand the genetic drivers that promote lung 

tumorigenesis as well as the aberrant expression of passenger proteins that facilitate lung cancer 

development and progression. Efforts in building this network of understanding have resulted in 

more than 100 different prognostic markers for lung cancer [1,2]. It is likely that several of these 

markers provide some degree of biological insight into lung tumorigenesis, with a particular 

emphasis on those proteins that have been published on more than once with a high degree of 

consistency. However, most of these molecular targets have never been explored therapeutically 

[3]. To date, there are two clinically-validated and FDA approved molecular targets for lung 

cancer, epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) [3]. 

Despite the huge success stories following the implementation of a variety of targeted therapies 

for these two proteins, lung cancer still accounts for more than 1.4 million deaths per year [4]. 

Indeed, a significant proportion of these deaths can be attributed to late detection, as symptoms 

for lung cancer often do not manifest until later stages in the disease, but it is clear that genomic 

aberrations driving tumor growth, metastasis and resistance underlie the aggressiveness of early-

stage lung cancer mortality. Therefore, the exploration of alternative drivers of lung cancer may 

lead to more effective targeted therapies. In this context, our laboratory is keenly interested in 

elucidating the role of 14-3-3 proteins in driving lung tumorigenesis and discerning whether 

these biomolecules can be leveraged for therapeutic intervention.  

14-3-3 proteins: Structure, Function and Regulation  
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The 14-3-3 family members are a group of highly conserved scaffolding proteins present 

in all Eukaryotes [5]. In mammals there are seven isoforms (-beta, -gamma, -epsilon, -eta, 

-sigma, -theta or -tau, and -zeta) [6]. Although encoded by distinct genes, the 14-3-3 family 

exhibits an extraordinary degree of conservation, even between species, suggesting that their 

function in eukaryotic cells is substantial (Figure 1.1). To this end, the species Saccharomyces 

cerevisiae and Schizosaccharomyces pombe contain two synthetically lethal 14-3-3 isoforms, 

BMH1-BMH2 and rad24-ra25, respectively [7,8]; demonstrating that 14-3-3 proteins have 

essential roles in some single-celled eukaryotic organisms.  

The unusual 14-3-3 nomenclature, first described by Moore and Perez, is derived from 

their elution on diethylaminoethyl cellulose chromatography and migration profiles by gel 

electrophoresis [9]. Moore and Perez eluted proteins from bovine brain homogenate and in the 

14th fraction, a group of proteins was found at position 3.3 after subsequent gel electrophoresis; 

hence, they named these molecules “14-3-3” proteins. Initially there were 9 identified 14-3-3 

isoforms in humans, but it was later shown that the postulated alpha and delta isotypes were in 

fact phosphorylated versions of beta and zeta, respectively [10]. In monomeric form, these 

~30kDa proteins are composed of nine antiparallel alpha-helices and are all nearly identical in 

structure [11]. The 14-3-3 molecule is usually described with a cup-like shape. The inner 

concaved surface also referred to the amphipathic groove for its cluster of polar and nonpolar 

charges, is conserved between isoforms while the outer surface is relatively variable [12]. 

Because many ligands bind to all seven human 14-3-3 isoforms, it was predicted that the 

amphipathic groove is where 14-3-3 binding is mediated. This was later confirmed 

unequivocally by both mutational analysis and co-crystallization studies [11–13].  
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Typically, 14-3-3 proteins recognize and bind to phospho-serine and phospho-threonine 

motifs on client proteins, analogous to the phospho-tyrosine binding (PTB) and the Src 

homology 2 (SH2) domains. Using a series of phosphoserine-oriented peptide libraries to probe 

various 14-3-3 proteins, two consensus motifs recognized by all 14-3-3 isoforms were observed: 

mode 1, RSX[pS/pT]XP and mode 2, RXY[pS/pT]XP (where X is any amino acid) [14]. It is 

important to note that although most of the 14-3-3 binding partners identified to date contain 

either mode 1 or mode 2 motifs, several proteins that interact with 14-3-3s in a phosphorylation-

dependent manner do not contain either of these motifs [15–17], indicating that some variations 

on the above motifs can be tolerated. Furthermore, 14-3-3s can bind to some proteins with high-

affinity in a phosphorylation-independent manner [18,19]. It has been suggested that the 

necessity for phosphorylation is surmounted by the presence of several negatively charged 

residues [20].  
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Figure 1.1 Sequence alignment of human 14-3-3 isotypes.  
Residues conserved in at least six of the seven isotypes are shaded gray. The structure of 14-3-3 

is indicated by helices above the alignment. Residues within the binding cleft that interact with 

peptide ligands or with the serotonin N-acetyl transferase molecule are indicated by filled circles. 

Acidic residues within the divergent C-termini are boxed. [21] 

 

 

 

 

Several studies have evaluated whether 14-3-3 proteins harbor endogenous catalytic 

function, and for decades it has been widely accepted that they do not. Only recently has one 

study ascribed a novel ATPase activity to several of the 14-3-3 isoforms [22]. Although 

interesting, the implications of the newly described ATPase activity has yet to be explored. 

Traditionally, 14-3-3 proteins have been characterized solely as scaffolding proteins. While 

scaffolds are not strictly defined in function, they are known to bind and interact with multiple 
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members within a signaling pathway, tethering them into complexes. To date, more than 200 14-

3-3 ligands have been identified [23], and it is predicted that nearly 2000 may exist [24].  

Once bound, 14-3-3s regulate the activity of their ligands in several ways (Figure 1.2): 

(1) they form scaffolds, bringing two proteins together that can act on one another. (2) 14-3-3 

binding can alter the client protein’s structural conformation, thereby increasing or decreasing 

the catalytic function depending on the 14-3-3-induced conformational change [21]. (3) Since 

14-3-3s bind to phosphorylated residues, a shielding effect can occur at those sites from 

phosphatases or proteolytic degradation, thus preserving the ligand’s state of stability and 

activity [25]. (4) 14-3-3s can modify signal transduction by altering the subcellular localization 

of critical proteins within the pathway [21], often a result of 14-3-3-mediated occlusion of 

nuclear localization sequences [26]. Collectively, 14-3-3 proteins regulate the activity of bound 

ligands in a multitude of ways, and as a consequence can affect the signal transduction of a 

variety of cellular processes.  
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Figure 1.2. Mechanisms of 14-3-3 function. 

14-3-3s can increase or decrease their target proteins activity by binding to and altering the 

target’s functional characteristics. Adapted from [25] 
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14-3-3 isotypes bind to client proteins either in monomeric form or as self-assembled 

homo- and heterodimers. Several in vitro studies have demonstrated that in monomeric form, 14-

3-3 molecules are capable of binding various targets with comparable proficiency to the 

dimerized form. However, in vivo studies have shown that dimerization is essential when 

facilitating binding to ligands with low-affinity motifs [27]. Notably, the consequences of 14-3-3 

binding described above are likely to have a greater influence on ligands with more than one 14-

3-3 binding site, as it has been demonstrated by Yaffe et al., that peptides with two tandem 14-3-

3 binding motifs display greater than a 30-fold increase in binding affinity [28]. The implications 

of this data suggest that in monomeric form, 14-3-3 molecules may only have the capacity to 

bind to proteins containing high-affinity binding sites, whereas two ‘low-affinity’ motifs on the 

same ligand may be suitable for stable 14-3-3 binding in the dimeric form. To this end, several 

ligands such as Wee1, keratin K18, Cbl, IGF-I receptor, IRS-1, and DAF-16 all require at least 

two phospho-binding sites for stable 14-3-3 association, suggesting that the dimeric form – 

capable of binding two distinct sites – is required to facilitate binding with proteins harboring 

low-affinity binding motifs [27].  

As mentioned above, the 14-3-3 family is highly conserved – both in sequence and in 

function – over a wide range of mammalian species, leading to the notion that there are perhaps 

overlapping functions between the 14-3-3 family members. This point can be further supported 

by the dimerization that occurs between several of the isoforms. Apart from sigma, which has 

been demonstrated to only dimerize with itself, several studies have shown that 14-3-3 isoforms 

are able to form heterodimers [14,29], indicating that the 14-3-3s share binding partners in some 

cases. To that end, Yang et al. explored the dimerization preferential between four 14-3-3 

isotypes (, , , ), and found that  strictly preferred hetero-dimerization to the other three 
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isoforms with no homo-dimers detected. In contrast, when  was not involved, the other three 

isoforms displayed indiscriminate binding to each other or oneself, demonstrating that some 

degree of functional redundancy must exist [30]. There are, however, few regions of sequence 

diversity across the isoforms making them distinct from one another. This is demonstrated well 

by Paul et al., who examined the degree of amino acid similarity across all 13 Arabidopsis 14-3-

3s (Figure 1.3), and showed that there are several regions that remain variable among the various 

isoforms [31]. In summary, it wouldn’t be unreasonable to assume that each of the seven 

mammalian 14-3-3 isoforms harbors some unique functions.  
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Figure 1.3 The degree of amino acid similarity across all 13 Arabidopsis 14-3-3s is 

displayed graphically.  

Amino acid sequences were aligned in Vector NTI and generated with a resolution window of 

five residues. [31] 
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Although 14-3-3s regulate the activities of their client proteins, 14-3-3 activity is also 

regulated at both the genetic and protein level. Beginning at the protein, post-translational 

modifications of the 14-3-3 isoforms themselves are now established as integral components of 

their regulation. Phosphorylation of 14-3-3s at specific residues have been studied extensively 

and are reviewed in [32]. In most cases, phosphorylation-dependent regulatory mechanisms 

result in reducing the interaction between 14-3-3s and their client proteins, and can also 

influence dimerization. Hence, 14-3-3 proteins can be inhibited by endogenous mechanisms. In 

addition to phosphorylation, there have been a number of other post-translational modifications 

that act on 14-3-3s, including fatty acylation and acetylation [10,33], polyglycylation [34], 

oxidation [35], and proteolytic processing [36]. The elucidation of these various post-

translational modifications have demonstrated that there are several regulatory mechanisms 

affecting the function of 14-3-3 molecules at the protein level.  

In contrast, despite the vast body of literature on 14-3-3 proteins, very limited effort has 

been dedicated to studying their regulation at the genetic level, leaving several questions 

unanswered. For instance, even very broadly, how are 14-3-3 expression patterns being 

regulated? Are they regulated collectively or in an isoform-independent manner? Furthermore, is 

there a threshold level of 14-3-3 expression that must be met for cell survival, irrespective of 

which isoform is being expressed; or, must specific isoforms reach a certain degree of expression 

in a cell-type dependent manner? Unfortunately, these questions have not been addressed 

directly. There are, however, a few studies that have expanded on this body of knowledge. For 

instance, Hermeking et al. explored the mechanisms regulating 14-3-3 sigma’s expression in 

DNA damage response. They showed that following DNA damage, 14-3-3 is upregulated in an 

isoform-independent manner, mediated by a p53-responsive element [37]. This data was the first 
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of its kind to demonstrate that transcriptional regulation of the 14-3-3s may be, in some cases, 

isoform-specific. Nevertheless, this area of research requires far more resolution before a 

comprehensive understanding of how 14-3-3s are regulated at the genetic level can be achieved.  

Cellular processes regulated by 14-3-3 proteins 

With an array of client proteins, 14-3-3s can be found interweaved within a variety of 

cellular processes. In the context of cancer, those profoundly affected by the dysregulation of 14-

3-3 proteins include DNA damage responses and subsequent checkpoint activation, cell cycle 

regulation, and apoptotic signaling.  

DNA damage response 

During canonical cell cycle progression, DNA is replicated and segregated equally to two 

daughter cells. Checkpoints are in place to ensure that any DNA damage that occurs during 

progression is repaired before the cell commits to mitosis. Following the detection of DNA 

damage, cells attenuate cell cycle progression until the damage is corrected, or if the damage is 

too extensive, the cell commits to apoptosis. 14-3-3 proteins were recognized decades ago as 

having integral roles in checkpoint activation through genetic studies utilizing 

Schizosaccharomyces pombe, where 14-3-3 homologs rad24 and rad25 were identified as 

regulators of the G2/M checkpoint [8]; demonstrating that loss of rad24 or rad25 results in 

premature entry into mitosis, substantiating for the first time their role in regulating cell cycle 

progression.  

G2/M checkpoint 

The cell cycle of eukaryotic cells is usually subdivided into four distinct phases and 

involves three significant transitions positioned at the onset of DNA synthesis and at the entry 
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and exit of mitosis. The central regulators of these major phase changes are cyclin-dependent 

kinases (CDKs) and their cyclin binding partners. CDKs alone are sedentary molecules, and their 

concentrations within the cell remain relatively constant. Instead, their activity is turned on and 

off through the synthesis and degradation of their cyclin subunits, which are in continuous flux 

[38], but also require the phosphorylation of a key residue in their activation loop of the kinase 

subunit to fully open the catalytic cleft, referred to as the “T-loop” [39]. Like many vital players 

driving cellular growth, the activity of the protein kinase subunit can be modulated by a variety 

of molecular changes. For instance, until the transition from G2 into mitosis is initiated, Cdk1 is 

maintained in an inactive state by two kinases, Myt1 and Wee1, which phosphorylate two 

inhibitory residues on Cdk1, T14, and Y15, in the ATP-binding site, respectively [39]. Removal 

of these inhibitory phosphorylations by the Cdc25 family of phosphatases permit Cdk1/cyclin B 

activity [39].  

Several studies have established that 14-3-3s regulate many of the protein kinases and 

phosphatases that act on Cdk1 in the transition from G2 into mitosis. Graves et al. demonstrated 

that during DNA synthesis, cdc25c is sequestered into the cytoplasm mediated by 14-3-3 

binding, thereby disallowing premature activation of Cdk1 and subsequent entry into mitosis 

[40]. Moreover, Wee1, one of the two kinases that add an inhibitory phosphate to Cdk1, is also 

regulated by 14-3-3 binding. Wang et al. showed that 14-3-3s increase the kinase activity of 

Wee1, and when co-expressed, a G2/M arrest ensues [41]. Interestingly, 14-3-3 sigma has been 

shown to act on Cdk1 directly, whereby binding to sigma results in cytoplasmic sequestration 

and a G2 arrest [42].  

Mitosis 
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For decades it has been well characterized that 14-3-3 proteins play a significant role in 

cell cycle progression; however, their capacity to also regulate mitotic advancement is only 

recently coming into light. It has been demonstrated that 14-3-3s help to facilitate progression 

through mitosis at several stages. Kasahara and colleagues demonstrated that phosphorylation of 

polo like Kinase I (Plk1) at Ser99 promotes binding with 14-3-3s to increase Plk1’s kinase 

activity and that without this interaction, the spindle assembly checkpoint was activated and 

mitotic delay resulted [43]. Furthermore, 14-3-3 binding to protein kinase C epsilon (PKC) 

promotes the completion of telophase and subsequent cytokinesis. Whereby loss of 14-3-3 

binding to PKC results in a cytokinesis delay and occasionally failure, leading to the production 

of multinucleated polyploid cells [44].  

G1/S checkpoint 

Analogous the G2/M checkpoint, 14-3-3 proteins interact with several key effector 

molecules in the G1/S-phase transition. Similar in fashion, they negatively regulate Cdc25 

phosphatases from activating CDK complexes critical for the G1/S transition [45]. Furthermore, 

14-3-3 again has been shown to bind to Cdk2 and Cdk4 directly, resulting in the cytoplasmic 

retention of these proteins [46]. These negative regulatory mechanisms have long left 14-3-3 

proteins in the light as inhibitors of cell cycle progression. However, a role for 14-3-3 proteins in 

promoting cell cycle progression has emerged from a recent finding that 14-3-3s bind to 

p27KIP1at the G1/S interface, a CDK inhibitor that mediates a G1-arrest by inhibiting 

Cdk2/Cyclin E. Following AKT phosphorylation on p27KIP1, a binding site is established for 14-

3-3 binding, which results in the cytoplasmic sequestration of p27 and ultimately leads to cell 

cycle progression [47]. Thus, 14-3-3 proteins have the capacity to either suppress or promote the 

transition from G1 into S-phase, likely as a function of a cell’s response to extrinsic factors.   
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Collectively, it is clear that 14-3-3 proteins are deeply involved in cell cycle regulation, 

having a hand in nearly every step of progression [48]. Although there are appears to be some 

role in promoting cell cycle progression from G1 to S-phase and during mitosis, in most cases, 

14-3-3s act to negatively regulate cell cycle progression (Figure 1.4).  
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Figure 1.4 14-3-3 in cell cycle regulation.  

↑, Activation of cell cycle progression; ⊥, inhibition of cell cycle progression. [49] 
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14-3-3s and apoptotic signaling 

The role of 14-3-3 proteins in apoptotic signaling came into light from a set of 

experiments examining the interaction between 14-3-3s and BH3-domain-containing proteins. 

Two pro-apoptotic effectors, Bcl-2-associated death promoter (BAD) and Bcl-2-associated X 

protein (BAX), have been shown to be directly inhibited by 14-3-3 binding. It was demonstrated 

that after physical binding to BAD, 14-3-3s mediate transient sequestration from the downstream 

pro-apoptotic effector Bcl-XL. Moreover, while bound, BAD is held in a conformation that 

permits phosphorylation of additional residues in its BH3 domain, leading to a more permanent 

state of inactivation [50]. Similar to the regulation of BAD, 14-3-3’s bind to BAX and prevent its 

relocation to the mitochondria where it usually interacts with BAK to induce permeabilization of 

the outer mitochondrial membrane and trigger the release of cytochrome C and SMAC/DIABLO 

to activate the caspase cascade of death [51]. Interestingly, the effects of 14-3-3 binding can be 

abrogated by Jun amino-terminal kinase (JNK), which phosphorylates the bound 14-3-3 protein, 

triggering the release of BAD or BAX [52].  

14-3-3s not only interact on BH3-domain-containing proteins but also on transcription 

factors involved in the apoptotic response. The FOXO family of transcription factors respond to 

metabolic stressors in the cell and drive the expression of a pro-apoptotic program [53]. In fact, 

many of the FOXO transcription factors are bound by 14-3-3 proteins following their AKT-

mediated phosphorylation, leading to cytoplasmic sequestration and prevention from binding to 

the DNA [54,55]. Collectively, 14-3-3 proteins regulate the apoptotic response at several levels, 

from effector BH3 domain-containing proteins to upstream activators and transcription factors 

Figure 1.5. 
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Figure 1.5 Roles for 14-3-3 proteins at multiple points in the apoptotic signaling network.  
14-3-3 proteins bind numerous effectors of apoptosis, shaded orange, yellow and green, to 
inhibit their pro-apoptotic function (see text for details). Apoptotic activation is facilitated by 
JNK-mediated phosphorylation of 14-3-3, triggering the release of these apoptotic effectors. 
This can occur, for example, through a feedforward loop activated through the TNF- receptor. 
[52] 
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14-3-3 proteins in human health and disease 

Following their discovery in 1967, 14-3-3 proteins were considered for a long time to 

solely brain-specific, as they do comprise approximately 1% of its total soluble proteins [56]. 

Because 14-3-3 proteins are so abundant in the brain, they have been studied extensively in this 

context and have been found to be involved in many aspects of brain function, including neural 

signaling, neurogenesis, and differentiation, neuroprotection, neuronal migration, 

neuromorphogenesis, and synaptogenesis, as reviewed in [52 and 53]. With such vast roles in 

neuronal function, it should come without surprise that dysregulation of these proteins has been 

implicated in several neurodegenerative, neurodevelopmental and neuropsychiatric disorders 

[52,53].  

Although these proteins are abundant in the brain, it has since been demonstrated that 14-

3-3 proteins can be found in almost all tissue types. Aghazadeh and his colleague Papadopoulos 

sought to draw a relationship between tissue-specific isoforms by utilizing two microarray 

datasets to explore expression profiles for five of the 14-3-3 isoforms. They found differential 

expression patterns in a variety of tissue types, demonstrating that there is tissue specificity for 

each isoform [59].  

It wasn’t until roughly 25 years following their initial elution from bovine brain 

homogenate that 14-3-3s were recognized to have roles in tumorigenesis. This notion came to 

light when the 14-3-3s were shown to interact with a number of proteins that, at the time, were 

being investigated for their oncogenic capacity, including critical effectors in the Raf kinase 

family [60]. It was later determined by several lines of investigation that the relationship between 

Raf and 14-3-3 binding is somewhat complicated, and in some cases, binding increases Raf 

activity, and in others, it decreases activity, as reviewed in [61]. Nevertheless, these discoveries 
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built the foundation to a mountain of data that now conclusively associates 14-3-3 proteins with 

tumorigenesis.  

Tumor-promoting and tumor suppressing roles of various 14-3-3 isoforms 

Increased expression of oncogenes or the inactivation or reduction in the expression of 

tumor suppressor genes can lead to oncogenic transformation. 14-3-3s have been found to bind 

with and control the activity of effector proteins involved in both tumor suppression and 

promotion. Perhaps the most extensively studied isoform is 14-3-3 sigma, as changes in its 

expression patterns have been associated with a multitude of human epithelial cancers. In the 

early 2000s, several studies examined sigma’s role in human tumorigenesis and demonstrated its 

implications as a tumor suppressor. This began with a study performed by Ferguson et al., who 

showed that 14-3-3 sigma’s expression was significantly down-regulated in 45 out of 48 primary 

breast carcinomas examined. This reduction in expression was attributed to gene silencing by 

hypermethylation that had occurred at the promoter region of sigma’s gene locus [62]. Since, 

similar trends of cancer-associated down-regulation of 14-3-3 sigma have been observed in a 

variety of tissue types, suggesting that tumor suppression may be a common role of 14-3-3 

sigma.  

Although sigma has not shared much of the spotlight with the other 14-3-3 isoforms in 

regards to functioning as a tumor suppressor, our laboratory has recently characterized an 

additional isoform that may share similar functional cancer-associated properties. After 

examining mRNA expression of all seven 14-3-3 isoforms in both normal and cancerous 

colorectal tissues, we found that neoplastic tissue harbored a significant decrease in both sigma’s 

and eta’s expression. Further analysis showed that this downregulation of both isoforms was due 

to hypermethylation of their promoter regions. Reasoning that epigenetic silencing of sigma was 
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a trademark of its tumor suppression function, eta was run in parallel with sigma in a focus 

formation assay to test for its ability to inhibit Ras-induced transformation (Figure 1.6). It was 

found that eta was, in fact, capable of suppressing Ras-induced transformation of NIH3T3 cells 

[63], implying that eta may also act as a tumor suppressor; perhaps in a cell-type specific 

manner.  
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Figure 1.6 Overexpression of 14-3-3 eta inhibits Ras-induced focus formation in NIH3T3 

cells. 

 a H-ras and Flag-14-3-3 eta expression plasmids were transfected into NIH3T3 , replated 24 h 

after transfection and maintained for an additional 21 days. Subsequently, the cells were stained 

with crystal violet and the number of foci quantified using an Oxford Optronix colony counter, 

UK. The experiment was conducted in octuplicate. Representative plates from each of the four 

experimental groups are depicted. b In a parallel control experiment NIH3T3 cells were 

transfected with H-ras and H-ras plus empty vector and treated as in a. The experiment was 

conducted in octuplicate. c The number of foci in panels a and b were quantified and plotted. 

Horizontal bars depict the average number of foci per dish. (*: p < 0.05, Student’s t-Test). d A 

western blot was used to verify the expression of H-ras and N-terminally-tagged Flag-14-3-3 eta 

proteins in NIH3T3 transformants. e A western blot was used to verify expression of H-ras in 

both Ras and Ras plus Vector group transformants shown in panel b. [64] 
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In addition to their roles of facilitating a tumor suppressive response, it is now clear that 

14-3-3 proteins are playing substantial parts in promoting tumorigenesis. This point is 

demonstrated most simply by evaluating the expression of the 14-3-3 proteins in normal versus 

cancerous tissue. In the lung, for example, normal tissue presents with detectable levels of 

epsilon and zeta, while the remaining isoforms are virtually untraceable. In lung cancers, 

however, isoforms beta, gamma, sigma, and theta are upregulated in addition to the zeta and 

epsilon [65], supporting the notion that 14-3-3s may have a role in promoting lung 

tumorigenesis. Further analysis has shown that upregulation of several of the 14-3-3 isoforms 

associated with a poorer prognosis in patients. Throughout the 14-3-3 literature, three isoforms 

consistently prove to have considerable effects on patient prognosis when their expression 

becomes upregulated in cancers; 14-3-3 zeta, beta, and gamma.  

Perhaps the most well-documented tumor-promoting 14-3-3 isoform is that of zeta. Its 

expression is upregulated in a multitude of cancer subtypes [66]. Moreover, 14-3-3 zeta’s 

upregulation correlates with lower overall survival rates in patients with intrahepatic 

cholangiocarcinoma [67], non-small cell carcinoma [68,69], glioblastoma [70], prostate cancer 

[71], gastric cancer [72], breast cancer [73], ovarian cancer [74], and adenocarcinomas of the 

esophagogastric junction [75]. Several of these studies also demonstrated that overexpression of 

14-3-3 zeta was an independent predictor of disease recurrence, suggesting that this isoform may 

be a suitable prognostic marker for poorer survival.  

The remaining 14-3-3 isoforms harboring tumor-promoting properties appear to act in a 

cancer-specific manner. Tseng et al. showed that 14-3-3 beta’s expression was significantly 

elevated in gastric cancers when compared to normal tissue, with identical results at the serum 

level of patients with gastric cancer compared to controls. Furthermore, patients with high levels 
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of 14-3-3 beta within their serum showed poorer overall survival and recurrence-free survival 

[76]. High expression 14-3-3 beta was also correlated with poorer disease-specific survival in 

vulvar squamous cell carcinoma [77] and in hepatocellular carcinoma [78]. Similarly, high-

expression of 14-3-3 gamma has been correlated with a more unfortunate clinical outcome in 

breast [79] and hepatocellular carcinomas [80] and trended towards associating with poorer 

survival in NSCLC [81]. Collectively, aberrant upregulation of several of the 14-3-3 isoforms 

can result in significant pathological consequences.  

Polyploidy is a common result of 14-3-3 overexpression 

As described above, the 14-3-3s are integral regulators of cell cycle progression. Over the 

last several decades there have been numerous studies to have knocked down or knocked out one 

or many of the 14-3-3 isoforms to pinpoint their roles in cell cycle regulation. This has 

undoubtedly led to substantial discoveries in their activities in regulating cell cycle progression. 

However, our laboratory has been far more interested in studying the tumor-promoting effects of 

14-3-3 proteins and have therefore utilized an overexpression approach to study how 

upregulation of their expression can alter cell cycle progression.  

Following the overexpression of each isoform independently, we have been able to 

characterize several perturbations to canonical cell cycle progression that occur in a cell-type and 

isoform-dependent fashion. Perhaps the most striking observation made in our laboratory has 

stemmed from the overexpression of 14-3-3 gamma. We demonstrated that when 14-3-3 gamma 

is expressed constitutively in vitro in an H322 lung adenocarcinoma cell line, a fraction of the 

cells abort canonical cell cycle progression and become polyploid [82] – they contain more than 

two complete sets of chromosomes. We went on to show that these polyploid cells re-enter cell 

cycle progression and continue through a second round of DNA synthesis (Figure 1.7). These 
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observations remained a central focus in our laboratory and laid the foundation to my graduate 

studies.  
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Figure 1.7 Overexpression of 14‐3‐3γ leads to abnormal DNA replication and increased 

DNA content. Mock-transfected cells (control) and H322γ1 (H322γ1) cells were grown to 70% 

confluence and treated with 3 µg/ml aphidicolin for 24 h, released from the aphidicolin block, 

and the cells re‐cultured in regular medium. At 0, 8, 16 and 24 h after release from aphidicolin, 

the cells were harvested and prepared for analysis. (propidium iodide) DNA content is shown on 

the x-axis, and number of cells with a particular DNA content is shown on the y-axis. (BrdU) 

Cells were labeled with BrdU for 1 h at the indicated time intervals, stained to detect BrdU 

incorporation as indicated in the section “Materials and Methods,” and analyzed using two‐

dimensional flow cytometry. Representative histograms of each sample are shown. The level of 

BrdU incorporation is shown on the y‐axis, and the DNA content is shown on the x‐axis. Arrows 

mark the position of various phases of the cell cycle in some of the histograms. [82] 
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The consequences of polyploidy in human tumorigenesis  

It has long been appreciated that adaptation and evolution are necessary characteristics of 

cancer cells. In order for malignancy to be achieved, individual cells must randomly acquire 

mutations that procure improved fitness; they must then adapt to their increased metabolic 

requirements followed by successive cycles of this process, termed clonal expansion. When a 

tumor has formed, it usually exists as a heterogeneous mass of clonal sub-colonies that have 

evolved together to withstand new stressors. If along the progression to cancer a distinct colony 

acquires elevated genomic content (polyploid tumor cells), then those cells will have the capacity 

to adapt and evolve quicker than their diploid counterparts, as has been shown in several studies 

to have inherently increased rates of genomic instability [83–86]. This increase in genomic 

instability fosters rapid adaption, allowing polyploid cells to be uniquely resistant to chemo and 

radiotherapy, rendering polyploid cells key players driving the ongoing evolution of the patient 

disease and recurrence [83]. Moreover, amassing evidence indicates that polyploid cells represent 

a semi-stable state of steadiness between diploidy and aneuploidy [87–89]. This metastable state 

is considered so because of the increased complications associated with the segregation of 

chromosomes in mitosis. More specifically, human cells face the problem of supernumerary 

centrosomes when they become polyploid; too many centrosomes can result in loss of a bipolar 

spindle in mitosis, which is necessary for normal chromosome segregation [86,90,91]. Some 

polyploid cells manage to cluster the extra centrosomes into a bipolar orientation by mechanisms 

not yet fully understood [92]. When this ensues, chromosomal segregation can occur evenly or 

near evenly between daughter nuclei, usually generating equivalent tetraploid daughter cells. 

However, polyploid cells that form a multipolar spindle will lead to asymmetric chromosomal 

segregation that will most often result in profoundly aneuploid daughter cells [93], that is, they 
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contain numerical chromosome complements differing from the diploid state and distinct from 

polyploidy, which entails extra copies of the entire genome. These aneuploid cells have 

individual fates as their chromosomal makeup is distinct to how they lost or gained genetic 

material. The majority of these cells will endure apoptosis due to gross DNA damage, but the 

stochastic characteristic of dysregulated segregation allows some cells to maintain essential 

chromosomes that permit adaptation to abnormal ploidies, consequently leading to rapid changes 

in whole chromosome numbers following divisions. Therefore, it is believed by many that 

polyploidization and subsequent de-polyploidization contributes significantly to the aneuploidy 

seen in cancers [87,94].  

During development, ploidy abnormalities are predominantly lethal. However, post-

development, polyploidy is a common phenomenon in humans that occurs naturally in liver 

cells, trophoblast giant cells, skeletal muscle and in megakaryocytes [84]. Although polyploidy is 

common, the biological properties of polyploid cells are poorly understood [92,95]. On the other 

hand, the routes leading to polyploid DNA content, most often tetraploidy (4N) in humans, has 

been thoroughly mapped (Figure 1.8). There are four routes a diploid cell can take to become 

polyploid, and these four are tightly regulated in normal development. The first is through an 

event termed endoreduplication, where cells skip mitosis entirely after synthesizing their DNA. 

This usually occurs by oscillating levels of Cdk2 and Cyclin E causing the cell to alternate 

between S and G phases. Cyclin B levels are also depressed in cells that undergo 

endoreduplication, which is required for the cells to mitigate entry into mitosis [96]. This can 

repeat multiple times in a cell’s lifetime as seen in trophoblast giant cells of the placenta, or cells 

can undergo one endocycle and then enter mitosis with tetraploid DNA content [84]. The second 

route to polyploidy is when mitosis is aborted before cytokinesis can occur (endomitosis), as 
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seen in megakaryocytes. This typically happens after the cells have progressed through 

metaphase. The most frequent cause for cells to abort mitosis is due to suboptimal levels of Cdk1 

and Cyclin B activity or premature degradation of Cyclin B [97]. Endomitosis and 

endoreduplication both rely heavily on similar molecular mechanisms, namely abnormal levels 

of cyclin and CDK activity, and for this reason, they are usually grouped together as the process 

of “endoreplication.” The third route occurs when cells successfully complete karyokinesis but 

fail to complete cytokinesis, simply termed failure of cytokinesis. More specifically, the daughter 

nuclei properly separate, but cell division fails, resulting in a binucleated polyploid cell. This 

mechanism is employed in normal development of hepatocytes. The final route to polyploidy is 

one that can be observed in skeletal muscle cells, where cells will fuse with one another, often 

forming multinucleated cells [84]. The aforementioned examples are found in normal tissue 

development and are tightly regulated. Conversely, when a cell aberrantly transitions from 

diploid to tetraploid, there can be a variety of consequences. Usually, these consequences lead to 

cell cycle arrest mediated by p53, p21 or Rb [87,93,98]. However, with an appropriate portfolio 

of genetic alterations, polyploid cells are able to mitigate this arrest and proliferate with an 

accelerated ability to adapt and evolve [99,100]. This is problematic because uncoordinated 

polyploidization occurs in a relatively large fraction of human tumors (Table 1.1).  

There are a variety of known mechanisms that enhance a cells likeliness to becoming 

polyploid. Inactivation of tumor-suppressor genes such as Rb, p53, p21, APC, PLK4, CDKN2A 

have been observed to increase the frequency of polyploidization [87]. Furthermore, activation of 

oncogenes such as MYC, AURKA, AURKB, PLK1, and others can also result in 

polyploidization [95]. Studies in our laboratory suggest that upregulation of 14-3-3 gamma is 

also capable of inducing polyploidy in NSCLC.  
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Figure 1.8 Mechanisms for tetraploidization in cancer.  

The schematic shows (a) normal cell cycle progression, and the four primary mechanisms by 

which tetraploidization has been proposed to arise from a diploid progenitor: (b) 

endoreduplication, (b) endomitosis, (c) cytokinesis failure (d) cell fusion.  
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Table 1.1 Incidence of hypertriploid karyotypes in various cancers 
a Based on http://cgap.nci.nih.gov/Chromosomes/Mitelman. For each tumor type, a search of the 

tumors containing a chromosome number >68 was performed, and the percentage of such tumors 

was calculated. The total number of tumors for each type is indicated (n). b Frequency of 

inactivation of the p53 pathway, including p53 mutation (databases http://www-p53.iarc.fr/, 

http://p53.free.fr/index.html, and specific references) or loss of heterozygosity (LOH) and 

amplification of murine double minute 2 (MDM2) (Momand et al. 1998). c Frequency of 

inactivation of the Rb pathway, including mutation; LOH; or methylation of Rb, p16, p18, and 

amplification or overexpression of CyclinD or CDK4/6 genes (Ruas & Peters 1998, Sharpless & 

Chin 2003). d In cervical cancer, p53 and Rb inactivation are mediated by HPV-E6 and HPV-E7 

proteins, respectively (Moody & Laimins 2010). e The frequency of inactivation of the p53 and 

Rb pathways in neuroblastoma is not completely clear because most studies have been 

performed on cell lines (Brodeur 2003, VanMaerken et al. 2009). [84] 
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Statement of the Problem  

Mounting data has demonstrated that if along the progression to cancer a distinct colony 

acquires elevated genomic content (polyploid tumor cells), then this population of cells will have 

a higher capacity to endure chemo and radiotherapy, suggesting that these cells may be crucial 

players driving therapeutic resistance. Moreover, polyploid cells inherently have elevated levels 

of genomic instability due to harboring supernumerary centrosomes; therefore, polyploid cells 

have been theorized to also act as an intermediary state that degenerates into aneuploidy. In 

summary, polyploid tumor cells are exceptionally suited to advance tumor progression.  

Because polyploid cells are consequential to patient prognosis, efforts have been made to 

understand how these cells arise in human tumors and whether or not they can be targeted 

therapeutically. Many groups have observed polyploid cells as a result of experimentally 

overexpressing an oncogene. Likewise, research in our laboratory has shown that overexpression 

of 14-3-3, a scaffolding protein found at elevated levels in many cancers, induces 

polyploidization in vitro. Our laboratory has been studying the effects of aberrant 14-3-3 protein 

expression for many years because of their prominent role in human tumorigenesis.  

Recently, elevated levels of 14-3-3 have been shown to correlate with a poorer 

prognosis in patients suffering from breast, liver and lung cancers; making 14-3-3 a potential 

biomarker for the aggressiveness of these cancers. However, the mechanism(s) underlying 14-3-

3’s role in promoting a more aggressive cancer phenotype remains unresolved. Our in vitro 

studies suggest that 14-3-3 may induce polyploidization in vivo. Since polyploid cells play such 

a dominant role in cancer progression and therapeutic resistance, my objective is to elucidate the 

role that 14-3-3 has in the induction of polyploidy during tumorigenesis.  
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CHAPTER 2: 14-3-3 EXPRESSION PATTERNS IN NSCLC 

 

Comprehensive analysis of 14-3-3 protein expression in NSCLC 

 

I. Abstract 

In healthy lung tissue the expression levels of 14-3-3 proteins are relatively low and 

tightly regulated, however, in malignant tissues 14-3-3 expression patterns become deregulated 

and significantly elevated, leading to the postulation that some of the 14-3-3 isoforms act as 

promoters of lung cancer. Here we have examined the mRNA expression of all seven 14-3-3 

genes in normal and malignant lung tissues using publically available RNAseq datasets available 

with clinical information through the TCGA. Our study demonstrated tight regulation of mRNA 

expression in normal tissues and aberrant expression patterns in malignant tissues. We observed 

a significant upregulation of 14-3-3 sigma, gamma, zeta, and theta in early and late stage tumors 

in adenocarcinomas and squamous cell carcinomas of the lung when compared to normal tissues. 

Kaplan-Meier analysis revealed that high-expression of isoforms 14-3-3 sigma, gamma, and zeta 

correlated with poor survival in patients with lung adenocarcinoma, an observation not observed 

in patients with squamous cell carcinoma of the lung, despite sharing similar 14-3-3 mRNA 

expression profiles. This is the first study to examine the expression patterns of all seven 14-3-3 

isoforms comprehensively in adenocarcinomas and squamous cell carcinomas of the lung.  
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II. Introduction 

It is a shared goal in cancer research to understand the genetic drivers of tumorigenesis as 

well as the aberrant expression of passenger proteins that facilitate cancer development and 

progression. A comprehensive understanding of these molecular perturbations enables the 

development of more precise treatment options, patient stratification, and strategies for 

monitoring disease recurrence [4]. One family of proteins that is receiving a considerable amount 

of attention for their capacity to influence a multitude of oncoproteins are the 14-3-3 molecules, 

a family of seven distinct scaffolding proteins that have now been recognized as having concrete 

tumor-associated activities. Our laboratory has been particularly interested in the ability of 14-3-

3 proteins to promote lung tumorigenesis. These molecules were first implicated as having a role 

in promoting lung cancer after being found at significantly higher concentrations in malignant 

lung tissues compared to normal [101], since, there have been numerous publications linking 14-

3-3 proteins to lung tumorigenesis. Notably, our laboratory performed a comprehensive 

evaluation of the expression patterns of all seven 14-3-3 isoforms in both normal and cancerous 

lung tissues. We showed that the expression of two isoforms could be detected in normal lung, 

14-3-3 epsilon, and zeta, and found that six out of the seven isoforms were expressed in 

cancerous lung tissues, with the only exception being 14-3-3 eta [65].  

Having established that these molecules are frequently elevated in lung cancers, several 

groups have evaluated whether the 14-3-3s play a role in influencing patient prognosis. Isoform-

specific investigations using immunohistochemistry have demonstrated that high expression of 

14-3-3 zeta negatively influences patient prognosis [68,102,103]; a similar report was shown 

with high expression of 14-3-3 gamma, which trended towards significantly impacting patient 



46 
 

survival in a cohort of advanced NSCLCs [81]. However, it remains unresolved whether the 

remaining isoforms also play a role in impacting patient survival.  

Herein, we expand on these isoform-specific evaluations and present a comprehensive 

assessment of all seven 14-3-3 isoforms in malignant lung tissues. We evaluate the prognostic 

significance of four isoforms that are consistently upregulated in NSCLC: 14-3-3 sigma, gamma, 

theta, and zeta. Specifically, we utilize The Cancer Genome Atlas (TCGA) to examine mRNA 

expression of the 14-3-3 isoforms within lung adenocarcinomas and lung squamous cell 

carcinomas, the two major histologic subtypes of NSCLC. We compare and contrast the 

differential regulation of 14-3-3 expression profiles between the two cancer subtypes and explore 

whether these molecules influence patient prognosis when upregulated in lung cancers.  

III. Results 

a. The mRNA expression for 14-3-3 sigma, gamma, theta, and zeta are significantly 

upregulated in adenocarcinoma and squamous cell carcinomas of the lung when 

compared to normal lung tissue 

To begin characterizing the relationship between14-3-3 isoforms and lung cancer, we 

first sought to identify those that presented with increased expression in tumor samples 

compared to normal. To explore this, RSEM normalized RNAseq data was downloaded from the 

TCGA database for both lung adenocarcinoma (LUAD, tumor samples n = 507; normal samples 

n = 59 ) and lung squamous cell carcinoma (LUSC, tumor samples n = 497; normal samples n = 

51), and mRNA expression profiles were generated for all seven 14-3-3 genes.  

In both the LUAD and LUSC datasets, the expression of all seven isoforms appeared 

tightly regulated with discrete differences in expression between patients in the normal lung 
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samples (Figure 1, blue dots). However, it was evident that the expression patterns for all seven 

14-3-3 isoforms were deregulated in the tumor samples (red dots), with much larger distribution 

profiles across patient samples (Figure 1a & 1b). When tumor samples were normalized to 

display the average fold-change in expression, four isoforms presented with consistent elevation 

in both LUAD (Figure 1c) and LUSC (Figure 1d): 14-3-3 sigma, gamma, theta, and zeta. 

Interestingly, the degree to which each isoform was upregulated in LUSC is much higher than in 

the LUAD samples, with nearly a six-fold change in expression in sigma, and two-fold change in 

the remaining three isoforms. Whereas, in LUAD, sigma presents with slightly greater than a 

two-fold change in expression and the remaining isoforms titer around a one-fold change. This 

data suggests that the increase observed in sigma (SFN), gamma (YWHAG), theta (YWHAQ), and 

zeta (YWHAZ) may be induced by similar mechanisms between both cancer types, and perhaps 

either the mechanisms driving the increased expression are greater in LUSC, or that the 

regulation of 14-3-3 expression may be dysregulated in these cancers.   
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Figure 2.1 14-3-3 Gene mRNA Expression Data from TCGA. 
The mRNA expression of all seven 14-3-3 isoforms were assessed from TCGA’s RNAseq 

datasets for lung adenocarcinoma (LUAD, tumor samples n = 507; normal tissue n = 59) and 

lung squamous cell (LUSC, tumor samples n = 497; normal tissue n = 51) samples. A box and 

whiskers plot presents the z-score expression for all 14-3-3 isoforms in normal (blue dots) and 

tumor (red dots) samples in (a) LUAD and (b) LUSC. The fold change in expression from the 

tumor over normal samples are presented for (c) LUAD and (d) LUSC. A positive fold change 

indicates higher expression in tumor samples and a negative fold change represents higher 

expression in normal samples. Statistical significance (p < 0.05) is indicated by an asterisk.  
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b. Upregulation of 14-3-3 sigma, gamma, theta, and zeta occurs in early- and late-stage 

tumors. 

Having found that 14-3-3 sigma, gamma, theta, and zeta are significantly upregulated in 

both LUAD and LUSC samples when compared to normal tissues, we aimed to determine 

whether these isoforms were aberrantly expressed in early- and/or late-stage tumors. To do this, 

we first grouped the expression of these isoforms into cohorts of early-stage (stages I and II) and 

late-stage tumors (stages III and IV). Then we plotted 14-3-3 expression levels for the two 

cohorts and compared these to the levels of expression in the normal samples. It is evident that 

upregulation of these four isoforms occurs in early- and late-stage tumors (Figure 2), suggesting 

that dysregulation of these isoforms is an early event in lung tumorigenesis. Interestingly, in both 

the LUAD (Figure 2A) and the LUSC datasets (Figure 2B), the mean 14-3-3 expression (vertical 

dotted lines) for late-stage tumors appears highest among all groups, with the exception of 14-3-

3 sigma in the LUAD dataset, where its expression is similar between early- and late-stage 

tumors. Collectively, this data suggests that expression of these genes increases during tumor 

development, or that regulatory mechanisms in place to repress 14-3-3 expression decreases as 

the cancers advance.  
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Figure 2.2 mRNA expression of 14-3-3 gamma, sigma, theta, and zeta in normal lung tissue 

and in early and late stage lung cancers. 

Density plots were generated from TCGA’s LUAD and LUSC datasets. A) Gene expression data 

from 59 non-cancerous, 397 early-stage, ad 110 late-stage tissues were assessed from the LUAD 

dataset. B) 51 non-cancerous, 406 early-stage, ad 91 late-stage tissues from the LUSC dataset. 

Sample groups are split up into early-stage tumors (stage I & II, red) late-stage tumors (stage III 

and IV, green), and non-tumor tissues (blue). Statistically significant differences in mRNA 

expression between the populations are shown with brackets and measured at p < 0.05.  
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c. The upregulation of 14-3-3 sigma, gamma, and zeta correlate with poorer overall survival 

in patients with LUAD, but not LUSC 

We explored whether the four isoforms detected at significantly elevated levels in both 

LUAD and LUSC associated with poorer survival. To do this, RNAseq data was downloaded for 

the genes encoding 14-3-3 sigma (SFN), gamma (YWHAG), theta (YWHAQ), and zeta (YWHAZ) 

from the TCGA and were subsequently evaluated for patient survival. Expression values were 

split into four quartiles and samples falling in the highest quartile (top 25%) were categorized as 

high 14-3-3 expressers; the remaining lower three quartiles were categorized as low 14-3-3 

expressers. Kaplan-Meier analysis was then performed for each isoform assessing overall patient 

survival.  

We found that three out of the four 14-3-3 isoforms that were upregulated in both the 

LUAD and LUSC datasets – 14-3-3 zeta, gamma, and sigma – demonstrated a cancer-specific 

association with patient survival (Figure 3). Consistent with previous reports [67], high-

expression of 14-3-3 zeta correlated with poorer survival in patients with lung adenocarcinoma 

(Figure 3a, p = 0.028). However, we found that this relationship did not exist in patients with 

LUSC (Figure 3b, p = 0.386); a surprising result since the upregulation of 14-3-3 zeta was 

recently shown to associate with poor survival in two separate lung cancer studies, one 

comprised entirely of LUSC patients [68] and the other approximately 41% LUSC, 53% LUAD, 

and 6% other histologic subtypes [102]. These data suggest that 14-3-3 zeta may influence 

prognosis in patients with LUAD, but its effect in patients with LUSC is less certain. 

Similar to 14-3-3 zeta, high-expression of 14-3-3 gamma correlated with poorer survival 

in patients with LUAD (Figure 3c, p = 1.5e-06), but not in patients with LUSC (Figure 3d, p= 
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0.046). This is the first report to demonstrate that high expression of 14-3-3 gamma correlates 

with poor clinical outcome in patients with LUAD, and may lend an explanation as to why 

Raungrut et al. showed that high 14-3-3 gamma expression only trended towards an association 

with poorer overall survival in advanced NSCLCs (p = 0.055), as their study examined a cohort 

of patients composed of 33.3% LUSC cases and 64.1% LUAD cases. Perhaps most interestingly, 

a LUAD-specific association with patient survival was again found with high 14-3-3 sigma 

expression (Figure 5e, p = 0.001), but not in LUSC samples (Figure 5f, p = 0.338). Despite 14-3-

3 sigma’s reputation as functioning as a tumor suppressor in a variety of cancers, this data 

suggests that 14-3-3 sigma may have tumor-promoting effects in lung adenocarcinomas. The 

only isoform to show no association with patient survival was that of 14-3-3 theta (Figure 3g & 

3h). These data further substantiate 14-3-3 zeta and gamma’s role in influencing LUAD patient 

survival and strengthens the notion that 14-3-3 sigma acts in a tumor-promoting fashion in this 

cancer setting [104]. 
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Figure 2.3 Kaplan–Meier estimates of overall survival in LUAD and LUSC patients 

according to high 14-3-3 and low 14-3-3 expression groups. 

Estimates were performed in LUAD (left) and LUSC (right) samples for (a-b) 14-3-3 zeta 

(YWHAZ), (c-d) gamma (YWHAG), (e-f) sigma (SFN), and (g-h) theta.  
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IV. Discussion and Conclusions 

Accumulating evidence from tissue culture, animal models and patient samples now 

supports the notion that aberrant 14-3-3 expression contributes to the development and 

progression of many human diseases, including cancer. Here we demonstrate that four 14-3-3 

isoforms – zeta, gamma, sigma, and theta – are significantly upregulated in cancerous lung 

tissues when compared to normal samples; an event we believe to occur early in the transition to 

malignancy, as the upregulation of these proteins is dramatically elevated in early-stage cancers 

(Figure 2.2A). We further demonstrate that three out of the four upregulated 14-3-3 isoforms 

correlate with poor patient survival in a LUAD-specific manner; with the exception of 14-3-3 

theta, which showed no association with patient survival in either LUAD or LUSC.  

Traditionally, 14-3-3 sigma has been recognized for its tumor suppressing functions and 

is down-regulated in a variety of human malignancies, frequently attributed to hypermethylation 

of its promoter region[62,105]. Conversely, there have been a few reports demonstrating the 

upregulation of 14-3-3 sigma in a cancer setting, including head and neck [106], stomach [107], 

pancreas [108], colorectal [109], and lung cancer [65,110,104]; in some instances mediated by 

hypomethylation of its promoter region [104,111]. Our mRNA data is consistent with these 

studies in showing that 14-3-3 sigma is significantly upregulated in lung adenocarcinoma 

samples, and is the first to show that this upregulation correlates with poor overall survival; 

demonstrating that 14-3-3 sigma’s traditional role as a tumor suppressor is more complicated 

than once believed, and may depend heavily on how it is regulated at the epigenetic level.  

The tumor-promoting roles of 14-3-3 zeta and gamma, however, are more constant. 

There are now numerous reports demonstrating the ability of these isoforms to act as tumor 

promoters when overexpressed in a variety of cancer settings [112], indicating that these two 
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isoforms are likely the predominant 14-3-3 regulators of oncoproteins. Although it remains 

mechanistically unclear why the upregulation of these proteins negatively associate with patient 

survival, our data substantiate previous studies that have confirmed tumor promoting activity by 

the 14-3-3s in lung adenocarcinomas. Equal in significance, our data unambiguously contrasts 

with previous reports showing that up-regulation of 14-3-3 zeta associates with poor clinical 

outcome in patients with LUSC [102,103,113]. While our data show no association between the 

upregulation of 14-3-3 proteins and patient survival, further investigation is warranted to fully 

understand the relationship between 14-3-3s and their role in lung squamous cell tumorigenesis. 

Nevertheless, our data suggest that 14-3-3 gamma, zeta, and sigma serve as suitable prognostic 

biomarkers in patients with lung adenocarcinoma. This data shows that dysregulation of 14-3-3 

expression cannot be assumed to influence patient survival and is sensibly isoform and tissue 

type specific. 

Although several oncogenic and growth promoting targets have been identified for the 

14-3-3s [112], it remains a challenge to pinpoint direct molecular perturbations that arise from 

changes in expression of individual isoforms since these proteins interact with such a vast array 

of ligands. To that end, the tumor-promoting roles of 14-3-3 zeta and gamma remains elusive in 

the context of lung cancer. One study conducted by Li et al. revealed that 14-3-3 zeta is involved 

in mediating anchorage-independent growth in lung cancer, and when suppressed by RNA 

interference, cells underwent anoikis [114] – a form of programmed cell death that occurs when 

anchorage-dependent cells detach from the surrounding extracellular matrix [115]. This study 

was the first to show a lung cancer-specific function of 14-3-3 zeta in regulating anoikis 

suppression. Whether other 14-3-3 isoforms are involved in this process remains to be 

determined. Furthermore, our laboratory has shown that the overexpression of 14-3-3 gamma 
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promotes a polyploid cell state in lung adenocarcinoma cells. Because polyploid cells are highly 

resistant to chemo and radiotherapies, leaving them independently prognostic for poorer survival, 

it remains to be determined whether 14-3-3 molecules promote tumorigenesis through the 

induction of polyploidy, which may set the stage for further changes that lead to neoplastic 

progression. While additional studies are required to fully understand the oncogenic roles of 14-

3-3 proteins in lung cancer, it is evident that these biomolecules are influencing patient survival.  

In conclusion, with a multitude of targets and activities in nearly every cellular process, 

changes in 14-3-3 expression can lead to dysregulation of 14-3-3/ligand interactions, including 

the activation of oncogenes [112]; and as such, may represent a class of biomolecules that not 

only exist as prognostic biomarkers, but may also serve as druggable targets [116].  
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CHAPTER 3: 14-3-3 GAMMA’S ROLE IN THE DEVELOPMENT OF POLYPLOIDY 

The induction of endoreduplication and polyploidy by elevated expression of 14-3-3 

 

PMID: 29321819 

 

I. Abstract 

 Several studies have demonstrated that specific 14-3-3 isoforms are frequently elevated 

in cancer and that these proteins play a role in human tumorigenesis. 14-3-3, an isoform 

recently demonstrated to function as an oncoprotein, is overexpressed in a variety of human 

cancers; however, its role in promoting tumorigenesis remains unclear. We previously reported 

that overexpression of 14-3-3 caused the appearance of polyploid cells, a phenotype that has 

profound tumor-promoting properties. Here we examined the mechanism driving 14-3-3 

induced polyploidization and the effect this has on genomic stability. Using FUCCI probes, we 

showed that these polyploid cells appeared when diploid cells failed to enter mitosis and 

subsequently undergo endoreduplication. We demonstrate that 14-3-3-induced polyploid cells 

experience significant chromosomal segregation errors during mitosis and observe that some of 

these cells stably propagate as tetraploids when isolated cells are expanded into stable cultures. 

Collectively these data lead us to conclude that overexpression of the 14-3-3 promotes 

endoreduplication. We further investigated the role of 14-3-3 in human NSCLC samples and 

found that its expression is significantly elevated in polyploid tumors. This suggests that 14-3-3 

may promote tumorigenesis through the production of a genetically unstable polyploid 

intermediate.  
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II. Introduction 

The 14-3-3 proteins are a family of ubiquitously expressed adaptor molecules that hold 

essential roles in the regulation of several physiological pathways. Limited with enzymatic 

activity [117], 14-3-3 proteins succeed in regulating a variety of mitogenic signaling pathways 

by modifying the functions of key proteins within said pathways. This is accomplished by a 

physical interaction between 14-3-3s and their target protein, typically mediated by a phospho-

threonine or phospho-serine motif located on the target protein that is recognized by the 14-3-3 

protein. The downstream effects facilitated by 14-3-3 binding include altering the enzymatic 

activity of the client protein, regulating subcellular localization, inhibiting protein-protein or 

protein-DNA interactions and protecting against dephosphorylation or proteolytic degradation 

[118,119]. In mammals, there are seven isoforms encoded by seven distinct genes (, , , , , 

, and ), and between them over 200 known binding partners [112]; illustrating why these 

proteins function in such a diverse array of cellular processes.  

Perhaps the most notable cellular role for 14-3-3 proteins is their extensive regulation of 

cell cycle progression [49]; they act at several junctures of the G1/S and G2/M transitions to 

prevent premature succession until the cell has met the demands of the checkpoint requirements. 

However, these proteins are not limited to cell cycle regulation and are involved in a variety of 

cellular processes including cellular growth, survival, and migration (a comprehensive overview 

of 14-3-3 proteins can be found at [120]). Hence, it is not surprising that abnormal 14-3-3 

expression patterns have been linked to human tumorigenesis [121].  

In human tissues, 14-3-3 proteins have been observed to function as tumor promoters and 

tumor suppressors when aberrantly expressed [112,122], with each role appearing isoform and 

tissue-specific. For instance, several studies have demonstrated that 14-3-3 (also known as 
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stratifin or HME1) functions to suppress tumor formation in breast tissue and that its expression 

becomes significantly reduced by hypermethylation of its promoter region during tumorigenesis 

[62,123,124]. In contrast, an isoform with the capacity to function as an oncoprotein, 14-3-3, 

becomes significantly upregulated in a variety of human cancers and has been characterized as a 

prognostic marker for poorer survival in breast, lung and hepatocellular carcinomas 

[80,81,125,126]. Unlike the tumor-suppressing properties of 14-3-3, which have been 

extensively outlined [127], the mechanism(s) driving 14-3-3’s tumor-promoting effects remain 

unclear. Nevertheless, the diverging phenotypes between  and  have been proposed to 

originate from relatively few differences in amino acid sequence located within variable regions 

of the N-terminus for both isoforms [128]. Our laboratory is interested in defining the oncogenic 

phenotype that manifests with increased expression of 14-3-3. 

In previous attempts to elucidate 14-3-3’s role in promoting tumorigenicity, our group 

demonstrated that overexpression of this isoform resulted in neoplastic transformation of NIH-

3T3 cells, and through mutational studies we were further able to show that transformation was 

dependent upon activation of the Ras/Raf MAP kinase and PI3 Kinase signaling pathways [126]. 

In addition to the oncogenic properties promoted by 14-3-3 overexpression, it was also 

observed that a sub-population of cells exhibited polyploid, a phenotype derived from whole 

genome duplication events and characterized by having multiple sets of homologous 

chromosomes. Polyploidy was again observed subsequent to overexpression of 14-3-3 in a lung 

cancer and leukemia derived cell line [82], indicating that abnormal cell cycle progression and 

polyploidization may be a common effect from elevated levels of this 14-3-3 isoform.  

Several studies have demonstrated that polyploid tumors cells adapt and evolve more 

rapidly than their diploid counterparts; their elevated rates of genomic instability promotes 
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adaptation and evolution while their inherent increase in ploidy buffers the lethality of 

deleterious mutations [88,99,100,129]. Moreover, polyploid cells are distinctively resistant to 

radio and chemotherapies [83], suggesting that polyploid cells remain key players driving the 

ongoing evolution of patient disease. In this study, we characterized the mechanism driving 14-

3-3-induced polyploidization and the effects that this has on genomic stability. We also 

addressed the relationship between elevated expression of 14-3-3 and the frequency of 

polyploidy observed in lung cancers. 

III.  Results 

a.  Elevated levels of 14-3-3 increases the incidence of polyploidy approximately four fold 

Previous research in our laboratory has demonstrated that overexpression of 14-3-3 

results in the production of polyploidy [128,130]. To investigate the proportion of polyploid cells 

induced by 14-3-3 overexpression, we quantitated the frequency of polyploidy in H322 cells, a 

lung cancer-derived cell line transfected with an expression vector that constitutively expresses 

the 14-3-3 gene (YWHAG). An increase in 14-3-3 protein expression was confirmed by 

western blot (data not shown). H322 and parental cells that were transfected with an empty 

vector (referred to simply as control) were synchronized at the G1/S transition with treatment of 

Aphidicolin for 24 hours, at which point they were released into complete media and collected at 

regular intervals for cell cycle analysis by flow cytometry. As seen in figure 1, H322 cells 

display a distinct peak of polyploid cells (black arrows) from 4-20 hours post synchronization, 

which constitutes 14% of the total population. Polyploid cells were also present in the control 

cells, but constituted only 3.5% of the population, confirming that elevated levels of 14-3-3 

induces a four-fold increase in the incidence of polyploidy. 
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Figure 3.1 - Overexpression of 14-3-3 induces polyploidy 

A) H322 cells mock transfected with an empty vector (control) or with 14-3-3 (H322) were 

synchronized at the G1/S transition with aphidicolin, released into complete media and harvested 

at 4 hour intervals for cell cycle analysis by flow cytometry. Histograms of events collected are 

shown and the frequency of polyploid cells are presented at the 16 hour time-point for both 

control (left) and H322 (right) populations. The origins of polyploid H322 cells are shown 

(black arrows). On the x-axis is DNA content and on the y-axis time since release from 

Aphidicolin. 
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b.  14-3-3 overexpression results in mononucleated polyploid cells 

While imaging H322 and control cells, we noted that binucleated cells appeared more 

often in the control population than in H322 cells. This prompted us to investigate whether the 

polyploid cells observed within the H322 population was phenotypically similar to the 

polyploid cells that exist at lower levels in the control population. To do this, we first determined 

the prevalence of binucleated cells in H322 cells versus the vector-only control cells. The 

incidence of single cells harboring two nuclei existed at approximately 3.2% within the control 

population, nearly identical to the incidence of polyploidy observed in figure 1 for this 

population. However, approximately 1.6% of H322 cells were binucleated, accounting for only 

a fraction of the polyploidy produced in H322 cells, suggesting that 14-3-3 overexpression is 

promoting an alternative route to polyploidy from what is observed in the control cells (Figure 

2A).  

To further substantiate the latter finding, we used an approach that compares cellular 

ploidy before and after the dissolution of the cell membrane to obtain cell cycle profiles on 

isolated nuclei. To validate the methodology, H322 cells were treated with cytochalasin B, a 

mycotoxin that strongly inhibits cytokinesis, producing a substantial binucleate population when 

compared to untreated cells (8C, 2.9% and 30.7%, respectively), Figure 2i & 2ii; isolated nuclei 

from the same cell population, however, were, as predicted, nearly all euploid (8C, 1.4%), Figure 

2iii. Hence, the polyploid peaks populated from binucleated cells vanish when the cellular 

membranes are dissolved. In contrast, whole cells and isolated nuclei from the H322 population 

had similar rates of polyploidy (10.7% and 8.92 %, respectively), Figure 2iv & 2v.  

Note that there is a slight reduction in the frequency of 8C cells within the H322 

population treated with the nuclear isolation buffer, accounting for a reduction by approximately 
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1.8%, which is likely due to the small number of binucleated cells seen in these cultures (Figure 

2A). Taken together, this data indicates that overexpression of 14-3-3 is promoting 

mononucleated polyploidization.  
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Figure 3.2 - Overexpression of 14-3-3 leads to mononucleated polyploid cells 

A) The percentage of binucleation within the control (black bar) and H322 cells (grey bar) are 

presented as a bar graph, which represents the frequency of binucleated cells found within 500 

cells scored per group. This experiment was repeated three times, and the average for each 

population is presented. B) Control cells remained untreated (i), treated with cytochalasin B 

(Cyto. B) for 24 hours (ii) or treated with cytochalasin B followed by nuclear fractionation (iii). 

H322 cells remained untreated (iv) or underwent nuclear fractionation (v). Flow cytometry was 

performed on whole cells and isolated nuclei from both control and H322 cells. On the x-axis is 

DNA content and on the y-axis, histogram count. Inset: The proportion of cells with 2C, 4C, and 

8C DNA content are presented as bar graphs. This experiment was performed three times, and 

representative examples are displayed. 
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c. Overexpression of 14-3-3 gamma promotes endoreduplication 

Having established that the polyploid phenotype occasioned by the overexpression of 14-

3-3 is mononucleate, we sought to identify the mechanism by which polyploidy is induced. 

Mononucleated polyploidization from a diploid progenitor can occur in two ways – (i) 

endoreduplication, which ensues when diploid cells in G2 suppress the requirements necessary 

for entry into mitosis, allowing cells to bypass mitosis entirely and enter a polyploid or endo-G1 

state. These cells either continue endocycling - alternating between G and S phases to increase 

ploidy further - or more commonly, return to a canonical cell cycle and propagate as polyploid 

cells. (ii) Endomitosis, which occurs when cells fail to complete nuclear segregation in anaphase, 

leading to a premature exit from mitosis [93]. To determine the mechanism promoting 

mononucleated polyploidization in H322 cells, we performed live-cell microscopy in 

combination with the FUCCI system (fluorescent ubiquitination cell cycle indicators). The 

FUCCI probes are a dual reporter system that allows tracking of live cells through the cell cycle 

and has been demonstrated to detect cells undergoing endoreduplication or endomitosis 

[128,129] accurately. The critical distinction between endomitosis and endoreduplication is the 

complete absence of mitosis in cells undergoing endoreduplication before entering a polyploid 

G1 state, which we have diagramed in Figure 3A. We examined FUCCI expressing H322 cells 

using live cell microscopy and found no evidence that H322 cells underwent endomitosis. 

Instead, overexpression of 14-3-3 resulted in 8% of cells bypassing entry into mitosis (Figure 

3B). Representative examples of control cells undergoing normal mitotic progression and gamma 

cells bypassing mitosis are presented (Figure 3C). This data is consistent with the notion that 14-

3-3 acts to negatively regulate mitotic entry [49] and that overexpression suppresses the onset of 

mitosis, a hallmark of endoreduplication.  



66 
 

Figure 3.3 - Overexpression of 14-3-3 promotes mitotic bypass 

A) The changes in nuclear fluorescence among cells expressing the FUCCI probes are 

diagrammed as arrows. Reading from left to right, the stages of the cell cycle are labeled within 

each arrow, and the changes in the color of the cells are shown underneath. Methodically, the 
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changes in cell surface adhesion throughout each stage of the cell cycle is also depicted. The top 

arrow depicts the color changes observed in cells progressing through a normal cell cycle. The 

middle arrow displays the endomitotic process and the bottom arrow the process of mitotic 

bypass. B) Control and H322 cells transduced with the FUCCI dual reporter system were 

tracked through time by live-cell fluorescence microscopy. Control cells (n = 78) H322 cells (n 

= 158) were manually tracked for normal mitotic progression, endomitosis, and mitotic bypass. 

B) Mitotic bypass was the only error detected, therefore the incidence observed in control and 

H322 cells are presented. The experiment was performed twice, and the bars on the graph show 

the average for all of the cells that were counted in the two experiments. C) Representative 

examples from panel B are shown. Time-lapse images of live cells using differential interference 

contrast (DIC) microscopy and epifluorescence (FUCCI) are presented, with the cell border 

outlined in white. The merged images (merge) are also shown, and the stages of the cell cycle are 

labeled underneath each set of images. The upper set of images presents a control cell 

progressing through a normal mitosis. The bottom set of images is of an H322 cell progressing 

through the cell cycle in which mitosis has been bypassed, leading to endoreduplication. Note 

that the two distinguishing features of mitotic bypass are the lack of a cell cycle stage where 

there is no fluorescence in the nucleus between a green to red transition, while also no evident 

changes in cell surface adherence, as would be observed in a canonical progression through 

mitosis, indicating that mitosis has been skipped.  
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d.  Both diploid and polyploid cells overexpressing 14-3-3 exhibit prolonged mitoses 

accompanied by chromosomal segregation errors. 

In addition to enumerating cells undergoing mitotic bypass, data compiled from H322 

cells overexpressing 14-3-3 using the FUCCI system also suggested that M-phase was often 

prolonged in those cells successfully negotiating mitosis. To accurately measure the duration of 

mitosis and its component prophase to metaphase and metaphase to anaphase transitions, control 

and H322 cells were transfected with a GFP construct of histone H2B, which enables imaging 

of chromosomes. Time-lapse video microscopy was performed on control and H322 cells that 

were co-transfected with pBOS-H2B-GFP and imaged consecutively for 18 hours at 5-minute 

intervals between acquisitions. Shortly before the conclusion of the image acquisition sequence, 

Hoechst 33342 dye was added to the culture medium, in order to quantify DNA content in each 

cell (see Methods); it was then possible to retrospectively identify a polyploid versus diploid 

progenitor cell based upon the summation of the DNA contents of its daughter cells. Thus each 

cell tracked through mitosis could be labeled as initially diploid or polyploid. 

As can be seen in figure 4A, polyploid H322 cells experience significantly prolonged 

mitoses when compared to diploid H322 cells. To determine if this lengthening effect was 

ploidy dependent, polyploid H322 cells were compared against the binucleated polyploid cells 

observed within the control population (referred to as control polyploid cells). We found that the 

polyploid H322 cells proceeded through mitosis at a delayed rate when compared to the control 

polyploid cells, suggesting that overexpression of 14-3-3 interferes with mitotic progression. 

Consistent with these results, diploid H322 cells also experienced prolonged mitoses when 

compared to diploid control cells, strengthening the notion that 14-3-3 has a role in mitotic 
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progression. Notably, the gamma lengthening effect also resulted in an increase in the duration of 

intermediate steps, prophase to metaphase and metaphase to anaphase (Figure 4B & C). It is 

important to note that in each step evaluated the polyploid H322 population had the largest 

delay when compared to all other groups.  

Delays in mitotic progression often result from chromosomal segregation errors 

[131,132], therefore, we examined if this relationship remained consistent in polyploid H322 

cells. By tracking the movement of chromosomes in mitotic cells as they transitioned from 

metaphase to anaphase, we observed that the polyploid H322 population experienced a marked 

increase in lagging chromosomes when compared to diploid H322 cells and control cells, both 

diploid and polyploid (Figure 5A). Interestingly, diploid H322 cells also presented with an 

increased incidence of lagging chromosomes when compared to diploid control cells, suggesting 

that 14-3-3 overexpression may be sufficient to disrupt proper chromosome segregation in 

mitosis. The majority of these lagging chromosomes failed to merge into the daughter nuclei of 

nascent cells and subsequently resulted in micronuclei (Figure 5B). Taken together, these results 

demonstrate that elevated levels of 14-3-3 resulted in a prolonged and error-prone mitosis, and 

that this phenotype is greatly exacerbated in polyploid cells.  
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Figure 3.4 - 14-3-3 derived mononucleated tetraploid cells have a significantly prolonged 

mitoses. 

H322 and control cells were co-transfected with a vector driving the expression of H2B-GFP. 

Asynchronous control-H2B-GFP cells and H322-H2B-GFP cells were imaged using time-lapse 

microscopy over a period of 16 hours with images taken at 3-minute intervals for the length of 

the experiment. Both DIC and epifluorescence images were acquired. The live-cell DNA dye, 

Hoechst 33342, was added at the end of the experiment to allow for DNA content analysis. The 

ploidy of each mitotic cell was calculated based on combining the nuclear Hoechst 33342 

fluorescence of each daughter cell. A) The length of mitosis, measured from nuclear envelope 

break down to the beginning of anaphase, is presented as a box plot for diploid control cells 

(n=134), polyploid control cells (n=34), diploid H322 cells (n=197) and polyploid H322 cells 

(n=37). Each dot represents the length of mitosis for a single cell within the appropriate cohort. 

B) A boxplot depicts the length of prophase to metaphase and C) the length of metaphase to 

anaphase. This experiment was repeated two times. A Welch’s t-test was performed, and 

statistical significance was measured at p < 0.05, indicated by an asterisk. 
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Figure 3.5 - Overexpression of 14-3-3 promotes chromosomal instability 

Time lapse microscopy was performed on H322 and control cells expressing H2B-GFP. 

Individual cells were manually tracked as they progressed though mitosis and the percent of cells 

with lagging chromosomes in anaphase were documented. A) Binucleated tetraploid cells found 

within the control population (dark gray bar) were analyzed against mononucleated tetraploid 

cells observed in the H322 group (light gray bar). This experiment was repeated two times with 

the average for each group presented above error bars, which depict upper and lower limits 

between the two experiments. B) Representative example of lagging chromosomes (LC) and 

subsequent micronuclei (MN) observed in the H322 population are displayed. The images 

illustrate the mitotic progression from metaphase through the completion of mitosis with the 

elapsed time between acquisitions displayed in the top left corner of each image. 
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e. 14-3-3-overexpressing tetraploid cells perpetuate over time 

 Polyploid cells have an inherent capacity to adapt and evolve at accelerated rates 

compared to diploid counterparts [92,99,100]; this has led to the suggestion that in tumors, 

polyploid cells represent intermediaries which give rise to aneuploid cells by virtue of 

chromosomal instability [84]. Our observation that the incidence of lagging chromosomes and 

micronuclei is increased in polyploid H322 cells is consonant with this hypothesis. 

Consequently, we sought evidence of the possible influence of YWHAG overexpression on the 

genomic evolution of polyploid cells. We successfully isolated and expanded approximately 20 

polyploid cells from both control and H322 cell cultures that were sorted by flow cytometry into 

individual wells of 96-well plates and the resulting colonies progressively expanded 

(Supplemental Figure 1). Polyploidy was verified using flow cytometry once the clones had 

successfully expanded into 6-well culture dishes. 

 We propagated the clones for an extended period of time and examined their ploidy at 

regular intervals using flow cytometry and tested for chromosome numerical abnormalities using 

fluorescence in situ hybridization (FISH) probes against the centromeric regions of 

chromosomes 6 and 18. We found that all of the spontaneous tetraploid clones isolated from the 

control population quickly reverted to a diploid or near-diploid karyotype by passage three, 

Figure 6A. In contrast, despite being maintained under identical conditions, 20 of the 14-3-3-

overexpressing tetraploid clones continued to exhibit elevated genomic ploidy for at least 10 

passages. Only one of the polyploid clones isolated from the H322 population reverted to a 

near-diploid karyotype before reaching passage 10. FISH was employed at passage 10 to 

demonstrate further the numerical differences between clones isolated from the control cells 

versus those from the H322 population. Representative examples are presented in Figure 6B. 
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Quantitation of the modal copy number of chromosome 18 in both the control group (modal = 2) 

and H322 cells (modal = 4) confirms a stable tetraploid genome in polyploid clones isolated 

from H322 cells, Figure 6C. Hence, 14-3-3 overexpression predisposes cells toward having an 

elevated DNA content that is stable over time.  
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Figure 3.6- 14-3-3-overexpressing tetraploid cells perpetuate over time 

Control and H322 cells were stained with Hoechst 33342 and FACS sorted. Single cells were 

seeded per well, and the resulting colonies expanded. Approximately 20 clones from each group 

were grown in culture and passaged for minimally 10 iterations. Representative samples were 

saved at each passage and analyzed by flow cytometry under identical conditions for each 

passage. A) Flow cytometry histograms are shown for both control and H322 cells, with 

passage number on the z-axis and DNA content on the x-axis. B) Numerical quantification of 

chromosome copy numbers were assessed at passage 10 using FISH against the centromeric 

regions of chromosomes 6 (green) and 18 (red), DAPI in blue. Representative images are 

displayed. C) The modal chromosome counts for chromosome 6 are displayed as a histogram.  
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Supplemental figure 3.1: Sorting of polyploid cells 
Cells were stained with Hoechst 33342. Individual polyploid cells with approximately 8C DNA 

content (Dark grey) were sorted from the control population (left) and from H322 cells (right) 

into individual wells of a 96-well plate with approximately 99% purity. Cell aggregates were 

gated out of the analysis, determined by Indo-A and Indo-W.  
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f. Elevated levels of 14-3-3 correlate with polyploid NSCLCs in vivo 

The data presented in the preceding sections document that in the H322 non-small cell 

lung carcinoma cell line, overexpression of YWHAG, resulting in excess of the 14-3-3 protein, 

increases the prevalence of mononucleate polyploidy by endoreduplication, predisposes to 

chromosome segregation errors, and promotes a stable polyploid phenotype. Polyploidy has been 

documented in a variety of human cancers; an incidence of 36 - 47% has been estimated in 

NSCLC [84,99]. Hence, we sought to test the prediction that human tumors in which polyploidy 

is present will exhibit increased expression of 14-3-3. To do so, we utilized data compiled from 

lung adenocarcinomas (LUAD), and lung squamous cell carcinomas (LUSC) archived in The 

Cancer Genome Atlas (TCGA). SNP6.0 data were analyzed, as described by Dewhurst et al. 

[99], as a measure of ploidy (see Methods). Expression values of YWHAG, the 14-3-3 gene, 

were gathered as z-scores (see Methods), to obviate differences in overall gene expression levels 

between samples. Following this procedure, mRNA z-score expression values for the 14-3-3 

gene were compared across samples predicted to be either diploid or polyploid. Interestingly, 14-

3-3 was significantly elevated in samples estimated to be polyploid in both lung 

adenocarcinoma and squamous cell carcinoma samples, indicating that 14-3-3 expression 

positively correlates with the incidence of polyploidy (Figure 7). A similar relationship between 

YWHAG expression and polyploidy was also found when colorectal or breast adenocarcinoma 

data from TCGA were analyzed in the same fashion (Supplemental Figure 2), suggesting that the 

relationship between upregulation of 14-3-3 and polyploidy is not specific to lung cancers. 

Taken together, these data support our hypothesis that overexpression of YWHAG and the 

consequent excess of the 14-3-3 protein contribute to the polyploidy frequently observed in 

human NSCLC and other carcinomas. 
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Figure 3.7- 14-3-3 mRNA expression is elevated in lung samples predicted to be genome 

doubled 
A Welch’s t-test was performed, and statistical significance was measured at p < 0.05, indicated 

by an asterisk. [LUAD = lung adenocarcinoma (n=257), LUSC = lung squamous cell carcinoma 

(n=138)].  
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Supplemental figure 3.2: 14-3-3 mRNA expression is elevated in breast, and colorectal 

tumors predicted to be genome doubled 
TCGA’s Illumina mRNA RSEM normalized z-scores were evaluated in tumor samples predicted 

to be diploid (light gray) or polyploid (dark gray). Expression of the 14-3-3 gene (YWHAG) 

was evaluated was compared against diploid and polyploid samples. Welch’s t-test was 

performed, and statistical significance was measured at p < 0.05, indicated by an asterisk. 

[COAD= colorectal adenocarcinoma (n=183), BRCA = Breast carcinoma (n=903)].  
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IV.  Discussion and conclusions 

14-3-3 is a recognized oncoprotein that is overexpressed in human lung cancers [36] and 

has been characterized as a prognostic marker for more reduced survival in patients with 

advanced disease [81], indicating that 14-3-3 plays a role in promoting lung tumorigenesis. 

Here we examined the role that overexpression of 14-3-3 has on cell division and found that 

overexpression promotes the development of cells with abnormal numbers of chromosomes. 

Lung cancer cells transfected with 14-3-3 have a readily detectable fraction of cells with 8C 

DNA content. By combining time-lapse video microscopy with the FUCCI dual probe system, 

we were able to show that transition from G2 to M phase is compromised in H322 cells, forcing 

them to bypass mitosis and reenter growth phase I with double the normal DNA content. 

Notably, the modal chromosome number observed in these cells is a doubling of the full 

complement of chromosomes with intermediate quantities of DNA content observed only in cells 

undergoing DNA replication during S phase. These observations are best explained by the 

concept that 14-3-3 acts primarily at the point of entry into mitosis but does not interfere with 

the reestablishment of the G1 phase and relicensing of DNA for replication in a subsequent S 

phase. This is consistent with what has been observed with 14-3-3 when overexpressed in 

colorectal cancer cells [37], suggesting that regulation of entry into mitosis may be a common 

function to 14-3-3 proteins and polyploidy is a likely result when levels of these proteins are 

elevated. 

Although we have demonstrated that 14-3-3 proteins influence mitotic entry, the 

mechanism of how this occurs remains unclear. It is well documented that cyclin-dependent 

kinase (CDK) activity is what drives the G2 to M phase transition and is believed that CDK 
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activity must meet a threshold before a cell can enter M phase [133,134]; we have previously 

demonstrated that CDK activity is significantly reduced in cells overexpressing 14-3-3 

approaching the G2 to M phase transition [82]. To prevent premature entry into mitosis, Cdk1 is 

maintained in an inhibited state by phosphorylation of T14 and Y15 within the ATP-binding “P-

loop” by kinases Wee1 and Myt1 [135]. It is the removal of these inhibitory P-loop phosphate 

groups on Cdk1 by the Cdc25 family of phosphatases that permit CDK activity to reach a mitotic 

threshold sufficient to enter mitosis [136,137]. 14-3-3 has been established to act directly on 

these Cdk1 regulators. Direct 14-3-3 binding to kinases Wee1 and Myt1 has been demonstrated 

to enhance the inhibition of Cdk1 [51,134] significantly. 14-3-3 binding to phosphatases 

Cdc25B/C results in a direct reduction in enzymatic activity [138,139] and cytoplasmic 

sequestration of these proteins, thereby disallowing access to its nuclear substrate Cdk1/cyclin B 

[40,140,141]. Moreover, co-IP experiments overexpressing tagged 14-3-3 isoforms showed that 

 and  have the most substantial binding affinity to Cdc25C in vitro [142]. However, a mutation 

on Cdc25C at Ser216/287 to a non-phosphorylatable residue disrupts 14-3-3 binding and thereby 

inhibits nuclear export [143]. To this end, depletion of 14-3-3 gamma by shRNA results in a 

compromised G2 checkpoint allowing cells enter mitosis prematurely [144], likely a result of the 

inability to inhibit Cdk1 [46]. Presumably, elevated expression of 14-3-3, a key negative 

regulator of the G2 to M phase transition, acts on one or more upstream regulators of Cdk1 as 

describe above.  

However, it is unclear the requirements necessary for a cell to bypass mitosis entirely. 

For instance, how long cells must arrest at the G2/M interface before they commit to bypassing 

mitosis or whether CDK activity must meet a lower-bound threshold before cells commit to 

skipping mitosis remains unresolved. Unfortunately, the FUCCI system is incapable of 
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differentiating DNA synthesis and growth phase II of the cell cycle, disallowing the ability to 

quantify the amount of time H322 cells arrested in G2 before they skipped mitosis. This area of 

research warrants further investigation to thoroughly understand the mechanism driving mitotic 

bypass.  

Interestingly H322 cells that do undergo mitosis exhibit a prolonged mitotic phase, even 

when compared to the length of mitosis in polyploid cells observed within the control 

population. 14-3-3 overexpression results in nearly a doubling in the duration of mitosis. 

Moreover, progression through the intermediate mitotic steps are also prolonged suggesting that 

14-3-3 may have an impact on more than just mitotic entry. It has been demonstrated that 

knockdown of 14-3-3 also induces arrest in mitosis due to activation of the spindle assembly 

checkpoint, suggesting that substantial changes in 14-3-3 expression may be sufficient to 

perturb normal mitotic progression [43]. Perhaps defects in chromosome segregation are the 

cause of this lengthening effect, as H322 cells also experienced an increased frequency of 

lagging chromosomes during anaphase of mitosis. Interestingly, this increase in chromosomal 

segregation errors did not correlate with an increase in centrosome copy number, which was 

assessed by immunofluorescence (data not included). Taken together, both the length of mitosis 

and the frequency of chromosomal segregation errors were significantly increased in polyploid 

H322 cells, suggesting that 14-3-3-derived polyploid cells are particularly unstable. 

Hence, it was surprising to find that purified polyploid H322 cells maintained a stable 

chromosome number under prolonged propagation in culture. Compared to polyploid control 

cells that revert to a diploid content by passage three, polyploid H322 cells remained polyploid 

for the duration of the experiment. In retrospect, none of our previous studies showed aneuploidy 
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in cells that overexpress 14-3-3 [82]. However, we consistently observed polyploidy. It is 

notable that polyploidy was consistently associated with the transformation of rodent cells [126]. 

This suggests that polyploidy by itself may contribute to tumorigenesis. Collectively, our data 

indicate that 14-3-3 can induce polyploidy but that the development of aneuploidy may require 

additional mutations which further destabilizes chromosome segregation. 

In order to investigate the relationship between 14-3-3 expression and polyploidy 

observed in human lung cancers we examined lung cancers in the TCGA data set. We found that 

14-3-3 is significantly elevated in samples predicted to be polyploid, indicating that 14-3-3 

may have a prominent role in promoting polyploidization in lung tumors. Polyploidy is 

independently predictive of poor relapse-free survival [99], suggesting that polyploidy may 

promote tumorigenesis which is consistent with our in vitro studies which relate 14-3-3 

oncogenic function, polyploidy, and transformation [126].  

Taken together our studies suggest that 14-3-3 may play a role in tumorigenesis by 

inducing polyploidy that by itself may promote tumorigenesis and that this may also set the stage 

for further changes that lead to neoplastic progression. 
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CHAPTER 4: MONITORING MITOTIC PROGRESSION OF POLYPLOID CELLS BY 

LIVE-CELL MICROSCOPY 

 

Measuring DNA content in live cells by fluorescence microscopy 

PMID: Submitted to Cell Division 

I. Abstract 

 Live-cell fluorescence microscopy (LCFM) is a powerful tool used to investigate cellular 

dynamics in real time. However, the capacity to simultaneously measure DNA content in cells 

being tracked over time remains challenged by dye-associated toxicities. The ability to measure 

DNA content in single cells by means of LCFM would allow cellular stage and ploidy to be 

coupled with a variety of imaging directed analyses. Here we describe a widely applicable 

nontoxic approach for measuring DNA content in live cells by fluorescence microscopy. This 

method relies on introducing a live-cell membrane-permeant DNA fluorophore, such as Hoechst 

33342, into the culture medium of cells near the terminus of any live-cell imaging experiment 

and successively measuring each cell’s integrated nuclear fluorescence to quantify observed 

DNA content. Importantly, our method overcomes the toxicity and induction of DNA damage 

typically caused by live-cell dyes through strategic timing of adding the dye to the cultures; 

allowing unperturbed cells to be imaged for any interval of time before quantitating their DNA 

content. We assess the performance of our method empirically and discuss adaptations that can 

be implemented using this technique. Presented in conjunction with cells expressing a histone 

2B-GFP fusion protein, we demonstrate how this method enables the tracking of chromosomal 

segregation errors in cells as they progress through cellular division that was later identified as 

either diploid or polyploid. We also describe and provide an automated Matlab derived algorithm 

that measures the integrated nuclear fluorescence in each cell and subsequently plots this data 

into a cell cycle histogram for each frame imaged. The algorithm’s accurate assessment of DNA 
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content was validated by parallel flow cytometric studies. This method allows the examination of 

single-cell dynamics to be correlated with cellular stage and ploidy in a high-throughput fashion. 

The approach is suitable for any standard epifluorescence microscope equipped with a stable 

illumination source and either a stage-top incubator or an enclosed live-cell incubation chamber. 

Collectively, we anticipate that this method will allow high-resolution microscopic analysis of 

cellular processes involving cell cycle progression, such as checkpoint activation, DNA 

replication, and cellular division. 
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II. Introduction 

In biological sciences, the most universally measured genomic constituent is DNA 

content. Its quantification serves to assess several cellular parameters including DNA ploidy and 

a cell’s temporal location within the cell cycle [145]. DNA content can be accurately assessed on 

a single cell basis by measuring the integrated nuclear fluorescence of a fluorophore that binds to 

DNA stoichiometrically. Traditionally, reporting DNA content has been accomplished with a 

high degree of accuracy in large cell populations using flow cytometry, a technique that allows 

the proportion of cells in each phase of the cell cycle to be calculated. However, the 

measurement of DNA content by flow cytometry provides little resolution to the biology of 

individual cells. To surmount this limitation, approaches incorporating laser scanning cytometry 

and fluorescence microscopy have been successful in quantifying DNA content [146,147] in 

single cells, providing the capacity to combine this information with additional cellular 

parameters that can be elucidated by imaging.  

Many of the fluorophores that bind to DNA stoichiometrically are only accessible in 

fixed samples. The difficulty lies in granting the DNA fluorophore – often not membrane-

permeant as with DAPI, PI, and 7-AAD – access to the DNA [148,149]. Therefore, traditional 

methods for examining DNA content by microscopy have relied on cellular fixation, which is 

incompatible with tracking cells over time. In attempts to overcome the limitations brought upon 

by cellular fixation, membrane-permeant DNA fluorophores were designed to stain DNA 

stoichiometrically in live-cells (supravital staining), enabling both the quantification of DNA 

content and the ability to track the movement of chromosomes over time. A fundamental 

limitation to this strategy is that the exposure of cells to membrane-permeant DNA fluorophores 

such as Hoechst 33342 and DRAQ5 result in the induction of distinct DNA damage responses, 

often leading to cell cycle arrest and apoptosis [150]. Therefore, these dyes have limited use in 
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long-term LCFM applications and should be employed sensibly in acute studies examining cell 

cycle progression or apoptosis as their cytotoxic effects cannot be ignored. All of these 

limitations have made quantifying DNA content in LCFM applications challenging.  

Here we describe a widely applicable nontoxic procedure for measuring DNA content in 

live-cells at the terminus of an experiment, allowing individual cells to be imaged for any 

interval of time followed by the quantitation of their DNA contents. This approach is compatible 

with long-term LCFM applications because it avoids the toxicity typically associated with 

imaging live-cell DNA dyes, permitting any biological features that can be detected by live-cell 

imaging to be correlated with DNA content and the cell cycle staging of individual cells. 

Furthermore, a variety of live-cell DNA fluorophores can be utilized; here we present this 

procedure using Hoechst 33342, a live-cell DNA dye that binds to AT-rich sequences in the 

minor groove of double-stranded DNA allowing for a stoichiometric relationship between the 

amount of DNA present and Hoechst fluorescence [151].  

We also demonstrate how this method, used in combination with a histone2B-GFP fusion 

protein, can be used to monitor chromosomal segregation errors with the capacity to identify 

cells based on ploidy (2n, 4n, 8n). Importantly, the use of fluorescently labeled histones is 

compatible with long-term live-cell imaging applications and has been used in several studies 

investigating chromosomal segregation errors, such as lagging chromosomes, multipolar mitoses, 

and anaphase bridges [152,153]. This approach was recently employed to examine the length of 

mitosis and the frequency of mitotic errors in polyploid cells induced by the overexpression of 

14-3-3 gamma [154]. To that end, cells with polyploid DNA content have recently been 

demonstrated to facilitate rapid adaptation in human tumors through significantly elevated rates 

of genomic aberrations, ranging from single nucleotide changes to whole chromosome gains and 
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losses [155]. These aberrations, collectively termed genetic instability, is characteristic to human 

cancers [156] and is the primary source for genetic variability that selects for populations with 

increased malignancy and resistance to therapy [132]. These observations have fueled the notion 

that polyploid cells exist as unstable intermediates en route to aneuploidy [92,157,158]. Our 

method lets investigators study polyploid cell division in high-resolution in live cells.  

III. Results 

a. Procedural setup 

Live-cell fluorescence microscopy comes with several challenges that that must be 

addressed before this technique can be utilized (as reviewed in [159]). A schematic of the 

procedure is shown in Figure 1 and consists of six major steps. (1) Cells were plated into 2-well 

coverglass bottom chambered slides (Thermofisher Scientific, Waltham, MA, USA) at a 

concentration of 20,000 cells/well and allowed to adhere for a minimum of 24 hours at 37°C and 

5% CO2. Prior to the imaging acquisition, cells were washed with phosphate buffer saline (PBS) 

and the replenished with FluoroBrite DMEM imaging medium (ThermoFisher) supplemented 

with 10% Fetal Bovine Serum (Peak Serum) and 1% Penicillin-Streptomycin (Gibco). The 

chambered slide was then transferred to a Pecon Heating Insert (Carl Zeiss) attached to the 

microscope stage and maintained at 37°C and 5% CO2. To ensure that the cells remain in focus 

for the duration of the imaging acquisition, the slide must be tightly secured to the stage-top 

incubator. This is a critical step in guaranteeing that the slide will not move in the latter half of 

the experiment while the supravital dye is added. (2) Time-lapse images were acquired using a 

20X air objective with a CMOS camera (Orca Flash V4.0, Hamamatsu Photonics, Hamamatsu 

City, Japan) on a Zeiss AxioObserver.Z1 wide-field epifluorescence microscope equipped with 

an automated stage and focus (Carl Zeiss, Oberkochen, Germany). Differential interference 

contrast and/or fluorescence images were collected at 3-minute intervals for 18 hours at several 
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regions of interest. (3) Approximately two hours prior to the completion of the time-lapse 

experiment, the imaging acquisition was paused and the lever arm of the microscope raised, and 

the lid to the Pecon heating insert carefully removed. Hoechst 33342 (Thermo fisher Scientific, 

Waltham, MA, USA) was then carefully added in a drop-wise fashion to the imaging medium 

without perturbing the slide position to a final concentration of 1ug/ml. The lid to the heating 

insert and the lever arm were then re-positioned with similar care, and the experiment was 

resumed. Microscope setups furnished with an automated stage for imaging multiple fields of 

view, such as ours, requires that Ho342 is added to the imaging medium without moving the 

slide position, as even the slightest adjustment in its position can relinquish the existing focus 

strategy. This becomes less important when imaging a single field of view, as that location can 

be re-adjusted manually with ease. (4) Upon completion of the initial time-lapse experiment, 

cells were then imaged for Hoechst 33342 fluorescence at 5-minute intervals for one hour. All 

images collected were saved as uncompressed .avi files. This method is contingent on the precise 

measurement of DNA content emitted from Hoechst’s fluorescence, and therefore it is essential 

that no saturated signals are collected. 5) The integrated nuclear fluorescence of Hoechst 33342 

was then calculated for each cell within a given frame and plotted to a cell cycle histogram using 

a MATLAB (MathWorks, Natick, MA) algorithm that we developed. The algorithm generates an 

additional .avi file with the DNA contents overlaid to the original Hoechst 33342 images. (6) 

Using the ImageJ software (National Institutes of Health), individual .avi stacks collected from 

the time-lapse experiment were concatenated with their respective images collected for Hoechst 

33342 fluorescence and saved as contiguous .avi video files.  
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Figure 4.1. Procedural schematic for measuring DNA content in live cells 

Cells of interested are plated in coverglass-bottom chambered slides and are later transferred to an 
inverted microscope for the collection of time-lapse images. The acquisition is then paused 
approximately two hours before the completion of the time-lapse experiment, and Hoechst 33342 is 
added to the imaging medium at a concentration of 1ug/ml, and the acquisition is resumed. At the 
completion of the time-lapse experiment, images are collected for Hoechst 33342 fluorescence and 
analyzed with the ProcessDNA algorithm. The time-lapse images are then concatenated with the 
analyzed images for DNA content (steps 1-6).  
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Hoechst 33342 binding saturation 

The time it takes for Hoechst-binding to reach saturation must be determined empirically 

as the rate of dye-uptake is cell-type and concentration dependent. Figure 2 illustrates the 

temporal span for Hoechst 33342 to reach binding saturation in H322 cells of varying DNA 

contents at a concentration of 1ug/ml. Following the dyes addition, the integrated nuclear 

fluorescence of Ho342 was manually tracked in 50 cells over the course of three hours with 10-

minute acquisition intervals. The integrated intensities collected from cells with DNA contents 

ranging from 2C to 4C became stable within approximately 100 minutes after the dyes addition, 

indicating that Ho342 binding reached saturation (Figure 2a). Cells with ~8C DNA content 

required an additional 20 minutes for the integrated intensities to stabilize.  

A closer look at the integrated intensities over time showed marginal changes in 

fluorescence following the dye’s saturation, with more significant fluctuations occurring in cells 

with inherently more DNA content (Figure 2b). These slight fluctuations are characteristic to 

measuring Ho342-associated fluorescence in live cells, as they actively efflux Ho342 to varying 

degrees depending on the cell type. The efflux of Ho342 in H322 cells appeared insignificant and 

did not require intervention; however, introducing efflux inhibitors such as Verapamil and 

trifluoperazine, or the membrane potential modifying fluorochrome DiOC5(3), is occasionally 

required to yield an accurate resolution of DNA content in cell-types with poor dye retention 

[160,161] . This data demonstrates that our approach is suitable for measuring DNA contents 

with a relatively reasonable degree of accuracy, but that without efflux inhibitors, it should not 

be employed when attempting to measure minute numerical changes in chromosome 

complements in live cells. 
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Figure 4.2. Determining the length of supravital dye saturation 

Asynchronous cells were plated onto 8-well chambered slides and allowed 24 hours to adhere. 

After the addition Hoechst 33342 into the culture medium, fluorescent images were taken at 20-

minute intervals. a) The integrated fluorescent intensity of cells with approximately 2C, 4C, and 

8C DNA content are graphed over time, with error bars representing the standard deviation 

within groups. b) Representative examples of cells with varying amounts of DNA content are 

presented in a time series with 20-minute intervals. Located at the bottom left of each image are 

the integrated fluorescent units calculated at that the corresponding time-point.  
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b. Staging live-cells 

After quantifying the DNA contents for cells within a single frame, cell cycle phases G1, 

S, and G2/M can be demarcated by applying manual gates to the cell cycle histogram. To 

assess the minimum cell density required to generate a cell cycle profile with distinct 

separation between phases, we allowed Ho342 to reach saturation in live cells and captured 

profiles at several densities. We found that fairly distinct populations of all three phases can 

be achieved by imaging cells at a density of 200 cells per field of view (Figure 3); as cell 

numbers increased, smoother and more accurate cell cycle profiles emerged.  

Next, we investigated whether cell cycle profiles collected from live cells stained with 

Ho342 could recapitulate data collected from flow cytometry. Therefore, we performed a 

side-by-side experiment comparing asynchronous cell cycle distributions acquired in live cells 

by fluorescence microscopy to that of fixed cells acquired by flow cytometry. The analysis of 

10,000 cells by flow cytometry yielded a distribution of 60.7% in G1, 17.0% in S, and 20.5% 

in G2/M (Supplemental Figure 1). Several fluorescent images were collected in live cells 

plated at different densities with a 20X 0.8-N.A. lens, and cell cycle profiles were assessed 

with manual gate placement (Table 1). When all three phases were examined together, images 

containing 500-699 cells within a field of view were most accurate at resolving cell cycle 

distributions similar to what was observed by flow cytometry. Notably, at all densities, the 

proportion of cells in each phase were lower than that acquired by flow cytometry, with 

noticeably underrepresented proportions of cells in S phase. This is likely due, in part, to the 

conservative placement of each gate; which were positioned cautiously because of the wide-

ranging profiles of G1 and G2/M generated by imaging as opposed to the narrower spread 

observed by flow cytometry (Supplemental Figure 1b). Furthermore, doublets were gated out 
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of the cell cycle profile acquired by flow cytometry, whereas nuclei that are positioned closely 

with one another that also lie within the size threshold are occasionally characterized as a 

single nucleus with the ProcessDNA algorithm. This occurrence can be seen in cells profiled 

to the right of the G2/M population (supplemental figure 1b), and therefore reduce the 

proportion of cells that lie within the G1, S, and G2/M gates. Collectively, we conclude that 

our method can be used to stage individual cells in the cell cycle with a relatively good degree 

of accuracy when a minimum of 500 cells are imaged per field of view.  
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Figure 4.3 Cell cycle profiles obtained with varying cellular densities 

Asynchronous cells were plated into 8-well coverglass-bottom chambered slides at varying 

densities and allowed to adhere for 24 hours. Hoechst was added to the imaging medium and 

allowed to reaching binding saturation (Approximately 2 hours). Images for Hoechst 33342 were 

then collected at distinct locations and histograms were generated from images containing ~ 100, 

200, 300, 400, 500 and 600 cells within the field of view.  
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Supplemental Figure 4.1: Side-by-side comparison of cell cycle profiles derived from flow 

cytometry or produce by live-cell fluorescence microscopy 

Flow cytometry and fluorescence image analysis data was obtained from asynchronous cells that 

were plated in either 6-well culture dishes or 2-well chambered slides, respectively. a) The cell 

cycle profile displayed was generated from cells that were fixed and treated with propidium 

iodide and ribonuclease A. 10,000 events were collected with doublets gated out of the analysis 

by SCC and PI-A. Manual gates were placed to determine the percentage of cells within the 

different cell cycle phases shown. b) Displayed is a cell cycle profile generated from live-cell 

fluorescence microscopy of Hoechst 33342 stained cells (n = ~ 600 cells). The corresponding 

image is presented in the top-right corner to illustrate the plating density required for 600 cells 

per field of view. 
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Table 4.1: Cell cycle distributions from images with varying densities of cells. 
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c. Examining polyploid cell division 

Conventionally, diploid cells cycle between 2C (G1) and 4C (G2/M) DNA content, while 

tetraploid cells cycle between 4C (G1) and 8C (G2/M). To assess whether our system could be 

used to study polyploid cell division, we employed a previously documented cell line shown to 

have a dynamic range of cells with varying ploidies [154], established by the expression of the 

YWHAG oncogene. Time-lapse images were then collected at 3-minute intervals for 18 hours 

and the DNA contents of each cell calculated at the terminus of the experiment. Cell cycle 

profiles were generated and referenced to define 2C, 4C, and 8C populations.  

The ploidy of dividing cells, that is, the number of complete sets of chromosomes, were 

calculated by summing together the DNA contents in emerged daughter cells, i.e., diploid cells 

tracked through mitosis were identified by the DNA contents of their daughter cells adding up to 

4C, and tetraploid cells similarly identified by the summation of 8C (Supplemental Figure 2). 

This approach was therefore suitable for identifying diploid cells from polyploid cells. It is 

important to note that the precise characterization of cellular ploidy in mitotic cells was 

contingent on measuring DNA content in the daughter cells while they remained in growth phase 

I of the cell cycle.  

We employed this approach to cells transfected with the constitutive expression of 

fluorescently labeled histone 2B, allowing the spatiotemporal movement of mitotic 

chromosomes to be visualized in high-resolution [162]. During these studies, we noted that 

polyploid cancer cells, and to a lesser degree, diploid cancer cells, occasionally experienced 

asymmetrical mitoses that lead to unequally distributed amounts of DNA content (Figure 4a). 

These uneven distributions were typically accompanied by fragmented nuclear morphologies, 

multipolar mitoses, lagging chromosomes and anaphase bridges (Figure 4b & 4c). This data 
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demonstrates that ploidy of the mitotic cell should be estimated by measuring the summation of 

all daughter cell DNA contents, as the DNA content from one daughter cell may have arisen 

from asymmetrical mitosis and is, therefore, an inaccurate representation of the mother cell’s 

ploidy.  

Polyploid cells exist in mononucleate and multinucleate forms, with each phenotype 

derived from separate mechanisms [84,97]. For studies aimed at examining distinct polyploid 

phenotypes over time, the tandem use of H2B-GFP allowed delineation of mononucleated from 

multinucleated forms. In summary, the expression of H2B-GFP combined with the quantification 

of DNA content – as outlined in this protocol – enabled DNA ploidy to be correlated with 

several cellular parameters, such as the temporal span of mitosis, chromosomal segregation 

errors and multipolar mitoses.  
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Supplemental Figure 4.2: Calculating cellular ploidy in live cells using Hoechst 33342 

A diagrammatical representation of H2B-GFP labeled cells progressing through mitosis (grey 

arrows) is shown. DNA ploidy can be calculated for each mitotic cell by summing the nuclear 

fluorescence of Hoechst 33342 in the nascent daughter cells. A diploid and tetraploid example is 

illustrated.  
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Figure 4.4: Polyploid cells occasionally experience error prone mitoses  

H2B-GFP labeled cells were imaged over a 20-hour time course with 3-minute intervals between 

acquisitions. At the 18-hour mark, Hoechst 33342 was added to the imaging medium. At the 

completion of the time-lapse experiment, images were collected for Hoechst 33342 fluorescence. 

Hoechst 33342 images were analyzed using the ProcessDNA pipeline and concatenated to the 

time-lapse series. a) Highlighted is a polyploid cell progressing through mitosis with 

asymmetrical separation of DNA between daughter cells. Scale bar = 20m. b) Mitotic errors 

such as anaphase bridges (AB, top panel) and lagging chromosomes (LC, bottom panel) with 

subsequent micronuclei production (MN) were observed. Scale bar = 10 m. c) Asymmetrical 

separation of DNA occasionally resulted from tripolar (top panel) and quadripolar (bottom panel) 

spindles. Scale bar = 10 m.  
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IV. Discussion and conclusions 

We have established a universal, fluorescence-based procedure that combined H2B-

GFP labeling with the addition of Ho342 to live cells at the end of time-lapse imaging, which 

enabled tracking of live cells as they progressed through the cell cycle over an extended 

period of time. The DNA content of individual Ho342 stained cells was determined using the 

ProcessDNA algorithm. This combined with the H2B-GFP time-lapse images allowed us to 

track individual cells and their DNA contents back through time, providing a history of the 

cell's progression through the cell cycle. Importantly, our procedure avoids the cell cycle 

perturbations related to DNA damage caused by live cell dyes, such as Ho342, by limiting 

cellular exposure to a short period of time at the end of the experiment. Hence, we were able 

to observe chromosome dynamics associated with the cell cycle, unperturbed by Ho342 

staining. Using this approach, we linked DNA content, and cell cycle staging to individual 

cells tracked in a time-lapse fashion and were able to quantify mitotic aberrations induced by 

the 14-3-3 gamma oncogene.  

We were able to establish reasonably accurate segregation of the cell cycle stages G1, 

S, and G2/M using imaging processing. We found that optimal resolution could be obtained  

with at least 500 cells per single field. This number of cells was easily obtained using a 20x 

0.8-N.A. objective lens. Our method and the ProcessDNA algorithm is also compatible with 

the use of a 10X objective if cells are to be imaged at a lower cellular confluence. For studies 

seeking to acquire cell cycle profiles with counts similar to what is achieved by flow 

cytometry, the DNA contents from multiple fields of view can be compiled, and DNA 

histograms can then be generated from this data with spreadsheet software such as Excel or 

statistical software R [24]. 
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Generating accurate cell cycle profiles is dependent on the correct segmentation of 

nuclei for quantitating DNA content. The ProcessDNA algorithm was designed to detect 

individual nuclei in a 1D plane. This can be difficult when analyzing images from cancer cells 

as they frequently grow in clusters and atop one another. Therefore, the plating density should 

be optimized for a sufficient number of cells within a single field of view, but not too dense 

such that cells are clumping together. To mitigate this phenomenon, the chambered slides 

used for imaging can be pre-coated with Poly-L Lysine or fibronectin, which encourage cell 

adhesion to the underlying surface [25]. Nevertheless, nuclei detection and individual 

measurements can also be performed using CellProfiler [26], an open-source image analysis 

pipeline that is suitable for detecting individual nuclei within cell clusters. Although timely, the 

assessment of DNA content can also be performed manually by integrating the nuclear 

fluorescence using software such as ImageJ. Alternatively, images can be collected at several z-

planes (stacks) to account for the variability of cells in different z-positions. The stack of images 

can then be averaged for all z-positions, and the integrated intensity of Ho342 can be calculated 

[24].  

It was evident that cell cycle profiles generated by imaging, although similar, did not 

mirror the profile generated by flow cytometry precisely. Studies requiring precise cell cycle 

staging using this method should consider the use of efflux inhibitors alongside the addition 

of Ho342 into the imaging medium to preserve dye retention. This will reduce the lower-

bound spread of G1 and G2/M populations, ultimately making all three phases more distinct. 

Our method alone appears sufficient for staging live cells within the cell cycle, but only at the 

terminus of the time-lapse experiment. To resolve cell cycle stages throughout the duration of 

the time-lapse experiment, the additional use of live cell cycle reporters can be utilized. The 
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expression of fluorescently labeled proliferating cell nuclear antigen (PCNA) can be 

incorporated into the system to clarify further cells that are in S phase from those in G1 and 

G2/M [27]. Alternatively, the fluorescence ubiquitination cell cycle indicator (FUCCI) system 

can be used to identify cells in G1 from those in S/G2/M phases [28]. The integration of these 

cell cycle reporters may increase the accuracy of staging live cells, but do not provide 

resolution of all three phases and also requires the use of additional spectral imaging 

channels, reducing the capacity for visualizing of cellular features by fluorescence imaging 

and consequently should be employed pragmatically.  

Our method of measuring DNA content near the end of a time-lapse experiment was 

recently performed to study polyploid cells as they progressed through cell division [10]. We 

reasoned that polyploid cells could be identified using our method, as DNA content and DNA 

ploidy are interdependent. The visualization of mitosis using differential interference 

microscopy was utilized directly as a cell cycle reporter. Thus, cells that emerged from mitosis 

were accurately staged in G1 of the cell cycle and the amount of DNA content directly related 

to their ploidy. With the simultaneous expression of H2B-GFP, mitotic dynamics could be 

studied in cells that were retrospectively identified as diploid or polyploid. Cell 

synchronization may be performed to maximize the mitotic fraction of cells for studies aimed at 

investigating polyploid cell division in a high-throughput fashion. Our method is, therefore, an 

attractive new technique for exploring unresolved issues on the cell division and proliferation 

dynamics of polyploid cells. 

We have developed a method that allows tracking of multiple single cells through an 

unperturbed cell cycle over an extended period of time using image acquisition through 

fluorescence microscopy of stained nuclei and the subsequent quantification of their DNA 
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content by automated image analysis. We outline a protocol for a standard wide-field 

fluorescence microscope (e.g., AxioObserver.Z1, Carl Zeiss) equipped with a UV light source 

for the excitation of the DNA dye and a low-cost lab-standard 20× 0.8-NA air objective lens. 

This configuration allows the quantification of Hoechst-stained cells and the derivation of cell 

cycle profiles by acquiring single Hoechst stained cell images without the need for 2D image 

acquisition. This method is wide-ranging, as the use of alternative epifluorescence or confocal 

microscopes will allow similar results to be achieved. Collectively, we anticipate that this 

method will allow high-resolution microscopic analysis of cellular processes involving cell cycle 

progression, such as checkpoint activation, DNA replication, and cellular division.  
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CHAPTER 5: CONCLUSIONS AND PERSPECTIVES 

 

In the past few years, significant advances have been made in our understanding of the 

complex roles that 14-3-3 proteins have in tumor biology. There are now several studies that 

have confirmed the ability of 14-3-3 molecules to bind to and increase the activity of oncogenic 

proteins, suggesting a strong correlation between the aberrant expressions of 14-3-3 proteins and 

the advancement of tumorigenesis. We therefore aimed to examine whether these molecules had 

tumor promoting properties in the context of non-small cell lung cancer. Herein, we demonstrate 

that four 14-3-3 zeta, gamma, sigma, theta are significantly upregulated in adenocarcinomas and 

squamous cell carcinomas of the lung. Perhaps more interesting is that of those four isoforms, 

the upregulation of 14-3-3 zeta, gamma, and sigma correlated with poor clinical outcome in 

patients with lung adenocarcinoma, but not in patients with lung squamous cell carcinoma. 

Despite sharing similar 14-3-3 mRNA expression profiles (Figure 2.1), our observation 

that 14-3-3 zeta, gamma, sigma only associated with patient survival in lung adenocarcinomas 

and not in patients with lung squamous cell carcinomas is intriguing and may explain the 

discrepancies in previous studies, which have combined both groups and evaluated survival. 

Although further research is warranted to determine why 14-3-3 upregulation associates with 

patient survival in a LUAD-specific manner, one can conclude from the survival data presented 

here that these biomolecules should not be used as prognostic indicators for patients with lung 

squamous cell carcinoma. In the same context, lung adenocarcinomas prove to respond to 

changes in 14-3-3 expression patterns far differently than squamous cell carcinomas of the lung 

and therefore, the separation of these two NSCLC subtypes should be considered when exploring 

potential prognostic biomarkers for patient survival.  
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To build an understanding of how the 14-3-3 molecules may promote lung tumorigenesis, 

our laboratory utilized an overexpression model system to investigate the cellular consequences 

following 14-3-3 upregulation, since 14-3-3s are frequently elevated in lung cancer (see figure 

1.1). Nearly a decade ago, we demonstrated that the overexpression of 14-3-3 gamma promoted 

polyploidization in lung adenocarcinoma cells [82]. Therefore, we sought to investigate whether 

a relationship existed between 14-3-3 gamma-induced polyploidization and the incidence of 

polyploidy seen in lung cancer (34-46%, [84,99]), as well as the mechanism(s) driving its 

occurrence. We first transfected human lung adenocarcinoma cells with the constitutive 

expression of 14-3-3 and detected an approximately four-fold increase in the incidence of 

polyploidy when compared to vector-controlled cells (Figure 2.1). Having confirmed a model 

system in which polyploidy could be induced by the overexpression of 14-3-3 gamma, we aimed 

to determine how these polyploid cells manifested. By combining time-lapse microscopy with 

the fluorescence ubiquitin cell cycle indicator (FUCCI) system, we showed that the 

overexpression of 14-3-3 gamma resulted in a pronounced inhibition of the G2/M transition, 

ultimately leading cells to bypass mitosis entirely and enter growth phase I with tetraploid DNA 

content (Figure 3.3); a phenomenon we believe is due to the downregulation of Cdk1 activity 

followed by the overexpression of 14-3-3 gamma [82]. This notion is supported by work 

conducted by Hosing et al., who demonstrated that the depletion of 14-3-3 gamma by shRNA 

leads to compromised G2 checkpoint, allowing cells enter mitosis prematurely [144]; again 

likely a result of the inability to inhibit Cdk1 [46]. These observations support the notion that 14-

3-3 is a critical mediator of mitotic entry, but its role in influencing additional requirements 

necessary for endoreduplication, such as the relicensing the DNA for replication in G1, remains 

to be determined. Interestingly, polyploidy also results when 14-3-3 sigma is also overexpressed 
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[37], albeit by alternative mechanisms that lead to the decreased in Cdk1 activity [49]. These 

data are suggesting that endoreduplication and polyploidy may be common results of 14-3-3 

upregulation. 

Polyploid cells are genomically unstable and frequently experience chromosomal 

segregation errors in mitosis (Figure 3.5), leading to an advanced capacity to adapt and evolve at 

accelerated rates [99,100]. As a result, polyploid cells have a distinct fitness capable of enduring 

chemo- and radiotherapy, suggesting that their presence increases the chance of therapeutic 

resistance.10 This adaptive capacity inherent to polyploid cells means that even a small 

subpopulation of surviving polyploid tumor cells are able to drive disease recurrence. To that 

end, 14-3-3 gamma-induced polyploidy may underlie the poorer clinical outcomes in patients 

with lung adenocarcinomas (Figure 2.3).  

To investigate the relationship between 14-3-3 and polyploidy observed in human lung cancers, 

we examined mRNA expression in tumor samples predicted to be either diploid or polyploid (see 

methods). We showed that 14-3-3 is significantly elevated in samples predicted to be polyploid, 

inferring that 14-3-3 may have a prominent role in promoting polyploidization in lung tumors. 

However, this data is solely suggestive and requires further examination to confirm. It is likely 

that unveiling the actual and full oncogenic potentials of the 14-3-3 gamma in lung cancer will 

require utilizing animal model systems where gamma’s expression can be elevated to levels 

similar to that observed in human lung adenocarcinomas. We predict that the overexpression of 

14-3-3 gamma alone is insufficient to drive this polyploid phenotype. Notably, the lung cancer 

cells used in our in vitro studies harbored a mutated copy of tumor suppressor p53, a well-

recognized regulator of the polyploid phenotype [163]. To this end, we previously demonstrated 

that the expression of 14-3-3 gamma was significantly increased when lung cancers lacked wild-
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type p53. These studies further clarified 14-3-3 gamma as a downstream target of p53, which 

acted to negatively regulate the expression of 14-3-3 gamma.44-45 Therefore, the oncogenic 

capacity of 14-3-3 gamma and linked association with polyploidization seems to be affected by 

the loss of tumor suppressor p53. This point is further substantiated by an analysis performed by 

Davoli and Lange, who investigated the correlation between the frequency of p53 inactivation 

and the incidence of tumors with polyploid karyotypes. Of the 19 cancer types evaluated, lung 

adenocarcinomas had the strongest correlation with loss of p53 and the incidence of polyploidy 

[84]. This suggests that loss of p53 may be required for the tolerance of polyploidy in lung 

adenocarcinoma cells; but that it too, alone, is unlikely to drive the polyploid phenotype. For 

instance, there are many cancers such as skin squamous cell carcinoma or colon adenocarcinoma 

that have inactivation of p53 at 60-80% of cases and present with less than 30% polyploid 

karyotypes.41-43  

If polyploid cells could be eliminated from the tumor microenvironment, it may have 

profound effects in limiting the adaptive capacity tumors [164]. For this reason, numerous 

groups have dedicated efforts in exposing areas of vulnerability in polyploid cells in hopes that 

neoadjuvant elimination would sensitize the tumor to conventional adjuvant therapies. We 

fortuitously observed one such vulnerability that may be therapeutically targetable in NSCLC. It 

was made clear that overexpression of 14-3-3 gamma promoted polyploidization in lung 

adenocarcinoma cells through the induction of endoreduplication, and by further silencing that 

overexpression, the polyploid population no longer persisted [82]. Therefore, therapeutic 

inhibition of 14-3-3 gamma may serve to improve survival in patients with lung adenocarcinoma.  
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CHAPTER 6: MATERIALS AND METHODS 

 

14-3-3 Expression Patterns in NSCLC 

 

TCGA analysis 14-3-3 RNAseq data in NSCLC 

RSEM normalized Illumina mRNA sequencing data were downloaded for all seven 14-3-3 

isoforms. This was performed for the LUAD and LUSC datasets. Associated clinical data were 

likewise downloaded and manually appended to the appropriate patient sample. Tumors with 

multiple expression values were averaged. First, normal samples were evaluated against tumor 

samples and presented in a box-whisker plot. Kaplan-Meier analysis was performed to estimate 

gene correlation with patient survival for the top 25% expressers versus the remaining lower 

75% expressers for each gene assessed. 

Statistical Analysis 

Statistical comparisons were performed using Welch’s t-test. P < 0.05 was considered 

significant. All statistical tests were carried out using the R statistical software, version 3.3.2.  

The induction of endoreduplication and polyploidy by elevated expression of 14-3-3 
 

Plasmids 

The empty pCMV-Tag2 vector and pCMV-Tag2-YWHAG (sub-cloned 14-3-3) vector were 

obtained from Dr. Radhakrishnan, University of Arizona, AZ, USA. The pBOS-H2B-GFP vector 

was obtained from Dr. Wahl, Salk Institute for Biological Studies, La Jolla, CA, USA.  

Cell culture and transfections 

H322 cells were purchased from the American Type Culture Collection (Rockville, MD). Cells 

were maintained in Dulbecco’s modified Eagle’s medium (Corning Cellgrow, Manassas, VA) 

supplemented with 10% fetal bovine serum (Peak Serum, Fort Collins, CO), 100 U penicillin and 

100 mg streptomycin and maintained at 37 C in a humidified atmosphere of 5% CO2. Cells 
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were transfected using Lipofectamine LTX with PLUS reagent (Invitrogen, Carlsbad, CA). Cells 

expressing the pCMV-tag2 vector were maintained in 0.5 mg/ml G418 (Invitrogen, Carlsbad, 

CA). Cells transfected with pBOS-H2B-GFP were selected with 3ug/ml Blasticidin S HCl 

(Sigma-Aldrich, St. Louis, MO) and FACS sorted GFP expression. These cells were then 

maintained with 1 ug/ml Blasticidin S HCl in the culture medium. H322 cells were authenticated 

at the University of Arizona Genetics Core by autosomal STR profiling in May 2017.  

Cell synchronization 

Logarithmically growing cells were plated and allowed to adhere for 24 hours before adding 

3ug/ml aphidicolin (Sigma-Aldrich, St. Louis, MO) or DMSO (Sigma-Aldrich, St. Louis, MO) 

for an additional 24 hours. Following synchronization, cells were washed with 1X DPBS 

(Corning, Manassas, VA) before being returned to 10 % complete media. Cells were harvested at 

various time-points following release from synchronization.  

FACS 

Assessment of DNA content was carried out using a BD FACScanto II flow cytometer (BD 

Biosciences, San Jose, CA) and cell cycle histograms generated using the FlowJo V10 (Ashland, 

Oregon) software package. Cells were fixed by drop-wise addition of 70% ice-cold ethanol while 

vortexing. Samples were then treated with RNase A (Sigma-Aldrich, St. Louis, MO), stained 

with Propidium iodide (Sigma-Aldrich, St. Louis, MO) and incubated at 37 C for 30 minutes 

prior to cytometric analysis. Cell aggregates were gated out of the analysis, determined by PI-A 

and PI-W. To assess DNA content in fractionated nuclei, cells were pelleted and suspended in 

nuclei isolation buffer I (584 mg/L NaCl, 1000 mg/L Na-citrate, 10 mg/l RNase A, 0.3 mL/L 

Nonidet P40 and 0.05 mg/ml propidium iodide) and stored at 4 C in the dark for 1 hour. An 

equal volume of nuclei isolation buffer II (15 g/L citric acid, 0.25 M sucrose, 0.05 mg/ml 
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propidium iodide) was then added and samples were stored at 4 C until cytometric analysis, no 

later than three days from collection. In cell sorting experiments a FACS Aria III (BD 

Biosciences, San Jose, CA) cell sorter was used to sort single cells stained with Hoechst 33342 

(Thermofisher Scientific, Waltham, MA) at 2ug/ml into 96 well plates supplemented with 20% 

FBS media. Successful colonies were progressively expanded into 10 cm dishes and passaged 

approximately once a week (80% confluence) at a consistent 1/5 dilution.  

FISH 

Cells were plated into coverglass bottom removable chamber slides (Thermofisher Scientific, 

Waltham, MA) and allowed to adhere for 24 hours at 37°C and 5% CO2. The cells were then 

fixed in 3:1 methanol/acetic acid. The slides were then denatured, hybridized with XCE probes 

6-green and 18-orange, and washed according to the FISH protocol for MetaSystems’ DNA 

probes provided by Metasystems. Following hybridization, the slides were counterstained with 

prolong DAPI-antifade gold mounting medium (Invitrogen, Carlsbad, CA) and imaged with a 

Leica 5-confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL). Slides were stored in 

the dark at -20C. 

Time-lapse microscopy and imaging analysis 

Cells were plated into 2-well coverglass bottom chamber slides (Thermofisher Scientific, 

Waltham, MA) at a density of 20,000 cells per well and allowed to adhere for a minimum of 24 

hours at 37°C and 5% CO2. Before acquisition, the slides were moved to a Pecon Heating Insert 

(Carl Zeiss) maintained at 37°C and 5% CO2. Time-lapse videos were acquired using a 20X air 

objective with a CMOS camera (Orca Flash V4.0, Hamamatsu Photonics, Hamamatsu City, 

Japan) on a Zeiss AxioObserver.Z1 wide-field epifluorescence microscope equipped with an 

automated stage and focus (Carl Zeiss, Oberkochen, Germany). For the mitotic progression 
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experiments, cells were imaged at 10-minute intervals for 18 hours. Hoechst 33342 (Theromo 

Fisher Scientific, Waltham, MA) , a membrane-permeant fluorophore, was carefully added into 

the imaging medium two hours prior to the completion of the time-lapse experiment, where the 

cells were then imaged for Hoechst 33342 fluorescence. An algorithm coded in MATLAB (The 

MathWorks, Natick, MA) was constructed to quantify the integrated nuclear fluorescence of 

Hoechst 33342 in individual cells. From this algorithm, a cell cycle histogram is generated from 

all cells imaged in a single field of view, allowing DNA content to be estimated. The ploidy of 

each mitotic cell was manually determined by summing the amount of DNA content observed in 

the respective daughter cells. For the FUCCI sensor (ThermoFisher Scientific, Waltham, MA) 

experiments, cells were co-transduced with 80 particles per cell (PPC) Premo geminin-GFP 

(G2/M reagent) and 80 PPC Premo Cdt1-RFP (G1/S reagent) for 24 hours. The cells were then 

washed, released into complete media and imaged 12 hours later at 20-minute intervals for 18 

hours. Individual cells expressing both vectors were scored for completion of mitosis, abortive 

mitosis or mitotic bypass.   

TCGA analysis of polyploid tumors 

Ploidy estimated tumor data generated from TCGA Affymetrix SNP6.0 arrays (as presented in 

Dewhurst et al.) were kindly provided to our laboratory by Nicolas McGranahan and Charles 

Swanton, Cancer Research UK London Research Institute, London, UK. These data were then 

matched with Illumina mRNA sequencing data, excluding samples lacking both ploidy 

estimations and mRNA sequencing. Z-scores from RSEM normalized mRNA data were then 

compared between tumor samples estimated to be diploid and polyploid.  

Statistical Analysis 
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Statistical comparisons were performed using Welch’s t-test. P < 0.05 was considered 

significant. All statistical tests were carried out using the R statistical software, version 3.3.2.  

Measuring DNA content in live cells by fluorescence microscopy 

Cell culture and transfections 

The model systems for the cell culture are NCI-H322 (ATCC, Manassas, VA) human 

bronchioalveolar carcinoma cells, which were maintained in Dulbecco’s modified Eagle’s 

medium (Corning Cellgrow, Manassas, VA, USA) supplemented with 10% fetal bovine serum 

(Peak Serum, Fort Collins, CO), 100 U penicillin and 100 mg streptomycin (ThermoFisher, 

Waltham, MA, USA) and maintained at 37° C in a humidified atmosphere of 5% CO2. Cells were 

transfected using Lipofectamine LTX with the addition of the manufacture’s PLUS reagent 

(Invitrogen, Carlsbad, CA, USA). Cells transfected with pBOS-H2B-GFP were selected with 

3ug/ml Blasticidin S HCl (Sigma-Aldrich, St. Louis, MO, USA), FACS sorted based on positive 

GFP expression, and maintained in 1 g/ml Blasticidin S HCl (ThermoFisher, Waltham, MA, 

USA) within the culture medium. Cells transfected with pCMV-Tab2B-14-3-3 were maintained 

in 400ug/ml G418 (ThermoFisher, Waltham, MA, USA). 

Cell cycle profiling by flow cytometric analysis 

Cells were fixed by drop-wise addition of 70% ice-cold ethanol while vortexing. Samples were 

then treated with RNase A (Sigma-Aldrich, St. Louis, MO, USA), stained with Propidium iodide 

(Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37° C for 30 minutes prior to cytometric 

analysis. Assessment of DNA content was carried out using a BD FACScanto II flow cytometer 

(BD Biosciences, San Jose, CA, USA) and cell cycle histograms generated using the FlowJo 

V10 (Ashland, Oregon) software package. Cell aggregates were gated out of the analysis, 

determined by PI-A and PI-W.  
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Image processing 

Images of Hoechst 33342 fluorescence were analyzed using the ProcessDNA algorithm 

constructed to measure the integrated nuclear fluorescence of each cell. The algorithm computes 

the perimeter shape and the location of the center of mass of each nucleus from fluorescent 

images by combining a thresholded image and a moving least-squares algorithm, as previously 

described in Harman et al. [165]. The threshold value is determined based on the sharpest 

gradients in the image intensity. The integrated fluorescence is then equated over the area of each 

nucleus, and that data is exported into a histogram distribution, with the integrated intensities 

reduced to a two-digit read-out and binned accordingly based on the data distribution. This 

algorithm is simple in design and is constructed to assess 1D-images rapidly and allows users to 

determine where an individual cell resides within the cell cycle without having to use several 

software. Steps to use this pipeline and the code generated to run the ProcessDNA algorithm are 

provided. 

Constructing the ProcessDNA algorithm 

Using the MATLAB VideoReader command, an object named MovieObj was created to read 

video data from a given .avi file The number of frames within the MovieObj were designated by 

‘MovieObj.NumberofFrames’. To extract the size of the image from the MovieObj, the height 

and width of each frame in pixels are given as MovieObj.Height and MovieObj.Wdith, 

respectively. An objective, AviOut, was then named to write video data using VideoWriter, with 

an array of X, Y coordinates for the pixels in an image. Since Hoechst 33342 reached binding 

saturation approximately two hours following its addition to the imaging medium, only the last 

five frames of the Hoechst .avi movie (MovieObj) were designated to be read. This can be 

adjusted by altering the n value in line 34: for example, the last ten frames will be read by 
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utilizing “for n = Span-9:Span”. Each frame was then converted to double precision format, 

permitting data to be stored as 64 bits. The pixel intensity was then normalized for each frame 

such that the minimum value was 0 and the maximum 255. To compute the magnitude of the 

gradient of the normalized intensity, central difference derivatives were used to compute the x 

and y components of the gradient. This routine utilized subroutine Cshift2, a circular shift routine 

for two-dimensional images, written by Charles Wolgemuth. This subroutine is included with the 

provided code. A segmented image was then created using the squared magnitude of the gradient 

as a weighting factor to define a threshold for the image intensity. The segmented image is a 

binary array where pixels in the original image that have intensities greater than this Threshold 

value are set to one and all other pixels are set to zero. The MATLAB bwlabel command was 

used to label connected regions in the segmented image. The MATLAB command regionprops 

was then used to determine the area, perimeter, eccentricity, major axis length, and minor axis 

length for each connected region. To compute the x and y coordinates of the center of mass for 

each nucleus the integrated intensity and the Shape Factor (Shape = 4 2 Area/Perimeter2) for all 

connected regions that exceed a specified Area was determined. The center of mass, area, 

perimeter, Integrated Intensity, standard deviation of the integrated intensity, and Shape Factor 

for each region that exceeds the specified area were stored. The original image was then plotted 

labeling each connected region (nucleus) with a number and its integrated intensity. To quickly 

assess a distribution of integrated intensities for each frame, a histogram was plotted. 
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