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Abstract 

 

Title of Dissertation:  Identifying targets of sulforaphane in mesothelioma 

Geraldine Ezeka, Doctor of Philosophy, 2022 

Dissertation Directed by Richard L. Eckert, PhD, John F.B. Weaver Distinguished Professor 

and Chair of Department of Biochemistry and Molecular Biology and Deputy Director of the 

Greenbaum Comprehensive Cancer Center, University of Maryland School of Medicine. 

 

Mesothelioma is a fatal cancer of the mesothelial lining that is caused by asbestos 

exposure. The most common forms of mesothelioma arise in the pleural and peritoneal cavities 

of the lung and abdomen. Current treatment involves surgical resection and chemotherapy, but 

this approach is marginally successful and leads to drug resistant disease. We study sulforaphane 

(SFN), a nature derived anti-cancer agent that has high bioavailability and low toxicity. Our goal 

is to identify sulforaphane responsive targets in mesothelioma.  

Protein arginine methyltransferase 5 (PRMT5) is an epigenetic modifier that acts with 

methylosome protein 50 (MEP50) to symmetrically dimethylate arginine residues on histones H3 

and H4 to silence target gene expression.  PRMT5/MEP50 histone methylation has been 

implicated in cancer and is associated with silencing of tumor suppressors leading to enhanced 

cancer development. Our studies show that PRMT5/MEP50 knockdown reduces H4R3me2s and 

attenuates the cancer phenotype.  Moreover, SFN reduces PRMT5/MEP50 function and cancer 

cell proliferation, spheroid formation, invasion and migration. Further, forced expression of 

PRMT5/MEP50 antagonizes SFN suppression of the cancer phenotype, suggesting that loss of 

PRMT5/MEP50 is required for SFN action.  SFN suppression of mesothelioma tumor formation 



  

is associated with reduced PRMT5/MEP50 levels and activity.  These findings suggest that SFN 

treatment suppresses PRMT5/MEP50 activity to attenuate the cancer phenotype. 

We also examined SFN impact on AKT/mTOR and MEK/ERK1/2 signaling which act 

together to activate translation of selected mRNA species via regulation of the eIF4F complex.  

AKT/mTOR activity leads to 4E-BP1phosphorylation, leading to the release of eIF4E, which 

binds to eIF4G to assemble the eIF4F complex.  MEK/ERK1/2 signaling activates MNK1/2 

which activates eIF4E in the eIF4F complex. These events result in a selective increase in the 

translation of a subset of mRNAs. We show that SFN treatment suppresses AKT/mTOR activity 

leading to reduced phosphorylation of 4E-BP1 which would be expected to reduce assembly of 

the eIF4F complex. However, we also observe an unexpected increase in MEK/ERK1/2 activity 

and MNK1/2 phosphorylation which we propose is a compensatory response to the inhibition of 

activity of the eIF4F complex.  These findings suggest that SFN may suppress eIF4E-dependent 

translation to attenuate the mesothelioma cancer phenotype. 

 

 

 

 

 

 

 



Identifying Molecular Targets of Sulforaphane in Mesothelioma 

 

 

 

 

 

 

 

 

 

by 

Geraldine Ezeka  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the  

University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2022 



 iii 

To my family, my science is for the streets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

ACKOWLEDGEMENTS 

 

I first give all glory and honor to God, the Most High who has brought me to and 

through these years, for which I am forever grateful. I sincerely thank Dr. Eckert for 

advising me throughout my PhD journey. I thank my thesis committee members: Dr. 

Gerald Wilson, Dr. Erin Green, Dr. Aikaterini Kontrogianni-Konstantopoulos, Dr. Feyruz 

Rassool, Dr. Vincent Njar, for providing valuable observations and challenging me to be 

a better scientist along the way. I thank my past and present lab members, Dr. Suruchi 

Shrestha, Dr. Gautam Adhikary, for training me and answering all of my technical 

questions. Thank you Xi, McKayla, Wen and JJ for always being kind, inviting people to 

work and hang out with. I thank the Biochemistry Department, Kiriaki Cozmo, and Dr. 

Gerald Wilson, for your listening ears, encouragement, and familial warmth throughout 

this program.  

I must express my sincere gratitude to Dr. Michael Summers for offering me my 

first ever research position in his HHMI lab as a student at University of Maryland, 

Baltimore County. I would not have pursued a PhD if not for that experience so I thank 

you for the opportunity. I thank the IMSD/Meyerhoff program for funding me and 

providing a special community of scientists. Special thanks to Justine Johnson and 

Sharron Graves for their constant love and support.  

This journey and my successes I share with my friends and my family, and I thank 

them for supporting and empowering me. I would not be where I am if not for my parents 

and their sacrifices. I thank my parents Hyacinth and Rose Ezeka for their love, prayers 

and encouragement. I’ve been blessed with 4 siblings, Chinelo, Christine, Daniel and 

Peace, and a beautiful nephew, Zion Amaechi “Meech”, all of which have made this 

journey worth it. Lastly, I thank my community, to name a few, Nkemdilim Ndubuizu, 

Anicca Harriot, Ja’Nelle Briley, VanguardSTEM etc. This dissertation, this science is to 

encourage those that look like me to keep going, keep striving because your dreams lie on 

the other side. This dissertation, this science is to encourage those in my community who 

are not scientists to learn more about the world around them, to better understand 

medicine and vaccines for their benefit.  

 

 

 

 

 

 

 

 

 

 



 v 

 

 

TABLE OF CONTENTS 

 

CHAPTER              Page 

LIST OF FIGURES……………………..……………………………………………....viii 

LIST OF ABBREVIATIONS………………..…………….…………………………..…ix 

CHAPTER 1: INTRODUCTION - Sulforaphane, Histone Methylation and Protein 

Translation in Mesothelioma …....…………..………...……..……………...….………..1 

 

  Cancer……………………………………………………………………………..……..1 

     Mesothelial Cells and Mesothelioma…………………………………………..……....7 

     Sulforaphane…………………………………………………………….….……….....9 

     PRMT5 and MEP50, cancer therapeutic targets………………...….………….…..…12 

     Translational control and Cap-dependent translation…………………………….…..20 

     Scope of work ……………………………………………….……………………….28 

CHAPTER 2: Sulforaphane Inhibits PRMT5 and MEP50 Function to Suppress the 

Mesothelioma Cancer Phenotype……………………………………..……………...….30 

    Abstract …………………………….…………………………….…………………..30 

   Introduction ……………………………………….…...………….………….…....….31 

   Results …………………………………………………………….………..………....33 

SFN suppresses PRMT5/MEP50 function and attenuates the cancer cell 

phenotype ………………………………………………….……………………33 

         PRMT5/MEP50 loss is required for SFN action ……….….……...……….…..…40 

         SFN regulation of PRMT5/MEP50 …………………………………………........43 

         SFN suppresses PRMT5/MEP50 signaling in tumors ……..………………..……46 

   Discussion ……………………………………………………….….………..…….…49 



 vi 

          PRMT5 and MEP50…………………………………....…………………………49 

          PRMT5/MEP50 are required to maintain the cancer cell phenotype …………..49 

          SFN treatment reduces PRMT5 level and activity, and tumor formation …..….50 

     Materials and methods ………………………………………...…………….……..52 

          Chemicals and reagents ………………………………….………………….….52 

          Immunology methods ………………….....………………..…………………...53 

          Quantitative RT-PCR ………………………………………………….....….…54 

          Electroporation ……………………………..……………………………..……54 

          Biological assays ………………………………………………….…..………..55 

          Tumor xenograft growth assays ……………..………………………….….…..55 

CHAPTER 3: Sulforaphane Regulation of Translational Control in Mesothelioma....57 

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

     Introduction ………………………………………………………………………..58 

     Results ……………………………………………………………………………..60 

           mTOR, regulator of translational control, inhibit cancer cell phenotype ….…..59 

           mTORC1 is involved in mesothelioma phenotype maintenance ……….……..62 

Sulforaphane impacts translational control pathways and inhibits cancer cell  

phenotype ……….……………………………………….………………….....64 

     Discussion …………….…….……………………………………….……………..68 

            eIF4E and eIF4E regulators, mTOR and MNK1 ……………………………...68 

            mTORC1 suppresses the cancer phenotype via eIF4E inhibition ……………..68 

SFN impacts translation control related pathways to suppress the cancer  

  phenotype ………………………………………………………………………69 



 vii 

     Materials and Methods …………………………………………...….……………...71 

         Chemicals and reagents ……………………………..…………………………71 

          Electroporation ……………...………………………..……………………….72 

          Biological assays ……………….…………………………………...…...……72 

          Immunological methods ……………………………………….……….……..73 

CHAPTER 4: Conclusions and Future directions ……………………………...……74 

     Conclusions ……………………………….………………………………………74 

     Future directions …………………………………………………….………..…...77 

REFERENCES ……………………………………………………………….…..…..83 

 

  



 viii 

LIST OF FIGURES 

 

Figure 1. Sulforaphane structure ………………………………………………….……11 

Figure 2. PRMT methylation schematic ………………………………………….…….14 

Figure 3. PRMT5/MEP50 epigenetic gene silencing ……………….………...………..19 

Figure 4. AKT/mTOR and ERK/MEK convergence at eIF4E …………….…...............27 

Figure 5. PRMT5, MEP50, and SFN impact on the Meso-1 cell cancer phenotype …...35 

Figure 6. PRMT5, MEP50, and SFN impact on the NCI-Meso-17 cell cancer phenotype   

……………………………….…………….….....38 

Figure 7. Reduced PRMT5/MEP50 activity is required for SFN suppression of the 

cancer cell phenotype ...……….. ….…......……………………………….….…………41 

Figure 8. SFN reduces PRMT5 and MEP50 mRNA level ..………...…….……….…...44 

Figure 9. SFN suppresses PRMT5/MEP50 activity and tumor formation ....…………..47 

Figure 10. mTOR impact on the Meso-1 and NCI-Meso-17 cancer phenotype ….....…61  

Figure 11. Rapamycin impact on Meso-1 cancer phenotype ………..…………….…...63 

Figure 12. SFN impact on the Meso-1 and NCI-Meso-17 cancer phenotype, AKT/mTOR 

and ERK/MEK pathways …………………………….…………………………………67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

LIST OF ABBREVIATIONS 

 

4E-BP 4E-binding proteins 

43S PIC 43S pre-initiation complex 

ADMA Asymmetric dimethylarginine 

AR Androgen receptor 

BRCA1 Breast cancer gene 1 

BRCA2 Breast cancer gene 2 

CCND1 Cyclin D1 

CDK Cyclin-dependent kinase 

CSC Cancer stem cell 

DAPI 4’,6-diaminido-2-phenylindole 

DEPTOR DEP domain-containing protein 6 

DNMT DNA methyltransferase 

EGFR1 Epidermanl growth factor receptor 1 

eIF4E Eukaryotic Initiation Factor 4E 

EMT Epithelial-mesenchymal transition 

ERK Extracellular signal-related kinases 

EZH2 Enhance of Zeste homolog 2 

FBS Fetal Bovine Serum 

FGF Fibroblast growth factor 

HDAC Histone deactylase 

HER2 Human epidermal growth factor receptor 2 

HIPEC Hyperthermic intraperitoneal chemotherapy 



 x 

HRP Horseradish peroxidase 

Ig Immunoglobulin 

MEK Mitogen-activated protein kinase kinase 

MEP50 Methylosome protein 50 

miRNA Micro Ribonucleic acid 

MMA Mono-methylarginine 

MNK1/2 MAP kinase-interacting serine/threonine-protein kinase 1/2 

MSC Mesothelioma stem cells 

mTOR Mammalian target of rapamycin 

NSG Non-Obese Diabetic, Severe combined Immunodeficiency, gamma 

PBS Phosphate buffered saline 

PFA Paraformaldehyde 

PRMT Protein arginine methyltransferase 

q-PCR Quantitative Polymerase Chain Reaction 

qRT-PCR Quantitative Reverse transcriptase Polymerase Chain Reaction 

Rb Retinoblastoma 

Rictor Rapamycin-insensitive companion of mTOR 

SAM S-adenosylmethionine 

SAH S-adenosylhomocysteine 

SDMA Symmetric dimethylarginine 

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM Standard Error of Mean 



 xi 

SFN Sulforaphane [1-isothiocyanato-4-(methylsulfinyl) butane] 

siRNA Small interfering ribonucleic acid 

SMN Survival of motor neurons 

SV40 Simian virus 40 

TBS Tris buffer saline 

TBS-T Tris buffer saline with tween 

UTR Untranslated region 

UV Ultraviolet 

VEGF-A Vascular endothelial growth factor – A 

WD40 Tryptophan-Aspartic Acid repeat 

  

 



1  

CHAPTER ONE 
 

INTRODUCTION: Sulforaphane, Histone Methylation and Protein 

Translation in Mesothelioma 
 

A.   Cancer  

Cancer is a heterogeneous set of diseases in which abnormal cells divide 

uncontrollably to invade and destroy tissue. Accounting for almost 10 million deaths 

worldwide in 2020, cancer is one of the most common causes of death [1]. In the US, 

cancer is the second most common cause of death with one in three persons being 

affected and an annual economic impact exceeding a trillion dollars [2,3,4]. 

a. Genetics of Cancer 

Cancer is a genetic disease – changes to genes, primarily ones that control how 

cells divide and grow, drive cancer development. There are a number of hereditary, 

environmental, and epigenetic causes of cancer, however, tumorigenesis is fueled by 

genomic instability that promotes cell growth and impedes cell death [5,6,7]. Two main 

types of genes are commonly altered which aid in tumorigenesis: oncogenes and tumor 

suppressors [5,6,7]. Gain-of-function mutations in oncogenes enhance cell division and 

growth. Loss-of-function mutations in genes that negatively regulate these processes, 

tumor suppressor genes, additionally promote aberrant cell proliferation. Increases in 

genetic alterations also results in increased translation of oncogenic proteins. Genetically, 

there are predispositions that can cause specific types of cancer, namely, inherited gene 

mutations. Inherited genetic mutations account for 50% of all cancers; the most 

commonly mutated gene is p53, which encodes a protein that aids in tumor growth 

suppression [6,7]. Inheriting a breast cancer gene 1 (BRCA1) mutation, for example, is 

often a precursor to developing breast cancer and ovarian cancer in women; BRCA1 and 
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BRCA2 mutations are also associated with other types of cancers as well [6,7,11]. 

Epigenetic alterations, like DNA methylation, are inheritable but reversible. Additionally, 

epigenetic alterations, namely, DNA methylation, histone modifiers and chromatin 

remodelers are all dysregulated in cancers and drive the cancer phenotype by influencing 

gene expression [40,41]. These different epigenetic modifications can suppress tumor 

inhibiting genes while simultaneously inducing expression of tumor-enhancing genes 

[6,7,37]. However, hereditary predispositions and epigenetic alterations are not the only 

cause of cancer. 

b. Carcinogens 

Cancer is also caused by chemical, physical, and biological carcinogens [10]. 

Physical carcinogens include ultraviolet or ionizing radiation. Ionizing radiation produces 

free radicals and ultraviolet radiation is easily absorbed by DNA, both of which cause 

damage to proteins and lipids and cause damaging alterations to the DNA structure that 

affect gene expression [10]. Chemical carcinogens, including asbestos and tobacco 

smoke, contain organic chemicals that directly interact with and alter DNA structure, but 

also result in persistent inflammation that supports tumorigenesis. Biological carcinogens 

include viruses and bacteria such as simian virus 40 (SV40) and H. Pylori. H. Pylori 

infection, for example, can negatively affect tumor suppressors such as p53 and affect 

DNA damage repair mechanisms leading to tumorigenesis [8,9]. The different 

carcinogens that cause cancer; physical, chemical, biological – all result in the 

accumulation of DNA damage in oncogenic and tumor suppressive genes that is unable 

to be adequately repaired ultimately leading to tumor formation. These carcinogens can 

additionally drive epigenetic alterations that drive tumor development and progression.  
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c. Hallmarks of Cancer 

Cancer is considered a group of different diseases based on the tissue in which the 

cancer arises. While different cancers arise in various tissues, they each share similar 

traits defined as the hallmarks of cancer or the cancer phenotype. These hallmarks 

include sustaining proliferative signals, evading growth suppressors, resisting cell death, 

inducing angiogenesis, enabling replicative immortality, and activating invasion and 

metastasis. Emerging characteristics that contribute to the hallmark phenotype include 

avoiding immune destruction, tumor promoting inflammation, deregulating cellular 

energetics and genome instability and mutation [5,6]. 

Normal cells maintain homeostasis by controlling the production of mitogenic 

growth signals that initiate progression through the cell growth cycle. Cancer cells, due to 

alterations in genes that encode tumor suppressors and oncogenes, deregulate these 

controls and provide themselves (autocrine signaling) and neighboring cells (paracrine 

signaling) with signals that maintain growth [5,6]. Additionally, overexpression of 

receptors that propagate growth signals aids in sustaining proliferative signaling. 

Receptor signaling is also deregulated by ligand independent activation of receptors that 

occur due to receptor structure modification. In order to sustain growth signals, cancer 

cells must also circumvent factors in place to prevent cells from growing uncontrollably, 

namely tumor suppressors. The absence of tumor suppressors such as retinoblastoma and 

p53 prevents cancer cells from transducing growth-inhibitory signals that originate 

externally and intracellularly, respectively [5,6]. In the presence of stress, abnormal 

sensors, or excessive DNA damage these tumor suppressors induce apoptosis. However, 
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loss-of-function mutations in tumor suppressors enable an accumulation of unchecked 

growth sensors and genomic damage [5,6]. 

Apoptosis, commonly triggered by DNA damage sensors such as p53 or elevated 

oncogenic signaling, is a mechanism of cell death that reduces aberrant cell survival 

[5,6]. Apoptosis regulators that receive and process extracellular signals and apoptotic 

effectors that sense intracellular signals are maintained by balancing pro-apoptotic and 

anti-apoptotic regulatory proteins of the Bcl-2 family [5,6]. Cancer cells often bypass 

apoptotic machinery as a result of mutations in damage sensors or suppression of pro-

apoptotic proteins and elevation of anti-apoptotic proteins. Normal cells have limited 

replicative potential to prevent them from forming tumors, resulting in cell death or 

cellular senescence, an irreversible non-proliferative but viable state [5,6]. However, 

tumor cells evade these replicative endpoints primarily by activation and overexpression 

of telomerase, a telomere lengthening enzyme that is expressed in development and 

oncogenesis. Telomeres that protect chromosome ends progressively shorten in non-

immortalized cells. The length of telomeres indicates the number of successive 

replications a cell can undergo before telomeres are depleted, losing their protective 

function and inducing cell death [5,6]. 

Much like normal cells, tumor cells require nutrients and the ability to dispose of 

metabolic waste, which they accomplish by initiating vasculature growth. Therefore, 

tumor cells, via oncogenic signaling or stress-related conditions like hypoxia, induce 

angiogenesis by upregulating pro-angiogenic proteins and signals, such as vascular 

endothelial growth factor-A (VEGF-A) and members of the fibroblast growth factor 

(FGF) family [5,6]. Beyond needing nutrients and pathways to dispose of cellular waste, 
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the increased proliferation present in cancer cells also involves alterations in cell 

metabolism. Normal cells process glucose to form ATP via glycolysis in anaerobic 

conditions [6]. Tumor cells, however, even in the presence of oxygen, reprogram their 

energy production to favor glycolysis by upregulating glucose transporters which 

significantly increase glucose import in the cytoplasm [6]. Glycolytic fueling is 

associated with oncogenic activation and mutant tumor suppressors; oncogenic signaling 

and hypoxic conditions in the tumor microenvironment upregulate glycolytic 

transcription factors such as HIF1 and HIF2 [6]. The altered energetics in cancer cells 

support the hallmark characteristics of invasion and metastasis, as well as the other 

cancer characteristics discussed. 

Tumor cells are capable of invading and metastasizing into other tissues. The 

invasive and metastatic capability of tumor cells exposes other cell types to tumorigenic 

signaling, spreading the cancerous phenotype; this worsens the cancer burden, making 

treatment more difficult. These cells develop invasive and migratory functionalities due 

to modifications in cell shape and altered attachment to other cells and the extracellular 

matrix [5,6]. In order to accumulate these cellular changes, tumor cells often lose 

expression of cell adhesion proteins, such as E-cadherin, which has been established as 

an invasion and metastasis antagonist, and overexpression of adhesion molecules 

associated with cell migration such as N-cadherin [5,6]. The invasion-metastasis cascade 

involves local invasion, intravasation into proximate blood vessels, transport through the 

lymphatic system, extravasation into new tissues, followed by tumor formation [5,6]. 

This process is also supported by a developmental regulatory mechanism, epithelial to 

mesenchymal transition (EMT). Tumor cells activate EMT by overexpression of 
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transcription factors such as Snail, Slug and Twist, which coordinate EMT and migratory 

processes during embryogenesis [5,6,38]. Moreover, these transcription factors can 

directly negatively alter E-cadherin gene expression, further enhancing the invasive and 

migratory phenotype. 

Each of these phenotypes described primarily depend on the accumulation of 

genomic mutations in genes necessary for maintaining cellular homeostasis [6,7]. In 

normal cells, there are DNA maintenance mechanisms through the activation and 

presence of care-taker genes which encode factors that detect DNA damage and activate 

repair mechanisms that directly repair damaged DNA, or inactivate mutagenic signals 

before damaging DNA [6,7]. These mechanisms ensure that DNA damage accumulation 

remains low in normal cells, but in cancer cells these functions are often lost due to 

epigenetic suppression or inactivating mutations [6,7]. Taken together, the cancer 

phenotype is defined as highly proliferative cells with heightened invasion and migratory 

capabilities. 

d. Cancer Stem Cells 

Tumors are largely heterogeneous consisting of tumor cells, stromal cells, 

immune cells and the extracellular matrix, all of which contribute to tumor-supporting 

mechanisms [13].  While these cells contribute to the development and progression of 

tumors, none are believed to initiate tumor formation in tissues [12,13]. Cancer stem cells 

(CSCs) arise due to genomic mutations in normal stem cells, similar to those described 

above, where they develop loss of function mutations in tumor suppressor genes and gain 

of function mutations in oncogenes contributing to a cancer cell phenotype [12,14,15,37]. 

CSCs phenotypically present characteristics of cancer cells and stem cells. The cancer 
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stem cell theory proposes that CSCs are slowly dividing, self-renewing, cancer initiating 

cells [12,14,15,37]. The theory also suggests that targeting CSCs will reduce tumor 

burden and prevent tumor recurrence [12,14,37]. 

 

B. Mesothelial cells and Mesothelioma 

The mesothelium is a squamous epithelium that lines the surface of coelomic 

organs that surrounds the chest, abdominal cavities, and pelvis [16]. Functionally, the 

mesothelium serves as a non-adhesive protective barrier enabling organ movement 

against each other and the body cavity [16]. As such, the mesothelium facilitates 

involuntary muscle contractions in the intestines and rhythmic swelling of the lungs 

during breathing and the beating heart [16]. Within the different mesothelial cavities exist 

various types of mesothelial cells distinguished based on localization [16]. In the pleura, 

the mesothelial cavity surrounding the lung, lie two distinct mesothelial cell types – the 

parietal pleura, the mesothelium covering the walls of the pleural cavity, and the visceral 

pleura, which covers the surface of the lungs [16]. The parietal pericardium refers to the 

mesothelium covering the lining of the pericardial cavity, while the epicardium is the 

visceral mesothelium found on the surface of the heart. Lastly, the visceral layer of the 

peritoneum is the serosal mesothelium located on the walls of the gut [16]. Tumors may 

arise in mesothelium-derived tissues due to genomic instability and cancer-promoting 

modifications of necessary anti-tumor factors; these primary cancers are referred to as 

mesotheliomas [16,17,18,19]. 

Mesothelioma is a rare and aggressive cancer arising in the mesothelial lining of 

the pleural, peritoneum, pericardium, and tunica vaginalis of the testes [17,18]. Often 
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caused by asbestos exposure, mesothelioma is characterized by its long latency period 

and the formation of numerous plaque tumors and ascites [17,18,19]. Asbestos fibers are 

thin, durable minerals capable of causing repeated damage and inflammation. Once 

inhaled, fibers travel to the pleura and cause irritation, establishing repeated cycles of 

tissue damage and repair. Fibers are thought to be carried through the lymphatic system 

to reach other serosal cavities [18,19]. Macrophages and mesothelial cells engulf asbestos 

fibers which result in inflammatory cytokine and growth factor release, thus creating a 

favorable tumor microenvironment [18,19]. The molecular interactions between 

macrophages, mesothelial cells and asbestos fibers additionally trigger the production of 

DNA damaging reactive oxygen species leading to abnormal DNA repair resulting in 

DNA mutations, and chromatin structure alterations that promote altered cell growth and 

mesothelioma development [18,19]. Mesothelioma is also caused by simian virus 40 

(SV40), a known oncogenic DNA virus that causes expression of viral oncogenic 

proteins and erionite, a naturally occurring mineral that is typically found in weathered 

volcanic ash [18,19,21]. 

Histologically, mesothelioma can present as epithelioid, sarcomatoid, or bi-phasic 

with epithelioid having the best prognosis [17,18,19,20]. The most common forms of 

mesothelioma arise in the pleural cavity of the lung and peritoneal cavity of the abdomen 

accounting for about 80% and 10% of mesothelioma cases, respectively [17,18,19,20]. 

While less common, the peritoneal derived mesothelioma has a worse prognosis than its 

pleural counterpart [18]. Currently, a multimodal treatment plan is used to treat 

mesothelioma which couples surgical resection with hyperthermic intraperitoneal 

chemotherapy (HIPEC), and radiation; this combinatorial treatment is known to prolong 
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patient survival [17,21,22,24]. However, this treatment approach leads to drug resistant 

and recurrent disease so alternative therapies are severely needed. Mesothelioma cancer 

stem (MCS) cells are a highly aggressive population of cells within the tumor 

environment that contribute to the aggressive disease and drug resistance [23,25,26,40]. 

The cancer stem cell theory proposes that these are slowly dividing, self-renewing, cancer 

initiating cells and targeting cancer stem cells will reduce tumor burden and prevent 

tumor recurrence [14,15,25,40]. Consequently, our overall goal is to identify proteins that 

maintain the mesothelioma cancer cell phenotype in mesothelioma as therapy targets. 

 

C. Sulforaphane 

Throughout history, natural products have been used to treat ailments and 

diseases. Traditional remedies primarily utilized terrestrial plants as sources for 

alternative medicines. Continued research on use of diet-derived cancer prevention agents 

has birthed the concept of green chemoprevention, the consumption of whole plants for 

their cancer preventive properties. Over 60% of anti-cancer drugs are derived from 

natural products [42]. Moreover, a diet that regularly incorporates fruit and vegetables 

can reduce total cancer risk by 14% [4,43]. Dietary phytochemicals exert anti-cancer and 

cancer preventative functions through diverse mechanisms including antioxidant, anti-

proliferative, and anti-migratory events as well as impacting several signaling pathways 

[41,44]. Further, studies have shown that consumption of cruciferous vegetables may 

lower overall cancer risk in various cancers including breast, lung and prostate; this 

reduction in cancer risk is primarily due to sulfur-containing, highly electrophilic 

isothiocyanates [41,44]. 
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Sulforaphane [1-isothiocyanato-4-(methylsulfinyl) butane] (SFN) is a metabolite 

of glucoraphanin, a phytochemical present in cruciferous vegetables, most abundantly in 

broccoli, that exhibits anti-cancer and cancer preventative properties [44,45]. 

Glucoraphanin is a precursor glucosinolate metabolized to sulforaphane via hydrolysis by 

the -thioglucosidase glucohydrolase, myrosinase [44]. Myrosinase is also available in 

the gut bacteria. The highly electrophilic carbon within the isothiocyanate structure 

enables SFN the capacity to interact with a number of molecular targets [44,45]. Fig. 1 

shows the structure of sulforaphane. The promiscuity of SFN action is beneficial for 

cancer therapy as SFN targets various cellular pathways in order to attenuate the cancer 

burden. For example, SFN inhibits estrogen receptor, epidermal growth factor 1 

(EGFR1), and human epidermal growth factor receptor 2 (HER2), in breast cancer to 

induce apoptosis [45]. Further, SFN consumption has no known side effects and is highly 

bioavailable, deeming SFN an important potential cancer therapy [41,45]. 

Not only has SFN been shown to impact non-stem cancer cells, SFN treatment 

has also been implicated as a method to target cancer stem cells in breast cancer and 

melanoma [46,48]. In melanoma, SFN targets enhancer of zeste homolog 2 (EZH2) to 

suppress melanoma cancer stem cell survival [46]. Therefore, we seek to understand how 

SFN affects mesothelioma non-stem and cancer stem cells. Studies have identified a 

number of epigenetic-modifying enzymes targeted by SFN including decreases in DNA 

methyltransferases (DNMTs) and histone deactylases (HDACs), but little is known about 

how SFN affects arginine methylation of histones [47,49]. 
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FIGURE 1 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 depicts the structure of sulforaphane, highlighting the isothiocyanate structure 

which is composed of a nitrogen double-bonded to a carbon atom which is also double-

bonded to a sulfur atom. The electrophilicity of the central carbon in the isothiocyanate 

enables SFN to interact with a myriad of molecular targets. Glucosinolates, precursors of 

isothiocyanates, are common among natural products and are abundant in cruciferous 

vegetables. Created with BioRender.com 
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D. PRMT5 and MEP50, cancer therapeutic targets 

a.   Protein arginine methyltransferases and PRMT5 

  Protein arginine methyltransferases (PRMTs) epigenetically modify chromatin 

structure to alter transcription and gene expression by post-translationally modifying 

arginine residues on histone targets [28,29,30].  These epigenetic modifications aid in 

tumorigenesis by enhancing expression of tumor promoting genes and/or inhibiting 

expression of tumor suppressing genes [30].  PRMTs are ubiquitously expressed and 

impact cellular processes that affect cell growth, proliferation and differentiation [29]. 

PRMTs also catalyze methylation of non-histone targets to further mediate these different 

cellular processes [29]. Biochemically, PRMTs catalyze the transfer of a methyl group 

from S-adenosylmethionine (SAM) to a guanidinium nitrogen of arginine generating a 

methylated guanidinium and S-adenosylhomocysteine (SAH or AdoHcy). The S-

adenosylhomocysteine is recycled for methionine biosynthesis [28,31]. There are 3 

subgroups of PRMTs that catalyze various types of methyl arginine: ω-NG-monomethyl 

arginine (MMA), ω-NG,NG-asymmetric dimethylarginine (ADMA), and ω-NG,N’G-

symmetric dimethylarginine (SDMA) [31,36]. Type I PRMTs (PRMT1,2,3,4,6 and 8) 

catalyze the formation of MDA and ADMA, type II PRMTs (PRMT5 and PRMT9) 

produce MMA and SDMA, while type III (PRMT7) only form MMA [30,31,36].  Fig. 2 

shows the different methylation schemes catalyzed by the different PRMTs.  

Protein arginine methyltransferase V (PRMT5) is a type II member of the arginine 

methyltransferase family capable of symmetrically dimethylating arginine residues of 

histone and non-histone targets [31,33]. First identified as a JAK-binding protein, 

PRMT5 shares homology with yeast proteins Shk1 kinase-binding protein 1 (Skb1) and 
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histone synthetic lethal 7 (Hsl7p) found in Schizosaccharomyces pombe and 

Saccharomyces cerevisiae, respectively [32]. PRMT5 functions in concert with a 

tryptophan-aspartic acid repeat (WD40) containing cofactor, methylosome protein 50 

(MEP50). PRMT5 adopts a two-domain structure, consisting of a N-terminal TIM barrel 

domain and a C-terminal catalytic domain [33,34]. MEP50 adopts a -propeller structure 

with strands composed of -strands and -sheets, with only two of the seven blades 

containing the WD40 motif [33,34]. PRMT5 and MEP50 form an octameric complex 

with PRMT5 dimers forming a central head-to-tail tetramer, fueled by electrostatic and 

hydrophobic forces with MEP50 molecules decorated around the PRMT5 tetramer bound 

via the WD40 domain at the N-terminal TIM barrel [33,34]. Both PRMT5 and MEP50 

are conserved across species and are highly expressed during development; embryonic 

deletion of PRMT5 results in embryonic lethality [31]. MEP50 enhances PRMT5 activity 

as the PRMT5/MEP50 complex has a higher affinity for SAM or protein substrate than 

PRMT5 alone [31,33]. 
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FIGURE 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 depicts the different types of methylation schemes catalyzed by PRMTs. Each 

PRMT is capable of catalyzing methyltransferase reactions that transfer methyl groups 

from SAM to a terminal () guanidino nitrogen to produce mono-methylarginine. 

However, Type III PRMTs, such as PRMT7, are solely capable of generating mono-

methylarginines. Only type II PRMTs (PRMT5 and PRMT9) are capable of producing 

symmetric dimethylarginine. In contrast, type I PRMTs (PRMT1,2,3,4,6 and 8) 

additionally form asymmetric dimethylarginine residues. To date, no PRMT is known to 

be able to catalyze formation of both ADMA and SDMA. Created with BioRender.com 
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b.    PRMT5 co-factor, MEP50 

WD-repeat proteins are a family of proteins with four or more repeats containing 

a conserved domain starting with a glycine-histidine (GH) at the N-terminus and ending 

with a tryptophan-aspartic acid (WD) [50,51,52]. Mostly found in eukaryotic cells, WD-

proteins function as scaffold and regulatory proteins coordinating the assembly of 

multiprotein complexes through binding at the WD domain [50,51]. Within these multi-

protein complexes, WD-proteins regulate cellular functions such as cell division, gene 

transcription, and cell differentiation [50,51,52]. The first identified WD-repeat was 

identified in the -subunit of heterotrimeric GTP binding proteins (G proteins) which 

transduce signals across the plasma membrane [50,51]. The numerous regulatory roles 

that WD-proteins have suggest a proclivity for oncogenic transformation upon 

carcinogenic DNA alteration. 

MEP50 (wdr77, p44) was first identified as a novel non-catalytic component of 

the methylosome complex – which contains PRMT5, MEP50 and pICln [53]. The 

methylosome complex was first identified to facilitate small nuclear riboprotein assembly 

via production of a methylarginine in Sm proteins [53]. Survival of motor neuron (SMN) 

proteins preferentially bind to symmetric dimethylarginine on Sm proteins for snRNP 

core assembly [53]. MEP50 is necessary for methylosome activity as it functions as a 

scaffold protein, directly binding to PRMT5 and Sm proteins to position Sm proteins for 

PRMT5 methylation [53]. A number of studies have implicated MEP50, also referred to 

as p44, in cancer and in cancer maintenance mechanisms. Expression of MEP50 is 

essential for proliferation in lung cells during growth, further, MEP50 expression is 

elevated in lung cancer cells and lung tumor samples compared to normal lung cells 
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[54].  In prostate and testicular cancers, MEP50 functions as a co-activator of androgen 

receptor (AR) to facilitate activation of AR mediated transcription [55,57]. Expression of 

MEP50 is nuclear in epithelial cells, with low cytoplasmic expression. Conversely, in 

prostate and testicular tumor cells, nuclear expression is low and cytoplasmic expression 

of MEP50 is high [55,57]. Loss of nuclear MEP50 and high cytoplasmic MEP50 is an 

early indicator of prostate tumorigenesis, as cytoplasmic expression of p44 promotes 

growth and decreases cell cycle regulators p21 and p27 [55]. In breast cancer, MEP50 

functions as a co-activator for estrogen receptor (ER) [56]. Studies have implicated an 

important maintenance role for MEP50 in various cancers including lung, prostate, breast 

and testicular cancer [54,55,56,57]. However, no studies have elucidated the role that 

MEP50 plays in mesothelioma. Therefore, we aim to clarify the role that PRMT5/MEP50 

have in mesothelioma cancer and MCS cells. 

c. PRMT5/MEP50 in cancer and tumor formation 

 

PRMT5 symmetric dimethylation of histone and non-histone targets aids in 

oncogenesis. For example, PRMT5 methylation of p53 impacts nuclear localization and 

activity which promotes lymphoma development [110]. Additionally, PRMT5 arginine 

methylation stabilizes kruppel like factor 4 (KLF4), a transcription factor, which 

contributes to breast cancer development through increased oncogenic signaling [110]. 

Further, PRMT5 methylation of sterol regulatory element-binding protein 1 (SREBP1), a 

transcription factor necessary for de novo lipogenesis, stabilizes SREBP1 thus increasing 

lipogenesis and hepatocellular carcinoma tumor growth [110].  Epigenetically, PRMT5 

symmetrically dimethylates arginine residues on histone targets as a mechanism to 

silence or activate gene expression. For instance, PRMT5/MEP50 mediated 
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dimethylation of histone 3 at arginine residue 8 (H3R8me2s) or histone 4 at arginine 

residue 3 (H4R3me2s) represses miRNAs that target tumor promoting genes [110]. 

Similar histone marks have also been implicated in the transcriptional activation of 

oncogenic proteins such as eukaryotic initiation factor 4E (eIF4E) and fibroblast growth 

factor receptor 3 (FGFR3) in colorectal cancer [110]. 

  PRMT5 expression and activity are increased in various cancers including breast, 

liver, skin, and lymphoma. In squamous cell carcinoma, PRMT5/MEP50 maintains the 

cancer cell phenotype and is inhibited by SFN treatment [85]. Further, elevated PRMT5 

expression in ovarian and non-small cell lung cancer correlated with decreased patient 

survival. Therefore, PRMT5/MEP50 function and overexpression suggests an oncogenic 

role of the complex in cancer and tumor formation.  

 

d.   PRMT5/MEP50 and epigenetic control 

PRMT5/MEP50 acts as an epigenetic modulator by dimethylating arginine 3 on 

histone 4 (H4R3me2s) and arginine 8 on histone 3 (H3R8me2s) to silence tumor 

suppressor gene expression, such as members of the retinoblastoma family, non-

metastatic 23 (NM23) and suppressor of tumorigenicity 7 (ST7) [35]. Methylated 

arginine residues are translated into cellular signals by effector proteins, primarily, Tudor 

domain containing proteins that “read” the arginine methylation signal [31]. For example, 

arginine methylation at histone 4 H4R3me2s recruits the DNA methyltransferase 

DNMT3A to chromatin domains which methylate DNA to aid in suppressing gene 

expression [31,103]. Fig. 3 shows a schematic depicting PRMT5/MEP50 gene silencing. 

However, there is little information regarding the role that PRMT5 plays in 

mesothelioma.  
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In our studies, we show that PRMT5 and MEP50 maintain the aggressive 

mesothelioma cancer cell phenotype by sustaining invasion, migration, spheroid and 

tumor formation. This reveals an epigenetic mechanism of mesothelioma maintenance 

orchestrated by PRMT5/MEP50 function. Further, we show that PRMT5/MEP50 are 

targets of a diet-derived, anti-cancer and cancer preventative agent, sulforaphane (SFN). 

We show that PRMT5/MEP50 expression antagonizes SFN action which suggests that 

PRMT5/MEP50 are necessary for maintaining the mesothelioma cancer phenotype. 

Consequently, PRMT5/MEP50 activity inhibition may be a strategy to suppress the 

mesothelioma cancer cell phenotype and tumor formation. 
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FIGURE 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 shows a schematic depicting PRMT5/MEP50 activity. At specific arginine 

residues on histones, namely, H3R8 and H4R3, PRMT5 and MEP50 catalyze the 

formation of symmetric dimethylarginine groups. These methylarginine residues are 

“read” by Tudor domain containing proteins. The H4R3me2s is recognized by DNMT3A 

which binds and methylates neighboring CpG dinucleotides to further silence gene 

expression. Created with BioRender.com 
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E. Translational control and Cap-dependent translation 

We also wanted to understand how translational control mediates tumorigenesis in 

mesothelioma. Protein translational control plays a critical role in the regulation of 

protein expression in eukaryotes and affects many essential cellular processes, including 

proliferation, apoptosis and differentiation. The first step of cap-dependent translation 

initiation involves assembly of the eukaryotic initiation factor 4F (eIF4F), its binding to 

the 5’ cap, trailed by the formation of the 43S pre-initiation complex (43S PIC) [58,61]. 

Once the eIF4F complex recruits 43S PIC to mRNA, formation of the 48S complex is 

commenced as the 48S complex scans mRNA until a start codon is located. The eIF4F 

complex consists of eIF4E, the mRNA cap binding protein; eIF4G, the scaffold protein to 

which the other components bind to elicit their function; and eIF4A, the DEAD-box 

helicase that unwinds secondary structures in the 5’ untranslated region (UTR) of mRNA 

[58,61]. 

eIF4E binding to the 5’ 7-methylguanosine cap of mRNA is the rate limiting step 

of translation initiation, thus proving an optimal target for therapy [58]. Further, eIF4E 

plays a pivotal role in translation initiation regulation [61,63]. Due to this role, eIF4E is 

highly regulated at multiple levels transcriptionally, post-transcriptionally, post-

translationally and by interacting with inhibitory proteins, 4E-binding proteins (4E-BPs) 

[60]. 4E-BP1 functions as an allosteric inhibitor for eIF4E and 5’ cap binding, by directly 

blocking eIF4G binding to eIF4E [60]. Upon mitogenic stimulation, 4E-BP1 releases 

eIF4E for cap binding after 4E-BP1 phosphorylation by mammalian target of rapamycin 

(mTOR); mTOR is activated by the PI3K/AKT pathway [60,61,63]. eIF4E activity is 

further regulated by phosphorylation of Ser209 by Map kinase interacting kinases 
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(MNK1/2) [61,62]. MNKs are activated by extracellular signal-regulated kinases (ERKs), 

which are activated downstream of, Ras and Raf, which transduce signaling from 

receptor tyrosine kinases (RTKs) [61,62]. While the physiological role of phosphorylated 

eIF4E is still being debated, studies suggest that phosphorylation of eIF4E by MNK1/2 in 

response to stress or mitogenic stimuli directly impacts cancer onset and progression 

[61]. 

a. eIF4E dependent mRNA translation 

mRNAs have been classified as “weak” or “strong” based on their eIF4E 

dependence [61,63]. “Strong” mRNAs are unaffected by variation in eIF4E and are 

characterized by short unstructured 5’ UTRs. “Weak” mRNAs are dependent on eIF4E 

for translation and are characterized by long, G/C-rich 5’UTRs, and are capable of 

forming stable secondary structures [61,63]. Many of the proteins encoded by weak 

mRNAs are necessary for cell survival and proliferation including cyclin D1, c-MYC, 

and VEGF [61,63]. Cyclin D1 is a proto-oncogene that functions as a cell cycle regulator 

and transcriptional co-activator [67]. With cyclin dependent kinases 4 and 6, cyclin D1 

forms a complex that inactivates the retinoblastoma (Rb) protein via phosphorylation 

[67]. Overexpression of cyclin D1 promotes anchorage independent growth in fibroblasts 

and has been linked to cancer development and progression [67]. Additionally, c-MYC 

oncoprotein is a transcription factor that regulates expression of many genes involved in 

cell growth, proliferation, and apoptosis [68,69]. c-MYC forms a heterodimeric complex 

with MAX which binds to E-box motifs in promoters of specific genes to recruit 

transcriptional coactivators for transcription [68,69]. Therefore, eIF4E has been defined 

as an oncogene; the higher levels of eIF4E in cells lead to increased cap-dependent 
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translation and increased translation of proliferative and cell survival factors that drive 

and maintain a cancer phenotype. 

Antagonizing the eIF4E-mRNA cap interaction has been an objective in targeting 

translational control in mesothelioma, primarily by using antisense oligonucleotides to 

knockdown eIF4E levels and in turn activity [61,63,65]. However, no studies have 

assessed the impact of sulforaphane on translational control mediated by eIF4E.  Further, 

no studies have compared the role that eIF4E regulators, mTOR and MNK1/2 play in 

mediating SFN dependent suppression of the cancer phenotype. 

b.  eIF4E upstream regulators, mTOR and MNK1/2, in translational control 

Mammalian target of rapamycin (mTOR) is a highly conserved threonine serine 

kinase that is activated by the PI3K/AKT pathway and is a member of the PI3K-related 

kinase (PIKK) superfamily [70,71]. Deregulation of mTOR activity has been observed in 

different cancers such as breast, prostate and lung carcinomas [70,71]. Through 

interactions with diverse factors, mTOR forms structurally and functionally distinct 

complexes, mTORC1, mTORC2, and mTORC3 [70,71,72]. The mTORC1 and mTORC2 

complexes share structural similarities as each complex consists of mTOR and 

mammalian lethal with SEC13 protein 8 (mLST8) [70,71]. Unique to mTORC1 

are regulatory-associated protein of mTOR (raptor), the 40 kDa proline-rich AKT 

substrate (PRAS40), and DEP domain-containing protein 6 (DEPTOR) 

[70,71]. Rapamycin-insensitive companion of mTOR (rictor) and mammalian stress- 

activated protein kinase-interacting protein1(mSIN1or MAPKAP) are specific to the 

mTORC2 complex [70,71]. Newly identified, the mTORC3 complex consists of ETV7, 

mTOR and other undefined components. Unlike mTORC1, mTORC2 and mTORC3 are 
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both rapamycin insensitive due to the absence of raptor within the latter complexes [72]. 

The physiological role of mTORC3 is less defined that mTORC1 and mTORC2 [72]. 

mTORC2 functions to phosphorylate AKT which regulates cellular processes including 

cell proliferation, glucose metabolism and apoptosis activated by AKT [70]. 

Additionally, mTORC2 plays an important role in actin polarization and endocytosis 

[70]. Comparable to mTORC1, mTORC2 is also activated by growth factors but also 

activates specific receptors such as type 1 insulin-like growth factor receptor (IGF-IR) 

and insulin receptor (InsR) via mTOR tyrosine kinase activity [70]. 

The mTORC1 pathway monitors the availability of nutrients, mitogenic signals, 

and cellular energy to orchestrate protein synthesis and regulate cell growth and 

proliferation [70]. Further, active mTORC1 additionally propagates signals for mRNA 

translation by phosphorylating downstream effectors, 4E-BP1 and p70 S6 kinase [70]. 

S6K is involved in protein translation initiation by phosphorylating eukaryotic initiation 

factor 4B (eIF4B) which promotes recruitment to eukaryotic initiation factor 4A (eIF4A) 

in the eukaryotic initiation complex to increase the processivity of eIF4A helicase activity 

[69]. Further, S6K phosphorylation of eIF4B additionally facilitates ribosome recruitment 

to mRNA [69]. 

Another downstream effector of mTORC1 involved in protein translation is eIF4E 

binding protein (4E-BP1) [70]. 4E-BP1 functions as an inhibitor of translation initiation 

by sequestering cap-binding protein, eIF4E [63,65,70]. The 4E-BP1-eIF4E interaction 

prevents eIF4E from participating in the eIF4F initiation complex as binding occurs at the 

eIF4E-eIF4G interface [63,65,70]. mTORC1 directly phosphorylates, therefore 

inactivating, 4E-BP1, releasing eIF4E for eIF4F complex formation and mRNA cap 
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binding [70]. eIF4F assembly enables MNK1/2 to phosphorylate and further activate 

eIF4E [70]. Fig. 4 shows the convergence of the PI3K/AKT and ERK/MEK pathways at 

eIF4E, for eIF4E activation. 

         MAP kinase interacting kinases (MNK) are serine/threonine protein kinases that 

are activated by MAP kinase pathways, namely the ERK/MEK and p38MAPK pathways 

[73]. There are two functionally and structurally similar MNK isoforms, MNK1 and 

MNK2 [73]. Under stress conditions, MNK1 is activated by the p38MAPK pathway 

while under mitogenic signaling, MNK2 is phosphorylated and activated by the 

ERK/MEK pathway. A single amino acid difference in the MAP kinase binding domain 

of the MNK isoforms contributes to preferential binding of MAPKs to MNK isoforms 

[73]. While MNK1 is preferentially activated by the p38MAPK pathway, it also can be 

activated by the ERK/MEK pathway. MNK1/2 are functionally similar; both isoforms 

activate to phosphorylate eIF4E by binding to eIF4G and are the only kinases known to 

phosphorylate eIF4E at Ser209 [73]. Phosphorylation of eIF4E at Ser209 by MNK1/2 

enhances mRNA translation of oncogenic related proteins including c-MYC and cyclin 

D1 [70,73]. Oncogenic expression of these factors drive the cancer phenotype, however, 

little is known about the cap-dependent translation mediating expression of these factors 

in mesothelioma. Each of the regulators of eIF4E activity, mTOR and MNK1 are 

overexpressed in cancer. The increased expression of these factors in tumor models 

further validates our inquiry into understanding the role eIF4E and its regulators play in 

shepherding the mesothelioma cancer phenotype.  

 Here we show that interfering with mTOR activity by knockdown or rapamycin 

treatment reduces eIF4E level/activity, inhibits translational control related signaling and 
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suppresses the mesothelioma cell cancer phenotype. We further show that SFN 

suppresses translational control-related signaling via mTOR pathway inhibition. When 

assessing the impact of SFN treatment on MAPK/ERK signaling, we expected a similar 

suppression of the MAPK pathway as we observed in the PI3K/AKT pathway. However, 

we observed that SFN stimulates ERK1/2 signaling and MNK1 phosphorylation which 

may be a compensatory response to the SFN-dependent reduction in eIF4E level and 

activity.  
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Figure 4 shows the convergence of the PI3K/AKT and MEK/ERK pathways at eIF4E for 

eIF4E activation. When activated by growth factors, cytokines, mitogens or hormones, 

both the PI3K/AKT and ERK/MEK pathways begin a cascade of activating 

phosphorylation. Activated Rheb phosphorylates and activates mTORC1 complex 

consisting of mTOR, Raptor, Deptor, mLST8 and PRAS40. The activated mTORC1 

complex phosphorylates and deactivates eIF4E allosteric inhibitor, 4E-BP1. Note, when 

4E-BP1 is not inactive, it sequesters eIF4E preventing formation of the eIF4F complex. 

4E-BP1’s release enables eIF4E to form the eIF4F complex which consists of eIF4A, a 

DEAD box helicase, and eIF4G, a scaffold protein. Once the eIF4F complex is formed, 

activated MNK1 binds to eIF4G to further activate eIF4E via phosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 27 

FIGURE 4 
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F.   Scope of work 

The focus of my doctoral dissertation is to identify epigenetic/transcriptional and 

translation-related targets of sulforaphane in mesothelioma. No studies have assessed the 

epigenetic impact of sulforaphane in histone arginine methylation. Additionally, little is 

known about the role that sulforaphane plays in translational control. Therefore, we aim 

to establish a foundational understanding of how sulforaphane impacts transcriptional and 

translational related pathways. Mesothelioma is an aggressive and fatal disease with a 

low survival rate, the current treatment strategies are insufficient in preventing recurrent 

disease, emphasizing the necessity to identify factors that maintain the disease as therapy 

targets. Within the mesothelioma population are a diverse subset of cells that include 

mesothelioma cancer cells and MCS cells. Therefore, we aim to identify factors that 

target both mesothelioma cancer cells and MCS cells.  

We became interested in PRMT5/MEP50 from our previous studies in 

keratinocytes that identified PRMT5/MEP50 as differentiation suppressors, suggesting a 

role for PRMT5/MEP50 in stem cell maintenance [83,84]. While PRMT5/MEP50 has 

been suggested as a potential epigenetic therapy target in mesothelioma, no studies have 

examined its role in mesothelioma disease models nor its impact on mesothelioma cancer 

stem cells. Therefore, our initial studies identified the role PRMT5/MEP50 play in 

mesothelioma cancer phenotype maintenance. We then sought to determine whether 

PRMT5/MEP50 are targets of sulforaphane and the mechanism of sulforaphane action in 

targeting this oncogenic, epigenetic complex. 

Our second focus is regulation of cap-dependent protein translation in 

mesothelioma and impact of SFN. Since eIF4E binding to the 5’ cap of mRNA is the rate 
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limiting step of cap-dependent translation and eIF4E overexpression is evident in other 

cancer types, we became interested in whether eIF4E maintains the cancer phenotype in 

mesothelioma. The PI3K/AKT and the ERK/MEK pathways converge at eIF4E to induce 

and regulate cap-dependent translation. mTOR and MNK1 are major components of each 

pathway that directly or indirectly activate the activity of eIF4E through phosphorylation. 

Few studies have compared the pathways regulating eIF4E in cancer maintenance, and no 

studies have assessed the impact of SFN on these pathways. We show that mTOR 

activation sustains the cancer phenotype, in part, through eIF4E activity. Additionally, we 

evaluated the role that SFN has in translational control via impacting translation related 

proteins in the PI3K/AKT and ERK/MEK pathways. Our findings suggest that SFN 

targets transcriptional and translational-related mechanisms to suppress the mesothelioma 

cancer phenotype and tumor formation. 
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CHAPTER TWO:  

Sulforaphane Inhibits PRMT5 and MEP50 Function to Suppress the 

Mesothelioma Cancer Phenotype 

 

Abstract: 

Mesothelioma is a rare and fatal cancer of the mesothelial lining that is often caused by 

asbestos exposure. The most common form of mesothelioma arises in the pleural and 

peritoneal cavities of the lung and abdomen, respectively. The current treatment strategy 

is surgical resection followed by chemotherapy. However, this treatment approach is 

marginally successful and leads to drug resistant and recurrent disease. Therefore, our 

goal is to identify proteins that maintain mesothelioma cell survival as therapy targets. 

Protein arginine methyltransferase 5 (PRMT5) is frequently overexpressed in cancers and 

functions with the MEP50 cofactor to catalyze symmetric dimethylation of specific 

arginine resides in histones 3 and 4 to silence tumor suppressor gene expression and 

enhance cancer cell survival. High expression of these proteins in cancer cells is 

associated with epigenetic silencing of tumor suppressors which leads to enhanced cancer 

progression. Our studies show that loss of PRMT5 or MEP50 reduces H4R3me2s 

formation and that this is associated with a reduction in cancer cell spheroid formation, 

invasion, and migration. Additionally, treatment with sulforaphane (SFN), a promising 

diet-derived cancer prevention and therapy agent, reduces PRMT5/MEP50 level and 

H4R3me2s formation, and suppresses the cancer phenotype. Moreover, forced expression 

of PRMT5/MEP50 antagonizes SFN suppression of the cancer phenotype, suggesting 

that loss of PRMT5/MEP50 is required for SFN action. SFN treatment also markedly 

reduces tumor formation and this is associated with reduced PRMT5/MEP50 expression 
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and H4R3me2s formation. These findings suggest that SFN suppresses PRMT5/MEP50 

function to attenuate the cancer phenotype and reduce tumor formation, and that SFN 

may be a useful mesothelioma prevention and therapy agent. 

 

 

INTRODUCTION 

Mesothelioma is an aggressive and lethal cancer of the mesothelial lining of the 

pleura and peritoneum that develops in response to asbestos exposure [17,74]. The 

accepted treatment for mesothelioma is the surgical removal of the tumor followed by 

chemotherapy [24]. However, this strategy is not highly efficient, as aggressive and drug-

resistant cancer subsequently develops leading to extremely poor post-therapy survival 

[74,75]. An extensive literature indicates that cancer stem cells maintain tumors and 

mediate drug resistance [76-78]. We have identified mesothelioma cancer stem cells 

(MCS cells) that comprise 0.15% of a tumor cell population [23,25]. These cells are 

highly aggressive and drive vigorous spheroid formation, invasion, migration, and tumor 

formation as compared with non-stem cancer cells [23,25]. Our goal is to identify 

proteins that are important for the survival of MCS cells and non-stem cancer cells as 

cancer prevention and therapy targets. 

PRMT5 is a type II methyltransferase that functions in multiple protein 

complexes [35]. It symmetrically dimethylates histones H3R8 and H4R3 in tumor 

suppressor genes leading to transcriptional gene silencing [35,79,80]. PRMT5 functions 

in conjunction with methylosome protein 50 (MEP50), a WD repeat (tryptophan-aspartic 

acid)-containing protein cofactor, that is necessary for PRMT5 activity [33,34]. Elevated 

MEP50 and PRMT5 expression is associated with cancer development [54,56,79-82]. For 
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example, the PRMT5/MEP50 complex has an important regulatory role in human 

epidermal keratinocytes and elevated expression drives cell proliferation and tumor 

formation in epidermal squamous cell carcinoma [83-85].  

Sulforaphane (1-isothiocyanato-4-(methylsulfinyl) butane; SFN) is a promising 

cancer prevention and therapy agent that is abundant in cruciferous vegetables, is highly 

bioavailable, and has no known side effects [49,86-89]. SFN has been shown to impact 

epigenetic mechanisms, including PRMT5/MEP50 function. For example, SFN 

suppresses PRMT5 and MEP50 function in squamous cell carcinoma to reduce cancer 

cell survival and tumor formation [85].  

Although it has been suggested that PRMT5 may be a suitable treatment target in 

mesothelioma no studies have been performed [90]. In the present study, we examine the 

ability of PRMT5 and MEP50 to maintain mesothelioma cancer cell function. We show 

that PRMT5/MEP50 knockdown reduces cell proliferation, invasion, migration, and 

spheroid formation. We further show that SFN treatment reduces PRMT5 and MEP50 

levels and that this reduction is required for SFN suppression of the cancer phenotype. 

Moreover, SFN treatment of tumor xenografts reduces PRMT5/MEP50 level, H4R3me2s 

formation and tumor growth, suggesting that these proteins are important in vivo targets. 

These studies suggest that the PRMT5/MEP50 complex is required for optimal 

mesothelioma cell tumor formation, that SFN interferes with PRMT5/MEP50 function to 

reduce tumor formation, and that SFN may be a treatment agent for mesothelioma. 

 

 



 33 

RESULTS 

SFN suppresses PRMT5/MEP50 function and attenuates the cancer cell 

phenotype Mesothelioma cells are highly aggressive and display vigorous spheroid 

formation, invasion, and migration [23,25]. To assess the role of PRMT5/MEP50 in 

maintaining this phenotype, we examined the impact of a loss of these proteins. Meso-1 

cells, derived from peritoneal mesothelioma, were electroporated with control-, PRMT5-, 

MEP50-, or PRMT5/MEP50-siRNA [25]. As shown in Figure 5A, loss of PRMT5 or 

PRMT5/MEP50 is associated with a marked reduction in H4R3me2s formation, while 

loss of MEP50 results in a partial reduction. PRMT5 and PRMT5/MEP50 loss is 

associated with reduced cell proliferation, spheroid formation, invasion, and migration 

(Figure 5B–E). MEP50 knockdown reduces spheroid formation and invasion but is less 

effective at suppressing cell proliferation and migration (Figure 5B–E). We attribute the 

lesser response to the fact that MEP50 is only partially reduced. These findings suggest 

that PRMT5/MEP50 function is required to maintain the aggressive cancer cell 

phenotype. To provide additional evidence of a role for PRMT5, we show that treatment 

with GSK-3326595, a PRMT5 inhibitor, reduces H4R3me2s formation and cell 

proliferation (Figure 5F,G). 

We next examined the impact of SFN on PRMT5/MEP50 level and activity. As 

shown in Figure 5H, treating with SFN markedly reduces PRMT5 and MEP50 level, and 

this is associated with reduced H4R3me2s formation. Moreover, as shown in Figure 5I–

L, the SFN mediated loss of PRMT5/MEP50 is correlated with reduced cell proliferation, 

spheroid formation, invasion, and migration. 
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Figure 5 

PRMT5, MEP50, and SFN impact on the Meso-1 cell cancer phenotype. (A)–(E) Meso-1 

cells were treated with control-, PRMT5-, MEP50-, or combined PRMT5/MEP50-siRNA 

and then plated for immunoblot, proliferation, spheroid formation, invasion, and 

migration assays. (F) and (G) Meso-1 cells were treated with 0 or 100 μM GSK-3326595, 

a PRMT5 inhibitor, and PRMT5 activity and cell growth were monitored. (H)–(L) Cells 

were treated with 0 or 20 μM SFN for 48 h and extracts were prepared to monitor epitope 

levels and assays were performed to monitor the impact on proliferation, spheroid 

formation, invasion, and migration. The values are mean ± SEM and the asterisks indicate 

a significant reduction relative to control, n = 3, p < 0.001 except for panel (C) 

where n = 3, p < 0.03. In this and all other figures, the spheroid and proliferation images 

are ×40 and the invasion and migration images are ×100 magnification. The bar in panel 

(J) = 100 μm. MEP50, methylosome protein 50; PRMT5, protein arginine 

methyltransferase 5; SEM, standard error of mean; SFN, sulforaphane; siRNA, small 

interfering RNA 
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FIGURE 5. 
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To assure that these responses can be generalized, we tested the role of 

PRMT5/MEP50 in NCI-Meso-17 cells which are derived from pleural mesothelioma 

[91]. Figure 6A shows that PRMT5 and MEP50 levels are reduced in cells treated with 

the corresponding siRNAs, and that H4R3me2s formation is markedly reduced in 

PRMT5 knockdown cells. Moreover, loss of PRMT5 or MEP50 is associated with 

reduced spheroid formation, invasion and migration (Figure 6B–D). In addition, 

treatment with PRMT5 inhibitor reduces H4R3me2s and cell proliferation (Figure 6E,F). 

We next monitored the impact of SFN treatment on PRMT5/MEP50 function. As 

shown in Figure 6G, SFN treatment reduces PRMT5/MEP50 and H4R3me2s formation 

and this is associated with reduced invasion and migration (Figure 6H,I). Thus, SFN 

suppresses PRMT5/MEP50 level and H4R3me2s formation in both Meso-1 and NCI-

Meso-17 cells. 
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Figure 6 

PRMT5, MEP50, and SFN impact on the NCI-Meso-17 cell cancer phenotype. (A) NCI-

Meso-17 cells were treated for 48 h with control-, PRMT5-, MEP50-, or 

PRMT5/MEP50-siRNA and protein levels were monitored. (B)–(D) NCI-Meso-17 cells 

were treated with 3 μg of control-, PRMT5-, MEP50- or, PRMT5/MEP50-siRNA and 

then plated for spheroid formation, invasion, and migration assays. (E) and (F) NCI-

Meso-17 cells were seeded for proliferation assay and treated with 0 or 100 μM GSK-

3326595, a PRMT5 inhibitor, for 0–72 h. (G)–(I) NCI-Meso-17 cells were treated with 0 

or 20 μM SFN for 48 h and extracts were prepared to monitor the level of the indicated 

proteins. Assays were performed to measure SFN impact on invasion and migration. The 

values are mean ± SEM and the asterisks indicate a significant reduction relative to 

control, n = 3, p < 0.001, except for panel (B) where n = 3, p < 0.05. and panel (F) 

where n = 3, p < 0.01. MEP50, methylosome protein 50; PRMT5, protein arginine 

methyltransferase 5; SEM, standard error of mean; SFN, sulforaphane; siRNA, small 

interfering RNA  
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FIGURE 6. 
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PRMT5/MEP50 loss is required for SFN action SFN has multiple actions in cancer cells 

[46,92-95]. Therefore, it is important to determine if loss of PRMT5/MEP50 function is 

required for SFN suppression of the cancer phenotype. We, therefore, treated cells with 

SFN in the presence or absence of forced PRMT5 and MEP50 expression. 

Figure 7A shows the levels of PRMT5 and MEP50 following electroporation of Meso-1 

cells with PRMT5 and MEP50 expression plasmids. The increase in PRMT5 is readily 

detected but MEP50 is less obvious. Figure 7B–D shows that forced expression of 

PRMT5 or MEP50 antagonizes SFN suppression of spheroid formation, invasion, and 

migration. Figure 7E–H shows a similar pattern of response for NCI-Meso-17 cells. 

Thus, PRMT5 and MEP50 overexpression increase H4R3me2s formation and this 

antagonizes SFN suppression of the cancer phenotype, suggesting that PRMT5/MEP50 

loss is required for SFN action. 
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Figure 7 

Reduced PRMT5/MEP50 activity is required for SFN suppression of the cancer cell 

phenotype. (A) Meso-1 cells were electroporated with 3 µg empty vector (EV), PRMT5, 

MEP50, or PRMT5/MEP50 expression vectors and after 48 h PRMT5, MEP50, and 

H4R3me2s levels were measured by immunoblot. (B)–(D) Control and PRMT5, MEP50, 

and PRMT5/MEP50 overproducing cells were treated with 0 or 20 µM SFN and the 

impact on spheroid formation, invasion, and migration was monitored. (E) NCI-Meso-17 

cells were electroporated with 3 µg empty vector (EV), PRMT5, MEP50, or 

PRMT5/MEP50 expression vectors and after 48 h PRMT5, MEP50, and H4R3me2s 

levels were measured by immunoblot. (F)–(H) Control and PRMT5, MEP50, and 

PRMT5/MEP50 over producing NCI-Meso-17 cells were treated with 0 or 20 µM SFN 

and the impact on the spheroid formation, invasion, and migration was monitored. The 

values are mean ± SEM and the single asterisks indicate a significant reduction relative to 

control and double asterisks indicate a significant increase relative to the SFN treated 

group, n = 3, p < 0.001. MEP50, methylosome protein 50; PRMT5, protein arginine 

methyltransferase 5; SEM, standard error of mean; SFN, sulforaphane  
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FIGURE 7. 
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SFN regulation of PRMT5/MEP50 Our findings show that SFN treatment markedly 

reduces PRMT5 and MEP50 levels in Meso-1 and NCI-Meso-17 cells and that this is 

associated with reduced H4R3me2s formation (Figures 5H and 6G). The loss of these 

epigenetic regulators could be due to proteolytic degradation or an alteration in mRNA 

level. To assess the role of proteasome degradation, we treated cells with SFN in the 

presence of 0 or 1 μM lactacystin, a proteasome inhibitor. As shown in Figure 8A, 

lactacystin treatment does not reverse the SFN suppression of PRMT5 or MEP50 in 

Meso-1 or NCI-Meso-17 cells. We next examined the impact of SFN treatment on 

PRMT5/MEP50 mRNA level. Figure 8B shows that SFN treatment reduces PRMT5 and 

MEP50 mRNA in both cell types. This suggests that SFN suppression of PRMT5/MEP50 

level may be due to reduced transcription or enhanced RNA degradation. 
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Figure 8 

SFN reduces PRMT5 and MEP50 mRNA level. (A) Meso-1 and NCI-Meso-17 cells were 

treated with 0 or 20 µM SFN in the presence or absence of lactacystin and after 48 h 

extracts were prepared to detect levels of PRMT5 and MEP50. (B) Meso-1 and NCI-

Meso-17 cells were treated for 48 h with 0 or 20 µM SFN and total RNA was prepared 

for qRT-PCR quantification of PRMT5 and MEP50 mRNA. The values are 

mean ± SEM and the asterisks indicate a significant reduction compared with 

control, n = 3, p < 0.001. mRNA, messenger RNA; MEP50, methylosome protein 50; 

PRMT5, protein arginine methyltransferase 5; qRT-PCR quantitative reverse-

transcription polymerase chain reaction; SEM, standard error of mean; SFN, sulforaphane 
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FIGURE 8.  
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SFN suppresses PRMT5/MEP50 signaling in tumors We were particularly interested to 

determine if SFN regulates PRMT5 and MEP50 level and activity in tumors. To test this, 

we produced xenograft tumors in NSG mice and then treated with SFN. The tumors are 

palpable at 9 weeks post cell injection at which time SFN treatment is initiated until the 

time of tumor harvest at 12 weeks. These studies show that SFN treatment markedly 

reduces tumor formation (Figure 9A) and that this is associated with reduced PRMT5 

and MEP50 mRNA and protein (Figure 9B,C) and reduced H4R3me2s formation as 

measured by immunoblot (Figure 9C) and immunostaining (Figure 9D). 
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Figure 9 

SFN suppresses PRMT5/MEP50 activity and tumor formation. (A) Spheroid-derived 

cells (3 million) were injected subcutaneously in NSG mice and at 9 weeks, when tumors 

were first palatable, treatment was initiated with 0 or 20 μmoles/dose SFN three times per 

week (M/W/F) by oral gavage and at 12 weeks the tumors were harvested. The tumor 

volumes are mean ± SEM (n = 10 tumors, 2 tumors/mouse) and the asterisks indicate a 

significant reduction in tumor size compared with control (p < 0.001). (B) Tumor RNA 

was prepared and PRMT5 and MEP50 mRNA levels were determined by qRT-PCR. The 

values are mean ± SEM and the asterisks indicate a significant reduction compared with 

control, n = 5, p < 0.001. (C) Extracts were prepared from two independent (12 weeks) 

tumor sets for immunoblot detection of PRMT5/MEP50 and H4R3me2s. (D) Tumor 

sections were prepared for H&E staining, detection of DAPI-stained nuclei, and 

H4R3me2s distribution was detected by immunostaining with rabbit anti-H4R3me2s. (E) 

Schematic of SFN regulation of PRMT5/MEP50 function. PRMT5 or MEP50 

knockdown reduces cancer cell spheroid formation, invasion and migration, indicating 

that PRMT5/MEP50 act to maintain the cancer phenotype. This schematic illustrates that 

SFN suppresses PRMT5/MEP50 level and activity as a mechanism to reduce spheroid 

formation, invasion, migration, and tumor formation. mRNA, messenger RNA; MEP50, 

methylosome protein 50; PRMT5, protein arginine methyltransferase 5; qRT-PCR 

quantitative reverse-transcription polymerase chain reaction; SEM, standard error of 

mean; SFN, sulforaphane 
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FIGURE 9. 
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DISCUSSION 

PRMT5 and MEP50 Modulation of chromatin structure involves chromatin-remodeling 

factors that post-translationally modify histones to control transcription factor access to 

DNA [96]. These regulators include histone-modifying enzymes, ATP-dependent 

chromatin remodelers, and DNA-modifying enzymes. Lysine acetylation and methylation 

are important modifications [96]. PRMTs methylate specific histone arginine residues to 

modulate gene expression and regulate a host of processes including signaling, 

differentiation, apoptosis, and tumorigenesis [35,97]. Type I PRMTs (PRMT1-4, 

PRMT6, and PRMT8) asymmetrically dimethylate arginine while type II enzymes 

(PRMT5, PRMT7, and PRMT9) symmetrically dimethylate arginine [96]. 

Among these enzymes, PRMT5 is often elevated in cancer cells and has been 

shown to have an important enabling role in cancer where it regulates signaling pathways 

that modulate cell death and malignant transformation [85,96,98-100]. PRMT5 catalyzes 

symmetric dimethylation of H4R3me2s and H3R8me2s which results in closure of the 

surrounding chromatin to facilitate gene silencing [102]. The H4R3me2s mark is 

recognized by the DNA methyltransferase DNMT3a which binds and then methylates 

neighboring CpG dinucleotides to further enforce repression [103]. PRMT5 is unique as 

it forms a complex with methylosome protein 50 (MEP50) to form the active enzymatic 

complex. This octameric complex consists of four MEP50 and four PRMT5 subunits 

[34,102].  

PRMT5/MEP50 are required to maintain the cancer cell phenotype Although PRMT5 has 

been mentioned as a potential epigenetic target in mesothelioma no studies have 
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examined its role in mesothelioma disease models [90]. MCS cells comprise a small 

subpopulation (0.15%) of highly aggressive cells in mesothelioma tumors [23]. We 

produced a highly enriched population of MCS cells by growth on ultra-low attachment 

plateshttps://onlinelibrary.wiley.com/doi/10.1002/mc.23301 - mc23301-bib-0008 and 

examined the impact on the spheroid formation process [23]. These studies show that 

PRMT5 and MEP50 function to maintain spheroid formation, as PRMT5 or MEP50 

knockdown reduces spheroid formation. We also show that PRMT5 and MEP50 

knockdown reduces Meso-1 (peritoneal) and NCI-Meso-17 (pleural) cell proliferation, 

invasion, and migration and that this is associated with reduced H4R3me2s formation. 

These findings indicate that PRMT5/MEP50 function is required to maintain the 

aggressive cancer stem cell and non-stem cancer cell phenotypes. 

SFN treatment reduces PRMT5 level and activity, and tumor formation SFN is a 

promising diet-derived cancer prevention and therapy agent that is present at high levels 

in cruciferous vegetables [92]. SFN is readily ingested, has minimal side actions, and 

displays high bioavailability in mice and humans [87,88,104]. We show that SFN 

suppresses PRMT5 and MEP50 level, and H4R3me2s formation, in peritoneal (Meso-1) 

and pleural (NCI-Meso-17) mesothelioma cancer cells. Previous studies show that 

PRMT5 level can be controlled by microRNA and proteasome related mechanisms 

[79,80,85]. Our present studies show that SFN treatment reduces PRMT5 and MEP50 

mRNA levels in Meso-1 cells and NCI-Meso-17 cells. These findings are consistent with 

a previous report showing that SFN suppresses PRMT5 and MEP50 mRNA content in 

squamous cell carcinoma [85]. Additional studies will be necessary to determine if the 

mRNA loss is due to reduced transcription or enhanced mRNA degradation. SFN has 

https://onlinelibrary.wiley.com/doi/10.1002/mc.23301#mc23301-bib-0008


 50 

also been reported to reduce PRMT5 and MEP50 levels via proteasome degradation in 

squamous cell carcinoma [85]. Our present studies show that treatment of mesothelioma 

cancer cells with proteasome inhibitor does not antagonize the SFN-dependent loss of 

PRMT5/MEP50, suggesting that the proteasome does not have a role in these models. On 

balance, these findings suggest that SFN suppression of PRMT5 and MEP50 mRNA is an 

important mechanism regulating the level of these proteins. 

SFN, like other diet-derived anticancer agents, modulates multiple intracellular 

signaling events [46,92-95]. For this reason, it is important to determine if 

PRMT5/MEP50 loss is essential for SFN suppression of the cancer cell phenotype. To 

test this, PRMT5 and MEP50 were overexpressed in cells challenged with SFN. PRMT5 

or MEP50 overexpression antagonized SFN suppression of spheroid formation, invasion, 

and migration, suggesting that loss of PRMT5/MEP5 function is an important event that 

is required for optimal SFN suppression of the cancer phenotype. 

To demonstrate clinical relevance, we examined the SFN impact on PRMT5 and 

MEP50 function in tumors. We note that Meso-1 cells used for injection were grown as 

spheroids on ultra-low attachment plates to enrich the MCS cell population [23]. This 

study shows that SFN treatment can reduce PRMT5 and MEP50 function, H4R3me2s 

formation, and tumor formation of this aggressive cell population. Thus, the tumor 

studies reflect the response in cultured cells and suggest that the PRMT5/MEP50 

complex is required for aggressive tumor formation and that SFN reduction of this 

activity contributes to the SFN suppression of tumor formation. 



 51 

Our findings suggest that PRMT5 and MEP50 are required for optimal 

maintenance of an aggressive cancer phenotype and that SFN suppression of 

PRMT5/MEP50 level and/or activity can attenuate the phenotype and reduce tumor 

formation. At present, we do not know which downstream proteins are targeted by 

PRMT5/MEP50 to maintain the aggressive cancer phenotype. However, PRMT5 is 

known to enhance cancer cell survival and function by increasing the level of proteins 

that enhance cell proliferation, by suppressing tumor suppressor expression, and by 

enhancing oncogene expression [31,105-107]. Moreover, although we have studied the 

impact of SFN on PRMT5/MEP50 regulation of histone demethylation, PRMT5 is also 

known to directly methylate and alter the activity of cytosolic proteins [31]. Thus, 

ongoing studies will be necessary to understand the targets responsible for the PRMT5-

dependent maintenance of the aggressive mesothelioma cancer cell phenotype. 

 

MATERIALS AND METHODS 

Chemicals and reagents Roswell Park Memorial Institute 1640 (RPMI1640) medium 

(27519003), L-glutamine, penicillin-streptomycin and 0.25% trypsin-EDTA were 

purchased from Gibco. The growth medium for monolayer and spheroid growth is 

RPMI1640 supplemented with penicillin-streptomycin and 10% fetal bovine serum (FBS, 

19B416) from Thermo Fisher Scientific. Sulforaphane (SFN), 1-isothiocyanato-4-

(methylsulfinyl) butane (S8044), was purchased from LKT laboratories and dissolved in 

dimethyl sulfoxide and stored at −20°C. BD Matrigel matrix (354234) and BD BioCoat 

Millicell inserts (353097) were purchased from BD Bioscience. Hoechst (33258) stain 
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and Alexa 555-conjugated goat anti-rabbit IgG (A21430) were purchased from 

Invitrogen. Control-(D-001206-13-20), PRMT5-(M-015817-02-0005), and 

WDR77/MEP50-small interfering RNA (siRNA) (M-006895-01-0005) were obtained 

from Dharmacon. Mouse monoclonal anti-PRMT5 (sc-376937) was purchased from 

Santa Cruz Biotechnology, and rabbit monoclonal anti-MEP50 (D56B8) was purchased 

from Cell Signaling Technology. Rabbit anti-H4R3me2s (ab5823) and anti-H4 (ab10158) 

were purchased from Abcam. Mouse monoclonal anti-β-actin (A5441) and lactacystin 

were purchased from Sigma. Peroxidase-conjugated anti-mouse IgG (NXA931) and anti-

rabbit IgG (NA934V) were obtained from GE Healthcare. The PRMT5 or MEP50 inserts 

were cloned into pcDNA3 to produce the pcDNA3-hMEP50-FLAG and pcDNA3-

cMYC-hPRMT5 expression vectors. The PRMT5 inhibitor, GSK-3326595, was obtained 

from Chemietek (CT-GSK332). Meso-1 and NCI-Meso-17 cells are derived from 

peritoneal and plural mesothelioma respectively [25,91]. Mycoplasma testing is 

performed when new cell stocks are thawed for use. 

Immunology methods Cultured cells and tumor samples were harvested, washed, and 

dissolved in Laemmli sample buffer (0.0625 M Tris-HCl, pH 7.5, 10% glycerol, 5% SDS, 

and 5% β-mercaptoethanol). Equivalent amounts of protein were electrophoresed on 

denaturing 12% polyacrylamide gels and transferred to nitrocellulose membrane for 

immunoblot. Primary antibody binding was visualized using an ECL chemiluminescence 

detection reagent (RPN2106) obtained from Amersham. For immunofluorescence 

detection of H4R3me2s, paraffin-embedded tumor slices were incubated overnight at 4°C 

with rabbit anti-H4R3me2s primary antibody (1:500) followed by a 2 h incubation with 

Alexa 555-conjugated goat anti-rabbit IgG secondary antibody (1:400). The fluorescence 
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signal was detected using an inverted confocal microscope following the Hoechst 

counterstain. 

Quantitative qRT-PCR Cells were treated with 0 or 20 μM SFN for 48 h and total RNA 

was isolated using Illustra RNAspin Mini Kit (25-0500-71) from GE Healthcare and 1 μg 

of RNA was used for complementary DNA synthesis. Messenger RNA (mRNA) level 

was measured using the Light Cycler 480 SYBR Green I Master mix (Roche 

Diagnostics). PRMT5 and MEP50 mRNA levels were normalized using cyclophilin A 

mRNA level. The gene-specific primers for mRNA detection include: PRMT5 (forward, 

5′-TGAGGCCCAGTTTGAGATGCCTTA-3′; reverse, 5′-

AGTAGCCGGCAAAGCCATGTAGTA-3′), MEP50 (forward, 5′-

TTGCTCAGCAGGTGGTACTGAGTT-3′; reverse, 5′-

AATCTGTGATGCTGGCTTGGGACA-3′), and cyclophilin A (forward: 5′-

CATCTGCACTGCCAAGACTGA, reverse: 5′-TTCATGCCTTCTTTCACTTTGC-3′) 

[85].  

Electroporation Cells (1.2 million cells/electroporation) were harvested with trypsin, 

washed with phosphate-buffered saline and resuspended in 100 μl of nucleofection 

solution (VPD-1002) containing 1.5 or 3 μg of siRNA or 3 µg of expression vector. The 

solution was gently mixed and electroporated using the T-018 setting on the AMAXA 

Nucleofector II electroporator. Cells were electroporated twice with siRNA for 

knockdown experiments and single electroporated with a plasmid for protein 

overexpression [108,109]. After electroporation, the cells were resuspended in a pre-

warmed growth medium (500 μl) and transferred to a 10-cm dish containing 10 ml of 
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growth medium. After recovery, these cells were plated for assay of proliferation, 

spheroid formation, invasion, and migration. 

Biological assays To cell proliferation assays, cells were plated at 20,000 cells per well in 

a 6-well dish in triplicate and counted every 24 h using a hemocytometer. To measure 

spheroid formation, monolayer cultures of cells were harvested and plated at 40,000 cells 

per 9.5 cm2 well in ultra-low attachment dishes in serum-supplemented growth medium 

and spheroid formation was monitored from 0 to 3 days. Mesothelioma cells require 

serum-supplemented media to form spheroids [23]. For invasion assay, Matrigel was 

diluted in 0.01 M Tris-HCl/0.7%NaCl to 250 μg/ml and 120 μl was aliquoted atop the 

membrane in each BD BioCoat Millicell chamber. Cells were seeded at 25,000 

cells/chamber in growth media supplemented with 1% FBS. Medium containing 10% 

FBS was added to the lower well chamber and cells permitted to migrate for 0–24 h at 

37° C. Invading cells were visualized by fixing the membrane with 4% 

paraformaldehyde, staining with Hoechst (diluted 1:2000) before cell detection using an 

inverted fluorescent microscope. For migration, 250,000–300,000 cells were plated at 

confluent density in 24-well dishes in a growth medium. After 24 h the confluent 

monolayers were wounded using a 200 μl micropipette tip and closure of the wound was 

monitored from 0–24 h. Statistics were performed on triplicate samples using the 

Students t-test. 

Tumor xenograft growth assays Spheroid derived cells were resuspended in phosphate-

buffered saline containing 30% matrigel and 100 μl (3 million cells) were injected 

subcutaneously into each front flank of five NOD scid IL-2 receptor gamma chain 

knockout (NSG) mice (5 mice × 2 tumor/mouse = 10 tumors/treatment group) using a 
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26.5-gauge needle. When tumors were first palpable, at 9 weeks post injection, treatment 

was initiated with 0 or 25 μmoles/dose SFN delivered by oral gavage three times per 

week (M/W/F). Tumor growth was monitored from weeks 9–12 using calipers and tumor 

size was reported as volume = 4/3π × (diameter/2) [24]. The tumors were harvested at 12 

weeks, photographed and samples were harvested to prepare extracts for immunoblot and 

immunostaining. Animal studies were reviewed and approved by the Institutional Animal 

Care and Use Committee and followed standard international practices for the treatment 

of animals. 
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CHAPTER THREE: 
 

 

Sulforaphane Regulation of Protein Translation in Mesothelioma  
 

Abstract: 

Eukaryotic initiation factor 4E (eIF4E) binding to the 5’ cap is the rate limiting 

step in cap-dependent protein translation.  AKT/mTOR signaling stimulates 4E-BP1 

phosphorylation which leads to the release of eIF4E and its association with the eIF4F 

complex.  Simultaneously, ERK1/2 and MEK1/2 signaling activates MNK1/2 which 

phosphorylates and activates eIF4E to enhance translation.  Although these pathways are 

hyperactivated in mesothelioma, few studies explored the impact on eIF4E expression 

and activity on the mesothelioma cancer phenotype. We show that mTOR knockdown or 

treatment with rapamycin reduces mTOR activity, eIF4E level and phosphorylation, and 

attenuates the cancer phenotype.  We further show that sulforaphane treatment reduces 

AKT and mTOR levels and activity and that this is associated with reduced 4E-BP1 and 

eIF4E phosphorylation, and an attenuated cancer phenotype.  We had expected that 

sulforaphane treatment would reduce ERK1/2, MEK1/2 and MNK1/2 activity; however, 

we found that these activities were increased which we propose is a compensatory 

response to the loss of mTOR activity, reduced 4E-BP1 phosphorylation and eIF4E 

activity.  These findings suggest that sulforaphane treatment reduces eIF4E activity and 

that this loss of activity is associated with a reduced cancer phenotype. 
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INTRODUCTION 

Mesothelioma is a rare cancer, associated with a low life expectancy that arises 

primarily in the mesothelial layer of the pleura and peritoneum and is often caused by 

asbestos exposure [17-19,74]. The main treatment for mesothelioma is surgical resection 

coupled with chemotherapy, but this often results in an aggressive, recurrent disease 

[24,74]. Alternative mesothelioma therapies are severely needed; therefore, our goal is to 

identify factors that drive the mesothelioma cancer phenotype as therapy targets. 

Mesothelioma, much like other cancers, exhibits increased cap-dependent translation and 

overexpression of translational control factors such as AKT/mTOR pathway proteins 

[65].  

Eukaryotic initiation factor 4E (eIF4E) is a component of the eukaryotic initiation 

4F complex that binds to the 5’ 7-methylguanosine cap of mRNA to initiate translation 

via recruitment of the translation machinery [58,61]. Cap-dependent protein translation, 

mediated by eIF4E, often leads to the translation of oncogenic mRNA which encode 

proteins that support tumorigenesis including cyclin D1 and c-MYC [61,63,70,73]. 

Elevated eIF4E activation is associated with poor survival in various cancers, such as 

ovarian cancer. Further, elevated levels of eIF4E malignantly transformed murine and rat 

fibroblasts as well as human mammary cells, substantiating the oncogenic role of eIF4E 

[61,65].  

Sulforaphane (1-isothiocyanato-4-(methylsulfinyl) butane; SFN) is a diet-derived 

cancer preventative and anti-cancer agent in cruciferous vegetables and usage has 
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minimal side effects [44,45,86-69]. SFN has been shown to target oncogenic proteins to 

suppress the cancer phenotype and/or induce apoptosis [49,111-113]. Further, SFN has 

been shown to impact epigenetic mechanisms, but no studies have identified a role for 

SFN in translational control. For example, SFN inhibits PRMT5 and MEP50, epigenetic 

modifiers, levels and activity to suppress the cancer phenotype [111]. 

The rate limiting step for cap-dependent protein translation is eIF4E binding to 

the 5’ cap of mRNA, presenting an optimal therapy target to mitigate enhanced 

oncogenic protein translation in mesothelioma [58]. Antagonizing the eIF4E-mRNA cap 

interaction has been an objective in targeting translational control in mesothelioma, but 

no studies have assessed the impact SFN has on translational control factors and eIF4E 

activation [61,63,65]. In this present study, we examine the role SFN plays in 

translational control. We show that loss of mTOR via knockdown and rapamycin 

treatment suppresses the cancer phenotype and is associated with decreases in 4E-BP1 

phosphorylation and levels, and eIF4E activity. We specify which mTOR complex is 

influencing the cancer phenotype by treating with rapamycin. Rapamycin treatment 

inhibits mTORC1 activity, but not mTORC2, as mTORC1 includes a rapamycin sensitive 

subunit, raptor [70-72]. Therefore, we show that mTORC1 plays a role in sustaining the 

mesothelioma cancer phenotype. Moreover, we show that SFN treatment inhibits levels 

and activation of AKT/mTOR pathway proteins, but activates the ERK/MEK pathway, as 

a potential compensatory mechanism. These findings suggest that mTOR and eIF4E 

activity are required for mesothelioma maintenance, that SFN interferes with mTOR and 

eIF4E function to suppress the cancer phenotype, and that SFN may be a treatment agent 

for mesothelioma. 
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RESULTS 

mTOR, a regulator of translation, inhibits the cancer cell phenotype We began our studies 

assessing the impact of mTOR, a regulator of eIF4E, on the mesothelioma phenotype. 

Mesothelioma cells are aggressive, capable of heightened invasion, spheroid formation, 

proliferation, and migration [23,25,74,75]. Meso-1 or NCI-Meso-17 cells were 

electroporated with control or mTOR siRNA. As shown in Figure 10A, mTOR 

knockdown results in reduction of eIF4E levels, eIF4E phosphorylation and MNK1 

levels. mTOR loss is associated with decreased proliferation, spheroid diameter, invasion, 

and migration (Figure 10B-E). We additionally assessed the impact of mTOR loss in the 

pleural derived NCI-Meso-17 cell line [91]. mTOR knockdown results in decreased 4E-

BP1 phosphorylation, 4E-BP1 levels, eIF4E levels, but unlike the Meso-1 cells, an 

increase in eIF4E phosphorylation (Figure 10F). This may be due to formation of the 

eIF4F complex in NCI-Meso-17 and not in the Meso-1 cells, but a common mTOR 

mediated inhibition of eIF4E activity. However, mTOR loss is again associated with 

decreased proliferation, spheroids, and migration.  
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Figure 10 

mTOR impact on the Meso-1 and NCI-Meso-17 cancer phenotype. (A)-(E) Meso-1 cells 

were doubly electroporated with 3 g of control or mTOR siRNA and then plated for 

immunoblot, proliferation, spheroid formation, invasion, and migration assays. (F)-(I) 

NCI-Meso-17 cells were doubly electroporated with 3 g of control or mTOR siRNA and 

then plated for immunoblot, proliferation, spheroid formation, and migration assays. The 

values are mean ± SEM and the asterisks indicate a significant reduction relative to 

control, n = 3, p < 0.013 for panel (B), n = 3, p < 0.004 for panel (C), n = 3, p < 0.001 for 

panel (D) and n = 3, p < 0.003 for panel (G), n = 3, p < 0.011 for panel (H). mTOR, 

mammalian target of rapamycin; SEM, standard error of mean; eIF4E, eukaryotic 

initiation factor 4E; MNK1, MAP kinase-interacting serine/threonine-protein kinase 1 
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FIGURE 10. 
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mTORC1 is involved in mesothelioma phenotype maintenance mTOR is a component of 

multiple complexes; mTORC1 and mTORC2 [70,71]. These complexes are structurally 

and functionally diverse, therefore its necessary to identify which mTOR containing 

complex is sustaining the mesothelioma phenotype [70-72]. Since mTORC1 is rapamycin 

sensitive and mTORC2 is rapamycin insensitive, we next examined the impact of 

rapamycin on the proliferation and spheroid formation. As shown in Figure 11A, 

rapamycin treatment reduces mTOR level and activation, this loss is associated with 

reduced eIF4E levels and phosphorylation, as well as potentially degraded 4E-BP1, 

reduced 4E-BP1 phosphorylation, and a reduction in cyclin D1. Further, we show that 

rapamycin treatment modestly reduces MEK1/2 and ERK1/2 levels and activation 

(Figure 11A). Moreover, rapamycin treatment suppresses growth and spheroid growth in 

Meso-1 cells (Figure 11B-C). Rapamycin treatment reduces MNK1 in some experiments 

but not in others. In addition, MNK1-P migrates at a higher molecular weight than 

MNK1.  The reason for this is presently not known.  These findings suggest that 

mTORC1 functions to maintain the mesothelioma cancer phenotype and that inhibiting 

mTORC1 via rapamycin treatment additionally inhibits translation control related 

pathways. 
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FIGURE 11. 

 

Figure 11 

Rapamycin impact on Meso-1 cancer phenotype. (A) Meso-1 cells were treated with 20 

nM rapamycin to monitor protein levels of mTOR/AKT and ERK/MEK pathway 

proteins. (B)-(C) Additional Meso-1 cells were plated into growth and spheroid assays 

and treated with 20 nM rapamycin. The values are mean ± SEM and the asterisks indicate 

a significant reduction relative to control, n = 3, p <0.003 for panel (B), n = 3, p<0.001 for 

panel (C). mTOR, mammalian target of rapamycin; SEM, standard error of mean; eIF4E, 

eukaryotic initiation factor 4E; MNK1, MAP kinase-interacting serine/threonine-protein 

kinase 1; CCND1, cyclin D1; ERK, extracellular signal-regulated kinases; MEK, 

mitogen-activated protein kinase kinase 
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Sulforaphane impacts translational control pathways and inhibits cancer cell phenotype 

We next assessed the impact of SFN on translation-control related pathways, 

AKT/mTOR and ERK/MEK and the mesothelioma phenotype. Activation of the 

AKT/mTOR pathway allows mTOR to phosphorylate 4E-BP1, an allosteric eIF4E 

inhibitor [70]. Once 4E-BP1 is phosphorylated by mTOR, eIF4E is freed to form the 

eIF4F complex with eIF4A and eIF4G [63,65,70]. Activation of the ERK/MEK pathway 

further activates eIF4E once the eIF4F complex is formed, as MNK1 binds to eIF4G, 

positioning MNK1 in close proximity to eIF4E for phosphorylation and further activation 

[70]. SFN treatment reduces levels and phosphorylation of AKT, mTOR, 4E-BP1 

(Figure 12A). The loss in eIF4E phosphorylation mediated by SFN treatment is 

associated with decreased cyclin D1 (Figure 12A). Unlike the decreased activation 

observed in the AKT/mTOR pathway, SFN treatment activates the ERK/MEK pathway 

by increasing phosphorylation of each protein (Figure 12A). The activation of the 

ERK/MEK pathway may be a compensatory mechanism to SFN silencing of the 

AKT/mTOR pathway. Nonetheless, SFN treatment is associated with a dose-dependent 

decrease in Meso-1 cell growth and migration (Figure 12B-C). We additionally assessed 

the impact of SFN on translation control-related pathways and the mesothelioma 

phenotype in NCI-Meso-17 cells. As shown in Figure 12D, similar to the Meso-1 

findings, SFN treatment is associated with a reduction in levels and phosphorylation of 

AKT, mTOR, and 4E-BP1. Similar to mTOR knockdown in Figure 10F, SFN treatment 

results in increased phosphorylation of eIF4E, but also a reduction of cyclin D1 levels, an 

eIF4E dependent protein. Further, SFN treatment is associated with increased levels and 

phosphorylation of ERK1/2, MEK1/2, and MNK1 (Figure 12D). As was observed in 
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Meso-1 cells, MNK1-P migrates at a higher molecular weight than MNK1 in NCI-Meso-

17 extracts. The reason for this is presently not known and additional studies, with other 

antibodies, will be necessary to understand this difference in migration before this data is 

published. As observed in the Meso-1 cells, SFN mediated mTOR loss is associated with 

reduced proliferation, spheroids, invasion, and migration. These findings suggest that 

SFN targets the AKT/mTOR pathway as a mechanism to suppress the cancer phenotype. 

These findings also suggest that in NC1-Meso-17 cells, SFN may be inhibiting eIF4E 

dependent translation in a different way than in Meso-1. 
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Figure 12 

SFN impact on the Meso-1 and NCI-Meso-17 cancer phenotype, AKT/mTOR and 

ERK/MEK pathways. (A) Meso-1 cells were treated with 20 M SFN for 48 hours and 

extracts were prepared to monitor indicated protein levels and activation. (B)-(C) Meso-1 

cells were treated with 5, 10, 15, and 20 M SFN and assays were performed to 

determine dose dependent impact on proliferation and migration. (D) NCI-Meso-17 cells 

were treated with 20 M SFN for 48 hours and extracts were prepared to monitor 

indicated protein levels and activation. (E)-(H) NCI-Meso-17 cells were treated with 20 

M SFN and assays were performed to assess cell proliferation, spheroid formation, 

invasion and migration. The values are mean ± SEM and the asterisks indicate a 

significant reduction relative to control, n = 3, p < 0.001. In this all other figures, the 

spheroid and proliferation images are ×40 and the invasion and migration images are 

×100 magnification. The bar in panel (D) = 200 m. mTOR, mammalian target of 

rapamycin; ERK, extracellular signal-regulated kinases; SEM, standard error of mean; 

SFN, sulforaphane; MEK, mitogen-activate protein kinase kinase; CCND1, cyclin D1; 

eIF4E, eukaryotic initiation factor 4E 
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FIGURE 12. 
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DISCUSSION 

Mesothelioma is a rare and incurable disease that has no sufficient treatment 

modality, therefore alternative therapies are needed. Use of diet derived anti-cancer 

agents, such as sulforaphane, may be an important treatment strategy in attenuating 

mesothelioma.  

eIF4E and eIF4E regulators, mTOR and MNK1 Cap-dependent translation is highly 

activated in a plethora of cancers, including mesothelioma [65]. Translation of a subset of 

mRNAs which encode cell cycle regulators and growth mediating factors aids in 

sustaining the cancer phenotype. The rate limiting step for cap-dependent translation is 

eIF4E binding to the 5’ cap of mRNA. eIF4E activity is regulated by mTOR and MNK1 

[60-63]. mTOR phosphorylates the eIF4E inhibitor, 4E-BP1, leading to release of eIF4E 

which forms the eIF4F complex by binding to eIF4A and eIF4G. Subsequently, MNK1 

binds to eIF4G, a scaffold protein, which positions MNK1 in close proximity to eIF4E to 

phosphorylate and further activate eIF4E [73]. Once eIF4E is activated, eIF4E binds to 

the 5’ cap of a subset of mRNA, such as cyclin D1 and c-MYC [61,63].  

mTORC1 suppresses the cancer phenotype via eIF4E inhibition Since the 

mTOR/AKT pathway regulates translation via eIF4E, we were interested in determining 

the role that mTOR plays in maintaining the cancer phenotype. We show that mTOR 

knockdown using siRNA suppresses proliferation, invasion, and migration. 

Mesothelioma cancer stem (MCS) cells are a small population of cells within the 

mesothelioma tumor microenvironment. We produced an enriched population of MCS 

cells by growing mesothelioma cells on ultra-low attachment plates which enables the 
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growth of spheroids. mTOR knockdown additionally impedes spheroid formation. These 

findings suggest that mTOR is required for mesothelioma stem cell and non-stem cancer 

cell maintenance.  

  mTOR is involved in several multi-protein complexes, namely, rapamycin-

sensitive mTORC1 and rapamycin-insensitive mTORC2. In order to specify which 

mTOR-mediated complex is involved in sustaining the mesothelioma cancer phenotype, 

we treated Meso-1 (peritoneal) cells with rapamycin. We show that mTORC1 is involved 

in mesothelioma phenotype maintenance as rapamycin treatment suppresses proliferation 

and inhibits levels and activation of the mTOR/AKT pathway. These findings suggest 

that mTORC1 is required to maintain the cancer stem and non-stem phenotype.  

SFN inhibits translation control related pathways to suppress the cancer 

phenotype Although eIF4E inhibition has been studied as a mechanism to suppress 

mesothelioma, no studies have assessed the impact of SFN on eIF4E activity. These 

studies show that SFN impedes Meso-1 (peritoneal) and Meso-17 (pleural) proliferation, 

migration, spheroid formation, and invasion and that this is associated with reduced 

AKT/mTOR pathway activation and levels. Further, we show that SFN treatment 

decreases 4E-BP1 phosphorylation, an inhibitor of eIF4E and may be causing 4E-BP1 

degradation as well. Further studies need to be completed to ensure SFN mediated 

degradation of 4E-BP1.  

We additionally show in Meso-1 cells that SFN treatment is associated with a 

decrease in eIF4E phosphorylation, similar to what is observed in mTOR knockdown. 

However, in the Meso-17 cells – similar to what is seen in mTOR loss, we observe an 
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increase in eIF4E phosphorylation as a result of SFN treatment. This may suggest that in 

Meso-1 cells, SFN may be inhibiting eIF4F complex formation or MNK1 binding to 

eIF4G, as MNK1 binding to eIF4G precedes MNK1 phosphorylation of eIF4E. Further, 

the eIF4F complex may be formed in the NCI-Meso-17 cells, but SFN may be inhibiting 

eIF4E from binding to the 5’cap of mRNA as a mechanism to decrease cap-dependent 

translation. More studies need to be conducted to identify the impact of SFN on eIF4F 

complex formation and eIF4E cap binding in Meso-1 and NCI-Meso-17 cells. Our 

current findings, however, suggest that the AKT/mTOR pathway may be necessary for 

maintaining the mesothelioma cancer phenotype via inactivation of cap-dependent 

translation in Meso-1 cells, as we observe a reduction in cyclin D1 protein levels.  

We expected that SFN treatment would also hinder ERK/MEK pathway 

activation, however we observed an opposite result. Our findings show activation of the 

ERK/MEK pathway. While, MNK1 activation may be a compensatory mechanism to 

SFN mediated suppression of the mTOR/AKT pathway, others have observed SFN 

mediated activation of the ERK pathway to induce apoptosis; this could provide an 

additional reasoning to upregulation of the ERK pathway [113,115]. 
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MATERIALS AND METHODS 

Chemicals and reagents Roswell Park Memorial Institute 1640 (RPMI1640) 

medium (27519003), L-glutamine, penicillin-streptomycin and 0.25% trypsin-EDTA 

were purchased from Gibco. The growth medium for monolayer and spheroid growth is 

RPMI1640 supplemented with penicillin-streptomycin and 10% fetal bovine serum (FBS, 

19B416) from Thermo Fisher Scientific. Sulforaphane (SFN), 1-isothiocyanato-4-

(methylsulfinyl) butane (S8044), was purchased from LKT laboratories and dissolved in 

dimethyl sulfoxide and stored at −20°C. BD Matrigel matrix (354234) and BD BioCoat 

Millicell inserts (353097) were purchased from BD Bioscience. Hoechst (33258) stain 

and Alexa 555-conjugated goat anti-rabbit IgG (A21430) were purchased from 

Invitrogen. Control-(D-001206-13-20) and mTOR-(M-003008-03-0005) small interfering 

RNA (siRNA) were obtained from Dharmacon. Rabbit monoclonal anti-mTOR (2972S), 

rabbit monoclonal anti-phospho-mTOR (5536), rabbit polyclonal anti-AKT (9272), rabbit 

polyclonal anti-phospho-AKT (9271), rabbit monoclonal anti-4E-BP1 (9644), rabbit 

monoclonal anti-phospho-4E-BP1, rabbit polyclonal anti-eIF4E (9742), rabbit polyclonal 

anti-phospho-eIF4E (9741), rabbit polyclonal anti-p44/42/ERK1/2 (9102), rabbit 

polyclonal anti-phospho-p44/42/ERK1/2 (9101), mouse monoclonal anti-MEK1/2 

(4694), rabbit monoclonal anti-phospho-MEK1/2 (9154), rabbit monoclonal anti-MNK1 

(2195), rabbit polyclonal anti-phospho-MNK1 (2111) and rabbit monoclonal anti-p70 S6 

kinase were purchased from Cell Signaling Technology. Mouse monoclonal anti-β-actin 

(A5441) was purchased from Sigma. Peroxidase-conjugated anti-mouse IgG (NXA931) 

and anti-rabbit IgG (NA934V) were obtained from GE Healthcare. Meso-1 and NCI-
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Meso-17 cells are derived from peritoneal and plural mesothelioma respectively 

[25,91]. Mycoplasma testing is performed when new cell stocks are thawed for use. 

Electroporation Cells (1.2 million cells/electroporation) were harvested with 

trypsin, washed with phosphate-buffered saline and resuspended in 100 μl of 

nucleofection solution (VPD-1002) containing 3 μg of siRNA. The solution was gently 

mixed and electroporated using the T-018 setting on the AMAXA Nucleofactor II 

electroporator. Cells were electroporated twice with siRNA for knockdown experiments 

[108,109]. After electroporation, the cells were resuspended in a pre-warmed growth 

medium (500 μl) and transferred to a 10-cm dish containing 10 ml of growth medium. 

After recovery, these cells were re-plated for assays of proliferation, spheroid formation, 

invasion, and migration. 

Biological assays For cell proliferation assays, cells were plated at 20,000 cells 

per well in a 6-well dish in triplicate and counted every 24 h using a hemocytometer. To 

measure spheroid formation, monolayer cultures of cells were harvested and plated at 

40,000 cells per 9.5 cm2 well in ultra-low attachment dishes in serum-supplemented 

growth medium and spheroid formation was monitored from 0 to 3 days. Mesothelioma 

cells require serum-supplemented media to form spheroids [23]. For invasion assay, 

Matrigel was diluted in 0.01 M Tris-HCl/0.7%NaCl to 250 μg/ml and 120 μl was 

aliquoted atop the membrane in each BD BioCoat Millicell chamber. Cells were seeded 

at 25,000 cells/chamber in growth media supplemented with 1% FBS. Medium 

containing 10% FBS was added to the lower well chamber and cells permitted to migrate 

for 0–24 h at 37° C. Invading cells were visualized by fixing the membrane with 4% 

paraformaldehyde, staining with Hoechst (diluted 1:2000) before cell detection using an 
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inverted fluorescent microscope. For migration, 250,000–300,000 cells were plated at 

confluent density in 24-well dishes in a growth medium. After 24 h the confluent 

monolayers were wounded using a 200 μl micropipette tip and closure of the wound was 

monitored from 0–24 h. Statistics were performed on triplicate samples using the 

Students t-test. 

Immunology methods Cultured cells were harvested, washed, and dissolved in 

Laemmli sample buffer (0.0625 M Tris-HCl, pH 7.5, 10% glycerol, 5% SDS, and 5% β-

mercaptoethanol). Equivalent amounts of protein were electrophoresed on denaturing 

8%, 10% and 12% polyacrylamide gels, depending on molecular weight of target protein, 

and transferred to nitrocellulose membrane for immunoblot. Primary antibody binding 

was visualized using an ECL chemiluminescence detection reagent (RPN2106) obtained 

from Amersham.  
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CHAPTER FOUR: 
 

 

 

Conclusions and Future Directions 

 
 

CONCLUSION/SUMMARY 

Sulforaphane is a nature-derived isothiocyanate with anti-cancer and cancer 

preventative properties. The SFN structure is an isothiocyanate that consists of a very 

electrophilic carbon, enabling the molecule to interact with a number of different 

molecular targets [47]. Therefore, like many nature-derived anti-cancer agents, 

sulforaphane has the capacity to modulate several intracellular events [46,92-95]. Due to 

the promiscuity of SFN action, identifying the various molecular targets of SFN presents 

a research need for therapeutic development. Mesothelioma is a rare and untreatable 

cancer [17,74,75]. Current mesothelioma treatment strategies are ineffective, thus 

alternative therapies are severely needed. Through this research I have been able to 

identify novel SFN targets in mesothelioma.  

SFN has been shown to impact epigenetic mechanisms including PRMT5/MEP50 

function, but no studies have assessed the impact in mesothelioma [85]. PRMT5, of all 

the different PRMTs, is overexpressed in different cancers and has been shown to 

promote tumorigenesis by regulating cell death and cell transformation signaling 

pathways [84, 85,96,98-100,106]. Therefore, in chapter 2, using pleural (Meso-17) and 

peritoneal (Meso-1) derived mesothelioma cell lines, we show that PRMT5/MEP50 loss 

is associated with inhibited proliferation, migration, invasion and spheroid formation 
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which reflect the cancer stem and non-stem phenotype in mesothelioma. We additionally 

show that overexpression of PRMT5/MEP50 antagonizes SFN-mediated inhibition of the 

cancer phenotype, suggesting that loss of PRMT5/MEP50 function is required for SFN 

suppression of the cancer phenotype. These findings suggest that SFN suppresses 

PRMT5/MEP50 function to attenuate the cancer phenotype.  

Cap-dependent translation facilitates the translation of oncogenic factors such as 

cyclin D1 and c-MYC [61,63,70,73]. The rate limiting step of cap-dependent translation 

is eIF4E binding to the 5’ cap of mRNA [58]. eIF4E activity is regulated by mTOR, 

which phosphorylates and inhibits an allosteric eIF4E inhibitor, 4E-BP1, and MNK1, 

which directly phosphorylates and activates eIF4E after formation of the eIF4F 

translation initiation complex [60,61,63]. Mesothelioma cells, much like other cancers, 

display heightened cap-dependent translation [65]. Therefore, inhibiting translational 

control in mesothelioma presents a critical therapeutic mechanism to suppress disease. 

Consequently, in chapter 3, we evaluated the effect of SFN on translation control-related 

pathways in mesothelioma. We show that SFN treatment reduces protein levels and 

activation of mTOR/AKT pathway proteins. Studies have shown increased ERK1/2 and 

MEK1/2 activity upon SFN treatment and this increase is associated with increased 

apoptosis [113,115]. Conversely, this is strange because increased ERK1/2 and MEK1/2 

is usually pro-cancer [114,116].  A number of cancer studies observe increased ERK1/2 

and MEK1/2 activity upon SFN treatment but have not explained why, our studies 

suggest that ERK/MEK activation may be a response to mTOR inhibition. MNK1 

activation may be a compensatory mechanism for SFN-facilitated suppression of the 

mTOR/AKT pathway. Loss of mTOR correlates with SFN suppression of the cancer 
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phenotype while additionally inactivating eIF4E. Our chapter 3 findings suggest a role 

for SFN in mediating translational control-related mechanisms.  

Our studies are significant as they identify targets of SFN in mesothelioma and establish 

an epigenetic and translational control-related role for SFN in suppressing the cancer 

phenotype. Overall, we conclude:  

1. PRMT5/MEP50 activity is required to maintain the mesothelioma cancer cell 

phenotype 

2. SFN suppresses PRMT5/MEP50 mRNA and proteins levels and activity, 

suggesting SFN suppresses PRMT5 and MEP50 mRNA stability or transcription. 

SFN treatment reduced tumor formation and this is associated with loss of 

PRMT5/MEP50. 

3. Forced PRMT5 or MEP50 expression antagonizes SFN action which suggest loss 

of PRMT5/MEP50 is necessary for SFN suppression of the cancer phenotype 

4. Interfering with mTOR activity, by knockdown or rapamycin treatment, reduces 

eIF4E level/activity and suppresses the Meso-1 cell cancer phenotype 

5. SFN suppresses mTOR and eIF4E activity and the Meso-1 cell and NCI-Meso-17 

cancer phenotype 

6. SFN stimulates Meso-1 cell ERK1/2 signaling and MNK1 phosphorylation which 

may be a compensatory response to the SFN-dependent reduction in eIF4E level 

and activity 
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FUTURE DIRECTIONS 

While our studies have established a role for SFN in mediating PRMT5/MEP50 

activity, there are many unanswered questions. PRMT5 is an interesting epigenetic target 

of SFN because studies have shown that PRMT5 dimethylation at H4R3me2s and 

H3R8me2s are associated with silencing of tumor suppressor genes [35,79,105]. But, 

what are other tumor suppressors targeted by PRMT5 and MEP50 activity? Identifying 

novel PRMT5/MEP50-mediated silenced tumor suppressors in mesothelioma would 

further validate the tumorigenic function of PRMT5/MEP50. This could be achieved by 

conducting ChIP-seq using an antibody that targets H4R3me2s and H3R8me2s. and 

comparing the methylation sites of cells that express PRMT5/MEP50 versus those that do 

not with SFN treated cells. Through sequencing, different genes associated with the gene 

silencing histone modifications would be revealed. 

We additionally show that SFN targets PRMT5 and MEP50 and assume that SFN 

silencing of PRMT5 and MEP50 restores expression of the tumor suppressors. But, what 

tumor suppressors are being restored due to SFN treatment or PRMT5/MEP50 

inactivation? To determine which tumor suppressor genes are being restored, RNA-seq 

pre- and post-SFN treatment may be conducted in addition to conducting RNA-seq in 

PRMT5/MEP50 knockout lines. By comparing tumor suppressors restored through SFN 

treatment versus PRMT5/MEP50 knockdown, we would be able to identify which tumor 

suppressors are restored through loss of PRMT5/MEP50 activity in the SFN treated 

group. 
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Our studies additionally showed that SFN treatment reduces tumor growth in 

mice and through western blot showed that this is associated with reduced PRMT5 and 

MEP50 levels in tumors (Fig. 9A/C). To further ensure that PRMT5 and MEP50 are 

required for tumor formation, CRISPR-cas9 knockout lines may be generated and 

introduced into mice to observe differences in PRMT5/MEP50 activity, target gene 

expression and tumor growth. 

We have already established that SFN suppresses PRMT5/MEP50 mRNA, 

suggesting that SFN reduces PRMT5 and MEP50 mRNA stability or transcription 

(Fig.8B). An actinomycin D assay and PCR could be used to measure the decay kinetics 

of each transcript with and without SFN treatment. Further, mRNA half-life calculation 

will aid in determining whether SFN is affecting mRNA stability. We show that SFN 

inhibits mRNA levels of PRMT5 and MEP50; this could be a result of decreased PRMT5 

and MEP50 transcription, therefore, we could perform luciferase reporter assays to 

observe if PRMT5 or MEP50 promoter activity is reduced by SFN treatment. 

Additionally, RNA-seq coupled with RT-PCR may aid in the identification of novel 

mRNA that SFN may be inhibiting. Studies have suggested a direct interaction between 

SFN and proteins such as TG2 using biotin-ITC, a SFN analog [112]. Cells are 

electroporated with Biotin-ITC (isothiocyanate) and extracts are prepared and incubated 

with streptavidin beads to collect the protein/biotin-ITC complexes. The Biotin-ITC 

bound proteins are then detected by immunoblot analysis (for known proteins) or mass-

spectral analysis. Moreover, SFN may directly interact with transcriptional activators, 

such as RNA polymerase II involved in PRMT5 and MEP50 transcription. Similar biotin-
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ITC studies can be conducted to identify whether SFN is directly interacting with 

transcriptional activators to repress PRMT5 and MEP50 mRNA levels.  

Our chapter 3 studies begin to unravel a role for SFN in translational control, 

however much is unanswered in our present studies. We suggest that SFN impacts 

translation, therefore studies should be conducted to assess how translation is being 

affected as a result of SFN treatment. This may be achieved by radioactively labeling 

methionine and treating cells with or without SFN, then assessing and comparing the total 

percentage of radioactively labeling with and without SFN treatment. This pulse 

experiment will identify the difference in total protein translation as a result of SFN 

treatment. To further assess the different mRNAs that may be affected by SFN impact on 

translation, we could also conduct polysome profiling where mRNA are fractioned using 

a sucrose gradient by those associated and unassociated with polysomes. Once the 

mRNA associated with the polysome are isolated, further RNA-seq could be conducted 

to identify novel mRNA targets affected by SFN disruption of translation. 

Further, we show that SFN inhibits activation and levels of mTOR/AKT pathway 

proteins, but activates the MEK/ERK pathway. A goal is to understand the relative role of 

SFN suppression of mTOR/eIF4E pathway versus activation of ERK/MEK pathway. It 

may be that one or the other pathway is dominant in different mesothelioma tumors. We 

could determine if the SFN-dependent increase in MNK1 is a compensatory response, by 

treating with SFN + MNK1 inhibitor. If the SFN-dependent activation of MNK1 is 

protective, this treatment should have a more profound impact in suppressing the cancer 

phenotype. We could additionally inhibit ERK/MEK to assess the impact on the cancer 
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phenotype and identify whether their increase in levels and activity is a compensatory 

mechanism to SFN treatment. Other studies have identified an apoptosis mechanism that 

involves activation of ERK/MEK upon SFN treatment in adipocytes. Therefore, it may be 

interesting to determine if upregulation of the ERK/MEK pathway is associated with 

increased cell death by overexpressing ERK1/2 and observing the cancer phenotype as 

well as apoptotic markers.  

We show that SFN treatment suppresses mTOR activity leading to reduced 

phosphorylation of 4E-BP1 which would be expected to reduce assembly of the eIF4F 

complex, however we have yet to assess the impact of SFN on the other members of the 

eIF4F complex. Therefore, we may also probe the levels of eIF4A and eIF4G, which are 

members of the eIF4F complex, upon SFN treatment. Using Co-IP, we could further 

assess whether SFN treatment impact eIF4E complexes formation with eIF4G which 

could additionally explain differences in Meso-1 versus NCI-Meso-17 eIF4E 

phosphorylation upon SFN treatment. 

Further, we can additionally assess the protein and mRNA levels of eIF4E-

dependent mRNA such as cyclin D1 and c-MYC upon SFN treatment, mTOR 

knockdown and rapamycin treatment. In order to assess this, we could treat cells with 

SFN, rapamycin or knockdown mTOR and perform qPCR to assess the mRNA 

abundance of cyclin D1 and c-MYC. While some of our preliminary results suggest that 

cyclin D1 and c-MYC mRNA is increased, we may additionally assess the protein levels 

via Western blot. Some of our preliminary studies indicate a decrease in cyclin D1 

protein level upon SFN treatment and mTOR loss, suggesting that loss of eIF4E activity 
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may impacts cyclin D1 translation. We further could determine the impact of SFN on c-

MYC and cyclin D1 turnover. Using lactacystin to inhibit the proteasome, we could 

observe whether cyclin D1 and c-MYC protein levels, in SFN treated cells, are restored 

by lactacystin treatment.  Increased levels of these proteins in this assay would suggest 

that cyclin D1 and c-MYC may be degraded by the proteasome. 

In the NCI-Meso-17 cells, eIF4E phosphorylation is increased, but for cyclin D1, 

a cap dependent protein, levels are still decreased. This may suggest that SFN is 

inhibiting cap-dependent translation via a different mechanism than eIF4E activation, 

such as eIF4E binding to the 5’cap of mRNA. To determine whether eIF4E-5’cap 

interactions are altered upon SFN treatment, a 5’ 7-methylguanosine cap analog could be 

used to assess the eIF4E/5’cap analog binding capacity in the presence and absence of 

SFN. This will clarify whether SFN is altering eIF4E and cap binding to alter cap-

dependent translation in NCI-Meso-17 cells. 

There are a number of anti-cancer molecules derived from dietary sources. In 

Nigeria, an indigenous plant called bitter leaf has been shown to have anti-cancer 

properties. To test the anti-cancer properties of bitter leaf in mesothelioma, an ethanol 

extraction of the plant would be made and used to treat pleural and peritoneal 

mesothelioma cells and assess the cancer phenotype. This would implicate an anti-cancer 

role for the plant in general. However, the specific molecule within bitter leaf known to 

cause these anti-cancer characteristics is unknown. In order to determine the specific anti-

cancer agent, high performance liquid chromatography paired with mass-spectrometry or 

NMR may be used to identify the various phytochemicals within the plant. Once purified 
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and structurally identified, the structure may indicate which phytochemicals have various 

properties bases on structural similarities to other phytochemicals. Further, biological 

assays may be performed using the isolated purified phytochemicals to indicate which 

has the highest potency against the cancer phenotype. 
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