
LncRNA PVT1 Associates with c-Myc and
Stabilizes Oncogenic Signaling in Prostate Cancer

Item Type text; Electronic Thesis

Authors Jones, Rachel

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 21:22:41

Link to Item http://hdl.handle.net/10150/626151

http://hdl.handle.net/10150/626151


1 
 

 

LncRNA PVT1 ASSOCIATES WITH C-MYC AND 

STABILIZES ONCOGENIC SIGNALING IN PROSTATE 

CANCER 

 

By 

Rachel Jones 

________________________________________________________ 
Copyright © Rachel Jones 2017 

 

A Thesis Submitted to the Faculty of the  

COLLEGE OF MEDICINE 

 

 

In Partial Fulfilment of the Requirements 

for the Degree of 

MASTER OF SCIENCE 

in  

CELLULAR AND MOLECULAR MEDICINE 

 

 

 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2017

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 



2 
 

STATEMENT BY AUTHOR 
 

 
The thesis titled LncRNA PVT1 Associates with c-Myc and Stabilizes Oncogenic Signaling in Prostate 
Cancer prepared by Rachel A. Jones has been submitted in partial fulfillment of requirements for a 
master’s 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 thesis are allowable without special permission, provided that an accurate 
acknowledgement 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 judgment the proposed use of 
the material is in the interests of scholarship.  In all other instances, however, permission must be 

obtained from the author. 
 

                                  SIGNED:   Rachel Jones    
 
 

APPROVAL BY THESIS DIRECTOR 
 

This thesis has been approved on the date shown below:  
 

________________________________                                  _______August 2, 2017______  
 
                                                      Ronald Heimark, Ph.D                                                                    Date

 



3 
 

          ACKNOWLEDGEMENTS 
 

This research and dissertation would not have been possible without the training and guidance I have 

received by many faculty members and lab associates. First, I would like to express my gratitude to my 

advisor and mentor, Dr. Ronald Heimark, for his support and guidance throughout this project. Without 

his faith in my abilities, I would have never branched out of my comfort zone by conducting 

independent experiment design and research. I truly feel like I have grown as a scientist in the past two 

years under his instruction. Also, the work Kelsey Guest has conducted in the lab has been truly integral 

to this project. Her work in collecting and assembling the data expressed in Figures 7 and 8 made up an 

essential part of this research. I could not have gotten through this without help and support the past 

two years. In addition, I would like to express my appreciation to Dr. Paul Krieg and Dr. Jesse Martinez 

for serving on my committee. Thanks especially to Dr. Krieg for his words of wisdom and telling me 

when I’ve gotten too far ahead of myself. I would also like to extend a word of thanks to both Dr. David 

Elliot and Dr. Lonnie Lybarger. Dr. Elliot’s instruction and advice has been paramount to my success 

here at the University of Arizona. Dr. Lybarger has also been a positive influence in my education and 

has provided interesting conversations and advice for my future endeavors.  

 

Furthermore, I must acknowledge how essential the support I received from my family was in my 

completion of this project. My mother, father, and sister has been an encouraging presence in my life 

as I have continued to pursue higher education. They are constantly impressed with my 

accomplishments, even when I feel it is undeserved. Thank you for making me appreciate everything.  
 

Research reported in this publication was supported by the National Cancer Institute of the National 

Institutes of Health under Award Number U54CA143924. The content is solely the responsibility of 

the authors and does not necessarily represent the official views of the National Institutes of Health. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

Contents 
I.     ABSTRACT .................................................................................................................... 5 

II. Introduction and Prostate Cancer Progression ................................................................ 6 

III. The Androgen Receptor .................................................................................................. 7 
IV. Myc as an Oncogenic Transcription Factor .................................................................... 8 

V.     Myc Structure and Function ............................................................................................ 8 

VI. Myc Distribution and Regulation.................................................................................... 9 

VII. Long Non-coding RNA Molecules ............................................................................... 10 

VIII.   LncRNAs in Cancer ...................................................................................................... 11 
IX. LncRNA Knockdown Strategies ................................................................................... 11 

X. The C-Myc-PVT1Network ........................................................................................... 12 

XI. Results ........................................................................................................................... 12 
A. lncRNA PVT1 binds c-Myc and is localized to the nucleus........................................................... 13 

B. Knockdown of long non-coding RNA PVT1has variable results on Myc and phospho-Myc 

protein levels in prostate cancer cells ................................................................................................... 13 

C. Co-immunoprecipitation of c-Myc reveals no significant change in binding partners in the 

absence of PVT1 ...................................................................................................................................... 14 

D. Prostate cancer cell growth and loss of PVT1 function ............................................................... 15 

XII. Discussion ..................................................................................................................... 15 

XIII.   Future Directions........................................................................................................... 16 

XIV.    Materials and Methods .................................................................................................. 16 
XV. References ..................................................................................................................... 23 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 



5 
 

 

 

I.         ABSTRACT 

 

Understanding the factors that affect c-Myc in prostate cancer is critical to developing an effective 

means of treatment for aggressive, castration-resistant forms of the disease. Myc is an oncogene known 

to be overexpressed and stabilized in many types of cancer, prostate included. Recent insights into 

breast cancer have revealed that Myc protein retains a longer half-life in cancer cells, but the cause for 

this has yet to be deduced. Due to its close proximity and proven interaction with Myc, I propose that 

the lncRNA PVT1 is stabilizing Myc and facilitating its activation of target genes in castration-resistant 

prostate cancer. 

 

To explore this hypothesis, metastatic prostate cancer DU145 cells were transfected with both siRNAs 

and ASOs targeting PVT1. Cells were analyzed for changes in different protein levels, as well as 

binding partners, through the use of immunoprecipitation and western blot. These results were verified 

with RT-qPCR data to confirm knockdown levels of PVT1. Proliferation assays were also conducted 

to explore the proliferative abilities of cells when PVT1 levels were decreased.  

 

Transfection of PVT1 with siRNA yielded about a 50% knockdown, while ASO targeting brought 

PVT1 levels down 80%. PVT1 inhibition had different effects on the level of c-Myc in cells depending 

on the method of transfection used--while transfection with anti-PVT1 siRNAs slightly decrease the 

amount of c-Myc protein in the cell, transfection using ASOs significantly increases c-Myc. Most 

importantly, proliferation of DU145 cells decreased with PVT1 knockdown by ASOs. Removal of this 

lncRNA, therefore, hinders that oncogenic potential for growth of prostate cancer cells.  

 

Since Myc poses a difficult target for cancer therapy, any new method to mitigate its oncogenic 

signaling would be invaluable. Targeting lncRNA PVT1 may be a successful method of doing just that, 

but more work needs to be done to explore the effects of different knockdown strategies. It is clear, 

however, that the relationship between Myc and PVT1 is a convoluted interaction that warrants further 

research.  A breakthrough in this area could lead to huge improvements in the way prostate cancer is  

diagnosed and treated.  
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II. INTRODUCTION AND PROSTATE CANCER 

PROGRESSION 

 
About 1 in 7 men will be diagnosed with prostate 

cancer (PCa) at some point in their life—there are 

expected to be about 161,360 new casesdiagnosed in 
2017 alone1. For men in America, prostate cancer is 

the third leading cause of cancer-related death. 
While prostate cancer can be deadly, many men 

diagnosed do not die from it. Prostate growth can be 

classified as either benign or malignant. The cancer 
boasts one of the more optimistic five-year survival 

rates—100% when localized to the prostate or 

nearby areas. When the cancer has metastasized 
beyond the primary to bone, becoming malignant, 

the survival rate drops to 29%2. The non-malignant 

cancer type is classified as benign nodular 
paraurethral hyperplasia (BPH) and becomes 

increasingly common in men with age (present in 

50% at age 50 and in 70% at age 60)3. This diagnosis 
is determined histologically, and is characterized by 

proliferation of certain cellular components within 

the prostate4. Normal prostate tissue is characterized 
by well-differentiated glands and surrounding 

fibromuscular stroma3. Figure 1 illustrates this 

arrangement, in addition to the tall columnar 
epithelial cells that line the glands and have normal 

nuclei. BPH can occur when levels of testosterone 

or dihydrotestosterone are altered in the body, 
causing a hormonal imbalance5. This imbalance 

leads to changes in the expression of growth factor 

receptors and cellular signaling3. Stromal cells and 
cells of the glandular-epithelial compartment then 

undergo increased rates of proliferation5. The 

increased cell mass creates nodules, or enlarged 
glands (Fig. 2).  These nodules can compress the 

urethra and lead to chronic bladder outlet 

obstruction, which is commonly resolved through 
transurethral resection of the prostate (TURP)3. 

 

 
Figure 1. Normal histology of the prostate gland. The 

pink concretions within the gland are identified as corpora 

amylacea and are typical of the gland.3 
 

 
Figure 2. Glandular hyperplasia of the prostate.3 
 
Although benign, this type of growth can lead to a 

change in the foundational stroma as proliferation is 

induced to occur away from the gland. When 
outgrowth of this glandular tissue reaches the 

peripheral zone of the prostate, it is classified as 

prostatic intraepithelial neoplasia (PIN)5., About 
75% of tumors occur in the peripheral zone where 

PIN develops, and over 85% of prostate cancers 

occur with PIN5. Because of this, PIN is commonly 
identified as the precursor to prostatic 

adenocarcinoma. In high-grade PIN, glandular 

epithelial cells become abnormally shaped, closely 
packed together and acquire a higher nuclear to 

cytoplasm ratio (Fig. 3). After time, these cells may 

acquire malignant mutations that allow them to 
proliferate into the ducts and beyond the basement 

membrane that establishes the epithelial layer. This 

change is fueled by the interaction of growth factors 
and most importantly, the androgen receptor.  

 

 
Figure 3. High-grade prostatic intraepithelial neoplasia 

(PIN). Abnormal cells have not erupted past the basement 

membrane.3 
 

Progression of prostate cancer is associated with 
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dramatic changes in vital regulatory pathways. The 

most frequent genetic deletion in prostate cancer is  
phosphatase and tensin homolog gene (PTEN) on 

chromosome 10q23.36. PTEN is a tumor suppressor 

and is responsible for negatively regulating the 
PIK3/Akt survival pathway6. Complete loss of this 

tumor suppressor in prostate cancer cells is linked to 

metastatic and androgen-independent qualities6. 
Another critical genetic biomarker for prostate 

cancer is ETS-regulated gene (ERG). ERG is 

expressed during normal development in the 
embryonic mesoderm and endothelium7. It is an 

essential gene for maintenance of vascular integrity 

and viability of the embryo. ERG accomplishes this 
by regulating the WNT/β-catenin signaling 

pathway7. While ERG is not normally expressed in 

prostate epithelia cells, it is often found to be 
overexpressed in malignant prostate cancer7. This is 

mainly due to fusions between TMPRSS2, an 

androgen regulated gene, and coding regions of 
ERG8.  This translocation is  a key event in the 

molecular mechanisms of prostate cancer, and is a 

driver of progression from PIN to full-fledged 
carcinoma9.Mutations in the tumor suppressor gene 

p53 have also been associated with advanced, 

metastatic forms of prostate cancer. P53 is involved 
in preventing cellular progression through the G1-to-

S phase10. This lag in cell cycle progression gives 

the cell time to repair any DNA damage before 
dividing, thus preventing accumulation of 

mutations10. Mutations in tumor suppressor p53 

allow DNA damage present in the cell to be 
replicated as the cell enters the S phase, increasing 

the chance of the cells gaining a malignant 

phenotype10. Several studies have suggested the p53 
does indeed play a significant role in the progression 

and/or development of prostate cancer10. 
 

Although these key pathways are significant in the 

adoption of a malignant phenotype, they are first 
activated by the cells reaction to androgen through 

the androgen receptor. This is the most complex and 

important part of PCa disease progression.  
 

III. THE ANDROGEN RECEPTOR 

 
One way in which prostate cancer growth is 

exacerbated is through the response to androgens, 

including testosterone. A common treatment for 
prostate cancer is hormone therapy, which reduces 

the levels of androgens in the body11. This can be 

done by using drugs that inhibit androgens or by 
surgically removing the testicles. When prostate 

cancer cells metastasize, they can become resistant 

to the effects of androgen, or lose their androgen 
receptor (AR) altogether. For 10-20% of patients 

diagnosed with prostate cancer, the disease will 

develop into this metastatic castration-resistant 

prostate cancer (mCRPC) within five years11. For 

these patients, the median survival is about two 
years12. The mechanisms by which prostate cancer 

becomes castration-resistant is still unknown, 

making screening for the deadly form of the disease 
very difficult. As more scientific breakthroughs are 

being made to explain how androgen-independent 

prostate cancer cells behave, there is hope for a 
successful, targeted therapeutic that will increase 

survival rates for men with mCRPC. 

 
To fully understand the consequences of androgen-

independency in prostate cancer cells, it is 

imperative to understand the typical response of 
prostate cancer cells to androgen. The prostate is a 

tubuloalveolar gland that serves to secrete fluid that 

forms part of the seminal fluid. Because of this 
heavy secretion demand, the gland contains multiple 

secretory acini made up of epithelial cells 

surrounding a central lumen13. Two types of cells 
comprise the epithelial layer—basal and glandular 

epithelial cells. Basal cells synthesize and secrete 

components of the basement membrane, and occur 
less frequently in the epithelial compartment. 

Glandular cells are more specialized for protein 

synthesis and bulk secretion of prostate fluid13. 
These glandular epithelial cells also express the AR.  

 

The AR is primarily localized to the cytoplasm, 
where it undergoes binding of steroid hormones like 

testosterone and 5alpha-dihydrotestosterone 

(DHT)14. This interaction is required for activation, 
classifying it as ligand-dependent steroid receptor15. 

Binding of testosterone and DHT then causes 

translocation of the AR to the nucleus, where it 
binds coreceptors and a specific consensus sequence 

in DNA15.  Through these actions, the AR can 

regulate transcription of numerous androgen 
responsive genes, like PSA (Prostate Specific 

Antigen) and SC (Secretory Component)15.   

 
Androgen deprivation therapy is the primary form of 

therapy for patients with recurrent or advanced 

prostate cancer. By lowering levels of the AR-
activating DHT and testosterone or using 

competitive binding ligands to the AR, this 

treatment can lower the transcription of AR-specific 
genes which lead to cancer progression16. Despite 

this treatment, prostate cancer can progress to fatal 

CRPC. Even if androgen levels in serum are low, 
androgens have been found to persist in cancer cells 

within CRPC tumors16. Other ways prostate cancer 

progresses despite ADT treatment include 
mechanisms that are not dependent on the androgen 

ligand, meaning they wouldn’t be targeted by the 

therapy. This could happen through AR activation 
by IL-6, AR gene amplification, or AR mutants that 

lack the critical androgen binding domain16. Cells 

containing mutations like this have an advantage for 
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growth and will be selected for in the androgen-

depleted environment that occurs during therapy15. 
Studies have shown that aberrant AR protein in 

CRPC cells promotes transcription of different 

genes than targeted in the canonical AR pathway17. 
While it remains to be seen exactly which ligand-

independent AR-induced gene products are 

involved in the progression of CRPC, Gao et al. 
demonstrates that the AR targets the oncogene c-

Myc in the absence of stimulatory ligand16.  

 
 

IV. MYC AS AN ONCOGENIC TRANSCRIPTION 

FACTOR 

 

Prostate cancer progression is fueled by genetic and 

epigenetic changes that allow prostate cancer cells 
to acquire a malignant phenotype. This phenotype is 

characterized by unrestricted growth, increased 

survival, and invasive properties. Oncogenes in the 
cell code for growth factor receptors, signaling 

proteins, kinases and transcription factors that 

induce these types of responses5.  One oncogene 
associated with prostate cancer is Myc. Myc is found 

to be overexpressed and underregulated across a 

wide range of cancers, including prostate cancer18. 
The Myc oncoprotein family is comprised of three 

different members: L-Myc, n-Myc, and c-Myc19. 

The genes that encode each of these proteins have 
corresponding names (L-Myc, n-Myc, and c-Myc, 

respectively). Myc is belongs to the basic helix-loop-

helix (bHLH) group of transcription factors, 
possessing the capability to control cell cycle 

progression, protein synthesis, genomic instability 

and apoptosis18. Myc regulates an estimated 15% of 
the human genome—a massive amount of control 

for one small protein20.  Due to this expanded ability, 

it is critical that cells keep c-Myc regulation under 
tight control. This powerful oncogene ultimately 

affects the signaling of numerous downstream 

targets, influencing proliferation, metabolism and 
protein synthesis. When overexpressed in cancer, 

this widespread downstream influence can have 

deleterious effects. 
 

For a cell to divide, it must progress through the 

early G1phase checkpoint, which requires specific 
signals. This leads to cyclin-dependent kinase 4 and 

6 activation (Cdk4 and CDdk6)21. Different proteins 

in the cell either promote or inhibit this process. The 
cyclin-dependent kinase inhibitor p27 plays an 

important role in control of the cell cycle 

progression.  When active, p27 leads to growth 
arrest and apoptosis22. Transcription of the p27 gene 

(CDKN1B) is regulated by FOXO3a and other 

Forkhead box O proteins22. Chandramohan et. al 
demonstrated that c-Myc inhibits p27 promoter 

activation by FOXO3a. Multiple publicly available 

microarray datasets showed an inverse relationship 

between c-Myc and p27 RNA expression in multiple 
types of cancer, including prostate cancer. The 

inhibition of FOXO3a, and consequently, p27, by 

overexpressed c-Myc in tumors could be a source of 
uncontrolled proliferation22.  

Myc is also involved in regulating the metabolism 

of a cell—a normal process that can lead to an 
oncogenic phenotype when disrupted. One example 

of how Myc interaction can lead to disruption in cell 

metabolism is through the association with lncRNA 
PCGEM1. Prostate cancer gene expression marker 

1 (PCGEM1) is a prostate-specific lncRNA that is 

over expressed in most prostate tumors23. PCGEM1 
physically interacts with c-Myc and functions as a 

co-activator, enhancing transactivation and 

chromatin recruitment of c-Myc23. Hung et. al 
presented evidence that identifies PCGEM1, along 

with c-Myc, to be a key transcriptional regulator of 

the central metabolic pathways in prostate cancer 
cells. The prostatic lncRNA ends up regulating 

transcription of multiple metabolic pathways, like 

glucose and glutamine metabolism, the pentose 
phosphate pathway, nucleotide and fatty acid 

biosynthesis, and the tricarboxylic acid cycle23. This 

role in tumor metabolism can lead to or exacerbate 
prostate carcinogenesis though the cooperation with 

c-Myc.  

C-Myc is also known to play a role in the regulation 
of translation initiation and protein synthesis. 

Specifically, mRNA cap-binding protein eIF4E 

contains a Myc-binding sequence inside its 
promoter24.Levels of eIF4E (and other translation 

initiation factors) have been shown to be altered in 

response to changes in c-Myc levels24. This would 
indicate that Myc can directly influence both cell 

growth and division through the initiation of protein 

translation. It is easy to see how over expression of 
the oncogene Myc could lead to changes in protein 

translation, resulting in an uncontrolled cancer 

phenotype. 
 

By exploring the structure, function, and regulation 

of c-Myc, we can understand how to better harness 
its abilities.  

 

 

V. MYC STRUCTURE AND FUNCTION 

 

Myc is the poster child for bHLH transcriptional 
activators—it has all the necessary structures needed 

to regulate genetic changes in the cell. Its 

transcriptional activation domain (TAD) boasts 143 
amino-acids at its amino-terminus25, and a strong 

nuclear localization signal (NLS) lies at position 



9 
 

320-32826. A protein binding partner, Max, is 

necessary for Myc to exert sequence-specific DNA-
binding effects using a carboxy-terminal helix-loop-

helix leucine zipper domain (HLH-LZ)27. Once Max 

and Myc form a heterodimer, they can localize and 
bind to “E-box” motifs, DNA response elements 

comprised of palindromic “CACGTG” repeats, in 

target.genes28. 
 

Not only can Myc activate transcription, it has also 

been shown to repress transcription. Mechanisms of 
repression by Myc are still unclear, but it is obvious 

that these repressive qualities are equally vital to its 

role as an oncoprotein as its ability to induce gene 
expression29. The Myc gene contains multiple 

conserved regions that are critical for its activity as 

an oncogene. Each of these conserved regions, 
dubbed “Myc boxes,” are required for interaction of 

the protein with other aspects of the cell18. Myc 

boxes allow Myc to interact with the Ubiquitin-
mediated proteolysis system (necessary for 

degradation), transcriptional coactivators and 

histone modifying enzymes, as well as help with 
transcriptional repression by Myc and the regulation 

of apoptosis18. These areas of function in the gene 

have been critical in revealing how Myc interacts 
with other molecules to regulate function.  

 

VI. MYC DISTRIBUTION AND REGULATION 

 

Despite the huge role it plays, the level of Myc 

protein is normal cells is surprisingly low—a mere 
6000 copies of Myc were found in human 

fibroblasts30. Compare this then to the high levels of 

Myc mRNA and protein found in the majority of all 
primary human clinical prostate cancer lesions31. 

This abundance of Myc protein in the prostate 

cancer cell means that any and all target(s) of Myc 
are far more likely to be influenced18. Even minor 

changes in the levels of Myc in a cell could have 

profound effects, with this logic. Myc clearly has a 
need for strict regulation, and this is accomplished 

through specific signaling pathways that optimize 

Myc translation18. This process even has a failsafe—
Myc mRNA has a very short half-life, about 20 

minutes, and is quickly destroyed after synthesis32. 

This final line of defense is essential for curbing 
rampant Myc activity if Myc mRNA and protein 

become compromised. The process of proteolysis 

that follows offers the strongest method of control 
for regulating Myc levels in the cell.  

Most of the Myc protein in a cell is degraded by 

Ubiquitin (Ub)-mediated proteolysis, so it is an 
important pathway when considering the lasting 

oncogenic effects of the gene18. The Ub-mediated 

proteolysis system (UPS) is the method by which a 
cell targets specific proteins for degradation using 

energy from ATP33.  

 

Substrates are targeted by small molecules called 
ubiquitin through the action of a Ub-protein ligase, 

which bind Ub molecules to lysine residues in the 

target protein. These ubiquitin molecules are then 
ubiquitinated themselves—leading to a long poly-

Ub-chain which can direct the protein to the 

proteasome for degradation33. The proteasome then 
cleaves the protein into multiple peptide fragments, 

recycling the Ub molecules for future use18. This 

interaction itself is highly regulated—modifications 
on the target protein, such as phosphorylation, can 

determine the type of interaction with the Ub-

ligase18. Ubiquitinoylation utilizes three enzymatic 
activities: E1 ubiquitin activating enzyme and E2 

conjugating enzyme, both of which are conserved in 

multiple targets and used “generically”, and E3 
ubiquitin ligase, which utilizes a substrate-specific 

recognition subunit to a unique region34. Two recent 

studies have proposed that the substrate recognition 
unit of the E3 ubiquitin ligase for c-Myc is 

Fbw7/hCdc4, an F-box protein35,36. Fbw7 is a known 

tumor suppressor, so it is very likely that this protein 
is essential in controlling c-Myc degradation by 

recognizing specific sites of phosphorylation34.  

 
There are multiple phosphorylation events that 

control c-Myc protein stability. In order for proper 

recognition by the UPS, specific residues on the 
protein targeted for degradation must be marked by 

phosphorylation34. Two vital phosphorylation sites 

occur in the N-terminus of c-Myc: Threonine 58 and 
Serine 6234. Threonine is targeted by Glycogen 

Synthase Kinase (GSK-3β), while Serine 62 is 

targeted by the Extracellular Receptor Kinase 
(ERK)34. Both of these kinases are a part of Ras-

activated signaling pathways. The Raf/MEK/ERK 

kinase cascade activates ERK, and the PI3K/Akt 
pathway negatively regulates GSK-3β34. 

Phosphorylation of the Serine 62 residue of c-Myc 

has been revealed to have a stabilization effect, 
while Threonine 58 phosphorylation destabilizes c-

Myc34. Akt inhibits GSK-3β during Ras activation, 

which prevents phosphorylation on Threonine 58 
and thus mediates stability early on in the cell cycle. 

Later, in the G1 phase of the cell cycle, Akt signaling 

decreases, ultimately allowing GSK-3β to 
phosphorylate Threonine 58 and promote 

degradation of c-Myc protein. These 

phosphorylation events closely regulate c-Myc 
stability and play an important role in regulation of 

c-Myc expression during cellular events of 

stimulation and proliferation. UPS is incredibly 
complex, and it lends another layer to the multitude 

of ways in which Myc levels can be altered post-

transcriptionally.  
 

C-Myc is also highly regulated through the 

interaction of protein binding partners. When c-Myc 
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forms a heterodimer with Max, it is then able to bind 

specific DNA sequences called the E-box sequence 
(CACGTG)37. This heterodimer of c-Myc/Max is 

then able to recruit different complexes to the gene 

that either act as coactivators or corepressors38. This 
interaction can create changes in the chromatin 

structure, and in turn modulate transcription of 

genes involved in cell cycle, growth, life span and 
morphology38. Similarly, the protein encoded by 

MYCBP (Myc Binding Protein) binds to the N-

terminus of c-Myc and enhances its ability to bind 
and activate E box-dependent transcription. This 

specific binding protein has been shown to be 

suppressed by microRNA-22, consequently 
decreasing the transcription of E-box containing c- 

Myc target genes39. WD40-repeat protein WDR5 is 

yet another binding partner of c-Myc, and it is 
essential for binding of c-Myc to target genes40. In 

addition, WDR5 has been shown to also stabilize c-

Myc when bound to chromatin, as well as providing 
flexibility for binding location40.  

 

Myc is an important oncoprotein in the context of 
cancer development, so therapeutic options 

targeting it could be used to treat cancer. 

Unfortunately, direct targeting of Myc with small 
molecules is difficult, and as of yet no small, soluble 

and potent solution exists for direct Myc 

inhibition40. In addition, the high turnover rate of 
Myc in normal and cancer cells makes targeting it 

challenging—Myc primarily functions through 

fleeting interactions with other proteins. There are, 
however, many points where Myc transcriptional 

function is regulated by other proteins and 

molecules, and these might offer up viable targets 
for indirect Myc inhibition.  

 

 
                                VI. MYC AND CANCER 

 

In the most basic sense, a fundamental loss of the 
UPS of Myc can result in an upregulation of Myc 

levels, and consequently, tumor initiation or 

progression. This can occur either through 
deregulation of the Ub-ligase, or through 

stabilization of Myc through a binding partner. This 

has been demonstrated by Popov et al., who showed 
that Usp28, a ubiquitin-specific protease that 

removes specifically tagged ubiquitin chains, was 

necessary to maintain stability of Myc in human 
cancer cells41. This data strongly suggests that 

regulation of Myc levels through changes in UPS 

action could lead to tumorigenesis and cancer 
progression. This is difficult to target as a treatment 

option, though, because Ub-ligases normally target 

multiple proteins, likely enacting a different type of 
function of each one. This can make it difficult when 

deciding what part of the mechanism to target for 

therapy. Myc over expression is often related to 

gene amplification and translocations, but these 

mutations can only explain a subset of human 
tumors42. Further exploring ways in which Myc is 

regulated by the UPS could yield better strategies 

for targeting cancers with significant over-
expression of Myc protein.  

 

In Myc, phosphorylation at Theronine 58 and Serine 
62 is coordinated by a scaffold protein called 

Axin142 in the nucleus.  Zhang et. al demonstrated 

that the gene encoding this scaffolding protein had 
decreased expression in breast cancer, which then 

showed increased Myc protein stability while 

altering phosphorylating at the two sites. These 
results led to an increase in the oncogenic activity of 

Myc42. The method by which Myc half-life is 

extended in breast cancer is still unknown, but it 
reveals a valuable interaction worth exploring.  

 

As more is discovered about the interaction between 
Myc and its numerous binding partners (some 

unknown) and their role in cancer, researchers move 

closer to finding a successful method of treatment 
for prostate cancer. One newer branch of this 

research has begun exploring the role non-coding 

RNA molecules play in the development of Myc-
driven carcinogenesis.  

 

 

VII. LONG NON-CODING RNA MOLECULES 

 

The central dogma of biology emphasizes the 
transition from DNA, to RNA, to protein. This is 

hailed as the basis for all development. Recently, 

though, we have begun to discover the intricacies at 
play between these simplified steps. Thanks to high-

throughput sequencing technologies that allow us to 

finally reveal the full human genome and 
transcriptome, it has now come to light that while 

98% of the genome fails to encode proteins, 75% is 

still transcribed, yielding noncoding RNA 
molecules43. Non-coding RNA molecules are 

classified depending on their length, dividing them 

into categories of short (less than 200 nucleotides) 
and long (greater than 200 nucleotides)44. While the 

short version of these molecules, specifically 

microRNAs (miRNAs), have been shown to be 
involved in human cancer by binding and inhibiting 

expression of mRNA transcripts, long non-coding 

RNAs (lncRNAs) are less understood44. The 
exploration of the non-coding part of the human 

genome has accelerated due to the recent 

advancement in genome sequencing platforms. As 
of 2015, it was reported that about 110,000 different 

lncRNA transcripts exist within the human genome, 

spanning around 48,000 different genes45. These 
lncRNAs share many characteristics of typical 

protein-coding RNA transcripts. Many lncRNAs are 
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transcribed by RNA polymerase II and undergo 

similar post-transcriptional processing as their 
coding counterparts46. Structural similarities include 

promoter regions, transcription start and canonical 

splice sites, as well as polyadenylation terminal 
sequences47.   

 

More importantly, lncRNAs have notable 
differences from coding molecules. LncRNAs can 

be processed somewhat unconventionally. One 

lncRNA, MALAT1-Metastasis associated lung 
adenocarcinoma transcript-1, is actually processed 

like a transfer RNA molecule and is recognized by 

the tRNA processing machinery48. In addition, 
different lncRNAs are more often restricted to 

certain tissue types than protein-coding mRNA49.  In 

coding mRNA, sequence is very important in 
determining the resulting protein transcript, so 

sequences are very conserved across species50. The 

importance of lncRNAs, however, may lie more in 
their structure, not their sequence. LncRNA 

molecules like HOTAIR, which exist in mammals, 

have poorly conserved sequences but a highly 
conserved structure despite rapid evolution50. 

Studies of MALAT1 and HOTAIR have revealed 

important insights into the structural components of 
lncRNAs. Specifically, evolutionarily conserved 

secondary structures have been found to contain 

vital protein-binding domains that contribute to the 
function of these lncRNAs51. One of the most 

important functions of lncRNAs is the ability to 

regulate gene expression. LncRNAs mediate gene 
expression at the transcriptional and post-

transcriptional levels through a variety of methods. 

LncRNAs can cis-act to regulate the structure of 
chromatin and control the transcription of nearby 

genes52. They can also function as trans-acting 

elements to regulate genes at distant locations53. 
LncRNAs fall into three broad classifications 

according to their general functions: decoys, 

scaffolds, and/or guides (Fig. 5)49.  
 

Decoy lncRNAs work competitively to bind RNAs 

and protein, including miRNAs, DNA-binding 
proteins and histone-modifying enzymes49,52.This 

binding blocks the molecule from interacting with 

its intended target, and can also stop its enzymatic 
activity, in the case of the inactivation of the RISC 

complex through lncRNA interation49. MALAT1 is 

a great example of a decoy lncRNA, because it was 
found to act as a sponge, or competing endogenous 

RNA, for miR-13354. By sequestering miR-133, 

MALAT1 modulated the target gene of miR-133, 
serum response factor (SRF)54. Unlike decoy 

lncRNAs, guide lncRNAs encourage interaction by 

bringing the bound protein complexes to certain 
locations in the cell49. A classic case of guide 

lncRNA occurs in female mammal development 

with the transcriptional silencing of one X 

chromosome. The lncRNA Xist interacts with the 

SHARP-SMRT, recruiting it to the X chromosome 
in order to induce histone deacetylation55. Finally, 

scaffold lncRNAs act like their name suggests, 

providing a physical frame to bind and co-localize 
multiple protein complexes49. The lncRNA 

HOTAIR does this by acting as a platform for 

protein ubiquitination; by bringing together specific 
proteins and their respective ubiquitination 

substrates, HOTAIR accelerates their degradation56. 

As we further decipher the ways in which lncRNAs 
affect cellular functions, hopefully we can achieve a 

better understanding of their role in cancer 

development. 
 

VIII.  LNCRNAS IN CANCER 

 
LncRNAs are typically present alongside genes that 

effect cell cycle regulation, survival, immune 

response or pluripotency57. These are often 
significant in the development of an oncogenic 

phenotype of cancer cells. LncRNAs regulate gene 

expression by a variety of complex methods, and  
many have been directly linked to the transition of 

healthy cells to oncogene-expressing tumor cells57.  

And just like protein coding genes, lncRNAs are 
controlled by the same factors that regulate vital 

tumor suppressor and oncogenic pathways57. 

Knowledge about the action of cancer-related 
lncRNAs comes from genome- 

wide studies where transcription factors implicated 

in cancer were shown to regulate a considerable 
amount of LncRNAs57. P53, a tumor suppressor 

with wide spread function, was shown to directly 

induce transcription of dozens of LncRNAs (Fig. 
5)57. Contrasting the function of the LncRNAs 

controlled by p53, expression of many other 

LncRNAs is regulated by a specific proto-oncogene 
calledMyc57. Both sets of LncRNAs reveal a vastly 

different response and involvement in cancer 

progression, elucidating just how diverse and 
complicated LncRNAs can be.  

 

 

IX. LNCRNA KNOCKDOWN STRATEGIES 

 

Since lncRNAs are significant in the development of 
cancer, they are valuable targets for cancer therapy. 

One way to gain insight into the function of a 

lncRNA is to reduce expression and observe the 
resulting phenotype. The two main ways to suppress 

expression of lncRNAs are through the use of 

antisense oligonucleotides (ASOs) and RNA 
interference (RNAi). The cellular location of the 

lncRNA in question is vital for successful 

modification. Eukaryotic cells utilize RNAi to 
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regulate their gene expression by creating small, 

double-stranded RNA molecules that combine with 
specific protein units to form the RNA-Induced 

Silencing Complex (RISC) in the cytoplasm58. Once 

bound to the RISC complex, the ‘passenger’ part of 
the dsRNA is released, and the ‘guide’ strand 

remains in the complex, which is directed to a 

complementary mRNA strand. This can result in 
either the suppression of mRNA translation, or 

complete degradation of the target mRNA58. 

Nucleases in the cells called Drosha and Dicer create 
these natural RNAi molecules by processing hairpin 

transcripts or long double-stranded RNAs to yield 

micro RNAs (miRNAs) and small interfering RNAs 
(siRNAs), respectively59. miRNAs and siRNAs can 

be made synthetically from oligonucleotides to 

specifically target genes for suppression. Since the 
components of the RISC complex are primarily 

restricted to the cytoplasm, and most active at the 

rough endoplasmic reticulum58, this method of 
knockdown is best suited to cytoplasmic lncRNAs. 

 

The second method of lncRNA suppression utilizes 
ASOs, which are chimeric RNA-DNA (a double 

hairpin conformation composed of RNA and DNA 

bases60) oligonucleotides, which act with a nuclear 
enzyme, RNase H, to cleave the target lncRNA61. 

This approach is more effective for nuclear targets. 

Antisense methods like this were first used over 35 
years ago, using ASOs to bind specific RNA 

sequences and initiate degradation through action of 

endogenous RNase H58. Initially, unmodified DNA 
oligonucleotides were used, but these proved to be 

unstable and possessed a short half-life 60. Changes 

were made to ASO design to increase stability 
without compromising efficacy. Adding a 

phosphorothioate (PS) backbone to DNA 

oligonucleotides allowed for nuclear resilience 
without compromising the ability to trigger RNase 

H58. Unfortunately, the DNA-PS ASOs retained less 

potency in exchange for the added stability.  To fix 
this, a new, chimeric ASO was developed that 

contains modifications at its ends to increase 

binding affinity58.Commonly used modifications 
include a range of molecules substituted in the 2' 

position of the ribose background, like 2'-O-Methyl 

(2' OMe) RNA or locked nucleic acids (LNA)58. 
ASOs containing this PS backbone in combination 

with either   2' OMe or LNA substitutions are much 

more potent and effective in gene suppression58.  
 

Both types of lncRNA knockdown strategies are 

effective for different types of lncRNAs. Since 
PVT1is primarily localized to the nucleus, it is best 

targeted by the ASOs that activate RNase H in the 

nucleus62. 
 

X.  THE C-MYC-PVT1NETWORK 

 

The gene that codes for the oncoprotein, c-Myc, is 

located in a region commonly amplified in prostate 
cancer—the 8q24 genomic region63. Multiple 

lncRNAs known to play a role in prostate cancer are 

contained in this region (Fig. 6). These include 
prostate cancer-associated transcript 1 (PCAT1)64, 

prostate cancer-associated noncoding RNA 1 

(PRNCR1)57, and plasmacytoma variant 
translocation 1 (PVT1)57. PVT1 is the closest of all 

these LncRNAs to the Myc gene, residing almost 

adjacent to it57. Aberrant expression of PVT1 has 
been seen in multiple human cancers, most 

importantly in prostate cancer49. This lncRNA has 

been shown to possess two Myc-binding sites, 
which are required for the binding of c-Myc to the 

promoter region of PVT149. C-Myc binding of the 

promoter has been shown to correlate with H4 
acetylation changes and PVT1 mRNA production, 

suggesting that c-Myc regulates PVT149. 

Conversely, PVT1 was demonstrated as being 
necessary for elevated levels of Myc expression in 

human cancer cell lines. PVT1 functions to protect 

Myc against phosphorylation and degradation in 
breast cancer cells62. I propose a similar 

interaction is occurring in castration-resistant, 

metastatic prostate cancer cells. If regulation of 
the lncRNA PVT1 by the c-Myc oncoprotein allows 

increased binding of PVT1 to c-Myc, it could be 

protected from ubiquitination and degradation of the 
proteasome and would consequently accumulate in 

the cell. I hypothesize that in the absence of PVT1, 

c-Myc levels in prostate cancer cells will decrease. 
Furthermore, in the absence of PVT1, I expect to see 

an increase in the phosphorylation of MYC at the 

Threonine 58 residue (MYCT58)65.PVT1 has been 
found to decrease phosphorylation of Myc at this 

site, which would result in a decreased rate of 

degradation65; following this claim the opposite 
should also prove true. I also hypothesize that 

inhibitingPVT1in the cell will cause a decrease in 

cell proliferation over time. 
 

XI.  RESULTS 

 
Quantitative RT-PCR analysis reveals ASOs are 

more effective than siRNAs in PVT1 knockdown 

 
The overall goal of these studies was to better 

understand the most efficient way to decrease PVT1 

expression in DU145 PCa cells.  
Previous studies in the Heimark lab had shown that 

>80% of PVT1 is found in the nucleus of Du145 

cells. In addition, the Heimark lab wanted to 
elucidate the subcellular location of PVT1and Myc 

in order to prove that PVT1and protein co-localized 
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together. Q-PCR analysis of various transcripts 

showed that about 80 percent of PVT1resided in the 
nucleus, and 50 percent of Myc mRNA transcript is 

localized to the nucleus (Fig. 8b). 

 
This presents a challenge for knockdown studies 

since siRNAs use cellular pathway in the cytoplasm 

involving the RISC complex. In contrast, ASOs 
require the use of the nuclear enzyme RNase H to 

cleave the target lncRNA. The Heimark lab isolated 

RNA from DU145 cells transfected with siRNAs 
and ASOs at different concentrations to validate 

their success as methods of knockdown (Fig. 7). 

Isolated RNA at 48 hours after transfection was 
analyzed by qPCR. The results were mixed. Anti-

PVT1 siRNAs were less effective than ASOs at 

successfully knocking down the lncRNA, and each 
one had a different effect than the other. Validated 

PVT1 #5 had higher knockdown of 

PVT1transcriptthan PVT1 #6, and also led to an 
increase in MYC message level. PVT1 #6 resulted in 

decreased MYC message level. siRNAs PVT1 #5 

and #6 had PVT1 message level knockdowns of 
about 50% and 35%, respectively. These results 

suggest that siRNAs are not especially effective at 

reducing PVT1 message level. 
 

These siRNAs were used in a previous study in both 

MMTVneu mammary tumor cells and human breast-
cancer cell lines, which showed that siPVT1 had no 

effect on Myc messenger RNA levels62. This further 

adds weight to the claim that siRNAs are not 
extremely effective at targeting this particular 

lncRNA. 

 
Anti-PVT1 ASOs had a much better knock down of 

results led to the conclusion that transfection with 

ASOs would yield a stronger result, since we wanted 
to explore the effect of PVT1 on the cellular protein 

levels of Myc. The spike in Myc message level, 

however, was not anticipated. The difference in 
results between siRNAs and ASOs here is likely due 

to their differences in how they degrade RNA and 

where specifically they bind to PVT1. The increase 
in MYC mRNA could be part of a feedback 

response resulting from a more efficient knockdown 

of PVT1 by ASOs. Since PVT1 acts as a scaffold, 
proteins involved in Myc modification could be lost 

more efficiently—in addition there could be off 

target effects of ASOs and siRNAs. This experiment 
was only conducted once and should definitely be 

repeated with different concentrations of both 

siRNAs and ASOs.  
 

 

A. lncRNA PVT1 binds c-Myc and is localized to 

the nucleus 

 

A previous report showed that PVT1 could be 

immunoprecipitated from nuclear extracts. Before 
exploring the effect PVT1 had on c-Myc, we needed 

to first prove the two were associated. By asking if 

PVT1 binds to Myc, we can establish a foundation 
on which to build future experiments. The Heimark 

lab conducted this experiment by using RNA 

immunoprecipitation to pull down proteins of 
interest, and then amplifying and analyzing the 

connected RNA sequences. The results showed that 

immunoprecipitating Myc (N-262) from nuclear 
extract prepared according to the method of nuclear 

lysate isolation conducted by Kelsey Guest results in 

an increase in the amount of PVT1 RNA present 
compared to the control IgG (Fig. 8a). This means 

that in prostate cancer cells, PVT1 was associated 

with Myc when the cells were harvested and 
processed, and was pulled down along with Myc 

during the RNA immunoprecipitation assay. This 

proves that this lncRNA does indeed bind to Myc 
protein. This establishes the fact thatPVT1 and Myc 

transcripts are in the same area of the cell, and in 

addition, PVT1 binds to Myc protein. I can conclude 
that since they do act in this way, my hypothesis that 

PVT1 influences Myc protein is possible. 

 

B. Knockdown of long non-coding RNA PVT1has 

variable results on Myc and phospho-Myc 

protein levels in prostate cancer cells 

 

Myc transcriptional activity is highly regulated at 

the level of protein turnover. In order to evaluate the 
effect of PVT1 on Myc protein presence, I analyzed 

levels of Myc protein levels in DU145 cells with 

suppressed levels of PVT1. In addition, two sites of 
phosphorylation in the amino-terminus of cMyc are 

critical in regulating its degradation. To do this I 

implemented two methods of lncRNA 
knockdown—RNAi and ASO. Using two different 

siRNAs and two different ASOs, I transfected 

DU145 cells and analyzed cellular protein content 
using SDS PAGE. First, I transfected cells with 

siRNAs for PVT and looked at changes in Myc 48 

hours after transfection (Fig. 9a). I compared values 
from the experimental samples with suppressed 

PVT1 message to a control sample with no siRNA. 

Since only one set of samples was analyzed, 
biostatistical significance could not be determined, 

but it appears that while siPVT1-5 did not have an 

effect on Myc levels, transfection with siPVT1-6 had 
a small effect. Levels of Myc protein from cells 

transfected with siPVT1-6appeared to have a slight 

decrease of Myc. If this decrease were significant, it 
could suggest that PVT1 offers protection from 

degradation to Myc; in the absence of the lncRNA, 
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proteins levels drop. Since the change in Myc in so 

small, this experiment would need to be repeated to 
determine just what effect dampening PVT1 

message levels has on the level of Myc in the cell.  

 
I repeated this experiment using ASOs that also 

target PVT1 (Fig. 9c). These cells showed the 

opposite result that cells treated with siRNA did.  
This experiment was conducted twice and in both 

instances, Myc levels actually increased 

significantly in the absence of PVT1. The two sets 
of results were averaged and showed that 

transfection with siPVT1 #5 yielded a 2.2-fold 

increase in c-Myc protein while siPVT1 #6 yielded 
a 1.9-fold increase compared to cells transfected 

with a control ASO sequence. This data directly 

disproves my hypothesis that knocking down PVT1 
would cause a decrease in Myc protein levels.The 

difference in results between siRNA and ASO 

knockdown could be due to the method of RNA 
targeting and degradation. Furthermore, removing 

PVT1 in the cells may trigger an unprecedented 

change in the way Myc is phosphorylated and 
degraded.  

 

To further explore the method by which PVT1 
expression effects Myc levels, I used the same 

samples transfected with ASOs against PVT1 and 

examined the level of phosphorylated Myc at 
threonine 58.Since threonine 58 (Thr58) is a 

phosphorylation site that directs Myc degradation, I 

thought it would be important to observe the effects 
PVT1 has on its regulation by kinases. Existing 

evidence suggests that PVT1 and Myc might be part 

of a complex that allows PVT1 to reduce the 
phosphorylation at MycT58, thus increasing its 

stability63. To test my hypothesis that this interaction 

occurs in prostate cancer cells, I analyzed the 
amount of c-Myc phosphorylated at this Thr58 site 

after PVT1 expression was limited. My results were 

contradictory to the evidence that PVT1 reduces 
Thr58 phosphorylation—instead, DU145 cells with 

suppressed PVT1 expression by ASOsanti-PVT1-

1and anti-PVT1-2showed 18% and 41% less 
phosphorylation, respectively, at Threonine 58 (Fig. 

9e). This means that PVT1 repression increases 

phosphorylation at T58. Combined with the 
previous set of data, I have concluded that PVT1 

encourages some level of phosphorylation and 

degradation of Myc. Only one set of data was 
obtained from this experiment, and thus significance 

was unable to be determined. I would expect less 

phosphorylated c-Myc to correlate with an increase 
in c-Myc, this data is still unconfirmed. In the future, 

I would repeat this analysis of c-Myc 

phosphorylation and include an antibody for p-c-
Myc at serine 62, another critically important site in 

Myc phosphorylation. 

 

Overall, these results offer a mixed picture in 
prostate cancer cells. Using siRNAs to target PVT1 

seems to have a minor effect of reducing Myc 

protein, implying the presence of the lncRNA yields 
higher amounts of protein. But when ASOs are used 

to knockdown PVT1, the amount of Myc in the cell 

is increased. I have not looked how the methods of 
knockdown affect the rate of synthesis or 

degradation to better understand the mechanism of 

these results.  
 

Furthermore, it is unclear how the difference in 

knockdown of PVT1 affects Myc transcriptional 
activation. The oncogenic potential of c-Myc is in 

its ability to regulate thousands of genes.   

 

C. Co-immunoprecipitation of c-Myc reveals no 

significant change in binding partners in the 

absence of PVT1 

 

It has been well described that Myc and Max form a 

central complex that bind to DNA. Other proteins 
interact with this complex to potentially control 

subsets of Myc target genes. With the extent to 

which Myc is regulated by protein binding partners, 
I wanted to know if changes inPVT1had an effect on 

Myc interaction with other proteins. To explore this 

concept, I used immunoprecipitation to pull down 
Myc protein from DU145 samples transfected with 

two siRNAs against PVT1. I then used antibodies for 

known Myc binding partners WDR5 and Myc-
binding-protein to probe samples separated using 

SDS PAGE (Fig. 10b). DU145 cells transfected 

with siRNA to knockdown PVT1 expressed similar 
levels of c-Myc, WDR5 and Myc binding protein 

(MycBP) as control cells. Transfection with 

siPVT1#5 only reduced the amount of 
immunoprecipitated c-Myc by about 10%   while 

siPVT1#6 had no effect (Fig. 10a). siPVT1#5 

transfection a slight increase in the amount of 
MycBP immunoprecipitated, around 5%, while 

siPVT1#6 resulted in a slight decrease, about 10% 

(Fig. 10a). Levels of WDR5 immunoprecipitated 
with Myc were slightly decrease upon transfection 

with siRNAs PVT1#5 and PVT1#6 about 10% and 

20%, respectively (Fig. 10a). This experiment was 
only conducted once and significance was not 

obtained from the set of results. This evidence 

supports the idea that PVT1 does not act as a 
scaffolding complex between these proteins and 

Myc, because if it did, removal of it would also 

signal the dissociation of those binding partners. 
Instead, their interaction seems to be PVT1-

independent. 
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D. Prostate cancer cell growth and loss of PVT1 

function 

 

Cell cycle, metabolism and translation are key 

pathways linked to genes regulated by Myc. To 
explore the role PVT1 plays on cell proliferation, 

DU145 cells were transfected with control and anti-

PVT1 ASOs and plated in 96-well plates at 7000 
cells/well. 48 hours after transfection (24 hours 

transfection and another 24 hours for recovery), the 

first plate was analyzed with MTT solution. The 
next two days replicate assays were conducted to 

map proliferation over time. On the first day (48 

hours after transfection), cells transfected with anti-
PVT1 ASOs exhibited no significant change in 

growth compared to cells with a control ASO (Fig. 

11A). However, after cells were allowed to grow for 
another day, one ASO (ASO PVT1-1) exhibited 

about 30% less growth than the control sample 

(CtlPVT1) (Fig.11B). At 92 hours post-transfection, 
the difference in proliferation between ASO PVT1-

1 and the control ASO was also about 30% (Fig. 

11C). Figure 11D lays out this data over time to 
show the difference in growth between the different 

conditions. One problem with this data set is the vast 

difference in cell growth between cells with no ASO 
(Control) and those with a control ASO (CtlPVT1). 

This could be attributed to the high concentration of 

ASO used to transfect the cells, which was later 
discovered to be highly toxic to the cells. In 

addition, DU145 cells seems to grow at a slow rate, 

possibly because they achieved confluency early on. 
 

Cells were plated at subconfluent density at 3 

X104cells/cm2. Although one ASO was slightly 
more toxic to the cells than the others, all anti-PVT1 

ASOs, as well as the control ASO, decreased cell 

growth remarkably. Because of this, I cannot 
conclude that loss of PVT1 specifically inhibited cell 

growth. In the future, I would repeat this experiment 

while optimizing the concentrations of ASO used to 
reduce unnecessary cell death.   

 

XII.  DISCUSSION 

 
While not fully understood yet, the relationship 

between c-Myc and PVT1has been shown to be 
associated with the progression of metastatic, 

castration-resistant prostate cancer. My preliminary 

data suggests that while the lncRNA PVT1 affects 
oncogenic factors like growth, it may not do so by 

directly increasing c-Myc levels in DU145 prostate 

cancer cells. It will be important to determine how 

PVT1 changes functional levels of cMyc. . 

This project was interesting in the sense that some 

of my data goes directly against what is currently 
proposed for how PVT1 interacts with c-Myc. There 

are still many unknowns in how these two cancer-

drivers cooperate, so it becomes very difficult to 
discern exactly what role this lncRNA plays in 

prostate cancer. This complexity may also reflect to 

difficulty many investigators have had in developing 

therapeutics to target Myc. 

Reports from the laboratory of H. Chang suggest a 

model whereby chromatin bound lncRNAs regulate 
gene expression through reducing oncogenic 

transcription factor turnover,  manipulation of 

surrounding chromatin architecture, or by directing 
regulatory molecules to specific loci within the 

chromatin66. I think this is a potential method for 

how PVT1might be interacting with Myc and Myc-
target genes in prostate cancer. Results from this  

project suggest that PVT1 influences the amount of 

Myc protein in prostate cancer cells—despite 
conflicting results between the two different 

methods of lncRNA inhibition, proliferation assay 

suggest that PVT1 does offer some protective 
function to cells, allowing them to grow more 

rapidly over time than without the lncRNA. PVT1 

could be recruiting c-Myc and its binding partners to 
proliferation specific genes in the chromatin and 

exacerbate growth over time. Myc seems to be able 

to complex with its binding partners independently 
of PVT1, as evidence by the immunoprecipitation 

pulldown of Myc binding partners MYCBP and 

WDR5. But PVT1 could still be serving as a scaffold 
for assembly of multiple regulatory molecules at 

single locus—essentially facilitating and 

encouraging interaction between binding partners.  

Our lab has proposed a model for the interaction 

between lncRNA PVT1 and Myc (Fig. 12) . We 

think PVT1 localizes in the nucleus with Myc and 
Myc binding partner, Max. This interaction could 

have important implications for future therapeutic 

targeting. 

ASOs have been shown to be successful in 

regulating coding genes in a variety of cancers66, and 

my data further shows that ASOs for PVT1 
specifically are able to significantly alter c-Myc 

protein in cells. Although my data shows an increase 

in Myc, unlike the decrease I expected to see, this 
research may lead to further understanding how 

Myc is regulated. Myc knockdown with siRNAs 

was found in DU145 cells to increase PVT1 by an 
unknown mechanism. Currently, preclinical studies 

are being conducted to demonstrate the therapeutic 

promise of ASOs designed to target cancer-specific 
lncRNAs66. Downregulating gene expression 

through targeted mRNA degradation isn’t the only 

way to target lncRNAs for cancer therapy, though. 
New types of RNA-based therapy includes steric-

blocking of pre-mRNA and mRNA, effectively 

preventing the access of cellular machinery without 
ever degrading the RNA67. In the case of lncRNAs, 
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they may be able to prevent interaction between 

binding partners and cancer-associated lncRNAs61. 
These “steric-blocking” oligonucleotides can go on 

to redirect alternative splicing, repair defective 

RNA, restore protein production and downregulate 
gene expression67. Future insights into the role of 

lncRNA roles in cancer biology, as well as their 

regulation in vivo, will yield further prospects for 

successful lncRNA-targeting therapies. 

 

XIII. FUTURE DIRECTIONS 

 

There are multiple directions this research could 

take, given the obtained results. Differences in 
lncRNA silencing by siRNAs and ASOs could yield 

different results in prostate cancer cells. To further 

explore this, I would like to use 
immunoprecipitation to examine protein binding 

partners of Myc in cells with ASO knockdown of 

PVT1 (this experiment was conducted using siRNA 
transfection only). I would be interested to see if the 

binding patterns of Myc changes due to the method 

of PVT1 knockdown.  

In addition, half-life studies exploring the stability 

of Myc protein in cells after transfection with both 

siRNA and ASO targeting PVT1 would reveal how, 
and if, PVT1 offers protective function to this 

oncogenic protein. We will need to further optimize 

ASO concentration to limit toxicity to cells.  
 

Furthermore, targeted knockout of functional exons 

of interest using CRISPR/Cas9 could yield stronger 
results. CRISPR/Cas9 targeting of lncRNAs could 

yield stronger results due to a more successful 

knockdown and isogenic cell lines would facilitate 

functional analyses.  

Targeting long non-coding RNAs may be a 

promising option for therapy in combination with 
existing drugs. Research into the specific 

interactions between oncogenes like Myc and other 

LncRNAs is vital in understanding all the 
implications any change will have. Hopefully, 

LncRNAs like PVT1 will be able to be targeted in 

deadly castration resistant prostate cancer and help 

increase patient survival.  

 

XIV. MATERIALS AND METHODS 

Cell Culture and Antisense oligonucleotide (ASO) 
transfection 

 

Human DU145 prostate cancer cells were cultured 
in Dulbecco’s modified Eagle’s medium/F12 

(DMEM/F12) supplemented with 10% fetal bovine 

serum (FBS) and antibiotics.   

Ctrl PVT1 (5'- mC*mG*mG* mA*mA*A* C*T*T* 

T*T*T* A*G*G* mG*mA*mU* mU*mG -3', 
Integrated DNA Technologies (IDT)), anti-PVT1-1 

(5'- mC*mU*mG* mG*mG*G* T*G*T* T*C*T* 

G*C*C*  mU*mC*mU* mU*mC -3', IDT), and 
anti-PVT1-2 (5'- mG*mU*mU* mA*mG*G* 

G*A*T* T*T*T* T*C*A* mA*mA*mG* mG*mC 

-3', IDT) 

Anti-sense oligos were transfected at 50nM final 

concentration using Lipofectamine-2000 

(Invitrogen)in Opti-MEM (1X) reduced serum 
media (Gibco). PVT1 #5 (5'- GTC GAA GGG TAA 

TGC TAA -3') and PVT1 #6 (5'- CGG TAG TAC 

TAC CAT GTT -3') siRNAs were transfected at 100 
nM final concentration under the same conditions. 

Opti-MEM media was removed after 24 hours and 

replaced with complete DMEM, in which the cells 
were incubated at 37° C for 48 hours. After this 

recovery period, cells were harvested and lysed. 

Control samples were exposed to the same amount 

of Lipofectamine but no siRNA/ASO. 

Western blot analysis 

Whole-cell lysates were prepared in SDS sample 
buffer 2x. Protein concentration was determined 

using the BCA Protein Assay Kit from Thermo 

Fisher Scientific and 30 µg of protein was separated 
by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE), and then transferred onto 0.2 µm 

nitrocellulose membranes (GE Healthcare Life 
Sciences). Membranes were blocked in 5% Milk in 

TBST for 1 hour prior to antibody incubation. 

Incubations with primary antibodies recognizing c-
Myc-9E10 (Santa Cruz), c-Myc-N-262 (Santa 

Cruz), p-c-Myc (Thr58) (Invitrogen), WDR5 (G-9) 

(Santa Cruz), MycBP (R-17) (Santa Cruz), and β-
actin (Sigma) were followed by incubations with the 

appropriate secondary antibodies conjugated with 

horseradish peroxidase (HRP). Signals were 
developed using Enhanced Chemiluminescence 

(ECL). Images were analyzed using Image J 

software https://imagej.nih.gov/ij/to determine 
quantification of individual bands. Bands were 

normalized by dividing by the values obtained from 

a housekeeping protein, β-Actin. Cell Proliferation 

Assays 

DU145 cells were plated in 60mm dishes and 

transfected after 24 hours. After transfection for 
another 24 hours, cells were removed and plated in 

96-well plates at 7000 cells/well, with 24 wells 

being dedicated to each type of transfection.150 µl 
of dimethyl thiazolyl diphenyl tetrazolium salt 

(MTT), a type of tetrazole was then added to the 

living cells for 3 hours at 37°and read on a 
microplate reader. Cells were assayed after 24, 48 
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and 72 hours of growth. RNA isolation and 

quantitative RT-PCR 

RNA was isolated using the miRNeasy kit (Qiagen) 

and reverse transcribed using random primers and 

Superscript II reverse transcriptase (Invitrogen). 
qRT-PCR was performed, the samples were run in 

duplicate using SYBR Green PCR Master Mix 

(ABI) on a StepOne Real-Time PCR System. 
mRNA levels were normalized to the housekeeping 

gene HPRT1. The analyses were repeated three 

times.  

Primers used: 

 

PVT1 #1 Forward: 
ACTGACCTTGCAGCTTATTATAGACTT 

Reverse: TGAATTGCTTCTGGGTGGA 

PVT1 #2 Forward: 
TGAGAACTGTCCTTACGTGACC Reverse: 

AGAGCACCAAGACTGGCTCT 

Myc: Forward: GCTGCTTAGACGCTGGATTT 
Reverse: TAACGTTGAGGGGCATCG 

HPRT1:Forward:TGATAGATCCATTCCTATGA

CTGTAGA Reverse: 
CAAGACATTCTTTCCAGTTAAAGTTG 

 

Relative expression was calculated by comparing 

the Ct values of the samples of interest with a 

control sample. The Ct values of both the calibrator 
and the samples of interest are normalized to an 

appropriate endogenous housekeeping gene 

(Hprt1) 
 

The comparative Ct method is also known as the 

2–[Δ][Δ]Ct method, where 
 

[Δ][Δ]Ct = [Δ]Ct,sample - [Δ]Ct,reference 

 
Here, [Δ]CT, sample is the Ct value for any sample 

normalized to the endogenous housekeeping gene 

and [Δ]Ct, reference is the Ct value for the control 
also normalized to the endogenous housekeeping 

gene. 

 
 

Data Analysis 

Protein abundance SDS PAGE bands were analyzed 
with ImageJ68 and data plotted using GraphPad 

Prism 7. Unpaired t-tests were conducted to 

determine statistical significance.   
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Figure 4. Functional classifications of lncRNAs. 

a) Decoys associate with RNAs or proteins and 
prevent binding to specific target mRNA 

sequences and chromatin loci, or inhibit their 

enzymatic function. b) Guide lncRNAs help 
localize protein complexes to specific areas in the 

cell. c) Scaffold lncRNAs help facilitate the 
interaction of different molecular complexes.  

 

Figure 5. LncRNAs play a complicated role in the c-Myc oncogenic and p53 tumor suppressor network. 
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Figure 6. 8q24 region containing PVT1 and MYC. 

Many variants in the 8q24 human chromosome are associated with cancer risk. It has been shown that 

this region is commonly amplified in prostate cancer. MYC, an oncogene, is mapped to this region and 
appears to play an important role in the proliferation of prostate cancer cells. PVT1 is also localized to 
this same area, suggesting the two may be transcribed together and subsequently interact. 

 

Figure 7. Knockdown results using anti-PVT1 siRNAs and ASOs 
RT-qPCR was used to detect message level of PVT1 and MYC after transfection with siRNA and ASO. ASOs provided a 

superior knockdown of the lncRNA, around 80%, while siRNAs produced a much lower knockdown (around 50%). 
siRNA PVT1 #5, which had a higher knockdown of PVT1 than #6, resulted in an increase in MYC message level. The 

second siRNA, PVT1 #6, resulted in a decrease of Myc message level by 30%. All concentrations of ASO used showed 
drastic increases in the amount of MYC message level.  

 

Primers used/ 
concentration 

 

RNA 
ug/ul 

PVT1 #1  
2(-ΔΔCt) 

PVT1 #1 
Knockdown 

PVT1 #2  2(-
ΔΔCt) 

PVT1 #2 
Knockdown 

MYC 2(-
ΔΔCt) 

MYC 
Knockdown 

siRNA PVT1 
#5 

1.277 0.633 40 0.420 60 1.404 
 

siRNA PVT1 
#6 

1.82 0.807 20 0.503 50 0.727 30 

        

Anti-PVT1 
#1 25 nM 

0.152 0.351 75 0.216 80 3.482 
 

Anti-PVT1 
#2 25 nM 

0.372 0.295 70 0.319 70 2.676 
 

Anti-PVT1 
#1 40 nM 

0.243 0.297 70 0.218 80 3.074 
 

Anti-PVT1 
#2 40 nM 

0.392 0.232 80 0.219 80 2.114 
 

        

**ASO PVT1 samples compared 
to Control sample 

     

        

**siRNA PVT1samples compared 
to Control sample 
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Figure  9. 

PVT1 knockdown through 

RNAi and ASO methods 
yields opposite changes in 

c-Myc protein levels in 
DU145 cells 

 

 
A) Suppression ofPVT1 

using siRNAs results in a 
slight decrease in the 

amount of c-Myc protein 

present in cells compared to 
a control with no 

transfection. B) Presents 
corresponding western blot 

illustrating c-Myc protein 

and standard β-actin. 
C)Suppression of PVT1 

using ASOs yields an 
increase in c-Myc protein in 

DU145 cells (two-tailed P 

value < 0.05; 0.0149). 
Corresponding western blot 

(D) illustrates the data 
graphed. E) Knockdown 

ofPVT1 using ASOs 

appears to decrease the 
amount of c-Myc that 

becomes phosphorylated at 
threonine 58. 

Corresponding western blot 

(F) illustrates the data 
graphed. 

a) b) 

Figure 8. PVT1 binds Myc protein and is localized to the nucleus 

a) Association of cMyc with PVT1 was detected by RIP assay using cMyc antibody. PCGEM1, which is not 
expressed in DU145 cells, was used as a negative control. b) Subcellular localization of PVT1 and MYC 

transcripts. 
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Figure 11. A) Following transfection with control and PVT1 ASOs, cells at 48 hours displayed no significant 

difference in proliferation.  B) After 72 two hours, cells transfected with ASO PVT1-1 were found to have grown 
significantly less than the cells with the control PVT1 ASO (two-tailed P value < 0.001; 0.0002). Furthermore, 92 

hours after the initial transfection, cells with ASO PVT1-1 continued to exhibit significantly decreased levels of 
proliferation when compared to the control ASO cells (C) (two-tailed P value < 0.0001). D) Over time, all cells 

transfected exhibited less growth than control cells with no ASO, and levels of growth for cells transfected with 

ASO PVT1-2 closely followed the same trends as the cells with control ASO PVT1. 

Figure 10. Co-immunoprecipitation of c-Myc reveals no significant change in binding partners 

A) c-Myc was immunoprecipitated and its binding partners analyzed using densitometry. Compared to control DU145 

cells, cells transfected with siRNA to knockdown PVT1 expressed similar levels of c-Myc, WDR5 and Myc binding 

protein. B) Western blot with IP c-Myc samples. 

MYCBP 
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Figure 12. Proposed model of Myc and PVT1 interaction.  
Nuclear localization of PVT1, Myc, and Max is a key component of their regulatory properties. Shown is the 

proposed model the binding of Myc and Max as well as a novel binding site for PVT1 and Myc. This complex could 
potentially have important effects for transcription regulation in prostate cancer cells.  
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