
University of Kentucky University of Kentucky 

UKnowledge UKnowledge 

Theses and Dissertations--Microbiology, 
Immunology, and Molecular Genetics 

Microbiology, Immunology, and Molecular 
Genetics 

2017 

THERAPEUTIC POTENTIAL OF TARGETING REACTIVE OXYGEN THERAPEUTIC POTENTIAL OF TARGETING REACTIVE OXYGEN 

SPECIES (ROS) STRESS IN MYELODYSPLASTIC SYNDROME SPECIES (ROS) STRESS IN MYELODYSPLASTIC SYNDROME 

(MDS) (MDS) 

Karine Z. Oben 
University of Kentucky, nkz86@yahoo.com 
Author ORCID Identifier: 

http://orcid.org/0000-0003-0195-7253 
Digital Object Identifier: https://doi.org/10.13023/ETD.2017.011 

Right click to open a feedback form in a new tab to let us know how this document benefits you. Right click to open a feedback form in a new tab to let us know how this document benefits you. 

Recommended Citation Recommended Citation 
Oben, Karine Z., "THERAPEUTIC POTENTIAL OF TARGETING REACTIVE OXYGEN SPECIES (ROS) STRESS 
IN MYELODYSPLASTIC SYNDROME (MDS)" (2017). Theses and Dissertations--Microbiology, Immunology, 
and Molecular Genetics. 12. 
https://uknowledge.uky.edu/microbio_etds/12 

This Doctoral Dissertation is brought to you for free and open access by the Microbiology, Immunology, and 
Molecular Genetics at UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Microbiology, 
Immunology, and Molecular Genetics by an authorized administrator of UKnowledge. For more information, please 
contact UKnowledge@lsv.uky.edu. 











7 
 

recommends 20% blast cells as a cut off between MDS and AML10. MDS 

diagnosis is based on the evaluation of peripheral blood and bone marrow 

smears3. Chromosomal abnormalities play a crucial role in diagnosis as they 

distinguish between MDS and AML and aid in the classification of MDS 

subtypes10. Three main features (Table 1.4) which present in most cases of MDS 

are used as guideline for diagnosis3.  

 

EPIDEMIOLOGY, INCIDENCE AND PROGNOSIS OF MDS 

MDS can occur de novo (classified as primary MDS) or after exposure to 

potentially mutagenic therapy (classified as secondary therapy-related MDS) 11. 

Therapy-related myelodysplastic syndrome (t-MDS) is thought to be a late 

complication that can occur after cytotoxic therapy (chemotherapy, radiotherapy, 

or both) for both malignant and non-malignant disease12-14. Although the 
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mechanism by which exposure to cytotoxic agents causes t-MDS remains 

unknown, t-MDS is a well-recognized clinical syndrome that is included in the 

classification of myeloid neoplasms by the World Health Organization 

(WHO)10,12,14,15. Generally, 10-20% of diagnosed MDS cases are t-MDS16. 

Median latency from the time of initial cytotoxic therapy to t-MDS diagnosis can 

vary from 3 – 7 years13,14,17. MDS is thought to be a disease of the elderly as the 

risk of MDS increases with age18. Reported median age of diagnosis varies by 

study cohort from 65 – 76 years and incidence is slightly significantly higher in 

males3,18-20. Therapy-related MDS on the other hand can occur at any age as 

onset depends on the age of exposure to cytotoxic therapy14,21. Although rare, 

pediatric MDS cases have also been reported22,23.  

The incidence of MDS in the United States is not known but conservative 

estimates suggest at least 30, 000 new cases occur annually18,24.  Several 

studies have demonstrated the actual incidence of MDS is likely higher than is 

predicted from cancer registries24-26. This is in part because MDS only became a 

reportable malignancy in 2001, long after the creation of the National Cancer 

Institute (NCI) cancer surveillance program in 197324,27,28. Moreover, because 

BM evaluation is required for definitive diagnosis, some cases go undiagnosed 

especially in older individuals who usually have other comorbidities24,25. Survival 

of MDS patients is generally very poor. The response rate of current FDA 

approved therapies, azacitidine, decitabine and lenalidomide, is low and often not 

durable. Just about 50% of MDS patients respond to these drug therapies and a 

majority of responders relapse within 2-3 years27,29. A follow up study of 5q MDS 
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patients found that achieving erythroid and cytogenetic responses on 

lenalidomide does not prevent progression to AML30. 

The prognosis of patients who do not respond to azacitidine or decitabine 

is even more abysmal with an overall survival of < 6 months31. Several 

cytogenetic abnormalities are observed in MDS but deletions or complete loss of 

chromosomes 5 and/ or 7 are the most commonly observed11,16. The prognosis 

of patients with complete loss of chromosomes 5 and/ or 7 is significantly 

unfavorable compared to other karyotypes11. It has been recognized for a long 

time that hematopoietic stem cell transplant (HSCT) is the only available 

potentially curative treatment for MDS but the use of HSCT for MDS remains low 

to date, < 10% of MDS patients are referred for HSCT 20,31,32,. A study of 27 t-

MDS cases found that all treatments but HSCT, were not effective for MDS 

resulting in 100% fatality in patients < 55 years17. Although potentially curative, 

HSCT treatment for MDS can fail in certain instances33,34. Several factors, such 

as age and intensive preconditioning regimens could adversely impact the 

success of HSCT for MDS treatment33. One study assessed the impact of age on 

the outcome of HSCT in cancer patients in general. They found a 2.24 fold 

increased risk of treatment related mortality in patients aged ≥ 50 years35. This is 

particularly true for the older patients in whom age and comorbidities limit 

tolerability to intensive preconditioning HSCT treatments31. Given that current 

MDS treatments are mostly ineffective and the high risk of disease-related 

complications especially from anemia, there is an unquestionable need to 

investigate potential alternative therapeutic options for MDS. 
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WITHAFERIN A (WFA) 

Although great advancements have been made in the treatment of cancer, 

toxicity is a major problem with most of the established chemotherapy drugs 

routinely used for cancer treatment36. It is strongly believed that the use of plant 

derived compounds for cancer treatment could reduce adverse side effects 

because they are natural36-38. Withaferin A (WFA) is a plant-derived compound 

that has been shown to have potential in anticancer treatment39. It is one of the 

most bioactive steroidal lactones (Figure 1.2) isolated from the winter cherry 

plant, Withania somnifera40. Withania somnifera, also known as “Indian Ginseng” 

or “Indian Winter cherry” has been used in herbal formulations for centuries in 

Ayurvedic medicine for a wide range of ailments such as chronic fatigue, 

dehydration and rheumatism41,42. Ayurvedic medicine is a traditional healthcare 

system which originated from India more than 3, 000 years ago that uses a 

variety of herbal compounds, special diets, exercise and lifestyle 

recommendations43. WFA exhibits anticancer effects by targeting several 

processes known to promote cancer. Studies have demonstrated that WFA can 

inhibit cell proliferation, angiogenesis, metastasis, inflammation, and induce 

apoptosis in cancer model systems41,44. The therapeutic potential of WFA in 

cancer is illustrated by the fact that it has been shown to have anticancer effects 

in several cancers including prostate, breast, cervical and pancreatic cancers, as 

well as melanoma and lymphoma44,45. Although anticancer activities of WFA 

have been studied in several systems, the molecular mechanisms underlying 

these activities are not completely understood. In silico analysis identified 
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vimentin, IKKγ and Cdc37 as possible direct molecular targets of WFA41. Direct 

interactions of vimentin and IKKβ with WFA have been demonstrated46,47. There 

is also strong evidence suggesting WFA directly binds to heat shock protein 90 

(Hsp90), a molecular chaperone which mediates the folding, assembly and 

maturation of client proteins such as the pro-survival protein AKT48. WFA 

regulates the activity of several transcription factors and kinases but it is not 

known if this regulation is by direct or indirect mechanisms41,44. WFA has also 

been shown to inhibit complex III activity in mitochondria but it was not 

investigated if a direct interaction occurred between the two molecules49.  It is 

now clear that WFA can target multiple pathways and the pathways targeted 

could be cell type specific44,50. Therefore, the critical pathway for each system 

would need to be determined systematically. Some commonly reported 

mechanisms by which WFA inhibits proliferation and/ or induces apoptosis of 

cancer cells include induction of cell cycle arrest 45,51-57, inhibition of NF-κB 45,58-

63, and increased production of reactive oxygen species (ROS)49,62-66.  
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REACTIVE OXYGEN SPECIES (ROS) 

ROS are a heterogeneous group of oxygen-containing species with highly 

reactive chemical properties67,68. ROS exist in two flavors; radicals which contain 

one or more unpaired electron(s), and non-radical species which are equally 

reactive but lack unpaired electron (s) and can be converted to radical species68. 

Examples of radical and non-radical ROS commonly seen in biological systems 

are listed in Table 1.569. There are both exogenous and endogenous sources of 

ROS. Some exogenous sources of ROS include γ-irradiation, UV irradiation, 

ultrasound, food, drugs, pollutants (e.g. car exhaust, cigarette smoke and 

industrial contaminants), xenobiotics, and toxins69. There are multiple 

mechanisms by which cells produce ROS endogenously. Electron leakage from 

the mitochondrial respiratory chain is a major source of endogenous ROS 



13 
 

production68,70. ROS can also be produced as a by-product of certain enzymatic 

reactions such as, catabolism of purines, fatty acid peroxidation, prostaglandin 

synthesis and detoxification reactions by cytochrome P45068,70. Some enzymes 

are direct producers of ROS such as nitric oxide synthase which produces nitric 

oxide (NO.)69. Phagocytic cells activated by recognition of an antigen undergo a 

series of reactions called the respiratory burst that is catalyzed by nicotinamide 

adenine dinucleotide phosphate-oxidase (NADPH-oxidase), which is another 

source of endogenous ROS production71.  
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EFFECTS OF ROS 

Given that ROS are chemically reactive, they can react with cellular 

components such as lipids, proteins, carbohydrates and nucleic acids to cause 

tissue damage69,70. The antioxidant defense system has evolved to counteract 

the damaging effects of ROS in body tissues72. Antioxidants act by direct and 
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indirect mechanisms to terminate oxidative chain reactions by deactivating 

already formed ROS and by preventing ROS generation73. The antioxidant 

defense system consists of both enzymatic and non-enzymatic molecules72. 

Enzymatic antioxidants include superoxide dismutase (SOD), catalase (CAT), 

and glutathione peroxidase (GPx)70,72. Ascorbic acid (Vitamin C), α-tocopherol 

(Vitamin E), carotenoids, flavonoids, uric acid, coenzyme Q, lipoic acid, and 

glutathione (GSH) are some non-enzymatic antioxidants known to play key roles 

in antioxidant defense mechanisms70,72. GSH, a tripeptide of glutamine, cysteine 

and glycine, is ubiquitously expressed in all mammalian tissues and is thought to 

be the principal non-enzymatic antioxidant involved in antioxidant cellular 

defense74. The importance of glutathione in redox metabolism is owed to its 

ability to perform multiple roles including: GSH directly scavenges free radicals 

and acts as a substrate for GPx during the detoxification of hydrogen peroxide 

and lipid peroxides; GSH is a co-factor of several enzymatic antioxidants; GSH is 

able to regenerate the active forms of non-enzymatic antioxidants, Vitamins C 

and E70,75. Reduced glutathione (GSH) is converted to glutathione disulfide 

(GSSG-oxidized glutathione) in oxidative stress74. Since glutathione is the major 

redox buffer of the cell, the relative amount of the reduced and oxidized forms 

(GSH/GSSG) is a good measure of oxidative stress or the redox state of an 

organism74,76.  

Paradoxically, physiological redox homeostasis favors mild oxidative 

stress because ROS have some useful roles77. This means that the antioxidant 

defense must minimize ROS damage while allowing the useful effects of 
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ROS72,78. ROS have a critical role in the immune response against pathogens; 

directly causing oxidative damage to phagocytosed pathogens or indirectly by 

activating a variety of innate and adaptive mechanisms for pathogen 

elimination79. Studies have shown that ROS are also important anti-inflammatory 

and immunoregulatory molecules80. ROS can regulate signal transduction 

pathways by activating kinases81 and transcription factors68,82, and by modulation 

of intracellular calcium levels83. Redox signaling is integrated into a variety of 

cellular processes such as: DNA damage response; antioxidant and anti-

inflammatory responses; regulation of iron homeostasis; cell differentiation, 

metabolism and migration; cell proliferation; and apoptosis68,81,84.  

ROS AND CELL CYCLE PROGRESSION 

There is overwhelming evidence suggesting that cell cycle progression 

and therefore cell proliferation is subject to redox control85,86. It is now 

appreciated that the effect of ROS on cell cycle progression is influenced by 

multiple factors. The type, amount and location of ROS production, duration of 

ROS exposure, and the presence or absence of other proteins like cell division 

cycle 25 (Cdc25), are examples of factors that affect redox signaling on cell 

cycle85,87. Cyclin dependent kinases (Cdks), cyclins and Cdk inhibitors cooperate 

to ensure a precise and orderly progression through the cell cycle88. Hence, ROS 

impacts cell cycle progression by regulating the activity and expression of these 

cell cycle regulators via phosphorylation, ubiquitination and other protein 

modification events85,87,89. ROS mediated regulation of cell cycle progression is 

very complex but induction of the Cdk inhibitor p21, seems to have a crucial 
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role85. Increased p21 expression causes cell cycle arrest90. ROS can induce p53-

independent expression of p21 through redox sensitive transcription factors like 

activator protein-1 (AP-1) and specificity protein 1 (Sp1)85. Alternatively, ROS-

induced DNA damage can lead to increased p53 activity which in turn induces 

p21 expression85,90. Expression of p21 plays a unique role in redox-regulated cell 

proliferation because temporal expression allows for DNA damage repair by cell 

cycle arrest and resumption of proliferation once redox homeostasis is achieved 

and p21 levels are normalized. However, prolonged ROS production sustains 

p21 expression and cells eventually undergo apoptosis85. In fact, p21 has been 

shown to be involved in the transcriptional repression of several cell cycle genes 

including cyclins and Cdks91. 

ROS AND JNK-MEDIATED APOPTOTIC SIGNALAING 

c-Jun N-terminal Kinases (JNKs) are a subfamily of the mitogen-activated 

protein kinase (MAPK) superfamily comprised of three well-characterized 

members: extracellular signal-regulated kinases (ERKs), p38 MAPKs, and 

JNKs92. MAPKs regulate cellular responses to external stimuli and cellular 

processes including cell proliferation, differentiation, and apoptosis92,93.  MAPKs 

mediate most of the signal transduction in eukaryotic cells by modulating the 

activity, degradation, subcellular localization, and protein interactions of their 

target proteins via phosphorylation94. MAPKs are activated via a three-tier 

signaling cascade module in which a MAPK kinase kinase (MAP3K) activates a 

MAPK kinase (MAP2K) that in turn activates a MAPK92. JNKs are at the last tier 

of this signaling module. 
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  JNKs are encoded by three distinct genes, two of which are ubiquitously 

expressed (JNK1 and JNK2) and JNK3, whose expression is restricted to the 

heart, brain and testes95,96. All three genes are alternatively spliced into ten 

variants from which both 46kDa and 54kDa isoforms are derived96. MKK4 and 

MKK7 are two MAP2Ks known to directly phosphorylate JNKs93,95,97. Unlike 

MKK4 which can activate JNK and p38 MAPK, MKK7 is highly specific to JNK 

activation98. At least twelve MAP3Ks have been observed to be involved in MKK4 

and MKK7 activation, including the ROS sensitive MAP3K, apoptosis signal-

regulating kinase 1 (ASK1)81,99.The first target of active JNKs identified was c-

Jun, hence their naming100. c-Jun is a subunit of the AP-1 family of transcription 

factors that consists of homodimers and heterodimers of Jun (c-Jun, JunB, 

JunD), Fos (c-Fos, FosB, Fra-1, Fra-2) or activating transcription factor 2 (ATF2) 

proteins101. Active JNKs activate c-Jun by phosphorylating serines 63 and/or 73 

in the amino terminal A1 transactivation domain102,103. It is now recognized that 

JNKs can modulate the activity of a myriad of proteins ( both nuclear proteins, 

most of which are transcription factors, and non-nuclear proteins) positively or 

negatively by phosphorylation100. c-Jun, ATF2, Elk-1, c-Myc, p53, FOXO4, 

STAT3 and PAX2 are examples of nuclear proteins positively regulated by JNKs 

while HSF1, PPARγ1, Nur77, TIF1A, NFATc3 and Androgen R are some of the 

nuclear proteins inhibited by JNKs100. Some non-nuclear proteins activated by 

JNKs are Bim, Bax, MK1, Bcl-2 and Itch, while Bcl-XL, IRS-1, Bcl2, Tau and 

kinesin - are examples of non-nuclear proteins that have been shown to be 

inhibited by JNKs100. Several cellular responses; morphogenesis, metabolism, 
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motility, DNA repair cell differentiation, cell proliferation, cell survival, and cell 

death, are controlled by these JNK substrates104,105. Hence not surprisingly, 

JNKs are implicated in a number of diseases including cancer104,105. Since the 

cellular response to JNK activation is cell type and context dependent93,106, it can 

either promote or inhibit disease states105,107. 

It is well known that ROS-induced activation of JNKs via the redox 

sensitive MAP3K, ASK1, leads to cellular apoptosis93,108. The thioredoxin 

(Trx)/ASK1 complex functions as the redox switch of ROS-induced ASK1/JNK 

apoptosis signaling108. Homophilic interaction of ASK1 mediated by the N-

terminal coiled coil (NCC) domain is required for activation of the ASK1109. The 

reduced form of Trx but never the oxidized form is found in complex with 

ASK1110. Binding of Trx to the N-terminal Trx-binding region of ASK1 inhibits its 

NCC domain-mediated homophilic interactions and therefore its activation109,110. 

Increase in ROS levels results in oxidation of Trx which dissociates from the 

Trx/ASK1 complex, enabling ASK1 activation109,110 (Figure 1.3). Active ASK1 

phosphorylates and activates JNKs which regulate apoptosis by nuclear and 

mitochondrial signaling events93. Activated nuclear JNK promotes AP-1 mediated 

expression of pro-apoptotic proteins like BIM111,112 and Fas-ligand (Fas-L)113. 

Active JNK on the other hand can translocate to mitochondria where it directly 

activates the mitochondrial apoptosis machinery in the absence of new protein 

synthesis114. Phosphorylation of mitochondrial proteins such as Bcl2 and Bcl-xL 

and decreased mitochondrial membrane permeability by active JNK have been 

reported to induce mitochondrial apoptosis114,115. 
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ROS IN CANCER 

Evidence suggests the malignant cells in most cancers including MDS, 

have increased levels of ROS compared to their normal counterparts116-119. A 

delicate balance of ROS levels is essential for normal cell growth and survival 

since a moderate increase ROS can promote cell proliferation while excessively 

high concentrations of ROS lead to cell death85. Since cancer cells are already in 

a state of increased oxidative stress, they could be more susceptible to agents 

that further increase ROS generation67,116. Hence, manipulation of ROS levels 

could be a means to selectively target cancer cells while sparing normal cells 

68,116. Indeed there have been several reports demonstrating the selective 

therapeutic potential of some agents by increased ROS production119-123. 

Modulation of ROS homeostasis has been extensively exploited for AML therapy 
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in the past decade124 but this therapeutic strategy has not been exploited for the 

closely related disease, MDS. The implication of increased oxidative stress in the 

development and prognosis of MDS118 suggests ROS producing agents such as 

WFA could have therapeutic value in MDS.  

STUDY MODEL AND OBJECTIVES 

There is no widely accepted animal model that completely recapitulates 

clinical features of MDS. Engraftment of primary MDS cells into 

immunocompromised mice is poor and highly inefficient125,126. We therefore used 

the human MDS-L cell line, a subline of MDS92127 for this study. The MDS92 cell 

line was derived from the bone marrow of an MDS patient128 and was described 

by an independent group of investigators as the “chosen one” of the 31 cell lines 

investigated129. MDS-L cells have deletions in chromosomes 5 and 7127, the most 

common cytogenetic abnormalities observed in MDS which have also been 

associated with significantly worse prognosis12,14,16,17. Moreover, MDS-L cells 

successfully engraft and induce reproducible disease in NOD/SCID-IL2Rᵧ (NSG) 

and NSG-hSCF/hGM-CSF/hIL3 (NSGS) mice130.   

As discussed above, the prognosis of MDS patients is generally very poor 

but the treatment options for these patients are very limited. The anticancer 

potential of the plant derived-compound, WFA has been demonstrated in several 

cancer models including prostate, breast, cervical and pancreatic cancers, as 

well as melanoma and lymphoma44,45. In this study, we utilized the MDS-L model 
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of MDS to investigate the anticancer potential of WFA in MDS by addressing the 

following specific aims: 

1. Determine the in vitro and in vivo effects of WFA on MDS-L cells and primary 

bone marrow cells from MDS and AML patients. 

2. Elucidate the mechanisms of action of WFA in this MDS model. 
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CHAPTER 2 

MATERIALS & METHODS 

2a) Cell Culture 

MDS-L cells (a generous gift from Dr. Kaoru Tohyama, Department of 

Laboratory Medicine, Kawasaki Medical School, Japan) were maintained in 

IMDM/F-12 (50:50) medium supplemented with 12% fetal bovine serum (Atlanta 

Biologicals), 0.005mg/ml apotransferrin, 50 µM 2-mercaptoethanol (2-ME) and 20 

ng/ml of human IL-3 (PeproTech). KG-1 cells (kindly provided by Dr. Ying Liang, 

Department of Toxicology and Cancer Biology, University of Kentucky, USA) 

were cultured in IMDM medium supplemented with 10% fetal bovine serum. KG1 

is a human AML cell line. IRB protocol # 88-00241 permitted acquisition of 

human primary cells. Normal human primary bone marrow cells were courtesy of 

Dr. Ahmed Abdel-Latif at the University of Kentucky. Bone marrow mononuclear 

cells were isolated by Ficoll-paqueTM plus (GE Healthcare) and maintained in 

RPMI medium supplemented with 50 µM 2-mercaptoethanol, 1 µM sodium 

pyruvate and 10% fetal bovine serum (FBS). MDS/AML samples were obtained 

from Leukemia Tissue Bank of the Ohio State University Comprehensive Cancer 

Center (OSU CCC). MDS/AML cells were thawed and maintained in RPMI 

medium supplemented with 10% fetal bovine serum and 10 ng/ml hIL-3, GM-

CSF and stem cell factor (R&D Systems). All media were purchased from Gibco-

Life Techonologies.  



24 
 

2b) Reagents 

WFA was isolated from Withania somnifera extract (Sabinsa Corp) using a 

series of solvent extractions and silica gel-based vacuum liquid column 

chromatography at the University of Louisville and at the laboratory of Dr. I. P. 

Singh, National Institute of Pharmaceutical Education Research (NIPER), India. 

The purity was found to be >94% by UPLC. WFA was reconstituted in dimethyl 

sulfoxide (DMSO). Biotin conjugated rat anti-CD45R/B220 (553086), anti-CD11b 

(553309), anti-Gr-1 (553125), anti-CD8a (5532029), anti-Ter-119 (553672), anti-

CD5 (553019); streptavidin APC CY7 (554063) and anti c-KIT-APC (553356) 

were purchased from BD Pharmingen (San Diego, CA). Anti-Sca-1-PB (122520) 

was purchased from BioLegend (San Diego, CA). Cremophor (C5135), Carbonyl 

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (C2920), hydrogen 

peroxide (H2O2) (H1009), Phorbol 12-myristate 13-acetate (PMA) (P1585), N-

acetyl-cysteine (NAC) (A8199), SP600125 (S5567), JNK-IN-8 (SML-1246), JC-1 

(T4069), RNase A (R6513), Hepes solution (H0887), ethylenediaminetetraacetic 

acid (EDTA) solution (E7889), dimethyl sulfoxide (D2438) and monoclonal anti-β-

actin (A5441) were purchased from MilliporeSigma-Aldrich (St. Louis, MO). 

Antibodies to P-p38 (9211S), total p38 (9212), cleaved caspase-3 (9661S), total 

caspase-3 (9665S), P-MKK7 (4171S), P-c-Jun (9261S), total c-Jun (9162), CDK2 

(2546P), cyclin A (4656P), CDK1 (9116), cyclin B (4135) and GAPDH (2118S) 

were obtained from Cell Signaling Technology (Danvers, Massachusetts). Anti-

total MKK7 was purchased from Zymed (32-7000). Antibodies to RGS2 

(100761), Hdac1 (7872), P-JNK (6254) and total JNK (571) were obtained from 

https://en.wikipedia.org/wiki/Danvers,_Massachusetts
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Santa Cruz Biotechnology (Santa Cruz, CA). Peroxidase coupled goat anti-rabbit 

(SC-2004) and anti-mouse (SC-2005) Ig secondary antibodies were also 

acquired from Santa Cruz Biotechnology (Santa Cruz, CA). 1X phosphate 

buffered saline (16750-078) was obtained from VWR (Radnor, PA). 

2c) MTT and Trypan Blue Dye Exclusion Cell Viability Assays 

MDS-L cells were treated with increasing concentrations of WFA (0 – 20 

µM) in 96 well flat-bottom microtiter plates for 48 h in 0.2 ml of media. Cells were 

cultured in quadruplicates. Treated cells were incubated with 0.5 mg/ml MTT (3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye (Sigma Aldrich) 

for 4 h followed by solubilization of formazan salt with acidic isopropanol and 

spectrophotometric measurements at 560 nm and 690 nm. Optical density 

variation was corrected by subtracting OD 690 from OD 560 nm values. Media 

background was subtracted from all treatment groups and a DMSO control group 

was included in each experiment. For trypan blue exclusion, MDS-L cells were 

treated with increasing concentrations of WFA (0 – 20 µM) in 0.5 ml of media per 

well of 24 well flat-bottom plates for 48 h and cell viability was assessed by 

counting live cells by trypan blue exlusion. 

2d) Effect of WFA on MDS-L Engraftment in vivo 

Animal studies were conducted under an approved protocol by the 

Institutional Animal Care and Use Committee (IACUC) at the University of 

Kentucky (Protocol # 2011-0904). NOD/SCID-IL2Rᵧ-hSCF/hGM-CSF/hIL3 

(NSGS) breeding pairs were obtained from The Jackson Laboratories (Bar 
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Harbor, ME) and bred at the University of Kentucky’s Division of Laboratory 

Animal Resources (DLAR) AAALAC certified animal facility. Animals had free 

access to food and water, and were housed at constant temperature with a 12 

hour light–dark cycle. 6 -7 month old male and female littermates were exposed 

to 2.5Gy irradiation (IR) in a Mark I-68 137Cesium γ-irradiator (J.L Shepherd and 

Associates) on a rotating platform, as a pre-conditioning regimen for bone 

marrow engraftment. Four hours after irradiation, mice were engrafted by 

intravenous tail vein injection with MDS-L cells (1 Х 106 cells in 100 µl/mouse).  

Mice were treated from day 14 with 8 mg/kg of WFA IP 5X a week for 6 

weeks. Control mice received vehicle (10% DMSO, 20% Cremophor-Ethanol 

(1:3), 70% phosphate buffered saline (PBS)). MDS-L engraftment was assessed 

by the percentage of human CD45+/CD33+ double positive cells in the bone 

marrow compartment since MDS-L cells are positive for these markers. Tibiae 

and femora were harvested from mice and the bones were flushed with a 26G 

syringe in HBSS containing 2% fetal bovine serum to obtain bone marrow cells. 

The cells were washed and suspended in fluorescence activated cell sorter 

(FACS) buffer (1X phosphate buffered saline without calcium or magnesium, 

supplemented with 25mM Hepes, 5mM EDTA and 1% FBS). 2 × 106 cells were 

stained with anti-mouse CD45-APC, anti-human CD45-PE and anti-human 

CD33-PE for 1 h at 4°C in the dark. Positively stained cells were detected by the 

BD LSRII flow cytometer and the data was analyzed by the FlowJo (Ashland, 

OR) single cell analysis software. Anti-human CD45-PE (12-9459-42) and CD33-
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FITC (11-0339-42) were purchased from eBioscience (San Diego, CA). Anti-

mouse CD45-APC was obtained from BioLegend (San Diego, CA). 

2e) Staining and identification of bone marrow stem cells 

Bone marrow cells were incubated with normal rat IgG (10 µg/1 × 106 

cells) at 4 °C for 15 min to block Fcγ receptors and then labeled with biotin 

coupled rat anti-mouse lineage specific antibodies to CD11b (Mac-1), B220, Gr-

1, CD8α, Ter-119 and CD5. The cells were stained with c-KIT-APC, Sca-1-PB 

and streptavidin APC CY7 antibodies for 30 min at 4°C in the dark and washed 

with 1X FACS buffer. Positively stained cells were detected on the BD LSRII flow 

cytometer and data was analyzed by the BD CellQuest™ Pro software. Lineage 

negative cells which were double positive for both Sca-1 (stem cell antigen-1) 

and c-KIT (LSK) were identified as stem cells. 

2f) Annexin-V Apoptosis Assay 

The annexin-V apoptosis detection kit (A432) from Leinco Technologies 

(St. Louis, MO) was used for annexin-V assays. Thawed human primary 

MDS/AML cells were maintained in culture for 24 h and then treated with 

increasing concentration of WFA for 24 h. Treated cells were stained with 

annexin-V-FITC and PI following the manufacturer’s protocol. Data was acquired 

with the Becton-Dickinson FACSCalibur flow cytometer and analyzed by the BD 

CellQuest™ Pro software (San Jose, CA). For MDS-L cells, 7.5 X 105 cells/ml 

were treated with increasing WFA concentrations for 48 h before staining. In the 

case of JNK or ROS inhibition studies, 7.5 X 105 MDS-L cells/ml after a 4 h JNK-
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IN-8 (10 µM) or NAC (25 mM) pretreatment, or no pretreatment were treated with 

WFA (10 µM) for 24 h and stained with annexin-V/PI. Stained MDS-L cells were 

detected by the BD LSRII flow cytometer and BD CellQuest™ Pro software was 

used for data analyses. 

2g) NF-κB Nuclear Translocation by Immunocytofluorescence 

MDS-L cells (5 X 106) were incubated with WFA (10 µM) or DMSO for 4 h. 

The cells were fixed with 70% ethanol for 1 h, blocked for 1 h in 10% normal goat 

serum and stained with 1:200 dilution of NF-κB p65 primary antibody (Santa 

Cruz-372) overnight at 4 0C. Cells were washed and stained with 1:200 DyLight 

488 conjugated AffiniPure F(ab')2 goat anti-rabbit secondary antibody (Jackson 

Immunoresearch #111–486–046) for 1 h in the dark. After 1X wash with FACS 

buffer, the cells were again stained 1:4000 DAPI (Life Technologies, #D1306) for 

15 min at room temperature. ProlongR Gold Anti-Fade Reagent (Life 

Technologies, #P36930) was used to mount the cells after washing following 

DAPI staining. Slides were viewed and pictures taken on a FV1000 v1.5 confocal 

microscope (Olympus, Shinjuku, Tokyo, Japan). 

2h) Immunoblotting 

MDS-L cells (7.5 X 105 cells/ml) were cultured with 10 µM WFA or DMSO 

for different time points. Cells were lysed in Cell Signaling lysis buffer (#9803) 

containing 1mM PMSF (Sigma P7626), 2mM  NaF (Sigma S-1504), 2mM 

Na3VO4 (Sigma S-6508) and 1x protease inhibitor cocktail (Roche 5892953001). 

To obtain nuclear and cytoplasmic lysates, the cell pellets were lysed following 
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the Thermo Scientific Nuclear and Cytoplasmic Extraction kit (#78833) manual. 

Protein concentration in cell lysates was estimated by the Bicinchoninic Acid 

(BCA) assay kit (Thermo Scientific #23227). Protein lysates were diluted in 4x 

sodium dodecyl sulfate (SDS) sample buffer (100mM Tris-HCl, pH 6.8, 30% 

glycerol, 4% SDS, 5% 2-ME and 0.01% W/V bromophenol blue) to a 1x final 

concentration and boiled for 10 min. 35 µg total protein/sample of total lysate was 

subjected to SDS polyacrylamide gel electrophoresis. 10 µl of Precision Plus 

ProteinTM dual color ladder (BIO-RAD #1610394) with a size range spanning10-

250 kDa was used as a size standard for every gel. The BIO-RAD Mini 

PROTEAN Tetra System was used for both gel electrophoresis and transfer. 12, 

10 or 9% polyacrylamide gels were run with running buffer (25 mM Tris, 192 mM 

glycine, 0.1% SDS, pH 8.3) at 90 V and 3 A for 10 min to stack the proteins, and 

later at 140 V and 3 A for 1 h to separate the proteins. Separated proteins were 

transferred to polyvinylidene difluoride membranes (EMD Millipore IPVH00010) 

with transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3). 

Transfer was performed at 90 V and 300 mA for 1.5 h at 40C. Membranes were 

blocked at room temperature for 1 h with 5% milk or bovine serum albumin (when 

probing for phosphorylated proteins) in 1x TBST that was diluted from 10x TBST 

(0.5 M Tris, 1.5 M NaCl and 1% Tween-20). The membranes were then probed 

with appropriate primary antibodies at 40C overnight, followed by horseradish 

peroxidase-conjugated secondary antibodies at room temperature for 1 h. 

Membranes were washed 7X with 1x TBST after primary or secondary antibody 

incubations. The blots were developed with HyGLO chemiluminescence reagent 
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(Denville Scientific #E2400) and exposed to HyBlot CL autoradiography film 

(Denville Scientific #E3012), which were scanned with a flat-bed scanner (UMAX 

Technologies, Hsinchu, Taiwan). When comparing two blots, both gels were run 

side by side and the blots were developed on the same film. Band densitometry 

analysis was performed using the NIH ImageJ program. Protein expression was 

normalized to GAPDH, β-actin or total target protein expression as appropriate.  

2i) Affymetrix Microarray Analysis 

Gene expression profile of MDS-L cells was examined in triplicate 

samples. 10 X 106 MDS-L cells were treated with WFA (10 µM) or DMSO for 6 h 

or 12 h at 370C in a CO2 incubator. Total RNA was extracted using the Direct-

zolTM RNA miniprep kit (Zymo Research #R2051) according to the 

manufacturer’s instructions. The Agilent RNA 6000 Nano assay kit (#5067-1511) 

was used to assess RNA purity on the Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). RNA integrity number (RIN) was ≥ 9 for all 

samples. WT Plus Reagent kit (Affymetrix, Santa Clara,CA), was used to 

generate amplified and biotinylated sense-strand DNA (ss-cDNA) from 100 ng 

total RNA per sample. 30 µg of fragmented biotin-labelled ss-cDNA was 

hybridized to Affymetrix human gene 2.0 ST arrays at 45 0C and 60 rpm for 16 h. 

The arrays were washed and stained using Affymetrix fluidics station FS 450 and 

scanned using the Affymetrix 7G GeneChip Scanner. Data was collected using 

the Affymetrix Command Software. The raw microarray data files were 

processed through Oligo [Doi:10.1093/bioinformatics/btq431] for data extraction 

and normalization. Differential expression analyses comparing WFA-treated 
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groups and the control group were performed by limma 

[DOI:10.1093/nar/gkv007]. Significantly up/downregulated genes were 

determined as fold change > 3 and q-value < 0.05, where q-value is a p-value 

corrected for multiple testing. The functional analyses were performed through 

QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, 

www.qiagen.com/ingenuity). The heat map was used to demonstrate the 

expression of differentially expressed genes, where genes belonging to the top 

15 enriched diseases and function categories from IPA were highlighted. The 

gene set enrichment analysis was performed using GSEA software and the 

Hallmark gene sets in the Molecular Signature Database (MSigDB)131 

[http://www.broad.mit.edu/gsea/]. 

2j) Quantitative Real-Time PCR (qRT-PCR) 

Total RNA was extracted from BM-MNCs using TRIzolR reagent 

(LifeTechnologies #15596-018) according to the manufacturer’s instructions. 

cDNA was synthesized from 500 ng of total RNA with qScript reverse 

transcriptase (Quanta Biosciences #95048-100) using random and oligo(dT) 

primers as per manufacturer’s protocol. The CFX96™ Real-Time C1000 Touch 

thermal cycler system (BIO-RAD, Hercules, California) was used with the iTaqTM 

universal SYBRR green fluorescent supermix (Biorad #172-5121) to quantify 

mRNA expression. RNA polymerase II was used as an internal control. BIO-RAD 

CFX Manager software was used to perform relative quantification of target 

genes using the comparative CT (ΔΔCT) method. Specificity of PCR reactions 

was confirmed by melting curves. The primer sequences used are described in 
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Table 2.1. Primers were designed on NCBI/Primer-Blast using the default 

parameters with the following modifications; primer must span exon-exon 

junction, primer must have at least 6 total mismatches to unintended targets and 

ignore targets that have one or more mismatches to the primer. Primers were 

obtained from Integrated DNA Technologies (IDT, Coralville, Iowa). 
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4. Because the ROS threshold concept likely underlies the therapeutic selectivity 

of WFA in MDS, it is imperative to determine the optimal dose at which maximum 

killing of malignant cells occurs without pushing normal cells beyond the toxic 

threshold. 

5. Efficacy of other ROS-inducing agents in MDS has to be evaluated. 

Compounds such as  4-benzyl, 2-methyl, 1,2,4-thiadiazolidine, 3,5 dione (TDZD-

8), 3-deazaneplanocin A (DZNep), and dimethylaminoparthenolide (DMAPT), 

which have already been demonstrated to cause killing of AML cells by inducing 

ROS124 would be good candidates. 

6. Combinatorial effects of WFA and current FDA approved therapies have to be 

evaluated. Although combining WFA and lenalidomide was neither synergistic 

nor additive in vitro, the in vivo outcome should be investigated. This is especially 

so because lenalidomide, azacitidine and decitabine all induce an erythroid 

response which cannot be evaluated in vitro. 

7. We observed that the efficiency of engraftment of MDS-L cells in NSGS mice 

was highly variable. Therefore, it will be important to explore methods of reducing 

this variability such as intrafemoral injection of cells into mice and co-injection of 

MDS-L cells with human derived stromal cell lines.  
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Figure 6.1: Cytototoxicity mechanisms of WFA in MDS 

WFA increases ROS in the cell which acitvates JNK/AP-1 signaling. Increased 

ROS and expression of AP-1 target genes lead to cell cycle arrest and apoptosis. 
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APPENDIX B: 

COMPOSITION OF POLYACRYLAMIDE GELS 

STACKING GEL (5%) 
STOCK SOLUTION VOLUME (ml) 

H2O 3 
1M Tris pH 6.8 1.25 

40% Acrylamide 0.63 

10% SDS 0.05 

10% APS 0.05 

TEMED 0.0005 

Total volume 4.985 
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RESLOVING GEL 

STOCK SOLUTION VOLUME (ml) 

 9% 10% 12% 

H2O 10.2 9.8 8.8 

1M Tris pH 6.8 5 5 5 

40% Acrylamide 4.5 5 6 

10% SDS 0.2 0.2 0.2 

10% APS 0.2 0.2 0.2 

TEMED 0.02 0.02 0.02 

Total volume 20.12 20.12 20.12 
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APPENDIX C: 

LIST OF ABBREVIATIONS 

2-ME - 2-Mercaptoethanol         

AML - Acute myeloid leukemia         

AP-1 - Activator protein-1 

APS - Ammonium persulfate         

ASK1 - Apoptosis signal-regulating kinase 1       

ATF2 - Activating transcription factor 2        

BAG3 - Bcl2-associated athanogene 3        

BCA - Bicinchoninic Acid          

Carboxy-DCFDA - 5-(and-6)-Carboxy-2',7'-Dichlorofluorescein Diacetate    

Carboxy-H2DCFDA - 6-Carboxy-2',7'-Dichlorodihydrofluorescein Diacetate 

CAT - Catalase         

Cdc25 - Cell division cycle 25         

Cdks - Cyclin dependent kinases        

CK1α - casein kinase 1A1          

del 5q - Deletion in chormosome 5q        

DLAR - Division of Laboratory Animal Resources       

DMAPT - Dimethylaminoparthenolide         

DMSO - Dimethyl sulfoxide         

DNMT-1 - DNA methyltransferase-1        

DZNep - 3-deazaneplanocin A          

EDTA - Ethylenediaminetetraacetic acid      
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ER - Endoplasmic reticulum         

FACS - Fluorescence activated cell sorter        

Fas-L - Fas-ligand         

FBS - Fetal bovine serum         

FCCP - Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone   

FDR - False discovery rate          

FWER - Family-wise error rate          

GPx - Glutathione peroxidase         

GSH - Glutathione         

GSSG - Glutathione disulfide         

H2O2 - Hydrogen peroxide         

HSCT - Hematopoietic stem cell transplant      

Hsp90 - Heat shock protein 90         

IACUC - Institutional Animal Care and Use Committee      

IPA - Ingenuity Pathway Analysis          

IR - Irradiation         

JNKs - c-Jun N-terminal kinases         

LENA - Lenalidomide         

LSK - Lineage negative cells double positive for both Sca-1 and c-KIT   

MAPK - Mitogen-activated protein kinase       

MDS - Myelodysplastic syndromes       

MMP - Mitochondrial membrane potential     

MSigDB - Molecular Signature Database   



143 
 

MTT - 4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide   

NAC - N-acetyl-cysteine         

NADPH-oxidase - Nicotinamide adenine dinuleotide phosphate-oxidase  

NCC - N-terminal coiled coil         

NCI - National Cancer Institute         

NSG - NOD/SCID-IL2Rγ         

NSGS - NSG-hSCF/hGM-CSF/hIL3        

OSU CCC - Ohio State University Comprehensive Cancer Center    

PBS - Phosphate buffered saline          

PI - Propidium Iodide         

PMA - Phorbol 12-myristate-13-acetate         

qRT-PCR - Quantitative Real-Time PCR        

RGS-2 - Regulator of G-protein signaling 2        

ROS - Reactive oxygen species         

Sca-1 - Stem cell antigen         

SDS - Sodium dodecyl sulfate          

SOD - Superoxide dismutase         

SP-1 - Specificity protein 1         

TBST - Tris buffered saline Tween 20        

TDZD-8 - 4-benzyl, 2-methyl, 1,2,4-thiadiazolidine, 3,5 dione     

t-MDS - Therapy-related myelodysplastic syndrome      

Trx - Thioredoxin         

WFA - Withaferin A   
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WHO - World Health Organization        
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Cell Line 

Departmental Retreat 

05/13 Early growth response 1 (Egr1) knock out hematopoietic stem cells are 
more sensitive to radiation 

Departmental Retreat 

03/13 Role of Egr1 family members in MDS/t-MDS (Co-author) 

Edward P Evans Foundation annual Retreat 

02/10 Screening Sweetpotato Cultivars as a Potential Source of Feedstock for 
Bio-ethanol Production 

Sweetpotato Collaborators Meeting 

04/11 Sweetpotato as potential source of feedstock for bio-fuel production 

Association of research directors, 16th Biennial Research Symposium 

 

 


