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Abstract 
 

Nicotinamide Enhances Primary Human Megakaryocytic Differentiation from Hematopoietic 
Stem Cells: Phenotypic Characterization and Mechanism of Action 

 
Lisa M. Giammona 

 

Megakaryocytic cells (Mks) are derived from hematopoietic stem cells (HSCs) and give 

rise to platelets. Ex vivo culture of HSCs under conditions that promote Mk differentiation has 

been proposed as a method for producing Mks and platelets for cell therapies. Mk maturation 

involves the development of polyploid cells via endomitosis, and the number of platelets 

produced increases with Mk DNA content. However, ploidy levels in cultured human Mks are 

much lower than those observed in vivo. We have found that adding the water-soluble vitamin 

nicotinamide (NIC) to mobilized peripheral blood CD34+ cells cultured with thrombopoietin 

(Tpo) more than doubles the percentage of high-ploidy (≥8N) Mks. This was observed regardless 

of donor-dependent differences in Mk differentiation. Furthermore, Mks in cultures with NIC are 

larger, have more highly lobated nuclei, reach a maximum DNA content of 64N (vs. 16N with 

Tpo only), and exhibit more frequent and more elaborate cytoplasmic extensions – an indication 

of greater platelet producing capacity. However, NIC does not alter Mk commitment, apoptosis, 

or the time at which endomitosis is initiated. Despite the dramatic phenotypic differences 

observed with NIC addition, gene expression microarray analysis revealed similar overall 

transcriptional patterns in primary human Mk cultures with or without NIC, indicating that NIC 

does not disrupt the normal Mk transcriptional program. As a result, we investigated the 

hypothesis that changes in post-translational modifications, as well as cellular programs such as 

metabolic regulation, were largely responsible for the observed effects of NIC on Mks. NIC was 
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found to increase Tpo-mediated ERK activation and activation of the downstream ERK target 

RSK1. NIC was also found to increase the levels of intracellular NAD(H) in a dose-dependent 

manner.  

This work demonstrates that NIC is useful as a supplement to increase the productivity of 

ex vivo Mk cultures. Moreover, NIC-treated Mks could serve as a novel model for studying Mk 

polyploidization where cells reach ploidy levels closer to that observed in vivo. Further 

elucidation of the mechanisms by which NIC increases Mk maturation could lead to a greater 

understanding of Mk differentiation and may lead to advances in the treatment of Mk and 

platelet disorders.  
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1. CHAPTER 1 
 
1.1. Introduction and significance 

Megakaryocytes (Mks) are derived from hematopoietic stem cells (HSCs) via bi-potent 

erythro-megakaryocytic progenitors.2,3 Mks are distinguished by their very large size and rarity 

(less than 1% of marrow cells) in the bone marrow. As the immediate precursors to platelets, 

Mks are central to blood coagulation and hemostasis. The sequence of Mk differentiation is well 

understood, including progression through several rounds of endomitosis to become polyploid 

cells with multilobated nuclei, the development of a demarcation membrane system, and the 

production of cytoplasmic extensions called proplatelets, from which platelets are released. 

However, Mk commitment and the molecular and cellular mechanisms through which Mks 

differentiate and mature remain poorly understood, due in large part to their scarcity in vivo and 

the difficulties encountered in culturing human Mks in vitro. Elucidating these mechanisms is 

important to understanding megakaryopoiesis under physiological and pathophysiological 

conditions and could provide the basis for clinical advances for the treatment of Mk and platelet 

disorders, such as thrombocytopenia, refractory thrombocytopenia in myelodysplastic syndrome, 

megakaryoblastic leukemia, and essential thrombocythemia.4-6 Furthermore, ex vivo culture of 

HSCs under conditions that promote Mk commitment, expansion, and differentiation would 

enable the production of Mk post-progenitor cells and mature Mks for transplantation therapies 

to offset thrombocytopenia associated with HSC transplants following high-dose 

chemotherapy.7,8 In the longer term, the ability to control these processes may allow for the 

production of large numbers of platelets in vitro for use in platelet transfusions.  
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Thrombopoietin (Tpo) is the major cytokine controlling Mk commitment, maturation, 

and platelet production.9,10 Ex vivo culture of hematopoietic stem and progenitor (CD34+) cells 

with Tpo alone yields a high purity of CD41+ Mks.11-13 However, the size and ploidy of human 

Mks produced in culture with Tpo alone are much smaller than those observed in vivo. 

Increasing the number of high-ploidy cells and/or the degree of polyploidization is important 

because there is a direct correlation between Mk DNA content and the number of platelets 

produced per Mk.14  

We have discovered that nicotinamide (NIC), one of the two principle forms of niacin 

(vitamin B3), greatly increases Mk ploidy and proplatelet production – without affecting Mk 

commitment – in Tpo-stimulated cultures of mobilized peripheral blood CD34+ cells. Studies to 

thoroughly characterize the effects of NIC on Mk maturation are presented in Chapter 2 and 

demonstrate that NIC can be used directly to increase the productivity of ex vivo Mk cultures. 

Furthermore, NIC-treated cells could also serve as a novel model for studying Mk 

polyploidization where cells reach ploidy levels closer to those observed in vivo. However, it was 

also important to determine the underlying mechanisms of NIC. Doing so would lead to a greater 

understanding of Mk differentiation and may allow for further modulation of Mk maturation. 

Chapter 3 outlines the studies performed to address several hypotheses as to how NIC may be 

enhancing Mk maturation. Lastly, since it is possible that NIC may also increase Mk maturation 

and platelet production in vivo, it was important to understand how NIC may affect the 

differentiation of cells towards other hematopoietic lineages. Therefore, erythrocytic and 

granulocytic differentiation was examined in cultures with NIC (Chapter 4).  
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1.2. Background 

 
1.2.1. Megakaryopoiesis 

Megakaryocytes (Mks) are distinguished by their prominent large size and rarity (less 

than 1% of marrow cells) in bone marrow. Consecutive yet distinct developmental stages and 

respective stage-specific markers of megakaryopoiesis have been well established. Mks are 

derived from bi-potent erythro-Mk progenitors (Fig 1.1).2,3 Once committed, Mks undergo a 

complex process of differentiation to form platelets (Fig 1.2). Megakaryocyte maturation 

involves the development of polyploid cells via endomitosis, a modified cell cycle in which 

several rounds of DNA replication occur without cytokinesis. Endomitosis results in cells 

accumulating DNA content as great as 128N in vivo (media DNA content 16N). At this stage, 

Mks undergo identifiable morphological changes including the development of a demarcation 

membrane system and a large increase in cell size. Mk terminal differentiation is also 

characterized by a constitutive program of apoptosis. Once apoptosis is initiated, cytoplasmic 

extensions, called proplatelets, protrude from Mks; platelets are then packaged and released at 

the proplatelet tips.15  

In vitro megakaryopoiesis varies with the culture conditions.  Thrombopoietin (Tpo) is 

the major cytokine controlling Mk commitment, maturation, and platelet production9,10 and ex 

vivo culture with Tpo alone leads to a high purity of CD41+ Mks.12,16,17 Stimulation with 

additional cytokines can lead to improved Mk expansion, but typically at the cost of lower 

purity.10,18-20 Flt-3 ligand promotes the expansion of total CD41+ cells, likely via expansion of 

uncommitted early progenitors.19 IL-3 promotes Mk progenitor expansion, but not maturation.19 

Stem cell factor (SCF) together with Tpo promotes Mk maturation and down-regulates apoptosis 
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in vitro.21 Stromal cell-derived (SDF)-1α enhances Mk polyploidization.22 In addition to 

cytokines, numerous other factors have been found to influence Mk culture outcomes; these 

include pH,23 pO2,18 temperature,24 and signaling pathway inhibitors.25 Also, the extracellular 

matrix components fibronectin26-29 and fibrinogen30 have been shown to enhance Mk growth and 

to promote Mk adhesion. 

 

 

 

 

 

 

 

 

Figure 1.1. Hematopoietic hierarchy. 

Megakaryocytes are mature blood cells responsible for the production of platelets, which are necessary 

for the formation of blood clots. Similar to all mature blood cells, Mks arise from a lineage restricted 

progenitor cell which is generated from a hematopoietic stem cell. Once committed, Mks undergo a 

complex process of maturation.  
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Figure 1.2. Mk maturation. 

Early Mks are small in size and are diploid having a DNA content of 2N. During normal 

development, the cells undergo endomitosis that results in the formation of large polyploid cells with 

a DNA content of 8N and greater. Further maturation involves the formation of long cytoplasmic 

extensions termed proplatelets and maturation concludes with the shedding of platelets. The DNA 

content of cells is directly proportional to the number of platelets released per Mk. The process is 

also characterized by a constitutive program of apoptosis, which is thought to be linked to platelet 

release.  
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1.2.2. Nicotinamide 

Nicotinamide (NIC) is one form of niacin (vitamin B3); the other major form is nicotinic 

acid (NA) (Fig 1.3). Both compounds are precursors to nicotinamide adenine dinucleotide 

(NAD+), which is necessary for cellular function and metabolism (Fig 1.4); however, they 

possess different pharmacological activities.31,32  

Nicotinamide has a variety of known 

functions including its ability to inhibit the 

activity of two NAD+-dependent enzymes, poly 

(ADP-ribose) polymerase (PARP) and Sir2 

(Class III HDAC inhibitor). DNA damage leads 

to PARP activation that then catalyzes the 

sequential transfer of ADP-ribose monomers onto a variety of nuclear protein acceptors using 

NAD+ as substrate. NIC acts as an inhibitor of PARP by blocking NAD+ binding to the catalytic 

domain of the enzyme.  Inhibition of PARP preserves NAD+ stores and thereby allows cells to 

either function normally or die by apoptosis as opposed to necrosis. Evidence has also shown a 

role for PARP in DNA replication.33  PARP-1 has been shown to interact with many cell cycle 

regulators such as p21,34 proliferating cell nuclear antigen (PCNA),34 and p53.35 Additionally, 

PARP1-/- fibroblasts show abnormal cell ploidy with cells having 1N, 3N, and 8N DNA content 

compared to wild type 2N and 4N.36 Taken together, this suggests that inactivation of PARP may 

lead to a disruption in the control of normal cell ploidy. 

Figure 1.3. Chemical structures of the two 
forms of niacin – nicotinamide (NIC) and 
nicotinic acid (NA). 
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Figure 1.4. NAD metabolism in humans. 

Figure from Rongvaux et al. BioEssays, 2003.1  
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NIC also inhibits the activity of several members of the silent information regulator 2 

(Sir2) family of proteins, a class of NAD+-dependent histone deacetylases. Sirtuins catalyze a 

unique NAD+-dependent reaction and are required for a wide variety of biological processes 

including transcriptional silencing, regulation of apoptosis, and lifespan regulation.37,38 NIC 

inhibits the ability of SIRT1 to deacetylate p53.39 In general, post-translational modifications 

such as acetylation promote p53 stability.40 NIC also inhibits SIRT2, which acts as an α-tubulin 

deacetylase. α-tubulin has an important role in the regulation of cell shape, cell division, and 

intracellular transport.41 More specifically, acetylated α-tubulin plays a role in stabilization of 

microtubules.42 While β-tubulin is the major isoform present in proplatelet and platelet 

microtubules, α-tubulin can be visualized in Mks.43,44  

NIC has also been shown to exert a protective effect against apoptosis through activation 

of Akt1 and Bad phosphorylation.45,46 In addition to its role in apoptosis, Akt is a broad acting 

molecule affecting modulators of cytoskeleton organization such as Gsk3 (glycogen synthase 

kinase 3). Akt phosphorylates and inactivates Gsk3 which has a role in microtubule dynamics 

and is also expressed in human platelets.47 Various cell-cycle regulators with an established role 

in Mk maturation including p21, cyclinD1 and cyclinD3 are also present downstream from 

Akt.48-51 

More generally, nicotinamide (and nicotinic acid) serve as precursors for NAD+. NIC 

supplementation increases levels of intracellular NAD+ in cultured cells by as much as 40% after 

3 hours and up to 3-fold after 48 hours.52-54 In vivo administration of NIC also leads to increased 

NAD+ levels in the blood, liver55 and brain.56 Alternatively, cells may synthesize NAD+ from 

nicotinic acid (NA). NA supplementation increases intracellular NAD levels in various types of 
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cultured cells,57,58 and dietary supplementation of NA leads to elevated levels of NAD+ in the 

kidney, liver, blood and heart.55 NAD can also be synthesized from tryptophan via its metabolite 

quinolinic acid (QA) (de novo pathway). Direct supplementation of QA has been shown to 

increase intracellular NAD+ levels in cultured glial cells.57 Importantly, the efficacy of NAD+ 

synthesis from QA, NIC or NA appears to vary among different cell and tissue types.  

NAD+ regulates a range of intracellular activities. Most widely known for its role as an 

essential cofactor for energy metabolism, NAD+ is used extensively in glycolysis and the citric 

acid cycle of cellular respiration and also acts as an electron acceptor in the electron transport 

chain.  NAD+ also has non-redox functions, serving as a substrate for reactions involved in 

protein modifications including the previously mentioned poly (ADP-ribose) polymerases and 

Sir2 family of histone deacetylases. Additionally, increased levels of intracellular NAD+ have 

been shown to alter DNA binding specificity of p53, leading to reduced radiation-induced 

expression of p53 targets (hdm2 and PIG3) and increased frequency of aneuploid cells.52 Since 

p53 is responsible for the prevention of aneuploidy and rereplication,59 this suggests that NAD+ 

levels may modulate cellular DNA content via p53. 

 
1.2.3. Clinical applications of nicotinamide 

NIC has been administered safely at pharmacological doses for a variety of therapeutic 

applications, dating back to the late 1950s for treatment of psychiatric conditions such as 

schizophrenia. More recently, NIC has undergone clinical testing for use as a preventative agent 

for Type I diabetes.60-62 Daily administration of large doses of NIC (500 mg/kg) for 2-5 weeks 

has been shown to prevent or delay the development of diabetes in animal models.63-65 However, 
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results from human trials have been inconsistent. Early clinical trials were promising,60 but 

additional studies have shown that NIC is not effective for the prevention of Type I diabetes at 

oral doses of 1-3 g/day for 5 years. Significantly, however, no major adverse effects were 

reported.61,62 The safety of high-dose NIC has been recently reviewed.31 Doses up to 3 g/day 

have been generally well tolerated. Overall, few side effects are reported following NIC 

administration, with the most common being nausea, vomiting, and headache. Large doses of 

NIC (9-10 g/day) may be hepatotoxic66 and cause severe nausea and vomiting67 in some patients. 

However, 60-80 mg/kg doses of NIC (up to a total of 6 g/day) are commonly used in clinical 

studies in combination with accelerated radiotherapy and carbogen to enhance radiation damage 

in tumors.68-70 NIC administration at 6 g/day to humans produces the millimolar plasma 

concentrations necessary to obtain a radiosensitizing effect.71,72  
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2. CHAPTER 2: Phenotypic characterization of the effects of nicotinamide on 

megakaryopoiesis 
 
2.1. Introduction 

 
As the immediate precursors to platelets, megakaryocytic cells (Mks) are central to blood 

coagulation and hemostasis. Megakaryocytic differentiation from hematopoietic stem cells 

(HSCs) involves the development of polyploid cells via endomitosis – a modified cell cycle in 

which several rounds of DNA replication occur without cytokinesis.73,74 The increase in DNA 

content is associated with the development of multilobated nuclei and increases in cytoplasmic 

volume and cell surface area. This is followed by the extension of proplatelets (long branched 

cytoplasmic protrusions) from which platelets are released.43,75 Mk maturation is further 

characterized by the induction of apoptosis,16,76 which is thought to be correlated to and occur 

concurrently with platelet formation.17 Thrombopoietin (Tpo) is the primary regulator of 

megakaryopoiesis, inducing both recruitment of progenitor cells into the Mk lineage and 

polyploidization.77-79 

Mk commitment and the molecular and cellular mechanisms through which Mks 

differentiate and mature remain poorly characterized, due in large part to the rarity of Mks in 

vivo. Elucidating these mechanisms is key to understanding megakaryopoiesis under 

physiological and pathophysiological conditions and could provide the basis for clinical 

advances for the treatment of Mk and platelet disorders, such as thrombocytopenia, refractory 

thrombocytopenia in myelodysplastic syndromes, megakaryoblastic leukemia, and essential 

thrombocythemia. Furthermore, ex vivo culture of HSCs under conditions that promote Mk 

commitment, expansion, and differentiation would enable the production of immature and 
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mature Mks for transplantation therapies and may also allow for the production of platelets in 

vitro for use in platelet transfusions.80 

In vitro models have proven useful for studying the molecular events governing 

megakaryopoiesis. However, it is not yet possible to achieve ploidy levels in cultured human 

cells that are as high as those observed in vivo. Human bone marrow Mks reach a maximum 

DNA content of 128N, with a modal ploidy of 16N.81 In contrast, cultured human Mks typically 

reach a maximum DNA content of 16N,22,25,82,83 with only a few reports of cultures containing a 

low frequency of cells with a ploidy of 32N or 64N.14,84 Culture conditions that yield high Mk 

ploidy are desirable because there is a direct correlation between Mk DNA content and platelet 

production.14 Some progress has been made to increase Mk ploidy using genetic modification or 

chemical modulation of signaling pathways. However, most studies have been conducted using 

megakaryocytic cell line models and murine Mks, with only a limited number of studies 

performed using primary human Mks.22,25,51,83 

We have used gene expression microarrays to characterize the changes in gene 

transcription that accompany Mk differentiation (C. Chen, P. Fuhrken, W. Miller and E.T. 

Papoutsakis, manuscript submitted April 2007). These studies revealed the up-regulation of 

several members of the silent information regulator 2 (Sir2) family of histone/protein 

deacetylases with Mk differentiation. Nicotinamide (NIC), also known as water-soluble vitamin 

B3, is a known Sir2 inhibitor. In the present study, we characterize the effects of NIC on primary 

human Mk maturation in vitro. We demonstrate that NIC greatly enhances Mk endomitosis and 

proplatelet formation, irrespective of donor-dependent variations in Mk maturation. In doing so, 

we also provide a novel experimental model to explore the complex process of Mk 
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differentiation in which cells achieve a maximal ploidy of 64N, which is close to that reached in 

vivo.  
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2.2. Materials and methods 

2.2.1. Human Mk culture 

Unless otherwise noted, all reagents were obtained from Sigma-Aldrich (St. Louis, MO). 

Cultures were initiated with previously frozen human mobilized peripheral blood CD34+ cells 

(AllCells; Berkeley, CA). Cells were cultured in T-flasks and maintained at a density of 

100,000–200,000 cells/mL with a constant liquid depth of 0.33 cm. All cultures were performed 

using X-VIVO 20 (BioWhittaker; Walkersville, MD) supplemented with 100 ng/mL Tpo 

(generously provided by Genentech; South San Francisco, CA). Beginning at various time points 

(days 0, 3, 5, 7), cells were continuously treated with nicotinamide. Every other day, half-media 

exchanges were performed using fresh medium containing 100 ng/mL Tpo and either 3 or 6.25 

mM NIC.  Cells receiving no NIC were used as a control.  Cells were incubated at 37oC in a fully 

humidified atmosphere of 5% CO2 and 95% air. 

 

2.2.2. Murine Mk culture 

Bone marrow cells were isolated from normal male CD-1 mice (Charles River; 

Wilmington, MA) with approval from the Northwestern University Animal Care and Use 

Committee. Mice were sacrificed using CO2 and cervical dislocation and the femurs were 

dissected.  Cells from the bone marrow were collected by flushing the bones with Hank’s 

Balanced Salt Solution (HBSS) containing 1% penicillin/streptomycin using a syringe and a 21-

gauge needle until the bones appeared white. Bone marrow cells were washed with PBS and 

resuspended in ACK buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM Na2EDTA, pH 7.2-7.4) 
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for red cell lysis.  Cells were plated in 6-well plates at a concentration of 1 x 106 cells/mL in 

Dubelcco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS; HyClone, Logan, UT), 1% penicillin/streptomycin and 100 ng/mL human Tpo 

(Genentech). Cultured murine Mks mature more rapidly than human Mks; therefore, NIC was 

added on day 1 after seeding and DNA content was assessed using flow cytometry on day 4. 

 

2.2.3. Human megakaryoblastic cell line culture 

The human megakaryoblastic CHRF-288-11 (CHRF) cell line85,86 was generously 

provided by Dr. R. Smith (NIH; Bethesda, MD). CHRF cells were cultured in Iscove’s modified 

Dubelcco’s medium (IMDM) supplemented with 10% FBS (HyClone). Cells were treated with 

10 ng/mL phorbol 12-myristate 13-acetate to induce megakaryocytic differentiation, as 

characterized by morphological changes including adherence, increased cell size, and the 

formation of long cytoplasmic extensions. NIC was added beginning at the time of PMA 

addition.  

 

2.2.4. Mk culture with Sir2/PARP inhibitors  

Synthetic inhibitors of Sir2 or poly (ADP-ribose) polymerase (PARP) were dissolved in 

DMSO and added to human Mk cultures beginning on day 5. Half-media exchanges were 

performed every other day for inhibitor replacement. Sir2 inhibitors were tested in the following 

concentration ranges: sirtinol (Calbiochem; San Diego, CA) (1–50 µM) and splitomicin (1–100 

µM). PARP inhibitors were tested in the following concentration ranges: 3-aminobenzamide and 
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benzamide (0.1–6.25 mM), 5-iodo-6-amino-1,2 benzopyrone (INH2BP, Calbiochem) (1–100 

µM).  Cells treated with an equal volume of DMSO were included as a control.   

 

2.2.5.  Mk characterization 

2.2.5.1. Flow cytometric detection of CD41 expression 

Cells were washed with phosphate-buffered saline (PBS) containing 2 mM EDTA (to 

reduce platelet adhesion) and 0.5% bovine serum albumin (BSA) [PEB], incubated with 

fluorescein (FITC)-labeled anti-CD41 antibody (Becton Dickinson; San Jose, CA) for 30 minutes 

at room temperature, and then analyzed on a Becton Dickinson LSRII flow cytometer using 

FACSDiva software (Becton Dickinson). 7-amino-actinomycin D (7-AAD; 2 µg/mL) was added 

to samples shortly prior to acquisition to exclude dead cells. 

 

2.2.5.2. Flow cytometric analysis for Mk apoptosis 

  Simultaneous staining for CD41, Annexin V, and 7-AAD was used to detect viable Mks 

undergoing apoptosis (CD41+, Annexin V+, 7AAD–). Briefly, cells were washed with PEB and 

incubated with PE-conjugated anti-CD41 antibody (Becton Dickinson; San Jose, CA).  After 

washing, cells were resuspended in Annexin V binding buffer (10 mM HEPES, 140 mM NaCl, 

2.5 mM CaCl2, pH 7.4) containing FITC-conjugated Annexin V and 7-AAD, and analyzed by 

flow cytometry.  The ratio of the number of apoptotic Mks to the total number of 7AAD– Mks 

was used to calculate the percentage of apoptotic Mks. 
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2.2.5.3. Flow cytometric analysis for Mk ploidy 

Cells were labeled with FITC-conjugated anti-CD41 antibody (Becton Dickinson; San 

Jose, CA) and fixed with 0.5% paraformaldehyde (15 minutes at room temperature), followed by 

permeabilization with cold 70% methanol (1 hour at 4oC). Cells were treated with RNAse 

followed by 50 µg/mL propidium iodide to stain DNA, and analyzed by flow cytometry. The 

percentage of high-ploidy Mks was determined from the ratio of the number of CD41+ Mks with 

8N or higher DNA ploidy to the total number of CD41+ Mks. The geometric mean (GM) ploidy 

was determined as described by Iancu-Rubin et al.87  

 

2.2.5.4.  Morphological  analysis 

2.2.5.4.1. Giemsa staining 

Cells collected at different days of culture were cytocentrifuged (Shandon Cytospin3, 

Thermo Electron; Waltham, MA) onto glass slides, stained with Wright-Giemsa (Quik Stain II, 

Camco; Ft. Lauderdale, FL) and observed by light microscopy. To obtain images of proplatelet-

forming Mks, cells were fixed in situ with 2% paraformaldehyde prior to cytocentrifugation. 

Cells were observed with a Leica DM IL inverted contrasting microscope (Heidenheim, 

Germany) fitted with a SPOT Insight 2MP Firewire Color Mosaic camera (Diagnostic 

Instruments; Sterling Heights, MI). Images were captured using SPOT software (Diagnostic 

Instruments).  Cells displaying 1 or more cytoplasmic extensions were counted in 5 fields of 

view at 300x magnification.  
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2.2.5.4.2. Electron microscopy 

Cells from Tpo only and Tpo + NIC cultures were removed from culture on day 8 and 

transferred to fibronectin-coated 35-mm petri dishes (BD Biosciences) to induce cell adherence. 

After 48 hours, media was removed and cells were fixed for 4 hours (2.5% glutaraldehyde/2.5% 

paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4). Cells were then processed for EM by the 

Northwestern University Cell Imaging Facility. Briefly, after embedding the cells in Epoxy resin 

in an inverted capsular mold, ultra thin sections were cut, stained with uranyl acetate and lead 

citrate, and examined with a JEOL-1220 transmission electron microscope at an accelerating 

voltage of 60kV.  

 

2.2.5.4.3. Immunofluorescence detection of β-tubulin expression 

Cells were prepared as previously described88 and stained with an anti-human β-tubulin 

antibody (BD Biosciences) followed by a FITC-conjugated goat anti-mouse IgM antibody 

(Jackson ImmunoResearch). Cells were then mounted using Prolong Gold anti-fade reagent with 

DAPI (Invitrogen; Carlsbad, CA) and imaged using a DMIRE2 inverted microscope (Wetzlar, 

Germany) at 40x magnification.  

 

2.2.6. PARP activity assay  

The Universal Colorimetric PARP Assay Kit (Trevigen; Gaithersburg, MD) was used 

following the manufacturer’s instructions to measure the incorporation of biotinylated poly 

(ADP-ribose) onto histone-coated plates by PARP present in cell lysates. The incorporated biotin 
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is detected using horseradish peroxidase (HRP)-conjugated streptavidin and a colorimetric HRP 

substrate. Cell extracts were prepared on days 5 (2 hrs after NIC treatment), 7, and 9 from cells 

cultured with Tpo only and with Tpo + 6.25 mM NIC.  

 

2.2.7. Microarray analysis of gene expression 

Primary human Mk cultures were performed as described above. 6.25 mM NIC was 

supplemented to cultures beginning on day 5.  Cells were sampled on days 5 (before NIC 

addition), 6, 8, and 10 from both the Tpo only and Tpo + NIC conditions and frozen for later 

analysis. 

Detailed protocols for microarray sample preparation, hybridization, and data analysis are 

provided below (2.2.7.1-2.2.7.2). Briefly, RNA was isolated, linearly amplified, and hybridized 

to Human 1A(v2) 60-mer oligonucleotide microarrays following the manufacturer’s protocols 

(Agilent Technologies; Wilmington, DE). Hybridizations were performed in a reference design 

with each biological sample, labeled with cyanine 3 (Cy3), co-hybridized with amplified 

Universal Reference RNA (Stratagene; LaJolla, CA) labeled with Cy5. All hybridizations were 

performed in duplicate or triplicate. Raw and normalized data were deposited in the Gene 

Expression Omnibus (GSE4974; http://www.ncbi.nlm.nih.gov/geo/).  

 

2.2.7.1. Microarray sample preparation, hybridization, and scanning 

All materials and methods for microarray analysis were from Agilent Technologies 

(Wilmington, DE) unless otherwise noted.  Total RNA was isolated from frozen cell samples 

using the RNA Isolation Mini-kit and then linearly amplified and labeled with cyanine 3 (Cy3) 
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using the Low RNA Input Fluorescent Linear Amplification Kit. Similarly, Universal Reference 

RNA (Stratagene; La Jolla, CA) was amplified and labeled with Cy5. Samples were hybridized 

in a reference design configuration to permit flexible data analysis between experiments and 

across time courses. A Cy3-labeled sample and Cy5-labeled Reference RNA were co-hybridized 

to Agilent Human 1A(v2) 60-mer oligonucleotide microarrays, washed with buffers containing 

saline sodium citrate and Triton X-102, dried using compressed nitrogen, and scanned on an 

Agilent Microarray Scanner (G2565BA), all per the manufacturer’s instructions.  

 

2.2.7.2. Microarray data analysis 

Agilent’s Feature Extraction software (G2567AA, version 7.2) was used to assess spot 

quality and extract feature intensity statistics; then, duplicate spots were averaged and data were 

normalized.89 Normalized log ratios from replicate hybridizations (at least two per sample) were 

averaged.   

Two-way ANOVA was performed using the MultiExperiment Viewer 3.1 (MeV; 

Institute for Genomic Research, Rockville, MD; http://www.tm4.org/mev.html)90 with a 

statistical cut-off of p<0.001.  Genes with significant treatment effects or treatment-time 

interaction effects were considered to be affected by NIC.  Because of substantial differences in 

the kinetics of maturation observed in the two cultures, ANOVA was performed separately on 

each experiment and only genes found to be affected by NIC in both experiments were included 

in the final set of differentially expressed genes.   

The Mk-core gene set of Balduini et al.,91 which is presented in Fig 2.11A , was mapped 

from the Affymetrix probe set ID to the Agilent probe_ID using Ensembl v38 
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(www.emsembl.org).  The original set of 70 genes mapped to a total of 59 probes for which valid 

data was available on the Agilent Human 1A(v2) microarray.   

Heirarchical clustering was performed using the Euclidian distance metric as 

implemented in MeV. 

 

2.2.8. Quantitative (Q)-RT-PCR 

Quantitative (Q) reverse transcription (RT) polymerase chain reaction (PCR) was 

performed using the High-Capacity cDNA Archive Kit and Assays-on-Demand Taqman Kit with 

the accompanying protocols (Applied Biosystems; Foster City, CA).  The following primer 

codes were used: c-Myb, Hs00193527_m1; GUS-β, Hs99999908_m1; RPLP0, Hs99999902_m1; 

18s, Hs99999901_s1. PCR reactions were scaled-down to 25 µL and performed on a Bio-Rad 

iCycler (BioRad; Hercules, CA).  A standard curve using serial dilutions of the reference RNA 

(Stratagene) was used to verify linearity, and samples were diluted to ensure they remained 

within the linear range for the assay.  The amount of mRNA for each sample was normalized 

using the average of three housekeeping genes (glucuronidase-β, large ribosomal protein P0, and 

18s ribosomal RNA), as recommended by Applied Biosystems.  

 

2.2.9. Statistical analysis 

Statistical comparisons between cultures with Tpo only and those with Tpo + NIC were 

performed using a  paired Student’s t-test. p values < 0.05 are considered significant.  
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2.3. Results 

2.3.1. NIC increases Mk ploidy and proplatelet formation in a dose-dependent manner 
 

We first examined the 

effects of different amounts of 

NIC on primary human Mk 

maturation in the presence of Tpo 

(100 ng/mL). Replicate cultures 

with mPB CD34+ cells from the 

same donor were performed in 

which 3, 6.25, 12.5, or 25 mM 

NIC was added beginning on day 

5. NIC inhibited cell growth in a 

dose-dependent manner (Fig 2.1). 

12.5 mM NIC completely 

inhibited growth and 25 mM was 

cytotoxic. Therefore, NIC doses > 

12.5 mM were not analyzed 

further. Cell growth with 3 mM 

NIC was only slightly lower than 

that with Tpo only and 6.25 mM NIC had an intermediate effect. Morphological analysis of cells 

cultured with 3 mM or 6.25 mM NIC revealed the presence of more highly-lobated nuclei and a 

dose-dependent increase in cell size (Fig 2.2A). DNA histograms show that NIC addition also 

Figure 2.1. Dose-dependent growth inhibition by NIC.  

mPB CD34+ cells were cultured with Tpo only, and either 0, 3, 

6.25, 12.5, or 25 mM NIC was added on day 5. The average 

total-cell fold-expansion is shown for 0, 3, and 6.25 mM NIC 

for two replicate cultures performed with cells from the same 

donor. 12.5 mM NIC completely inhibited growth and 25 mM 

was cytotoxic; therefore only 1 culture was performed with 

these concentrations.  
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yielded much greater DNA content (Fig 2.2B). Mks reached a maximum ploidy of 64N for 6.25 

mM NIC and 32N for 3 mM NIC compared to 16N for cells cultured with Tpo only. NIC also 

increased the percentage of high-ploidy (> 8N) Mks. On day 13, the percentages of high-ploidy 

Mks for the Tpo only, Tpo + 3 mM NIC, and Tpo + 6.25 mM NIC conditions were 23.6 + 0.3, 

48.1 + 2.7, and 62.2 + 0.1, respectively. Addition of NIC also increased the number of 

proplatelet-bearing Mks, as well as the size and complexity of their cytoplasmic extensions (Fig 

2.2C). β-tubulin staining also illustrates the more elaborate proplatelets formed with the addition 

of NIC (Fig 2.2D). 
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Figure 2.2. NIC increases primary human Mk size, DNA content and proplatelet formation.  

(A) Morphology of Mks examined by staining cytocentrifuged cells with Wright-Giemsa. mPB CD34+ 

cells were cultured with 100 ng/mL Tpo, Tpo + 3 mM NIC, or Tpo + 6.25 mM NIC. Images are 

shown for cells on day 11. A dramatic dose-dependent increase in cell size, along with more highly-

lobated nuclei, is observed with NIC treatment (magnification 20x; scale bar 50 µm). (B) DNA 

content was evaluated by propidium iodide staining of permeabilized Mks. DNA histograms are 

shown for CD41+ Mks cultured with Tpo only (left), Tpo + 3 mM NIC (middle), or Tpo + 6.25 mM 

NIC (right). Gate shows high-ploidy CD41+ Mks with DNA content greater than or equal to 8N. (C) 

Proplatelet-bearing Mks (arrow heads) from cultures with Tpo only or Tpo + 6.25 mM NIC were 

examined by in situ fixation followed by cytocentrifugation and staining with Wright-Giemsa (D) 

CD34+ cells cultured with either Tpo only or Tpo + NIC were transferred to well-plates coated with 

fibronectin to induce proplatelet formation. β-tubulin expression (green) was detected using 

immunofluorescence microscopy. DAPI (blue) was used to stain the nucleus. More elaborate 

proplatelet extensions are observed with NIC. For images in C-D: day 11; magnification 40x; scale bar 

50 µm. 
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2.3.2. Ultrastructural analysis of NIC-treated Mks 

Studies were performed to evaluate whether NIC-treated Mks exhibited normal Mk 

morphology. The ultrastructure of Mks from Tpo only and Tpo + NIC cultures was examined by 

electron microscopy. Overall, the structure of cells cultured with Tpo + NIC (Fig 2.3C-F) was 

similar to that of cells cultured with Tpo only (Fig 2.3A-B). Alpha-granules, dense granules, and 

mitochondria were visible in cells from both conditions. However, NIC-treated cells were larger 

and generally had a more complex nuclear structure, both of which are indications of greater Mk 

maturation. NIC-treated cells also showed evidence of a demarcation membrane system (Fig 

2.3E). Mks from both Tpo only and Tpo + NIC cultures exhibited short cytoplasmic projections. 

However, NIC-treated cells have a greater number of these projections and generally had a larger 

number of small cytoplasmic microparticles surrounding each cell. Proplatelets were present on 

some of the cells cultured with Tpo + NIC (Fig 2.3F) and the morphology of the proplatelets 

shown is similar to that obtained by Cramer et al. for human bone marrow CD34+ cells cultured 

with Tpo (r-Hu-MGDF) only.92  
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Figure 2.3. NIC-treated Mks exhibit normal Mk ultrastructure. 

Transmission electron microscopy of Mks cultured with Tpo only (A-B) and Tpo + NIC (C-F). The 

images in A-D were acquired such that the magnification gave one cell per field of view. Therefore, due to 

the larger cell size with Tpo + NIC, it was necessary to use a lower magnification (2500x) compared to 

that for Tpo only (4000x). (E) An image of 3 cells exhibiting a demarcation membrane system (2000x). 

(F) A proplatelet-bearing Mk (2000x). m = mitochondria, n = nucleus, g = granules, dms = demarcation 

membrane system, p = proplatelet. Scale bar = 2 µm. 
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2.3.3. Consistency of NIC-enhanced Mk ploidy and proplatelet formation across donors 
 

All further mPB CD34+ cell cultures were carried out using 6.25 mM NIC. A total of 10 

primary Mk cultures were initiated using cells from 7 different donors. The effects of NIC on Mk 

ploidy were consistent across all cell samples tested (Fig 2.4A), despite significant donor-to-

donor variability in Mk maturation. The percent of high-ploidy Mks on day 11 ranged from 

13.5–34.6 and 25.0–53.4 for the Tpo only and Tpo + NIC cultures, respectively. However, in all 

cases there was a 1.5- to 2.5-fold increase in high-ploidy Mks with 6.25 mM NIC (day 11). NIC 

consistently shifted the distribution of Mk ploidy towards the higher classes (Fig 2.4B). The 

percentages of 16N, 32N, and 64N Mks (days 11/12) were increased on average from 6.7, 1.0, 

and 0, respectively, for Tpo only to 14.8, 6.7, and 1.7 for Tpo + NIC cultures. Similarly, the 

geometric mean (GM) ploidy for CD41+ cells (days 11/12) was increased by 31–81% with NIC 

(Fig 2.4C).  Proplatelet-formation was also donor-dependent, with approximately half of the Tpo 

only cultures producing only a few proplatelet-forming (PPF) cells by day 13 and the other half 

producing a significant number by day 9 (Fig 2.4D). With the exception of one donor sample for 

which no PPF cells were detected, NIC increased the number of PPF Mks by approximately 5-

fold (Figs 2.2C, 2.4D).  
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Figure 2.4. NIC consistently increases the DNA content and proplatelet formation of primary 
human Mks.  

 
(A) Percentage of high-

ploidy (>8N) CD41+ Mks 

derived from mPB CD34+ 

cells cultured with Tpo 

only (circles) and Tpo + 

6.25 mM NIC (squares). 

Each data point represents 

the mean + SEM of 2–7 

separate experiments. p < 

0.02 for all time points 

except for day 12 (p = 

0.13; n = 2) (B) Ploidy 

distribution of primary 

human Mks. Data 

represents the mean + SEM of 9 separate experiments in which Mk ploidy was analyzed on either day 11 

or 12 for cultures with Tpo only (gray) and Tpo + 6.25 mM NIC. p < 0.05 for all ploidy classes except for 

4N (C) Relationship between the geometric mean (GM) ploidy of CD41+ Mks on day 11 or 12 in cultures 

with Tpo only versus that with Tpo + 6.25 mM NIC for different donor samples. (D) Numbers of 

proplatelet-forming (PPF) Mks in cultures of mPB CD34+ cells with Tpo only and Tpo + 6.25 mM NIC 

for different donor samples. Mks bearing 1 or more cytoplasmic extension were counted in 5 fields of 

view on day 11. Cultures were classified according to the number of PPF Mks: (–) 0, (+) 1–10, (++) 10–

50, (+++) > 50. Counting was performed for 4 cultures and the remaining cultures were classified by 

estimation.  
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2.3.4. NIC increases polyploidization of primary murine Mks and a megakaryoblastic cell 
line 

 
NIC also increased polyploidization of both primary murine Mks and a cell line model of 

Mk differentiation. Murine Mks derived from cultures of bone marrow mononuclear cells 

showed an increase in cell size and polyploidization when treated with 6.25 mM NIC. By day 4, 

Mks reached a maximal DNA content of 64N with NIC versus 32N for cultures with Tpo only 

(Fig 2.5A). 12.5 mM NIC yielded a slightly greater increase in Mk ploidy compared to that for 

6.25 mM NIC (data not shown). Similar increases in Mk ploidy were obtained in a second 

experiment when Sca-1+-selected murine bone marrow cells were treated with Tpo + 6.25 mM 

NIC (data not shown). NIC also enhanced polyploidization of the megakaryoblastic CHRF cell 

line, which undergoes polyploidization upon stimulation with PMA. Addition of NIC with PMA 

increased the percentage of high-ploidy CHRF cells (Fig 2.5B). By day 9, cultures treated with 

PMA + 12.5 mM NIC contained 47% high-ploidy cells versus 29% for cells with PMA only. A 

dose of 6.25 mM NIC increased Mk ploidy to a lesser extent and doses greater than or equal to 

25 mM NIC were cytotoxic. NIC had no effect on ploidy in the absence of PMA, and the 

maximum DNA content (32N) reached by CHRF cells with PMA was not affected by NIC.  
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Figure 2.5. NIC enhances polyploidization of primary murine Mks and a megakaryoblastic cell 
line.  
 
(A) DNA histograms of primary murine CD41+ Mks. Murine bone marrow mononuclear cells were 

cultured with 100 ng/mL human Tpo. 6.25 mM NIC was added on day 1 after seeding, and CD41+ Mk 

ploidy was evaluated using flow cytometry on day 4. (B) Percentage of high-ploidy CHRF cells 

cultured with PMA only (circles) and PMA + 12.5 mM NIC (squares). NIC was added at the time of 

PMA stimulation. Each data point is the mean + SEM of 3–5 separate experiments. p < 0.02 for all 

time points. 
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2.3.5. NIC has no effect on primary Mk commitment or apoptosis  

The kinetics of CD41 expression, total-cell expansion, and apoptosis also varied for cells 

from different donors. By day 11, cultures with Tpo only exhibited 3.7- to 7.6-fold total-cell 

expansion, whereas those with Tpo + 6.25 mM NIC exhibited only 2.4- to 4-fold cell expansion 

(Fig 2.6A). While it inhibited cell growth, NIC had no effect on Mk commitment, as indicated by 

the percentage of CD41+ Mks in cultures of primary human (Fig 2.6B) or murine Mks. Of the 8 

primary human Mk cultures in which CD41 expression was characterized, the percentage of 

CD41+ cells on day 11 ranged from 68–88% for both the Tpo only and Tpo + NIC conditions. 

Mk polyploidization and apoptosis are typically correlated events. However, the increase in 

DNA content observed for cells treated with 6.25 mM NIC was not accompanied by any 

significant change in the kinetics of apoptosis (Fig 2.6C).  
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Figure 2.6. NIC inhibits cell growth but has no effect on primary Mk commitment or apoptosis.  
 
mPB CD34+ cells were cultured with 100 ng/mL Tpo (circles). 6.25 mM NIC was added to cultures 

beginning on day 5 (squares). (A) Cells were counted at different days of culture and are reported as the 

total-cell fold-expansion. Each data point represents the mean + SEM of 5–10 separate experiments. p < 

0.01 for all time points except for day 6 (p < 0.05) (B) Analysis of CD41 expression during Mk 

differentiation.  The number of CD41+ Mks as a percentage of viable cells was evaluated by flow 

cytometry. Each data point represents the mean + SEM of 2–6 experiments. (C) Kinetics of CD41+ Mk 

apoptosis as measured by AnnexinV staining. Each data point represents the mean + SEM of 4 separate 

experiments.  
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2.3.6. NIC effects on ploidy and cell growth extend across a wide range of Mk maturation 
states 

 
In order to examine whether the NIC-mediated increase in Mk ploidy varies with the 

stage of Mk maturation at which NIC is added, cultures initiated with mPB CD34+ cells were 

continuously treated with 6.25 mM NIC beginning on days 0 and 3, as well as on day 5 as 

described above. NIC addition at day 0 or day 3 led to a similar increase in the percentage of 

high-ploidy Mks as that observed with day 5 addition (Fig 2.7A). Further, for NIC addition 

beginning at day 0 or day 3, the percentage of CD41+ cells was also similar to those for NIC 

addition beginning at day 5 and in Tpo only cultures (Fig 2.7B).  However, total-cell fold-

expansion was substantially reduced by addition of NIC on day 0 (~ 30% less than for NIC 

addition on day 5; Fig 2.7C-D). The effect of day 3 NIC addition on cell growth was culture-

dependent. For donor cells that matured slowly, reaching only 37% CD41+ cells by day 7, 

addition of NIC at day 3 inhibited growth to a similar extent as for cells receiving NIC on day 0 

(Fig 2.7C). However, for donor cells that matured more typically and reached 57% CD41+ cells 

by day 7, adding NIC at day 3 had less of an inhibitory effect, such that the cells expanded in a 

similar manner to those with NIC addition at day 5 (Fig 2.7D). The effects on Mk ploidy for NIC 

addition on day 7, the point at which large increases in ploidy are first observed, also varied with 

the kinetics of cell maturation. For donor cells that matured typically with 15% high-ploidy Mks 

by day 7, NIC addition on day 7 decreased cell growth (Fig 2.7D) and increased Mk ploidy in a 

similar manner to that for cells treated on day 5 (Fig 2.7E). In contrast, for donor cells that 

matured more rapidly such that the percentage of high-ploidy Mks had reached 30% by day 7, 

there was no effect of NIC addition at day 7 and the ploidy was similar to that of cells cultured 

with Tpo only (Fig 2.7F). Overall, these results suggest that NIC has a similar inhibitory effect 
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on the growth of Mks and other myeloid cells during the proliferative phase of culture, with no 

effect on Mk commitment, such that earlier NIC addition more extensively decreases cell 

production with no change in the fraction of CD41+ cells. Furthermore, NIC addition produces a 

similar increase in the ploidy of committed Mks until late in Mk maturation. 
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Figure 2.7. Effects of NIC on ploidy and cell growth extend across a wide range of Mk maturation 
states.  
 
mPB CD34+ cells were cultured with 100 ng/mL Tpo only. Beginning on days 0 (triangles), 3 

(diamonds), 5 (squares), and 7 (open circles), 6.25 mM NIC was added to the cultures. Cells receiving no 

NIC (closed circles) were included for comparison. DNA content and CD41 expression were assessed by 

flow cytometry. (A) The percentage of high-ploidy CD41+ Mks and (B) the percentage of CD41+ Mks are 

shown for NIC addition on days 0, 3, and 5. Each data point represents the mean + SEM of 2 separate 

experiments. Total-cell fold-expansion is shown for both (C) a slow-maturing culture and (D) one in 

which cells differentiated more typically, as determined by CD41 expression and Mk ploidy. Addition of 

NIC at day 7 can either result in (E) a similar percentage of high-ploidy Mks by day 11 or (F) no increase 

in the percentage of high-ploidy Mks compared to cultures with day 5 NIC addition. 
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2.3.7. Pharmacological inhibition of Sir2 or PARP does not enhance polyploidization 
 

In order to investigate the mechanism by which NIC increases Mk ploidy and proplatelet 

formation, we have examined two known roles of NIC – inhibition of Sir2 and PARP 

activity.39,93 As indicated above, gene expression analysis by our group revealed up-regulated 

expression of SIRT1, SIRT2, and SIRT7 with Mk differentiation in cultures treated with a 

cytokine cocktail (C. Chen, P. Fuhrken, W. Miller, and E.T. Papoutsakis, manuscript submitted 

April 2007). Therefore, we examined the effects of two Sir2 inhibitors – sirtinol and splitomicin, 

which are known to inhibit SIRT1 and SIRT2 activity.94,95 Doses ranged from a concentration 

that was cytotoxic to one that had no effect on cell growth or viability (Fig 2.8A-B), but no 

increase in Mk polyploidization was found in mPB CD34+ cell cultures at any of the 

concentrations tested (Fig 2.9). Additionally, the SIRT activator resveratrol had no effect on Mk 

differentiation (Section 6.1.1). NIC is also known to exhibit weak inhibition of PARP activity. 

Therefore, mPB CD34+ cells were also cultured with several pharmacological inhibitors of 

PARP. Benzamide and 3-aminobenzamide are similar in structure to NIC and, as with NIC, both 

are active in the millimolar range.96-98 In contrast, 5-iodo-6-amino-1,2-benzopyrone (INH2BP) is 

more potent and is used at micromolar concentrations.99,100 As for the Sir2 inhibitors, a wide 

range of concentrations was tested (Fig 2.8C-E), but none of the PARP inhibitors increased Mk 

polyploidization (Fig 2.9). Furthermore, the measured PARP activity was very low, even for 

cells cultured without NIC (Fig 2.10). This is consistent with down-regulation of PARP gene 

expression by approximately 2-fold during Mk maturation in cultures with or without NIC (data 

not shown).  
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Figure 2.8. Effects of Sir2 and PARP inhibitors on cell growth.  

Various concentrations of Sir2 or PARP inhibitors were added to cultures of mPB CD34+ cells beginning 

on day 5. Each graph shows the total-cell fold-expansion from a single culture with either (A) sirtinol, (B) 

splitomicin, (C) INH2BP, (D) 3-aminobenzamide, or (E) benzamide. Cultures with Tpo only and Tpo + 

6.25 mM NIC were included as controls. Half-media exchanges were performed every other day for 

inhibitor and NIC replenishment, except as noted by (s) for a single dose of inhibitor on day 5. Doses 

ranged from a concentration that was cytotoxic to one that had no effect on cell growth or viability. Toxic 

doses for each inhibitor were found to be: sirtinol, 50 µM; splitomicin, 100 µM; INH2BP, 50 µM; 3-

aminobenzamide, 1 mM; benzamide, 1 mM. Although total-cell counts in cultures containing high doses 

of Sir2 or PARP inhibitors may have been similar to those in cultures with 6.25 mM NIC, the cultures 

with high doses of inhibitors contained a large percentage of non-viable cells. In comparison, cells treated 

with 6.25 mM NIC remained healthy.   
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Figure 2.9. No increase in Mk ploidy with Sir2 or PARP inhibitors.  

Mk ploidy was assessed for non-toxic doses of Sir2 and PARP inhibitors.  Data represents the fraction of 

high-ploidy CD41+ Mks on day 11 for each experiment. 

 

 

 

 

 

 

 

 

 

Figure 2.10. PARP activity in primary Mk cultures is low and is not affected by NIC.   

Enzyme activity was determined by measuring the incorporation of biotinylated poly (ADP-ribose) onto 

histone-coated plates by PARP present in cell lysates. Cell extracts were prepared on days 5 (2 hrs after 

NIC treatment), 7, and 9 from mPB CD34+ cells cultured with Tpo only (gray) and with Tpo + 6.25 mM 

NIC. A standard curve was prepared using the provided PARP-HSA enzyme (range 0.01–1.0 Units PARP 

activity).  
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2.3.8. Global transcriptional analysis shows similar gene expression in Mk cultures with 
or without NIC 

 
Gene expression microarrays were used to identify differences in gene transcription 

associated with NIC-mediated increases in endomitosis and proplatelet formation. 6.25 mM NIC 

was added to mPB CD34+ cell cultures on day 5 and cells were sampled for microarray analysis 

on days 5 (before NIC addition), 6, 8, and 10 from both the Tpo only and Tpo + NIC conditions. 

Two replicate biological experiments (MKI and MKII) were conducted. Surprisingly, although 

very dramatic phenotypic differences were observed with NIC addition for both experiments, the 

overall transcriptional patterns were very similar to those in the cultures with Tpo only. As 

expected, previously identified Mk-associated genes91 were strongly up-regulated with Mk 

differentiation under both culture conditions in both experiments, indicating that NIC does not 

cause large disruptions in the normal transcriptional program of Mks (Fig 2.11A). Mk 

differentiation, as indicated by CD41 expression and polyploidization, occurred more slowly in 

MKII, and this is reflected by a delay in the up-regulation of many Mk-associated genes. Out of 

more than 18,000 genes probed by the microarray, only 59 genes were found to be differentially 

regulated by NIC (2-way ANOVA, p<0.001) in both cultures (Figs 2.11B, 2.12). Among these, 

the transcription factor MYB (also known as c-Myb), which was down-regulated with Mk 

differentiation in both the Tpo only and Tpo + NIC cultures (Fig 2.11B), was down-regulated to 

a greater extent with NIC. Greater down-regulation of c-Myb expression with NIC was 

confirmed by Q-RT-PCR (Fig 2.13). Mice with N-ethyl-N-nitrosourea-induced mutations in c-

Myb exhibit excessive megakaryopoiesis characterized by increased numbers of bone marrow 

Mks and high peripheral blood platelet counts.101 Forced expression of c-Myb results in a block 
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of terminal Mk differentiation, suggesting that down-regulation of c-Myb is necessary for Mk 

maturation.102 Lower expression of c-Myb in NIC-treated Mks may be an indication of greater 

Mk maturity. Among the genes expressed higher in the presence of NIC, protein disulfide 

isomerase family A, member 5 (PDIA5, PDIR), was found to be up-regulated with Mk 

maturation (Fig 2.11B). PDIA5 is a member of the family of oxidoreductases103 which facilitate 

protein folding by catalyzing the formation and reduction of disulphide bonds in the endoplasmic 

reticulum.104 Greater up-regulation of PDIA5 may be related to the observation that cells 

cultured in the presence of NIC contain approximately 2-fold more protein by day 9 than do cells 

cultured with Tpo only.  
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Figure 2.11. Gene expression profiles of Mk-associated and NIC-regulated genes.  

Profiles of gene expression for two biological replicate experiments, MKI (left) and MKII (right). Time 

course data is shown progressing from left to right for cells cultured with either Tpo only or Tpo + 6.25 

mM NIC and analyzed on days 5 (prior to NIC addition), 6, 8, and 10. Genes are hierarchically clustered 

and the color denotes degree of differential expression with respect to uncultured primary human CD34+ 

cells (averaged from 3 donors) (saturated red = 16-fold up-regulation, saturated green = 16-fold down-

regulation, gray = no data). (A) Gene expression profiles for a set of 58 previously identified Mk-

associated genes.91 (B) Expression profiles for 59 genes that were found to be differentially regulated by 

NIC in both MKI and MKII by 2-way ANOVA (p<0.001). 



 59 

 
 
 
 
 
 
 
 
 
 
 

A 



 60 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 



 61 

 
 
 
 

 

 

 

Figure 2.12 NIC-associated differences in gene expression.  

Profiles of NIC effects on gene expression for two biological replicate experiments, MKI (left) and MKII 

(right). Time course data for 59 genes that were found to be differentially regulated by NIC in both 

experiments (2-way ANOVA (p<0.001)) is shown progressing from left to right for cells analyzed on 

days 5 (prior to NIC addition), 6, 8, and 10. Genes are hierarchically clustered and the color denotes the 

ratio of expression level in Tpo + NIC cultures compared to that with Tpo only (saturated red = 2-fold up-

regulation, saturated green = 2-fold down-regulation, gray = no data). 
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Figure 2.13. Q-RT-PCR analysis of c-Myb expression in primary human 
Mks from experiment MKI. 
 
c-Myb mRNA ratios [(Tpo + NIC)/(Tpo only)] from microarray analysis 

(circles) and Q-RT-PCR (squares). 
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2.4. Discussion 
 

It has proven difficult to obtain high-ploidy human Mks in vitro. Cultured primary human 

Mks typically reach a maximum DNA content of only 16N,22,25,82,83 with only a few reports of 

cultures containing Mks with a maximum DNA content of 32N84 or 64N.14 Also, cultures with 

Tpo only typically contain 15–25% high-ploidy (>8N) Mks.83,84 Consistent with past results, we 

obtained a maximum Mk DNA content of 16N in 7 cultures and 32N in 2 cultures with Tpo only. 

The maximum percentage of high-ploidy Mks in these cultures ranged from 13.5–34.6%, which 

is similar to what is typically observed.  

Some progress has been made to increase Mk ploidy based on advances in the 

understanding of Mk development. Although most of these studies have been performed using 

primary murine Mks or megakaryocytic cell lines, four recent studies with primary human cells 

have also demonstrated enhanced Mk maturation. Treatment with the Src kinase inhibitor 

SU6656 increased Mk size and the number of high-ploidy Mks in cultures of human bone-

marrow-derived CD34+ cells and in cultures of bone marrow mononuclear cells from patients 

with myelodysplastic syndromes.25 In another study, addition of the chemokine stromal-cell-

derived factor-1α (SDF-1α) to cells cultured with Tpo increased proplatelet frequency 2-fold and 

approximately doubled the number of Mks with both 4 and 8 nuclear lobes compared to those 

with Tpo only.22 A similar increase in the number of Mks with 4 and 8 nuclear lobes was found 

using the MEK inhibitor PD98059.51 However, even with SU6656, SDF-1α, or PD98059, the 

highest ploidy class reported was 16N. In another study, treatment of Mks with an anti-CD226 

monoclonal antibody (expressed on Mks and platelets and hypothesized to play a role in Mk 

development as an adhesion molecule) in combination with lymphocyte-function-associated 
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antigen-1 (LFA-1) increased the percentage of high-ploidy Mks from 15.6% to 35.9% and 

increased the maximum Mk ploidy to 32N.83  

Here, we demonstrate that Mk polyploidization and proplatelet formation are greatly 

increased when the water-soluble vitamin nicotinamide (NIC) is added to mPB CD34+ cell 

cultures in the presence of Tpo, irrespective of donor-dependent differences in Mk 

differentiation. NIC-treated primary human Mks reach a DNA content of 64N. Also, cultures 

with NIC exhibit ~50% high-ploidy Mks. Together, the Mk ploidy distribution and percentage of 

high-ploidy Mks obtained with NIC are greater than what has been previously reported for 

cultured primary human Mks. The increase in ploidy with NIC more than offset the decrease in 

total Mk production, such that NIC addition at day 5 also led to an increase in the total Mk DNA 

content in all but one set of cultures (Fig 2.14). Mks in NIC-supplemented cultures also exhibited 

more elaborate cytoplasmic extensions and a greater frequency of proplatelet formation. NIC 

also increased the DNA content of both primary murine Mks and a megakaryoblastic cell line 

(CHRF-288-11). However, NIC did not induce polyploidization of CHRF cells in the absence of 

PMA, and did not alter Mk commitment or the time at which polyploidization was initiated in 

primary human Mk cultures, even when NIC was added on day 0 (Fig 2.7A). These results 

suggest that NIC does not induce endomitosis per se, but rather enhances the process once it has 

been initiated.  
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Figure 2.14. Total DNA content of Tpo only and Tpo + NIC cultures. 
 

The percentage of Mks belonging to each ploidy class (2N, 4N, 8N, 16N, 32N, 64N) were determined 

from DNA histograms on either day 11 or 12 of Tpo only and Tpo + 6.25 mM NIC cultures (n = 6). 

Total-cell fold-expansion (exp) and the percentage of CD41+ cells was used to determine the number of 

Mks at day 11 or 12. The number of 2N DNA equivalents in Tpo only (black) and Tpo + NIC (gray) 

cultures was then calculated as follows: 

DNA content = (1 * %2N/100 * exp * %CD41+/100) + (2 * %4N/100 * exp * %CD41+/100) + (4 
* %8N/100 * exp * %CD41+/100) + (8 * %16N/100 * exp * %CD41+/100) + (16 * %32N/100 * 
exp * %CD41+/100) + (32 *  %64N/100 * exp * %CD41+/100)  
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The mechanisms that underlie the ability of NIC to enhance Mk maturation have yet to be 

established. Surprisingly, very similar global transcriptional profiles were observed with or 

without NIC, despite the dramatically different phenotypes. NIC has a variety of known roles 

including serving as a precursor to nicotinamide adenine dinucleotide (NAD+),52-54 activating the 

PI3K/Akt signaling pathway,45,46 and inhibiting the activity of both PARP93 and the Sir2 family 

of histone/protein deacetylases (sirtuins).39 PARP catalyzes the NAD+-dependent addition of 

poly (ADP-ribose) onto nuclear proteins including histones and plays a role in DNA 

replication.33  PARP-1 has been shown to interact with many cell-cycle regulators such as p21,34 

proliferating cell nuclear antigen (PCNA),34 and p53.35 However, several different 

pharmacological inhibitors of PARP including INH2BP, which is a more potent PARP inhibitor 

than NIC, did not increase Mk ploidy. Sirtuins catalyze a unique NAD+-dependent reaction and 

are required for a wide variety of biological processes including transcriptional silencing, 

regulation of apoptosis, and lifespan regulation.37,38 NIC inhibits the ability of SIRT1 to 

deacetylate p5339 and also inhibits the activity of SIRT2, which is an α-tubulin deacetylase that 

has been shown to play a role in cell-cycle regulation.105 While we initially examined NIC 

because it is a sirtuin inhibitor, two additional chemical inhibitors of SIRT1 and SIRT2 failed to 

increase Mk ploidy. Therefore, we conclude that NIC does not enhance Mk maturation by 

inhibiting SIRT1 or SIRT2 activity. However, we are not able to rule out effects on SIRT7 

because this molecule has not been well characterized. Recently, it has been shown that SIRT7 

localizes to the nucleus106,107 and is necessary for cell survival.107 However, it is not yet known 

whether nicotinamide, sirtinol, and/or splitomicin inhibit SIRT7 activity.  
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Our results suggest several potential applications for NIC both in vitro and in vivo. We 

provide a novel culture system that can be used to investigate the complex process of Mk 

differentiation. Importantly, NIC increases the rate of endomitosis without affecting apoptosis, 

such that Mks reach ploidy levels closer to those observed in vivo. Since there is a direct 

correlation between Mk DNA content and the number of platelets produced,14 these results 

suggest a possible therapeutic benefit of NIC in providing Mks for transplantation therapies 

and/or platelets for use in transfusions. NIC may be especially useful for increasing the ploidy of 

umbilical-cord-blood-derived Mks, which typically show less extensive polyploidization 

compared to Mks from other hematopoietic cell sources.108 Furthermore, NIC has been 

administered safely at pharmacological doses for a variety of therapeutic applications, dating 

back to the late 1950s for treatment of psychiatric conditions such as schizophrenia. More 

recently, NIC has undergone clinical testing for use as a preventative agent for Type I diabetes.60-

62 Doses up to 3 g/day have been reported to be generally well tolerated with few side effects.31 

In vivo administration of NIC may have therapeutic potential for the management of Mk and 

platelet disorders such as essential thrombocytopenia, refractory thrombocytopenia in 

myelodysplastic syndromes, and megakaryoblastic leukemia.  

In summary, although the molecular and cellular mechanisms through which Mks 

differentiate and mature remain poorly characterized, we have shown that Mk maturation in vitro 

can be dramatically enhanced by adding the water-soluble vitamin nicotinamide. Elucidating the 

mechanisms by which NIC increases Mk ploidy could provide the basis for clinical advances for 

the treatment of Mk and platelet disorders. 
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3. CHAPTER 3: Characterization of the mechanism(s) underlying the effects of 
nicotinamide on Mk differentiation 

 
3.1. Introduction 
 

Megakaryocytic cells (Mks) are the immediate precursors to platelets. Mk differentiation 

includes progression through several rounds of endomitosis to form polyploid cells with 

multilobated nuclei, the development of a demarcation membrane system, and the production of 

cytoplasmic extensions called proplatelets, from which platelets are released. We have 

discovered that nicotinamide (NIC, one form of vitamin B3) greatly increases Mk ploidy and 

proplatelet production – without affecting Mk commitment – in cultures of human mobilized 

CD34+ cells stimulated with Tpo (Chapter 2).109 It is possible that NIC may be used directly to 

increase Mk maturation and platelet production both in vivo and in vitro. However, it is 

important to understand the mechanism(s) underlying the effects of NIC. Doing so would lead to 

a greater understanding of Mk differentiation and may allow for further modulation of Mk 

maturation. 

Despite the dramatic phenotypic differences observed with NIC addition, microarray-

based gene-expression analysis revealed similar transcriptional patterns in Mk cultures with or 

without NIC, indicating that NIC does not disrupt the normal Mk transcriptional program 

(Section 2.3.8).109 In fact, only 59 genes were found to be differentially regulated by NIC. Since 

this list of genes did not suggest an obvious mechanism as to how NIC may be increasing Mk 

maturation, we investigated the hypothesis that post-translational modifications and cellular 

processes, such as metabolic regulation, were largely responsible for the observed effects of NIC. 

Figure 3.1 is a schematic outlining two of our initial hypotheses: (1) NIC affects Mk maturation 
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by acting through a previously identified mechanism or (2) acts by modulating the activation of 

Tpo-mediated signaling pathways. 

 

 

Figure 3.1. Schematic pathway depicting Tpo and nicotinamide (NIC) signaling. 

Tpo, signaling through its receptor Mpl, can activate various signaling pathways, including those 

involving protein kinase C (PKC), the Src kinases Fyn and Lyn, the Ras/ERK branch of the MAPK 

pathway, the JAK/STAT pathway, and the PI3 kinase (PI3K)/Akt (PKB) pathway.  NIC has also been 

shown to activate the PI3K/Akt pathway.  Furthermore, NIC inhibits SIRT1 and SIRT2 from acetylating 

p53 and alpha-tubulin, respectively, while also inhibiting poly (ADP-ribose) polymerase (PARP).  

Finally, NIC increases intracellular NAD+ levels, which in turn can modulate p53 binding to DNA.  

Pathway icons provided by Biocarta (www.biocarta.com). 
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Nicotinamide and Tpo are both known to affect cells via diverse signal transduction 

pathways. NIC has been shown to exert a protective effect against apoptosis through activation 

of Akt1 and Bad phosphorylation.45,46 In addition to its role in apoptosis, Akt (protein kinase B) 

is a broad acting molecule affecting modulators of cytoskeleton organization such as Gsk3 

(glycogen synthase kinase 3) and various cell cycle regulators with an established role in Mk 

maturation including p21, cyclinD1 and cyclinD3.48-51 NIC also serves as a precursor for NAD+. 

Supplementation of NIC to cultures has been shown to raise the level of intracellular NAD+, 

52,57,110,111 which can lead to a variety of effects within the cells including altering the binding of 

p53 to DNA.52 NIC also inhibits the enzymes PARP and Sir2; however, culture with additional 

PARP and SIRT inhibitors did not mimic the effects of NIC on Mk ploidy (Section 2.3.7), 

tentatively ruling out inhibition of PARP or SIRT as a possible mechanism.  

Tpo is the primary cytokine that regulates Mk development. The binding of Tpo to its 

receptor, Mpl, activates multiple signaling cascades including Ras/MAPK. The MAPKs ERK1 

and ERK2 are rapidly phosphorylated after exposure to Tpo and are key regulators of cell 

proliferation, differentiation, and survival. A role for MAPK signaling in Mk endomitosis is 

suggested by a lower fraction of polyploid Mks after treatment with a MEK/ERK inhibitor;22,112 

however, results with MEK inhibitors have been variable. Tpo has also been shown to signal 

through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. With Tpo as the only growth 

factor present in our cultures, it is possible that NIC acts by enhancing Tpo signaling.  

This chapter focuses on the role of intracellular NAD(H) levels and Tpo-mediated 

signaling in the ability of NIC to enhance Mk polyploidization. We demonstrate that although 

NIC can increase Mk ploidy in the absence of Tpo, the full effects of NIC on Mk 
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polyploidization were only obtained in cultures with Tpo. Moreover, NIC increased Tpo-

mediated activation of ERK and the downstream ERK target RSK1, but did not alter Tpo-

mediated Akt signaling. In addition, NIC dramatically increased the levels of intracellular 

NAD(H) (by as much as 5–fold) in a dose-dependent manner, and more than doubled the cell-

volume-specific (g/µm3) glucose consumption rate.  
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3.2. Materials and methods 

3.2.1. Mk cultures 

3.2.1.1. Tpo only 

Unless otherwise noted, all reagents were obtained from Sigma-Aldrich (St. Louis, MO). 

Cultures were initiated with previously frozen human mobilized peripheral blood (mPB) CD34+-

selected cells (AllCells; Berkeley, CA or Fred Hutchinson Cancer Research Center; Seattle, 

WA). Cells were cultured in T-flasks and maintained at a density of 100,000–200,000 cells/mL 

with a constant liquid depth of 0.33 cm. All cultures, except where indicated, were performed 

using X-VIVO 20 (BioWhittaker; Walkersville, MD) supplemented with 100 ng/mL Tpo 

(Peprotech; Rocky Hill, NJ or generously provided by Genentech; South San Francisco, CA). 

Beginning at day 5, cells were continuously treated with 6.25 mM nicotinamide (NIC). Every 

other day, half-media exchanges were performed using fresh medium containing 100 ng/mL Tpo 

and 6.25 mM NIC.  Cells receiving no NIC were used as a control. Cells were incubated at 37oC 

in a fully humidified atmosphere of 5% CO2 and 95% air. 

 

3.2.1.2. Alternative Mk cultures containing Tpo  

mPB CD34+-selected cells were cultured in X-VIVO 20 supplemented with either 100 

ng/mL Tpo (Peprotech) and 0.15 µg/mL SDF-1α (R&D Systems) or  Tpo (50 ng/mL; Peprotech) 

plus a cocktail of cytokines [IL-3 (0.005 ng/mL; Peprotech), IL-6 (10 ng/mL; Peprotech), and 

SCF (10 ng/mL; generously donated by Amgen)]. 6.25 mM NIC was added to the SDF1-α and 

cocktail cultures on days 0 and 5, respectively. Separately, cells were cultured with Tpo only or 
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Tpo + NIC (day 5 addition) on fibronectin-coated surfaces (BD Biocoat, BD Biosciences, 

Bedford, MA).  

 

3.2.1.3. Cytokine cocktail cultures without Tpo 

CD34+ cells were cultured in X-VIVO 20 supplemented with IL-3 (1.5 ng/mL), IL-6 (10 

ng/mL), and SCF (50 ng/mL). On day 5, cells were divided and treated to generate 4 cultures: 

cocktail [(IL-3, IL-6, SCF); (C)], cocktail + 6.25 mM NIC (C + N), cocktail + 100 ng/mL Tpo (C 

+ T), or cocktail + Tpo + NIC (C + T + N). 

 

3.2.2. Human megakaryoblastic cell line culture 

The human megakaryoblastic CHRF-288-11 (CHRF) cell line85,86 was generously 

provided by Dr. R. Smith (NIH; Bethesda, MD). CHRF cells were cultured in Iscove’s modified 

Dubelcco’s medium (IMDM) supplemented with 10% FBS (HyClone). Experiments performed 

with the CHRF cells in this chapter did not include PMA stimulation to induce Mk 

differentiation.  

 

3.2.3. Mk characterization 

3.2.3.1. Flow cytometric detection of surface marker expression 

Cells were washed with phosphate-buffered saline (PBS) containing 2 mM EDTA (to 

reduce platelet adhesion) and 0.5% bovine serum albumin (BSA) [PEB], incubated with 

fluorescein (FITC)-labeled anti-CD41 antibody and APC-labeled anti-cmpl antibody (BD 

Biosciences; San Jose, CA) for 30 minutes at room temperature, and then analyzed on a Becton 
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Dickinson LSRII flow cytometer using FACSDiva software (BD Biosciences). DAPI was added 

to samples at a final concentration of 3 µM shortly prior to acquisition to exclude dead cells.  

 

3.2.3.2. Flow cytometric analysis for Mk ploidy 

Cells were labeled with FITC-conjugated anti-CD41 antibody (BD Biosciences) and 

fixed with 0.5% paraformaldehyde (15 minutes at room temperature), followed by 

permeabilization with cold 70% methanol (1 hour at 4oC). Cells were treated with RNAse 

followed by 50 µg/mL propidium iodide to stain DNA, and analyzed by flow cytometry. The 

percentage of high-ploidy Mks was determined from the ratio of the number of CD41+ Mks with 

8N or higher DNA ploidy to the total number of CD41+ Mks.  

 

3.2.4.  Measurement of intracellular NAD(H) levels 

Human mPB CD34+ cells were cultured as described with 100 ng/mL Tpo or Tpo + NIC.  

NAD(H) [NAD+ + NADH] was extracted using a slightly basic pH extraction buffer containing 

the detergent Triton X-100.113 The extracts were subjected to an enzymatic cycling reaction114 

performed in a 96-microwell flat-bottom plate using a reagent mixture containing 0.1 M bicine, 

0.5 M ethanol, 4.17 mM EDTA, 0.83 mg/mL BSA, 0.42 mM MTT (3--2,5-diphenyltetrazolium 

bromide), and 1.66 mM phenazine ethosulfate. The reaction was started by adding 2U of yeast 

alcohol dehydrogenase. Color was developed in the dark for 30 minutes and detected at 570 nm 

using an ELISA plate-reader.  Each sample was run in duplicate. When necessary, samples were 

diluted by half with extraction buffer in order to ensure measured NAD(H) levels were within 

the range of the standard curve.  
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3.2.5. Primary Mk cultures with APO866 

mPB CD34+-selected cells were cultured in X-VIVO 20 supplemented with 100 ng/mL 

Tpo. On day 4, portions of the cells were treated with varying concentrations (0.05–1000 nM) of 

APO866 (provided by NIMH Chemical Synthesis and Drug Supply Program; Research Triangle 

Park, NC) in DMSO. NIC (3 or 6.25 mM) was added 12-24 hours after APO866 addition. Half-

media exchanges were performed every other day with media containing Tpo, NIC and/or APO. 

NAD(H) was measured in all cultures on day 5 (4 hours after NIC addition) and on days 7 and 9. 

Cells cultured with Tpo only, Tpo + NIC, and Tpo + APO were used as controls. Separately, 

APO only and APO + 3 mM NIC cultures were also included in which full media exchanges 

were performed every day of the culture after APO addition on day 4. Tpo only and Tpo + 3 mM 

NIC cultures handled in a similar manner provided controls. 

 

3.2.6. CHRF cell cultures with APO866 

CHRF cells were seeded in 6-well plates at a density of 100,000–200,000 cells/mL in 

IMDM containing 10% FBS. APO866 (0.1–1000 nM) was added to cells at the time of seeding. 

4-12 hours after APO866 addition, 3 or 6.25 mM NIC was added to the cultures and NAD(H) 

was measured two days after the cultures were initiated.  Untreated CHRF cells and cells treated 

with either APO866 or NIC alone were used as controls. Separately, CHRF cells were treated 

with either 3 or 6.25 mM NIC for 24 hours before APO866 was added (10–1000 nM). NAD(H) 

levels were measured 24 hours after APO addition.  
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3.2.7. Primary Mk cultures with nicotinic acid (NA) 

mPB CD34+-selected cells were cultured in X-VIVO 20 supplemented with 100 ng/mL 

Tpo. On day 5, cells cultured with Tpo only were treated with varying doses  (3 and 6.25 mM) of 

nicotinic acid (NA; Sigma Aldrich). NA was added to X-VIVO 20 from a stock solution of 15 

mg/mL and media was pH adjusted to 7.2 before adding to cells. NAD(H) was measured on day 

5 (4 hours after NA addition) and on days 7 and 9. Cells cultured with Tpo only and Tpo + 6.25 

mM NIC were used as controls. 

 

3.2.8. Analysis of glucose and lactate concentrations in cell culture media 

Glucose and lactate concentrations were measured in cell culture media from Tpo only 

and Tpo + NIC cultures. Media was sampled on days 5, 7, 8, 9, and 11. On days when media was 

exchanged for NIC replacement, media samples were collected before and after the exchange. 

Media was analyzed with a YSI 2700 SELECT Analyzer (Yellow Springs, OH) with membranes 

for D-glucose (YSI #2365) and lactate (YSI# 2329). Measurements were performed in duplicate. 

 

3.2.9. Detection of phosho-MAPKs using the Proteome Profiler Array 

A commercially available antibody array (R&D Systems) was used to detect the levels of 

21 phosphorylated MAPKS including Akt 1, 2, 3; ERK 1, 2; GSK3; and several p38 isoforms. 

Whole-cell lysates were prepared using 4.5 million cells from Tpo only and Tpo + NIC cultures 

24 hours after NIC addition on day 5. It should be noted that the fraction of Mks at this time 

point was ~50% in both conditions and that Tpo only and Tpo + NIC cells were similar in size 

on day 6. Total protein yield was quantified using the BCA assay (Pierce) and was determined to 
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be ~200 µg total protein per 4.5 million cells. Equal amounts of protein from each condition 

were then used for incubation with the membranes. Capture antibodies spotted onto 

nitrocellulose membranes bind phosphorylated and non-phosphorylated kinases present in cell 

lysates.  After washing away unbound material, a cocktail of phospho-site-specific biotinylated 

antibodies and streptavidin-HRP with chemiluminescence were used to detect phosphorylated 

kinases. The array consists of 21 kinases, 6 negative controls and 3 positive controls spotted in 

duplicate. The intensity of each spot with the local average background subtracted was 

determined using ImageQuant 5.2 software. An average of the 6 negative control spots was 

calculated and this value was subtracted from each kinase spot intensity.  The resulting values for 

each pair of spots was then averaged and the ratio of the Tpo + NIC to Tpo only conditions was 

determined.  

 

3.2.10. Intracellular flow cytometry for pERK and pAkt 

Human mPB CD34+ cells were cultured in serum-free medium supplemented with 100 

ng/mL Tpo. Beginning on day 5 of culture, a portion of the cells was cultured with 6.25 mM 

NIC. pERK and pAkt levels were measured on days 6, 7, 8, and 9 in cells taken directly from 

culture using flow cytometry. Separately, beginning on day 5 of culture, cells without NIC were 

washed with X-VIVO 20 and starved of Tpo for 7 hours. Following starvation, cells were 

activated with either X-VIVO 20 alone, or X-VIVO 20 containing either 100 ng/mL Tpo, 6.25 

mM NIC, or 100 ng/mL Tpo + 6.25 mM NIC. Levels of pERK and pAkt were assessed via flow 

cytometry at various time points after activation.  
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Briefly, cells were washed with PEB+ (PBS containing 1% BSA and 2 mM EDTA) and 

fixed with 2% paraformaldehyde for 15 minutes at 4oC. After washing, cells were permeabilized 

with ice cold 90% methanol for 20 minutes on ice. Cells were blocked with PEB+ for 30 minutes 

at 4oC followed by incubation with the primary antibody [Phospho-p44/42 MAP Kinase 

(Thr202/Tyr204) (197G2) Rabbit Monoclonal Antibody or phospho-Akt (Ser473) (193H12) 

Rabbit Monoclonal Antibody (Cell Signaling Technologies; Danvers, MA) or normal rabbit IgG 

(Santa Cruz Biotechnology; Santa Cruz, CA) as an isotype control] for 30 minutes at room 

temperature. After washing, cells were blocked with PEB+ for 30 minutes at 4oC followed by 

incubation with the secondary antibody [F(ab’)2 goat-anti-rabbit-PE antibody (Jackson 

ImmunoResearch; West Grove, PA)] for 30 minutes at room temperature. An LSRII cytometer 

(BD Biosciences) was used for acquisition and FACSDiva software (BD Biosciences) was used 

for analysis.  

 

3.2.11. Western analysis 

Primary human CD34+ cells were cultured in X-VIVO 20 containing 100 ng/mL Tpo. On 

day 5, a portion of the cells was treated with 6.25 mM NIC. On days 7, 8, and 9, cells were 

sampled from Tpo only and Tpo + NIC cultures, and whole-cell lysates were prepared using 2-3 

million cells from each condition. Samples were prepared in ice-cold cell lysis buffer (Cell 

Signaling Technologies) containing 1 mM phenylmethylsulphonyl fluoride (PMSF). An equal 

amount of total protein (20 µg) per sample was denatured with 3X sample buffer (62.5 mM Tris-

HCl (pH 6.8), 2% w/v SDS; 10% glycerol; 50 mM DTT, 0.01% w/v bromophenol blue) and 

boiled for 5 minutes. Proteins were separated by SDS-PAGE using Ready-Gel Tris-HCl gels 
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(BioRad, Hercules, CA) and transferred onto PVDF membranes (BioRad). Non-specific binding 

of protein was blocked by incubation of the membrane in a solution of 5% w/v non-fat dry milk 

in TBS (20 mM Tris base, 137 mM NaCl) with 0.1% Tween-20 for 1 hour at room temperature. 

The membrane was then incubated with a solution of 5% BSA in TBS with 0.05% Tween-20 

containing the appropriate primary antibody [phospho-p44/42 MAP Kinase (Thr202/Tyr204), 

Phospho-mTOR (Ser2448) Antibody, or Phospho-p90RSK (Ser380) Antibody (Cell Signaling 

Technologies)] overnight at 4oC. After washing, the membrane was further incubated with a 

solution of 5% w/v non-fat dry milk in TBS with 0.1% Tween-20 containing the secondary 

antibody [affinity purified goat anti-rabbit IgG (H&L) antibody conjugated to horseradish 

peroxidase (HRP) (Cell Signaling Technologies)]. Bound antibodies were detected using 

chemiluminescence detection (ECL Plus, Amersham; Piscataway, NJ) and a Storm 860 

fluorimager (Molecular Dynamics). For detection of total kinase protein levels, the membranes 

were stripped using a solution of 100% acetonitrile followed by incubation at 50oC in a solution 

of 100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris HCl pH 6.7. Membranes were then 

reprobed with antibodies for total ERK1/2 (Cell Signaling), total RKS1 (Santa Cruz), or total 

mTOR (Cell Signaling). Densitometry was performed using ImageQuant 5.2 software. 

 

3.2.12. Mk cultures with chemical inhibitors of MEK 

Synthetic inhibitors of MEK were dissolved in DMSO and added to human Mk cultures 

beginning on day 4. Half-media exchanges were performed every other day for inhibitor 

replacement. 6.25 mM NIC was added to cultures on day 5. U0126 (Calbiochem; San Diego, 

CA) was tested in the concentration range of 5–25 µM. PD98059 (Calbiochem) was tested in the 
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concentration range of 10–75 µM. Cells treated with an equal volume of DMSO were included 

as a control.   
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3.3. Results 

3.3.1. Full effects of NIC on Mk ploidy are Tpo-dependent 

We have previously shown that NIC increases ploidy in cultures of primary human 

CD34+ cells supplemented with Tpo.109 In order to examine the role of Tpo in the effects of NIC, 

Mk cultures were performed using a cytokine cocktail that did not include Tpo. Primary human 

CD34+ cells were cultured with IL-6 (10 ng/mL), IL-3 (1.5 ng/mL), and SCF (50 ng/mL). On 

day 5, cells from the cocktail cultures were treated with either 6.25 mM NIC, 100 ng/mL Tpo, or 

Tpo + NIC. Cells cultured with Tpo only and Tpo + NIC were included for comparison. This 

cytokine combination yielded ~16% CD41+ cells by day 11 (Fig 3.2A) compared to cultures with 

Tpo only which typically contain 80–90% CD41+ cells.  Furthermore, polyploidization was less 

extensive in cocktail cultures. On day 11, the percentage of high-ploidy (> 8N) Mks was ~2-fold 

lower in cocktail cultures compared to those with Tpo only, and reached only ~9% high-ploidy 

Mks (Fig 3.2B). Moreover, the degree of Mk polyploidization was also lower without Tpo; and 

the maximum DNA content reached was only 8N in the cocktail cultures (Fig 3.2C) compared to 

16N in cultures with Tpo only.   

The addition of NIC to cocktail cultures increased the percentage of high-ploidy Mks by 

approximately 2-fold (day 11) to a level similar to that for Tpo only cultures.  However, the 

increase was greater when NIC was added in the presence of Tpo. Cocktail cultures treated with 

Tpo contained ~10% high-ploidy Mks compared to 37% on day 11 in cocktail cultures treated 

with Tpo + NIC (Fig 3.2B).  Moreover, the degree of Mk polyploidization was increased to a 

greater extent when NIC was added simultaneously with Tpo compared to NIC alone. NIC 
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increased the maximum DNA content of cocktail cultures from 8N to 16N (Fig 3.2C), whereas 

Mks from cocktail cultures treated with Tpo + NIC reached a DNA content of 32N. While it 

appears that Tpo plays an important role in the effects of NIC on Mk polyploidization, similar 

levels of the Tpo receptor c-mpl were measured on Mks from cultures with Tpo only and Tpo + 

NIC (data not shown).  
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Figure 3.2. Full effects of NIC on Mk ploidy are Tpo-dependent. 

Human mPB CD34+-selected cells were cultured with IL-3, IL-6, and SCF (C; green). Beginning on day 

5, either 100 ng/mL Tpo (C+T; pink), 6.25 mM NIC (C+N; black), or Tpo + NIC (C+T+N; orange) was 

added to cultures. Tpo only (red) and Tpo + 6.25 mM NIC (blue) cultures were included for comparison. 

(A) The number of CD41+ cells as a percentage of viable cells was determined by flow cytometry. (B) 

DNA content was measured by staining with PI; the data shown is the percentage of CD41+ cells with 

DNA content > 8N. (C) DNA histograms on day 11 of all cultures. For A-C, data is representative of n = 

2 for all cultures. 
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3.3.2. Detection of kinase activation in Mk cultures using an antibody array 

Since NIC appeared to synergize with Tpo to increase Mk ploidy, we used a 

commercially available antibody array for phosphorylated kinases to examine the hypothesis that 

NIC increased Mk maturation by modulating the activity of Tpo-associated signal transduction 

pathways. Our studies focused on two signaling pathways that may be affected by NIC – 

PI3K/AKT and Ras/MAPK/ERK. This commercially available antibody array (R&D Systems) 

detects the level of 21 phosphorylated MAPKS including Akt 1, 2, 3; ERK 1, 2; GSK3; and 

several p38 isoforms. Kinase expression levels were compared between cells sampled from Tpo 

only and Tpo + NIC cultures. Five targets were identified to be more highly activated in the cells 

cultured with Tpo + NIC compared to Tpo only; including: ERK1, RSK1, GSK3, and p38α and 

γ isoforms (Fig  3.3A).  Most changes were subtle – ranging from 1.3- to 3.5-fold over the Tpo 

only condition. These target spots were noticeably darker on the NIC array upon inspection of 

the scanned images (Fig 3.3B). A 1.4–fold increase in ERK activation was observed for the Tpo 

+ NIC cells at 24 hours with the array. Activation of RSK1 (ribosomal protein S6 kinase), a 

downstream target of ERK, was also shown to be higher in the NIC culture. RSK1 has been 

shown to have a role in regulating cell size with overexpression of RSK1 leading to increased 

cell size.115 RSK1 has also been shown to phosphorylate Gsk3, which was also present at a 

higher level in the Tpo + NIC cells. Gsk3 is also a downstream target of Akt; however, neither 

Akt1, 2, nor 3 was activated in either condition. Interestingly, two p38 isoforms were also more 

highly activated in Tpo + NIC cells. These results highlight the utility of using more global 

approaches, such as antibody arrays, to identify promising targets for additional study using 

more quantitative assays.  
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Figure 3.3. Detection of phospho-MAPKs using the Proteome Profiler Array in Tpo only and Tpo + 
NIC cultures. 
 
Primary human CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 5, a portion of the cells 

was treated with 6.25 mM NIC. Whole cell extracts were prepared using 4.5 million cells from each 

condition on day 6. Membranes were then incubated with an equal amount of total protein from each 

culture. The intensity of each spot with the local average background subtracted was determined using 

ImageQuant 5.2 software. An average of the 6 negative control spots was calculated and this value was 

subtracted from each kinase spot intensity. The resulting values for each pair of spots was then averaged 

and the ratio of the Tpo + NIC to Tpo only conditions was determined. (A) Spot intensities (background 

corrected) of proteins determined to have higher activation in Tpo + NIC cells. (B) Images of MAPK 

antibody arrays with kinases activated to a greater extent in NIC-treated cells highlighted. Data shown is 

from one biological experiment. Replicates were not performed. 
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p38γ 1663.8 2106.3 
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3.3.3. Effects of NIC on Tpo-mediated signaling pathways – PI3K/Akt and Ras/MAPK 

Studies were performed to further characterize the effects of NIC on several target 

kinases identified with the antibody arrays. NIC has been shown to increase Akt activation in 

other cell types, therefore we measured levels of phosphorylated Akt in Mks from cultures with 

Tpo only and Tpo + NIC using flow cytometry. Akt was not found to be activated above 

background levels in cells removed from either culture (Fig 3.4A), confirming results obtained 

with the antibody array. Moreover, the transient increase in the level of phosphorylated Akt 

(pAkt) was similar in short-term studies when cells were starved of Tpo and stimulated with 

either Tpo only or Tpo + NIC (Fig 3.4B). Overall, NIC does not alter Akt activation in Mks. 

 

Figure 3.4. Akt activation is not affected by NIC.  

Primary human mPB 

CD34+-selected cells were 

cultured with 100 ng/mL 

Tpo. Beginning on day 5, a 

portion of the cells was 

treated with 6.25 mM NIC. 

Cells were sampled from 

each of the cultures at various time points and the level of phosphorylated Akt (Ser473) was measured by 

intracellular flow cytometry. (A) Flow cytometric analysis of steady-state pAkt levels in Tpo only (red) 

and Tpo + NIC (blue) cultures. Data is representative of 2 biological replicates. (B) Separately, levels of 

pAkt were also measured in starved cells stimulated with X-VIVO 20 alone (black) or containing either 

100 ng/mL Tpo (red), Tpo + 6.25 mM NIC (blue), or 6.25 mM NIC (green). 
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 Levels of phosphorylated ERK (pERK) were measured in cells sampled from Tpo only 

and Tpo + NIC cultures using both flow cytometry and Western analysis. The level of 

phosphorylated ERK in cells removed directly from culture was found to peak at day 7 (Fig 

3.5A), which is the point in culture when the percentage of polyploid Mks began to increase (Fig 

2.4A). Levels of pERK then decreased as the cells matured. However, the level of pERK was 

greater in cells from Tpo + NIC cultures compared to cells cultured with Tpo only using both 

methods of detection (Fig 3.5A,B). Furthermore, these results are in agreement with results 

obtained using the antibody array described above. ERK activation was also higher in starved 

cells stimulated with Tpo + NIC compared to Tpo only (Fig 3.5C).  These studies suggest that 

ERK signaling may play a role in NIC-mediated enhanced polyploidization.  
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Figure 3.5. Cells cultured with NIC have increased ERK activation. 

Primary human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. Beginning on day 5, a 

portion of the cells was treated with 6.25 mM NIC. Cells were sampled from each of the cultures at 

various time points and the level of phosphorylated ERK (p44/42) was measured by intracellular flow 

cytometry and Western analysis. (A) Flow cytometric analysis of steady-state pERK levels in Tpo only 

(red) and Tpo + NIC (blue) cultures. Kinetics of pERK expression is shown for 2 biological replicates. 

(B) Western analysis of steady-state pERK levels in Tpo only (T) and Tpo + NIC (N) cultures. Band 

density analysis with ImageQuant 5.2 is shown at the right. (C) Separately, levels of pERK were also 

measured in starved cells stimulated with X-VIVO 20 alone (black) or containing either 100 ng/mL Tpo 

(red), Tpo + 6.25 mM NIC (blue), 6.25 mM NIC (green).  
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3.3.4. Effects of NIC on the activation of the downstream ERK targets RSK1 and mTOR 

ERK signaling activates many downstream targets. One ERK target that would be 

expected to play a role in increased polyploidization with NIC is mTOR (mammalian target of 

rapamycin). mTOR regulates cell growth and protein synthesis through its downstream targets 

p70S6K and 4E-BP1 and through its association with Raptor (regulatory associated protein of 

TOR), which serves to colocalize mTOR with 4E-BP1 and p70S6K.116 mTor activity is 

negatively controlled by the tumor suppressors TSC1 (hamartin) and TSC2 (tuberin).117,118 A 

role for mTOR in primary Mk endomitosis has been established through the use of its inhibitor 

rapamycin. Mks treated with rapamycin exhibit decreased cell size and ploidy with similar 

expression of Mk surface markers compared to untreated Mks.51,82,119 This is consistent with a 

possible role for NIC in mTOR activation because NIC increases Mk size and ploidy without 

affecting Mk surface marker expression. mTOR is also a nutrient sensor and is activated by 

nutrient-rich conditions.120 While signaling through PI3K/Akt controls mTOR activation,121-123 

mTOR activity can also be increased by both ERK and the ERK target RSK1 via inactivation of 

the mTOR repressor TSC2 (Fig 3.6).124-126 Since NIC does not decrease Tpo-mediated Akt 

signaling, increased TSC2 inactivation by ERK would likely result in a net increase in mTOR 

activity.   
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Since we observed increased ERK activation with NIC, we examined whether 

downstream targets of ERK were also more extensively activated with NIC. Western analysis 

was performed to measure levels of phosphorylated RSK1 (pRSK1) and phosphorylated mTOR 

(pmTOR) in cells sampled from Tpo only and Tpo + NIC cultures. The level of pRSK1 was 

found to increase with Mk maturation and was greater in NIC-treated cells (Fig 3.7A,C), further 

indicating a role for the ERK pathway in the NIC effects on Mk ploidy and proplatelet 

formation. mTOR was activated in both cultures and remained constant. Unexpectedly, pmTOR 

was present at similar levels in Tpo only and Tpo + NIC cells (Fig 3.7B,C).  

 

Figure 3.6. Illustration of key signaling pathways examined in Chapter 3.  

Arrows and blunt-ended lines indicate positive and negative regulation, respectively. 

Figure composed of icons provided by Biocarta. 
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Figure 3.7. Western analysis for the activation of downstream ERK targets RSK1 and mTOR.  
 
Western analysis for phosphorylated and total (A) RSK1 and (B) mTOR. Primary human mPB CD34+-

selected cells were cultured with Tpo only (T) or Tpo + NIC (N). NIC was added on day 5 and whole-cell 

lysates were prepared on days 7, 8, 9, and 11 of culture. An equal amount of total protein was loaded per 

well. (C) Band density analysis was performed using Image Quant 5.2 software. Data shown is the ratio 

of phosphorylated/total protein for Tpo only (red) and Tpo + NIC (blue) cultures. Data is representative of 

results from 2 biological experiments.  
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3.3.5. Chemical inhibition of MEK with PD98059 and U0126 in primary Mk cultures 

Chemical inhibitors of MEK/ERK signaling (PD98059 and U0126) were used to examine 

whether inhibition of this pathway (1) decreases Mk ploidy in the absence of NIC and (2) 

decreases NIC-mediated enhancement of Mk ploidy and proplatelet formation. An important role 

for ERK signaling in Mk endomitosis is suggested by studies using the MEK inhibitor PD98059. 

Guerriero et al. observed a lower fraction of polyploid cells after treatment of purified 

hematopoietic progenitor cells with 25–50 µM PD98059.22 Similarly, Miyazaki et al. reported 

lower ploidy with PD98059 for Mks derived from cord blood CD34+ cells.112 However, another 

study with cord blood CD34+ cells that used a similar PD98059 level showed increased 

polyploidization.127 Two other studies with mPB and cord blood CD34+ cells showed greater 

polyploidization with PD98059 at a lower dose (6–10 µM).51,128 Thus, whether PD98059 

increases or decreases Mk ploidy remains controversial. The different effects reported are likely 

due in part to the different PD98059 doses and addition/exposure times used in the different 

studies.  Another MEK/ERK inhibitor U0126 has been used less frequently in human Mk 

cultures. A dose of 10 µM was reported to rapidly decrease cell growth and the cells died rapidly 

during the first few days of culture.51 However, another study used doses of 10 and 30 µM with 

no mention of cell death.129 

Due to the conflicting results obtained by others using PD98059 in human Mk cultures 

and the limited use of U0126 in human Mk cultures, we initially screened a range of inhibitor 

concentrations (U0126: 5, 10, 25 µM; PD98059: 25, 50, 75 µM) for cytotoxicity and effects on 

Mk ploidy. Inhibition of ERK activation in starved cells stimulated with Tpo was demonstrated 

with both inhibitors (Fig 3.8A), as has been shown by others. However, we were interested in 
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whether these inhibitors were capable of maintaining ERK inhibition in long-term Mk cultures. 

Inhibitors were added to Mk cultures on day 4 because we wanted to know whether PD98059 

and U0126 would offset increased ERK activation by NIC, which is added on day 5. Based on 

results of others, we expected to find a dose of each inhibitor that was capable of reducing Mk 

ploidy. However, at all doses tested, PD98059 increased Mk ploidy in a dose-dependent manner 

(Fig 3.8B). The increases were greater than that previously reported by others with PD98059. 

Cultures with 50 and 75 µM PD98059 showed signs of decreased viability towards the end of 

culture. Additional characterization of the non-cytotoxic doses of PD98059 (10 and 25 µM) was 

performed by carrying out Mk cultures with Tpo only, Tpo + 10 µM PD98059, Tpo + 25 µM 

PD98059, and PD98059 + NIC. The addition of NIC to cultures with 25 µM PD98059 did not 

further increase ploidy (Fig 3.8C), suggesting there is a limit to the benefits of NIC. In contrast, 

non-cytotoxic concentrations of U0126 (5–25 µM) slightly decreased Mk ploidy in Tpo only 

cultures (Fig 3.8B). Follow-up studies to examine the effects of U0126 in Tpo + NIC cultures 

have not yet been performed. While there are differences between the mechanisms by which 

each inhibitor acts (U0126 inhibits active and inactive MEK whereas PD98059 inhibits only the 

activation of inactive MEK), the conflicting effects on ploidy brings into question the specificity 

of the inhibitors. In summary, inhibition of ERK with chemical inhibitors was not able to provide 

further information as to the role of ERK in the effects of NIC on Mk ploidy.  However, these 

studies provide a more thorough characterization of the effect of PD98059 on Mk differentiation 

than currently provided in the literature.  
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Figure 3.8. Mk ploidy in cultures with the MEK inhibitors PD98059 and U0126.  

(A) mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 3, a portion of the cells was 

removed and starved of Tpo overnight. Cells were then pretreated with either PD98059 or U0126 for 1 

hour before being stimulated with 100 ng/mL Tpo for 10 minutes. Levels of pERK were measured using 

flow cytometry (blue = stained, black = isotype control). Cells not pre-treated with either inhibitor 

showed a 1.7-fold increase in pERK activation. Both PD98059 and U0126 completely prevented this 

activation. (B) mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. Beginning on day 4 of 

culture, cells were treated with varying concentrations of either PD98059 or U0126. 6.25 mM NIC was 

added on day 5. The percentage of high-ploidy Mks was determined in each culture on days 7 (black) and 

9 (gray). (C) Kinetics of the percentage of high-ploidy Mks in cultures with non-toxic doses of PD98059 

with and without NIC.  
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3.3.6. NIC increases the level of intracellular NAD(H) and glucose metabolism in cultured 
primary Mks 
 
Since NIC serves as a precursor for NAD+ in various cell types, we measured the levels 

of NAD(H) [sum of NAD+ and NADH] in primary human Mks cultured with Tpo only and Tpo 

+ NIC (3 and 6.25 mM) at various time points in culture. NAD(H) was found to increase rapidly 

after the addition of NIC. Intracellular NAD(H) levels were ~3- to 6-fold higher in cells cultured 

with Tpo + 6.25 mM NIC compared to Tpo only after two days of NIC addition (Fig 3.9). 

Furthermore, the increase in NAD(H) was dose-dependent with the exception of one time point 

(Fig 3.9).  NAD(H) levels were similar in cells cultured with both 3 and 6.25 mM NIC at day 7 

in two separate biological experiments.  

 

 

Figure 3.9. NIC increases the level of intracellular NAD(H) in primary human Mk cultures. 

500,000 cells were sampled from Tpo only (gray), 

Tpo + 3 mM NIC (white), and Tpo + 6.25 mM NIC 

(black) cultures on days 5 (4 hours after NIC 

addition), 7, and 9. NAD(H) levels were 

determined using an enzymatic cycling assay. Data 

shows the average and SD of replicate samples and 

is representative of n = 4 for Tpo only and Tpo + 

6.25 mM NIC cultures; n = 2 for Tpo + 3 mM NIC 

cultures.  
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We also measured glucose and lactate concentrations in the media of Tpo only and Tpo + 

NIC cultures to determine whether NIC altered the pattern of glucose consumption or the yield 

of lactate from glucose. Measurements were reported on a per cell volume basis to account for 

the increase in cell size with NIC. Overall, cells cultured with Tpo + NIC had increased glucose 

consumption (Fig 3.10A) and lactate production per cell volume (Fig 3.10B). However, the yield 

of lactate from glucose was lower in Tpo + NIC cultures compared to Tpo only after day 7 (Fig 

3.10C). 

 
Figure 3.10. Glucose and lactate metabolic quotients in Tpo only and Tpo + NIC cultures. 

mPB CD34+-selected 

cells were cultured with 

100 ng/mL Tpo. 

Beginning on day 5, a 

portion of the cells was 

treated with 6.25 mM 

NIC. Media samples 

were saved on days 5, 7, 8, 9, and 11, before and after media 

exchanges, for later analysis. (A) Glucose consumption and 

lactate production over each period of time are shown per cell 

volume to account for the increase in cell size with NIC. (B) 

Yield (lactate produced/glucose consumed) in Tpo only and Tpo 

+ NIC cultures. Data represents the average and SD of replicate 

measurements and is representative of 2 biological experiments.  
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3.3.7. Nicotinic acid is not an effective precursor for NAD(H) in cultured primary Mks 

Nicotinic acid (NA), the other form of niacin, can also act as a precursor for NAD+ and 

supplementation to cultures can increase the level of intracellular NAD+ in various cell types.57,58 

If increased NAD levels are the mechanism by which NIC increases Mk ploidy, then a similar 

increase in NAD(H) levels from NA supplementation should also increase ploidy. Alternatively, 

if NA does not increase NAD(H) levels, then it would not be expected to increase Mk ploidy. 

Therefore, we characterized Mk maturation and NAD(H) levels in cells cultured with Tpo only 

or Tpo + either 3 mM or 6.25 mM NA. Doses greater than 6.25 mM were cytotoxic (data not 

shown). Mks from cultures with NA differentiated in a similar manner to cells cultured with Tpo 

only in terms of both CD41 expression and the percentage of high-ploidy Mks (Fig 3.11A). The 

level of intracellular NAD(H) increased only slightly by addition of either 3 mM or 6.25 mM NA 

(Fig 3.11B). Therefore, NA does not act as an effective NAD(H) precursor in cultured primary 

human Mks and does not increase Mk ploidy.  
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Figure 3.11. Nicotinic acid (NA) is not an effective precursor for NAD(H) in primary human Mks 
and has no effect on Mk ploidy. 
 
mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. Beginning on day 5, cells were treated 

with either 6.25 mM NIC (squares), 3 mM NA (diamonds), or 6.25 mM NA (crosses). Cells cultured with 

Tpo only were used for a control (circles). (A) The percentage of high-ploidy Mks and CD41+ cells was 

determined on days 5, 7, 9 and 11. (B) NAD(H) levels were measured on day 5 (4 hours after NIC/NA) 

addition, 7, and 9. Data shown is representative of n = 2 for NA cultures; n = 4 for Tpo only and Tpo + 

6.25 mM NIC cultures.  
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3.3.8. Inhibition of NMPRTase in NIC-treated primary Mk cultures 

In order to determine whether the increased NAD(H) levels resulting from NIC addition 

were responsible for enhanced Mk polyploidization, studies were carried out using APO866 – an 

inhibitor of nicotinamide phosphoribosyltransferase (NMPRTase), the enzyme that converts NIC 

to NAD+. Doses of 1–10 nM APO866 have been found to inhibit NMPRTase in cancer cells.130 

We found that doses of 1 and 10 nM APO866 induced partial and complete cell death, 

respectively, in the megakaryocytic CHRF cell line after 4 days of culture, whereas CHRF cells 

treated with 0.1 nM APO866 remained healthy. Two days of APO treatment reduced the levels 

of intracellular NAD(H) almost completely in the CHRF cells (Fig 3.12A). At this time point 

there was no visible cell death for any of the doses.  
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Figure 3.12. NAD(H) levels in CHRF cells treated with APO866.  

(A) CHRF cells were treated with 0.1–10 nM APO866 for 48 hours before measuring NAD(H) levels 

using an enzymatic cycling assay. (B) NAD(H) levels with higher doses of APO866 (10–1000 nM) in 

CHRF cell cultures treated with either 3 or 6.25 mM NIC.  
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Based on the results of studies performed with CHRF cells, we next examined the effects 

of a wide range of concentrations of APO866 on primary human Mk differentiation. APO866 

was added to Tpo only cultures on day 4 (12 hours prior to NIC addition; 0.05–10 nM APO866). 

On day 5, a portion of cells from each condition was treated with 6.25 mM NIC. In the primary 

Mk cultures, APO-treated Mks in Tpo only cultures started showing signs of decreased viability 

on day 7 of culture (1, 3, 10 nM conditions). Cells in cultures with 0.1 and 0.5 nM APO began to 

appear unhealthy on day 8, whereas cells treated with a dose of 0.05 nM APO866 remained 

viable. APO866 decreased the percentage of CD41+ cells in a dose dependent manner (Fig 

3.13A). On the other hand, cells treated with APO (0.05–10 nM) + 6.25 mM NIC remained 

healthy for the entire duration of culture and there was no difference between the percentage of 

high-ploidy Mks in APO + NIC and Tpo + NIC cultures (Fig 3.13B). NAD(H) levels were not 

measured in these cultures. Since high doses of NIC (10 mM) have been shown to reverse the 

effects of 10 nM APO866 in HepG2 cells,130 it was likely that the 6.25 mM NIC concentration 

was too high and protected the cells against the effects of APO866.  
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Figure 3.13. APO866 decreases the percentage of CD41+ cells in Mk cultures. 

mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. Beginning on day 4, a portion of the cells 

was treated with 0.05–10 nM APO866 and subsequently, 6.25 mM NIC was added on day 5. (A) Data 

shows the number of CD41+ cells as a percentage of viable cells on days 8 (gray) and day 10 (black) in 

cells treated with APO only. (B) The percentage of high-ploidy Mks was similar in Tpo + NIC and APO 

+ NIC cultures. The percentage of CD41+ cells and high-ploidy Mks in Tpo only and Tpo + NIC cultures 

are included for comparison.  
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We next tested higher levels of APO866 (>10 nM) in combination with decreased 

concentrations of NIC. We first carried out studies using the CHRF cell line and examined 

NAD(H) levels in CHRF cells treated with various concentrations of APO866 together with 

either 3 or 6.25 mM NIC. CHRF cells were seeded into 6-well plates and treated with 10–1000 

nM APO866. Four to twenty fours after APO addition, cells were treated with either 3 or 6.25 

mM NIC. Two days after the cultures were seeded, NAD(H) levels were measured using an 

enzymatic cycling assay. Untreated CHRF cells and CHRF cells treated with either APO or NIC 

alone were used as controls. The high levels of NAD(H) resulting from either 3 or 6.25 mM NIC 

could not be significantly reduced despite the very high concentrations of APO866 tested (Fig 

3.12B). Due to the solubility of APO866, concentrations greater than 1000 nM would lead to 

cytotoxicity from the DMSO used to reconstitute the inhibitor.  

Similar studies were also performed in primary Mk cultures. CD34+ cells cultured with 

Tpo were treated with 10, 100, and 1000 nM APO866 together with either 3 or 6.25 mM NIC. 

APO decreased NAD(H) levels in cells cultured with Tpo only at all concentrations tested (Fig 

3.14A). However, doses of 10–1000 nM APO866 were cytotoxic when NIC was not present. 

Therefore, NAD(H) was only measured on day 5 of the Tpo + APO cultures. NIC increased the 

level of intracellular NAD(H) in a dose-dependent manner. After 4 hours, the level of 

intracellular NAD(H) was increased by 2- and 4- fold with 3 and 6.25 mM NIC, respectively 

(Fig 3.9). The high concentrations of APO were able to reduce the NAD(H) levels in cells treated 

with either 3 or 6.25 mM NIC at the early time point (4 hours after NIC) (Fig 3.14B). However, 

by day 7, cells in the APO + NIC and NIC-only cultures had the same level of NAD(H). 

NAD(H) levels were reduced at day 9, likely due to a media exchange that was performed on day 
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7 to replace the inhibitor and NIC. Mk differentiation, as characterized by CD41 expression and 

percentage of high-ploidy Mks, was similar between NIC-only and APO + NIC cultures (Fig 

3.14C-D).  
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Figure 3.14. NIC addition to primary Mk cultures treated with APO866. 

Human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 4, cells were treated with 

10 nM (green), 100 nM (black), or 1000 nM (gray) APO866. On day 5, either 3 or 6.25 mM NIC (blue) 

was added to the cultures. Tpo only cultures (red) were used as a control. Half-media exchanges were 

performed on days 7 and 9. (A) After one day of culture with APO, NAD(H) levels were completely 

reduced. (B) Levels of intracellular NAD(H) in APO + NIC cultures. Mk cultures were characterized for 

their percentage of (C) high-ploidy Mks, (D) CD41+ cells, and (E) total-cell fold-expansion. 
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Since this study suggested that more frequent inhibitor replacement may maintain the 

reduced NAD(H) levels, cultures were then performed in which APO866 was repeatedly added 

to cultures to ensure levels were not lowered due to degradation. Full media exchanges were 

performed each day of culture. Tpo only and Tpo + NIC cultures were handled in a similar 

manner to provide control cultures. Again, NAD(H) levels were reduced with APO at the early 

time point (4 hours after NIC addition). However, by day 7 NAD(H) levels in APO + NIC 

cultures were similar to that of cells cultured with Tpo + NIC (Fig 3.15A). As anticipated, the 

percentage of high-ploidy Mks was also similar between Tpo + NIC cultures with or without 

APO (Fig 3.15B), as was the percentage of CD41+ cells (Fig 3.15C).  

In summary, the level of NIC that is needed to increase Mk ploidy results in such high 

NAD(H) levels that it cannot be significantly reduced using APO866 (1–1000 nM). Further 

studies can be performed to (1) determine the lowest possible NIC concentration that increases 

Mk ploidy and (2) characterize its effects in Mk cultures with APO866. Alternatively, we can 

test whether repeated addition of 100 nM APO without medium exchange is capable of reducing 

NAD(H) levels and Mk ploidy.  
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Figure 3.15. NIC addition to primary Mk cultures treated with APO866 – repeated replacement of 
APO866. 
 
Human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 4, cells were treated with 

100 nM (black) or 1000 nM (gray) APO866. On day 5, either 3 or 6.25 mM NIC was added to the 

cultures. Cells receiving Tpo- (red), APO-, or NIC-only (blue) were used for controls. Full media 

exchanges were performed every day beginning on day 5 to replace APO866. (A) Levels of intracellular 

NAD(H) in APO + NIC cultures. Mk cultures were characterized for their percentage of (B) high-ploidy 

Mks and (C) CD41+ cells. 
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3.4. Discussion 
 

In the present study, we provide insight as to the mechanism by which NIC enhances Mk 

maturation. Given the primary role of Tpo in Mk development, it is likely that NIC effects are 

due at least in part to modulation of Tpo-mediated signal transduction. We have previously 

demonstrated that nicotinamide (NIC) increases polyploidization and proplatelet formation in 

primary and murine Mk cultures with Tpo only (Chapter 2).109 Additional studies demonstrate 

that these effects are also observed in primary human Mks cultured under a variety of Mk-

promoting conditions containing Tpo. NIC increased the percentage of high-ploidy Mks by 1.5-, 

1.5-, and 1.3-fold in cultures with Tpo + stromal cell derived factor 1α, a cocktail of cytokines 

[Tpo (50 ng/mL), SCF (10 ng/mL), IL-3 (0.005 ng/mL), IL-6 (10 ng/mL)], and in Mks cultured 

with Tpo on fibronectin-coated surfaces, respectively (Section 6.2.1). NIC also increased 

polyploidization in Tpo-dependent primary G1ME murine cells that are deficient of the 

transcription factor GATA1 (Section 6.2.3). Interestingly, we found that NIC appears to act 

independent of Tpo and can increase Mk ploidy in cells cultured with a cytokine combination of 

IL-3, IL-6 and SCF. However, Tpo must be present in order to achieve the full effects of NIC on 

Mk ploidy. Cocktail cultures that are treated with NIC on day 5 only reach a maximum DNA 

content of 8N, whereas if Tpo is added in combination with NIC, Mks have DNA histograms 

resembling cells from Tpo + NIC cultures where the maximum DNA content is 32N. Therefore, 

NIC appears to synergize with Tpo to enhance Mk maturation. 

The binding of Tpo to its receptor, Mpl, activates multiple signaling cascades including 

Ras/MAPK. The MAPKs ERK1 and ERK2 are rapidly phosphorylated after exposure to Tpo and 

are key regulators of cell proliferation, differentiation, and survival. We have found that ERK 
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and its downstream target RSK1 are activated to a greater extent in cells cultured with NIC.  We 

attempted to use pharmacological inhibitors to prevent the increase in ERK activation resulting 

from NIC addition in order to determine whether the increase was responsible for enhanced 

polyploidization. However, these studies were inconclusive due to an apparent lack of inhibitor 

specificity. In our hands, PD98059 increased Mk ploidy, while U0126 resulted in a small 

decrease in the number of high-ploidy Mks. Further studies with U0126 in cultures with Tpo + 

NIC may prove useful (Section 5.2.2.2). Unfortunately, until additional studies are performed, it 

is not possible to conclude whether the increased pERK levels are a cause or consequence of 

NIC increases in Mk ploidy. Alternative methods with greater specificity such as RNAi (Section 

5.2.2.1) should be examined in order to fully characterize the role of ERK in NIC-mediated Mk 

maturation. 

Tpo has also been shown to signal through the phosphatidylinositol 3-kinase (PI3K)/Akt 

pathway.51,129,131 Signaling through PI3K/Akt is important for the regulation of cell cycle 

progression and modulates many cell cycle regulatory proteins, such as p21, p27, cdc25B and 

GSK3.  Activated Akt also increases the post-translational stability of cyclins132 and can function 

to promote cell survival; for example, via phosphorylation and inactivation of the pro-apoptotic 

factors Bad and caspase-9.133 Separately, NIC has been shown in other cell types to increase Akt 

signaling.45,46 However, we found the level of pAKT to be unchanged with NIC addition in both 

starved cells and cells sampled from long-term cultures. Moreover, expression of pmTOR, which 

is primarily activated by Akt, was similar in Tpo only and Tpo + NIC cells. Therefore, Akt does 

not likely play a role in the effects of NIC on Mk maturation.  
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NIC is known to act as a precursor for NAD+ both in vitro and in vivo and has been shown 

to increase the level of intracellular NAD+ in cultured cells by as much as 40% after 3 hours and 

up to 3-fold after 48 hours.52-54 We found a similar increase in the level of NAD(H) when NIC 

was added to cultures of primary human Mks. Moreover, the increase in NAD(H) levels was 

dose-dependent with NIC. Interestingly, cultured Mks were not able to use nicotinic acid, the 

other form of niacin, as a precursor for NAD(H) and NA did not increase Mk ploidy. Other cell 

types (HepG2) have also been shown to have a preference for NIC as a substrate for NAD+ 

generation.130  

In order to determine whether the increased NAD(H) levels were responsible for the 

ability of NIC to enhance Mk polyploidization, cultures were performed with APO866 (also 

known as FK866) – an inhibitor of NMPRTase, the enzyme that converts NIC to NAD+.130 Here 

we showed that very low concentrations (> 0.1 mM) of APO866 in the absence of NIC 

completely reduced NAD(H) levels and gradually induced cell death in cultured primary Mks. 

This was reflected in a dose-dependent decrease in the percentage of CD41+ cells. APO alone did 

not appear to directly affect Mk polyploidization – DNA histograms were similar to those in 

untreated cultures. However, the percentage of high-ploidy Mks was reduced as a consequence 

of decreased cell viability. Interestingly, thrombocytopenia has been found as a side effect of 

APO866 administration in recent clinical trials,134 suggesting that intracellular NAD+ levels may 

play a role in Mk differentiation and platelet production. Unfortunately, APO866 was not 

capable of lowering the high NAD(H) levels associated with the concentrations of NIC necessary 

to enhance Mk ploidy. Thus, as may be expected, APO + NIC cultures contained a similar 

percentage of high-ploidy Mks as those treated with NIC alone. Further studies are necessary to 
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determine if reducing the NIC concentration would enable the APO to sufficiently lower 

NAD(H) levels in APO + NIC cultures and examine whether Mk polyploidization was decreased 

as a result (Section 5.2.2.2).  

The increased NAD(H) levels from NIC addition could have several possible downstream 

consequences due to the multiple functions of NAD within cells. Increased levels of NAD(H) 

could affect NAD+-dependent enzymes such as poly ADP-ribose polymerase (PARP)135 and 

Sir2.136 However, we have shown previously that the addition of various PARP and Sir2 

inhibitors do not reproduce the effects of NIC on Mk maturation (Chapter 2).109 Increased NAD+ 

levels have also been implicated in altering the binding of p53 to the promoter DNA of select 

p53 target genes, including mdm2 and PIG3.52 Since p53 is responsible for the prevention of 

aneuploidy and rereplication,59 this might suggest a role for NAD+ in modulating NIC effects on 

Mk DNA content via p53. Studies by others in our group demonstrate that siRNA-mediated 

knock-down of p53 in PMA-stimulated CHRF cells leads to an increase in both polyploidization 

and viability.137 Preliminary studies have found p53 activity to be increased in Tpo + NIC Mks 

(Section 6.2.2); however, this data has yet to be replicated. Further studies may reveal a role of 

p53 in NIC-mediated increases in Mk ploidy (Section 5.2.2.3).  

In summary, both Tpo-mediated signaling and the level of intracellular NAD(H) appear to 

have a role in the ability of NIC to increase Mk ploidy. Further studies are necessary to 

understand the importance of NAD(H) in Mk maturation.  
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4. CHAPTER 4: Effects of nicotinamide on hematopoietic stem cell differentiation 
towards other lineages (erythrocytic and granulocytic) 

 
4.1. Introduction 

Myelodysplastic syndromes (MDS) encompass a heterogeneous group of malignant 

clonal stem cell disorders characterized by ineffective hematopoiesis, and constitute a significant 

clinical problem with increasing incidence.138-140 Increased progenitor apoptosis early in the 

course of the disease results in low peripheral blood counts for one or more blood cell types. 

About 60% of MDS patients are thrombocytopenic. Chronic platelet transfusion is complicated 

by the development of allogeneic antibodies and approximately 30% of MDS patients die of 

bleeding. Increased endogenous platelet production could extend the lifespan (and increase the 

quality of life) for a substantial fraction of MDS patients by rescue from and/or delayed onset of 

clinically significant thrombocytopenia.  

MDS is characterized by defective megakaryocyte (Mk) development that results in the 

formation of atypical “micromegakaryocytes”.141 Micromegakaryocytes are smaller in size than 

normal Mks and show impaired polyploidization. They have diameters up to 20 µm and a peak 

ploidy of 4N or 8N, as compared to normal Mks that have a diameter of 25-35 µm and mean 

ploidy of 16N,142 and also often exhibit hypogranulation. Abnormal Mk maturation in MDS has 

also been demonstrated in vitro. Mk colony (CFU-Mk) formation from MDS-patient bone-

marrow MNCs is reduced compared to normal bone marrow.143 It has been hypothesized that 

decreased platelet production by abnormal Mks is partly responsible for the peripheral 

thrombocytopenia associated with MDS.144 Besides low platelet counts, MDS patients often 

exhibit circulating platelets with defective activity.145 Treatment with the Src kinase inhibitor 
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SU6656 has been shown to increase Mk ploidy in in vitro cultures of both normal and MDS bone 

marrow samples,25 suggesting that normal levels of polyploidization can be restored in MDS 

Mks with appropriate treatments.  

We have discovered that nicotinamide (NIC, one form of vitamin B3) greatly increases 

the in vitro maturation of human Mks derived from mobilized peripheral blood CD34+ cells 

(Chapter 2). NIC-treated Mks are larger in size, reach higher ploidy levels, and have increased 

proplatelet formation compared to cells cultured with Tpo only. As a result, we hypothesize that 

NIC may increase Mk ploidy in MDS patients (Section 5.3.2.2). Since Mk ploidy directly 

correlates with platelet production,14 we also hypothesize that NIC could be used to increase 

platelet production in MDS patients. However, prior to in vivo administration of NIC, it is 

important to understand the effect of NIC on cells from other hematopoietic lineages. Therefore, 

we have begun preliminary studies to examine the effects of NIC on erythrocytic and 

granulocytic maturation. We demonstrate that in addition to enhancing Mk polyploidization and 

proplatelet formation, NIC also increases erythroid maturation. NIC does not appear to alter 

granulocyte differentiation beyond significant inhibition of cell expansion. Additional studies to 

replicate these findings and further characterize the effects of NIC on erythroid differentiation 

are needed (Section 5.3.2.1). 
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4.2. Materials and Methods 

4.2.1. Human erythroid (E) culture 

Unless otherwise noted, all reagents were obtained from Sigma-Aldrich (St. Louis, MO). 

Cultures were initiated with previously frozen human mobilized peripheral blood (mPB) CD34+ 

cells (AllCells; Berkeley, CA). Cells were cultured in T-flasks and maintained at a density of 

100,000–400,000 cells/mL with a constant liquid depth of 0.33 cm. Cultures were performed 

using HLTM media (prepared as described in Sandstrom et al.146) containing Epo (3 U/mL; 

Amgen), SCF (50 ng/mL; Amgen), IL-3 (5 ng/mL; Peprotech), and IL-6 (10 ng/mL; Peprotech) 

with the initial pH adjusted to 7.4 with NaOH or HCl. Beginning at either day 3, 6, or 9, cells 

were continuously treated with 6.25 mM NIC. Cells not receiving NIC were used as a control. 

When needed, the cell concentrations were reduced by dilution with fresh media containing 

cytokines and 6.25 mM NIC if applicable. Cells were incubated at 37oC in a fully humidified 

atmosphere of 5% CO2 and 95% air. Only one biological experiment was conducted. 

 

4.2.2. Human granulocyte (G) culture 

Cultures were initiated with previously frozen human mPB CD34+ cells (AllCells; 

Berkeley, CA). Cells were cultured in T-flasks and maintained at a density of 30,000–300,000 

cells/mL with a constant liquid depth of 0.33 cm. Cultures were performed using HLTM media 

containing IL-3 (10 ng/mL; Peprotech), IL-6 (10 ng/mL; Peprotech), SCF (50 ng/mL; Amgen), 

and G-CSF (10 ng/mL; Amgen) with the initial pH adjusted to 7.1 with NaOH or HCl. Due to 

the short half-life, 10 ng/mL G-CSF was added to cultures every 2 days. Beginning at either day 

3, 6, or 9, cells were continuously treated with 6.25 mM NIC. Cells not receiving NIC were used 
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as a control. When needed, the cell concentrations were reduced by dilution with fresh media 

containing cytokines and 6.25 mM NIC if applicable. Cells were incubated at 37oC in a fully 

humidified atmosphere of 5% CO2 and 95% air. Only one biological experiment was conducted.  

 

4.2.3. Colony assays 

MethoCult media (Stem Cell Technologies) was prepared as instructed by the 

manufacturer. GM-CSF (Peprotech), G-CSF (Amgen), IL-6 (Peprotech), Epo (Amgen), SCF 

(R&D Systems), IL-3 (Peprotech), and ~1000 cell/mL was added to 4 mL of MethoCult media. 

One mL aliquots of MethoCult containing cells and cytokines was dispensed in duplicate 

gridded-35 mm petri dishes (Nunc). Dishes were incubated at 37oC in a fully humidified 

atmosphere with 5% CO2, 5% O2 in N2. After 14 days, plates were scored for erythroid (CFU-E), 

granulocyte, and monocyte (CFU-G+M) colonies using a dark-field stereomicroscope.  

Colony assays were performed for 3 biological experiments. Cells were sampled from 

Tpo only cultures on day 0 or 1 and on day 3. Cells were put into the colony assay with or 

without 6.25 mM NIC. In Experiments 1 and 2, an equal number of cells were put into untreated 

and NIC-treated assays. Since NIC inhibits cell growth, assays without NIC contained higher cell 

numbers and led to pH differences of the MethoCult media between assays with and without 

NIC. pH has been shown to be an important regulator of erythroid differentiation.147 Therefore, 

in Experiment 3, the input cell numbers were adjusted in attempt to obtain an equal number of 

cells per plate in conditions with and without NIC. Images of erythroid colonies were obtained 

with a Leica DM IL inverted contrasting microscope (Heidenheim, Germany) fitted with a SPOT 
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Insight 2MP Firewire Color Mosaic camera (Diagnostic Instruments; Sterling Heights, MI). 

Images were captured using SPOT software (Diagnostic Instruments). 

 

4.2.4. Culture characterization 

4.2.4.1. Flow cytometric detection of surface marker expression 

Cells were washed with phosphate-buffered saline (PBS) containing 2 mM EDTA and 

0.5% bovine serum albumin (BSA) [PEB], incubated with fluorophore-conjugated antibodies 

(Becton Dickinson; San Jose, CA) for 30 minutes at room temperature: G cultures – CD66b-

FITC, CD11b-PECy5, CD15-FITC, CD34-APC; E cultures – GlyA-PE, CD71-FITC, CD34-

APC. Cells were then analyzed on a Becton Dickinson LSRII flow cytometer using FACSDiva 

software (Becton Dickinson). DAPI was added to samples to give a final concentration of 1.4 

µg/mL shortly prior to acquisition to exclude dead cells. 

 
4.2.4.2. Benzidine staining 

Cells expressing hemoglobin were identified by benzidine staining according to the 

methods described by Lam et al.148 Briefly, 100,000 cells were harvested from each erythroid 

culture and were washed two times with cold PBS. Cells were resuspended in 27 µL of PBS and 

3 µL of benzidine solution (2% benzidine in 0.5 M acetic acid) was added. 1 µL of 30% H2O2 

was then added and cells were incubated at room temperature for 5–10 minutes. Cells were 

transferred to a hemacytometer and the number of positive (blue) cells were enumerated and 

expressed as a percentage of the total number of cells counted.  
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4.3. Results 

4.3.1. NIC enhances erythroid differentiation 

mPB CD34+-selected cells were cultured in HLTM containing IL-3, IL-6, SCF and Epo 

to induce erythroid differentiation. NIC 

was added to the cultures at various time 

points (days 3, 6, and 9). In general, 

erythrocytes are more proliferative than 

Mks. Untreated cells reached ~1200-fold 

expansion (Fig 4.1) compared to Tpo only 

Mk cultures where ~5-fold total-cell 

expansion is typically obtained (Fig 2.6). 

NIC inhibited erythrocyte expansion, and 

the level of growth inhibition was 

dependent on the day of NIC addition. 

Addition of NIC on days 3, 6, and 9 

reduced cell growth ~31-, 27-, and 10-fold, 

respectively, from untreated cells (day 19).  

NIC enhanced erythroid 

differentiation. Cells lost expression of the 

primitive marker CD34+ more rapidly (Fig 4.2A). In the untreated culture, the percentage of 

CD34+ cells declined from 100 to 20% over the duration of 19 days. In contrast, the percentage 
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Figure 4.1. Total-cell fold-expansion of 
erythroid cultures with and without 6.25 mM 
NIC. 
 
mPB CD34+-selected cells were cultured with IL-3, 

IL-6, SCF and EPO. Total-cell fold-expansion was 

determined for cultures in which 6.25 mM NIC was 

added beginning on either day 3 (open squares), 

day 6 (triangles), or day 9 (crosses). Untreated 

cultures were included for controls (circles). Only 

one biological experiment was performed. 
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of CD34+ cells had already dropped to 20% by day 12 in cultures treated with NIC (day 3 and 6 

addition). The day 3 NIC-treated culture also reached its maximum percentage of GlyA+ cells 

more quickly compared to untreated cells (Fig 4.2B). Untreated cultures contained ~60% of 

GlyA+ cells on day 12 compared to day 9 for cultures with day 3 NIC addition. Cultures with day 

3 NIC addition also contained an ~2-fold greater percentage of benzidine positive cells, a marker 

for hemoglobin production (Fig 4.2C). Similarly, erythroid colonies were redder in color with 

NIC, which is an indication of greater hemoglobin expression (Fig 4.3A). The number of CFU-E 

was not significantly affected when NIC was added to the assay (Fig 4.3B); however, colonies 

were much smaller with NIC present (Fig 4.3A). CD71, the transferrin receptor, is present on 

early erythroid cells but is lost as reticulocytes differentiate into mature erythrocytes. The 

percentage of CD71+ cells in untreated cultures only declined from 90 to 85% during days 6 

through 19, whereas NIC-treated cultures lost CD71 expression much more rapidly, decreasing 

to 30-35% by day 19 (Fig 4.2D). This is additional evidence of increased maturation with NIC. 

However, erythrocytes cultured with NIC also appeared to lose viability more rapidly compared 

to untreated cells (data not shown). This is reflected by a decrease of the percentage of GlyA+ 

cells towards the end of culture and may be the result of more rapid maturation with NIC.  
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Figure 4.2. Expression of erythroid surface markers in NIC-treated cultures. 

mPB CD34+-selected cells were cultured with IL-3, IL-6, SCF and EPO. Beginning on either day 3 (open 

squares), day 6 (triangles), or day 9 (crosses), 6.25 mM NIC was added to the culture. Cells receiving no 

NIC were included as a control (circles). The percentage of (A) CD34+ and (B) GlyA+ cells was assessed 

using flow cytometry and is shown as the percentage of viable (DAPI– ) cells. (C) The percentage of cells 

staining positive for hemoglobin expression were determined using benzidine staining. (D) The 

percentage of CD71+ cells decreases more rapidly in cultures with NIC. Only one biological experiment 

was performed.  
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Figure 4.3. Effect of NIC on erythroid colony formation.  

Cells were sampled from Tpo only cultures on either day 0 or 1 and on day 3 and put into colony assays 

containing a combination of cytokines. CFU-E were enumerated 14 days after assays were initiated. A 

total of 3 biological experiments were performed: Expts 1 & 2 – an equal number of cells were put into 

the assay with and without NIC; Expt 3 – the input number of cells was adjusted to account for growth 

inhibition with NIC. (A) Images of erythroid colonies (day 0 NIC addition) demonstrating smaller and 

redder colonies with NIC. (10x magnification) (B) NIC did not alter the total number of erythroid 

colonies formed per input cell.  
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4.3.2. NIC inhibits granulocyte expansion, but does not appear to alter differentiation 

mPB CD34+-selected cells were cultured in HLTM containing IL-3, IL-6, SCF and G-

CSF to induce granulocyte differentiation. The effects of NIC addition at various points in 

culture (days 3, 6, 9) was examined. 

Unfortunately, the untreated G culture behaved 

abnormally (there was a high percentage of E 

cells contaminating the culture) and this culture 

could not be used for direct comparison to the 

NIC-treated G cultures. This necessitated the 

use of historical data for comparison. As with 

Mks and erythrocytes, NIC also inhibited 

expansion in granulocyte cultures (Fig 4.4). 

Total-cell expansion typically reaches ~7000-

fold in a 21-day untreated granulocyte culture. 

In comparison, day 3, 6, and 9 NIC cultures 

reached 183-, 618-, and 628-fold expansion, 

respectively. Moreover, granulocyte and 

monocyte colony formation was inhibited with 

NIC; the number of colonies was reduced (Fig 

4.5), along with their size, when NIC was added 

to the assay. Additionally, there were almost no 

monocyte colonies present with NIC. However, 
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Figure 4.4. Total-cell expansion in 
granulocyte cultures is inhibited by NIC. 
 
mPB CD34+-selected cells were cultured 

with IL-3, IL-6, SCF and G-CSF. Total-

cell fold-expansion was determined for 

cultures in which 6.25 mM NIC was added 

beginning on either day 3 (open squares), 

day 6 (triangles), or day 9 (crosses). The 

historical average (n = 13) for granulocyte 

cultures performed by our group is shown 

for comparison (circles). Only one 

biological experiment was performed for 

cultures with NIC.  
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NIC did not significantly alter granulocyte differentiation in the liquid cultures in terms of 

surface marker expression and morphology. The kinetics of CD11b, CD15, and CD66b 

expression was similar in the NIC-treated cultures compared to historical data from previous G 

cultures conducted by others in our group149 (Fig. 4.6). There was a slight delay in maturation 

when NIC was added early on day 3; however, all NIC cultures reached the same final 

percentages of CD11b+, CD15+, and CD66b+ cells. This delay may be increased further if NIC 

was added earlier in culture before day 3. Replicate experiments are necessary; however, it is 

likely that those experiments will confirm that NIC does not alter granulocyte maturation.  

 
 
 
Figure 4.5. NIC inhibits granulocyte and monocyte 
colony formation. 
 
Cells were sampled from Tpo only cultures on either 

day 0 or 1 and on day 3 and put into colony assays 

containing a combination of cytokines. CFU-G+M 

were enumerated 14 days after assays were initiated. A 

total of 3 biological experiments were performed: 

Expts 1 & 2 – an equal number of cells were put into 

the assay with and without NIC; Expt 3 – the input 

number of cells were adjusted to account for growth 

inhibition with NIC. A significant reduction in the size 

of G and M colonies was observed along with a large 

decrease in the number of G+M colonies formed per 

input cell.  
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Figure 4.6. Surface marker expression in granulocyte cultures is not affected by NIC. 
 
mPB CD34+-selected cells were cultured with IL-3, IL-6, SCF and G-CSF. The total percentage of (A) 

CD11b+, (B) CD66b+, and (C) CD15+ cells was determined using flow cytometry in cultures with 6.25 

mM NIC added beginning on either day 3 (open squares), day 6 (triangles), or day 9 (crosses). The 

historical averages (n = 13) in granulocyte cultures performed by our group are shown for comparison 

(circles). Only one biological experiment was performed for cultures with NIC.  
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4.4. Discussion 
 

In this study we demonstrate that in addition to increasing megakaryocyte (Mk) 

maturation, NIC also enhances erythroid differentiation. This was observed both with colony 

assays containing NIC and in liquid cultures of mPB CD34+-selected cells treated with NIC. 

Enhanced erythroid differentiation was characterized by an increased percentage of benzidine 

positive cells, a more rapid loss of CD34 and CD71 expression, and faster gain of GlyA 

expression. Erythroid differentiation was enhanced to a much greater extent when NIC was 

added early in culture (day 3) compared to days 6 and 9. It would be of interest to examine 

whether earlier addition of NIC on day 0 could enhance maturation further. In contrast, day 3 

addition of NIC only led to a slight delay in granulocyte differentiation. However, cell growth 

was significantly inhibited in these normally highly proliferative G cultures. Overall, the lack of 

an effect on granulocyte differentiation with NIC suggests that NIC is not simply a general 

hematopoietic differentiation agent. Furthermore, the lack of large polyploid E or G cells 

demonstrates that NIC does not act by inducing general chromosome instability and 

polyploidization and reaffirms that NIC only enhances the process of polyploidization in Mks as 

opposed to initiating endomitosis.  

Further studies to characterize the effects of NIC on erythroid differentiation could reveal 

insight about the mechanism by which NIC increases megakaryocyte maturation. It is believed 

that erythrocytes and Mks arise from a common progenitor cell. Therefore, a common 

mechanism for enhancing differentiation towards both lineages by NIC may exist. Tpo and Epo 

have a high degree of sequence homology and structural similarity. Both cytokines also have 

similar receptor binding domains.150,151 This suggests that perhaps the effects of NIC are in part 
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due to Epo/Tpo signaling. Alternatively, one early study found that NIC enhanced the 

differentiation of a murine erythroid cell line and increased the level of intracellular NAD two-

fold.152 However, a limited number of studies have been performed to further characterize the 

role of NIC and NAD levels in erythroid maturation. As discussed in Section 3.3.6, increased Mk 

maturation due to NIC is accompanied by greatly increased levels of NAD(H). Further studies 

may reveal that intracellular NAD(H) levels also play an important role in erythroid maturation.  
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5. CHAPTER 5: Conclusions and Recommendations 

5.1. Chapter 2: Phenotypic characterization of the effects of nicotinamide on 
megakaryopoiesis 

 
5.1.1. Conclusions 

Nicotinamide (NIC) enhances megakaryocyte (Mk) differentiation in cultures of primary 

human and murine cells under a variety of different Mk-promoting culture conditions. NIC 

dramatically increases cell size, polyploidization, and proplatelet formation without affecting 

other aspects of Mk differentiation such as apoptosis or Mk commitment as defined by the 

percentage of CD41+ cells in a culture. Importantly, NIC-treated cells exhibit normal Mk 

morphology and gene expression microarrays revealed a minimal effect of NIC on the Mk 

transcriptional program. Overall, these studies demonstrate that NIC could be useful as a 

supplement to increase the productivity of ex vivo Mk cultures. Furthermore, NIC-treated Mks 

could serve as a novel model for studying Mk polyploidization in which cells reach ploidy levels 

closer to those observed in vivo. Lastly, our results suggest that in vivo administration of NIC 

may be used to enhance Mk maturation and platelet production in patients with Mk disorders 

such as myelodysplastic syndromes (MDS) (Section 5.3.2.2). 

 
5.1.2. Recommendations 

NIC increases two aspects of Mk maturation – polyploidization and proplatelet 

formation. Since DNA content is directly proportional to the number of platelets produced per 

Mk, this suggests that NIC-treated Mks have a greater platelet-producing potential. However, we 

have not yet measured the number of platelets produced or assessed their functionality. This 
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requires the development of a flow cytometric assay that allows the discrimination of cultured 

platelets from cellular debris. It is also important to demonstrate platelet function via activation 

in response to agents such as PMA and ADP. Some work in developing such an assay was 

performed by a former Master’s student in our group (Jay Cuenca); however, these studies were 

never brought to completion.  Additionally, electron microscopy can be performed to examine 

whether platelets in NIC-treated Mk cultures have similar morphology to those in cultures with 

Tpo only.  

Additional characterization can be conducted to further explore the effects of NIC on Mk 

apoptosis and cell-cycle regulation. We have found no effect of NIC on phosphatidyl serine 

inversion by Annexin V binding, a widely used marker of apoptosis. However, it is possible that 

other indicators of apoptosis such as caspase activation, loss of mitochondrial transmembrane 

potential, or DNA strand breakage may reveal important differences brought on by NIC. We can 

also examine whether the level and localization of key cell-cycle and cytokinesis-related proteins 

(cyclin D3,153-155 cyclin E,156,157 Aurora kinase B (AURKB),158,159 MgcRacGAP, and RhoA160) 

are affected by NIC. 

 
5.2. Chapter 3: Characterization of the mechanism(s) underlying the effects of NIC on 

Mk differentiation  
 
5.2.1. Conclusions 

In order to understand the mechanism by which NIC increases Mk maturation we 

examined several known roles of NIC. While NIC is known to inhibit the NAD-dependent 

enzymes PARP and Sir2 in other cell types, culture with additional PARP and Sir2 inhibitors 

was not able to mimic the effects of NIC on Mk ploidy. This suggests that the increased 
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polyploidization with NIC may not be due to inhibition of these enzymes. NIC also increases 

NAD(H) levels in a variety of cell types. We found similar increases when NIC was added to 

primary Mk cultures. Interestingly, the other form of niacin, nicotinic acid, only slightly 

increased NAD(H) levels and did not have any effect on Mk ploidy. Additional studies are 

necessary to examine the downstream effects of high NAD(H) levels in NIC-treated Mks.  

Separately, we examined the hypothesis that Tpo-mediated signaling may play a role in 

the effects of NIC on Mk maturation. We found that, while NIC could increase polyploidization 

without Tpo present, Tpo was necessary to achieve the full effects of NIC on Mk 

polyploidization. In Mks, Tpo activates both the ERK and Akt signaling pathways. NIC-treated 

cells were found to have higher levels of ERK activation. Moreover, the downstream ERK target 

RSK1 also more highly activated with NIC. In contrast, Akt activation was not affected by NIC, 

nor was activation of mTOR, a downstream target of pAkt. Further studies are needed to fully 

understand the role of ERK signaling in the effects of NIC on Mk ploidy.  

 
5.2.2. Recommendations 

5.2.2.1. Further investigation of the role of ERK in the effects of NIC on Mk ploidy 

RNAi for ERK 
 

Tpo + NIC cells exhibit increased activation of ERK and its downstream target RSK1 

suggesting a role for ERK signaling in the effect of NIC on Mk polyploidization. Several studies 

were performed using chemical inhibitors of MEK/ERK signaling (PD98059 and U0126) to 

examine whether inhibition of this pathway (1) decreases Mk ploidy in the absence of NIC and 

(2) decreases NIC-mediated enhancement of Mk ploidy and proplatelet formation. However, 

studies were inconclusive due to lack of inhibitor specificity. As a result, alternative methods for 
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gene knock down such as RNAi can be used to better understand the role of ERK signaling in 

NIC-treated Mks. Although, ERK knock down in primary human Mks has not yet been reported, 

RNAi for ERK has been successful in various cell types.161,162 Methods for the construction of 

siRNA lentiviral vectors have been established in our lab and knock down studies have been 

demonstrated successfully in the CHRF cell line.137 However, the methods for efficient lentiviral 

transfection of primary human CD34+ cells have not yet been determined in our lab. Transfection 

is feasible, with others reporting methods that result in a transfection efficiency of ~40–50% in 

cord blood CD34+ cells.163,164 Therefore, prior to ERK siRNA studies, effort would need to be 

directed towards developing efficient primary cell transfection methods. However, preliminary 

studies could be performed using the CHRF cell line. 

 

Additional studies with U0126 

As described in Section 3.3.5, the MEK inhibitors U0126 and PD98059 gave conflicting 

results in primary Mk cultures. While PD98059 increased Mk ploidy at all concentrations tested, 

U0126 slightly decreased the percentage of high-ploidy Mks. However, studies with U0126 need 

replication. Furthermore, studies with U0126 in Tpo + NIC cultures have not yet been performed 

to determine whether inhibition of ERK by U0126 could reduce the effects of NIC on Mk ploidy. 

U0126 exhibits poor stability in solution and is often only used in short-term signaling studies. 

Therefore, different replacement frequencies should be examined to ensure inhibitor activity is 

maintained.  Mk ploidy and steady-state levels of pERK should be measured in all cultures. 
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5.2.2.2. Further exploration of the role of NAD in the effects of NIC on Mk ploidy 

Mk cultures with additional NAD+ precursors 
 

We have shown that NIC greatly increases the level of intracellular NAD(H) in cultured 

CHRF cells and primary Mks. In order to test the hypothesis that the increased NAD(H) level is 

responsible for the effects of NIC on ploidy, cultures with additional precursors of NAD+ can be 

performed. Increased NAD(H) levels with compounds such as nicotinic acid, quinolinic acid, 

and NAD+ should result in a similar increase in Mk ploidy. We have already shown that nicotinic 

acid is not capable of increasing intracellular NAD levels to the extent of NIC and does not 

increase Mk ploidy. Quinolinic acid has been demonstrated to increase intracellular NAD levels 

in cultured glial cells.57 Therefore, we can examine NAD(H) levels and ploidy in Mk cultures 

with quinolinic acid. We can also test the effects of direct addition of NAD+ to cultures. 

 

Mk cultures with APO866 

Thus far, conditions that provide sustained inhibition of NAD(H) levels in primary Mks 

with APO866 have not yet been determined. This could be key to demonstrating that the 

increased NAD(H) levels are responsible for the increased polyploidization with NIC. Further 

studies can be performed to determine the lowest possible NIC concentration that increases Mk 

ploidy, and then subsequently test APO with that concentration of NIC. Alternatively, frequent 

repeated addition of APO without media exchanges to replace NIC can be tested. For this, a dose 

of 100 nM APO would be added to cultures every 8-12 hours and cells assessed for NAD(H) 

levels and percentage of high-ploidy Mks.  
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5.2.2.3. Role of p53 in the effects of NIC on Mk ploidy 

The effects of NIC on Mk polyploidization may be mediated directly by elevated levels 

of intracellular NAD+. For example, increased levels of intracellular NAD+ have been shown to 

alter the DNA binding specificity of p53, leading to decreased radiation-induced expression of 

p53 targets (mdm2 and PIG3) and an increased frequency of aneuploid cells.52 Since p53 is 

responsible for the prevention of aneuploidy and rereplication,59 this suggests that NAD+ levels 

may modulate cellular DNA content via p53. 

The possibility that elevated levels of NAD+ affect Mk maturation via modulation of p53 

binding specificity to DNA can be evaluated by comparing effects of NIC to those of thiamine 

(vitamin B1). Thiamine is rapidly converted to TDP (thiamine diphosphate), which is a 

coenzyme used in carbohydrate metabolism.165 Supplementation of NIC and thiamine result in 

increased levels of NAD+ and TDP, respectively. Increased NAD+ and TDP both result in 

decreased p53 binding to the DNA binding site of mdm2.52 Mdm2 is a nuclear phosphoprotein 

that is activated by p53 and functions as a negative regulator of p53 by targeting it for 

degradation.166 Lower levels of mdm2 protein were also observed and led to an increase in the 

level of p53.52 Interestingly, TDP also inhibits binding of p53 to the p21 DNA binding site, while 

NAD+ does not.52 Also, in contrast to NIC, thiamine does not affect p53 acetylation. Therefore, 

levels of total and acetylated p53 can be measured in Tpo only and Tpo + NIC cells. 

Additionally, the effect of elevated NAD(H) levels on p53 binding can be analyzed by chromatin 

immunoprecipitation of genomic DNA sites bound to endogenous p53 protein using previously 

described methods.52 It is well established that p53 deficiency leads to genomic instability and 
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polyploidization in variety of cell types.167,168 Therefore, it is not unexpected that the knockdown 

of p53 in CHRF cells further increases polyploidization.137 Based on this observation and the 

previously identified connection between NAD+ levels and p53 activity, inhibition of p53 by 

NIC could be responsible to enhanced polyploidization.  

 

5.2.2.4. Role of the NADH/NAD+ ratio and ROS levels in the effects of NIC on Mk           
ploidy 

 
Individual measurements of NAD+ and NADH 

Thus far, all studies performed to examine the role of NAD+ in Mk differentiation have 

relied on the measurement of NAD(H) which is the sum of NAD+ and NADH. NAD(H) was 

measured in whole-cell extracts using an enzymatic cycling assay114,169 whose feasibility was 

demonstrated using the CHRF cell line. A single extraction method170 was used in which cells 

are incubated with a neutral or slightly basic extraction buffer which contains a detergent such as 

Triton X-100. The cycling reaction then measures total NAD(H).  To measure NAD+ and NADH 

individually, an aliquot of sample can be subjected to heating at 60°C for 30 minutes to degrade 

the NAD+. From this, the NADH/NAD+ ratio can be determined. Further studies need to be 

conducted to verify that NADH remains intact and is not affected by the heating process. This 

can be done by spiking NADH of a known amount into samples prior to heating and determining 

the percent recovery. These validation studies can be carried out using the CHRF cell line. 

Additionally, if this assay is to be used further, studies should be performed to reduce the number 

of cells needed at each time point per condition. Presently, the assay calls for 500,000 cells per 

condition. This is a large number of cells when performing primary Mk cultures. Reducing the 

number of cells needed would allow for the use of fewer cells and more frequent time points. 
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Alternatively, HPLC methods,52,171 can be used to measure both NAD+ and NADH 

simultaneously; however, this would require additional method development.  

 

NADH/NAD+ ratio and ROS levels 

Since we have observed that the level of intracellular NAD(H) [sum of NAD+ and 

NADH] is greatly increased by NIC, it is possible that the effects of NIC on Mk ploidy are 

mediated by the NADH/NAD+ ratio, which is emerging as an important regulator of signal 

transduction.172-174 The NADH/NAD+ ratio can be determined by separate measurements of 

NADH and NAD+ using the enzymatic assay described above and compared between cells 

cultured with Tpo only and Tpo + NIC. Alternatively, the ratio of cellular lactate to pyruvate, 

which is near equilibrium with the NADH/NAD+ ratio, can be measured. The NADH/NAD+ 

ratio is also an indicator of intracellular ROS (reactive oxygen species).172,173 More specifically, 

a higher NADH/NAD+ ratio is associated with increased ROS generation.175 Changes in the 

NADH/NAD+ ratio would suggest changes in ROS levels and thus changes in mitochondrial 

metabolism, protein phosphorylation and ROS-related regulation and events.173,174,176,177 

Therefore, we can directly measure ROS levels in Mks cultured with and without NIC. 

Intracellular H2O2 and superoxide (O2
–) levels are measured by flow cytometry using the dyes 

CM-H2DCFDA and dihydroethidium (DHE), respectively, based on specific fluorescence 

activation.178,179 In other cell types, NIC has been shown to have antioxidant properties. NIC 

protected cells against H2O2-180 and ascorbate-Fe+2-induced ROS production181 and also 

protected neuronal cells from hypoxia.182 NIC reduced ROS generation associated with cellular 

senescence183 and oxygen-glucose deprivation.182 Therefore, we would expect NIC to decrease 
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the NADH/NAD+ ratio and decrease ROS levels in cultured Mks. However, the protective 

effects of NIC are often associated with inhibition of PARP, an enzyme with a role in DNA 

repair (ROS initiate DNA strand breaks which then activate PARP). We did not observe any 

effects on Mk ploidy when cells were cultured with additional PARP inhibitors.   

 
 
5.3. Chapter 4: Effects of NIC on hematopoietic stem cell differentiation towards other 

lineages (erythrocytic and granulocytic) 
 
5.3.1. Conclusions 

In addition to enhancing Mk polyploidization and proplatelet formation, NIC also 

increased erythroid maturation. Cells differentiated more quickly with NIC as indicated by a 

greater percentage of benzidine positive cells, a more rapid loss of CD34 and CD71 expression, 

and faster gain of GlyA expression. These effects were greatest when NIC was added early to 

cultures (day 3). In contrast, NIC addition to granulocyte cultures on day 3 significantly inhibited 

cell expansion, but only led to a slight delay in differentiation.  These studies demonstrate that 

NIC is not simply a general hematopoietic differentiation agent nor does it initiate 

polyploidization in non-Mk cells. In vivo administration of NIC would likely lead to significant 

inhibition of megakaryocyte, erythrocyte, and granulocyte expansion, while enhancing the 

maturation of both E and Mk cells. Additional studies are necessary to replicate the data shown 

for both E and G cultures and also to further characterize the effects of NIC on erythroid 

differentiation.  
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5.3.2. Recommendations 

5.3.2.1. Additional characterization of the effects of NIC on erythroid differentiation 

Preliminary data indicates that NIC enhances erythroid differentiation. However, these 

studies need replication. Addition of NIC on day 0 should also be examined to determine 

whether erythroid maturation can be increased further. Similar to Mk studies, we can examine 

both the role of NAD(H) levels and Epo-mediated signaling in the effects of NIC on erythroid 

maturation. Levels of NAD(H) can be measured to examine whether the enhanced maturation is 

accompanied by increased NAD(H) levels as was observed in Mk cultures. Both Tpo and Epo 

have been found to activate the ERK pathway in their respective cell types. Several studies show 

that erythroid differentiation is associated with inhibition of ERK.184 185 186 Therefore, we would 

expect that NIC-treated erythroid cells would have lower levels of pERK compared to untreated 

cells. However, this would be in contrast to the effects of NIC on pERK in Mks.  

 

5.3.2.2. Characterize the effects of NIC on MDS patient bone marrow samples 

We have shown that NIC enhances both erythroid and Mk maturation without 

significantly altering granulocyte differentiation. Our studies with Mk cultures suggest that NIC 

has the potential to increase platelet counts in patients with myelodysplastic syndromes (MDS) 

patients. Also, as discussed in Chapter 1, prolonged exposure to NIC is well tolerated by humans 

at doses that produce NIC plasma concentrations in the millimolar range. Currently, there is not a 

well-accepted mouse model of MDS. More importantly, MDS is a very heterogeneous 

disease,138-140 so that one or a few mouse models of MDS would not capture the diversity of the 
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disease. Therefore, studies can be performed to evaluate the effects of NIC on Mk cultures 

initiated with bone marrow cells from MDS patient aspirates. We can also evaluate the effects of 

NIC on bone marrow MNCs from normal donors to allow a direct comparison with the responses 

of MDS patient bone marrow MNCs. In an effort to identify unanticipated problems that may be 

associated with a clinical trial, we can also evaluate the effects of NIC on the differentiation of 

MDS patient and healthy donor bone marrow MNCs along the granulocytic and erythroid 

lineages, similar to the experiments described in this chapter with cultures of mPB CD34+ cells. 

As part of the analysis, we can investigate whether NIC effects vary for MDS patients with 

different prognostic indicators. More extensive Mk maturation would support the hypothesis that 

NIC will decrease the severity of thrombocytopenia in MDS patients. 
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6. Appendix 
 
6.1. CHAPTER 2 
 
6.1.1. Effects of the SIRT activator resveratrol (RES) on primary Mk maturation 

Aims 

One approach to improve Mk culture productivity is to identify conditions that allow 

decoupling of Mk apoptosis and polyploidization. Previous microarray analyses of Mk 

differentiation performed by our group have shown the upregulation of various apoptosis related 

genes with Mk differentiation including several members of a class of histone deacetylases, 

sirtuins (C. Chen, P. Fuhrken, W. Miller, E. T. Papoutsakis, manuscript submitted April 2007). 

As a result, we were interested in determining whether a SIRT activator such as resveratrol 

(RES)187 or SIRT inhibitor such as nicotinamide (NIC)188,189 could be used to alter the balance 

between apoptosis and polyploidization in Mks. This was the primary experiment responsible for 

the finding that NIC dramatically increases Mk polyploidization and proplatelet formation.  

 

Methods 

Frozen mPB CD34+-selected cells (AllCells) were thawed as instructed and seeded at 

100,000 cells/mL in X-VIVO 20 containing 100 ng/mL Tpo (Genentech). On day 6, cells were 

treated with either resveratrol (6.25, 12.5, 25, 50 µΜ), nicotinamide (6.25, 12.5, 25, 50 mM), or 

DMSO as a control (for resveratrol). On days 3, 6, 8, 10 cells were assessed for growth, viability 

and CD41 expression. DNA content was measured by flow cytometry on day 11 in all 

conditions.  
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Results 

High concentrations of both RES and NIC were found to be cytotoxic. RES significantly 

decreased cell growth and viability at concentrations greater than or equal to 25 µM (Fig 6.1A). 

NIC was cytotoxic at concentrations greater than or equal to 25 mM (Fig 6.1B).  Cells 

continuously treated with 12.5 mM NIC began to appear unhealthy towards the end of the 11-day 

culture. Concentrations < 6.25 mM NIC inhibited growth but the cells remained healthy. Non-

toxic doses of NIC and RES had no effect on the percentage of CD41+ cells (Fig 6.1A-B). 

Moreover, RES did not alter Mk ploidy; (Fig 6.1C) and no further studies were conducted with 

RES.   However, NIC had profound effects on Mk maturation. This observation led to many 

additional studies to extensively characterize and understand the effects of NIC on Mk 

maturation as discussed in Chapters 2-3.  
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Figure 6.1. Effect of resveratrol on primary Mk differentiation. 
 
Primary human CD34+-selected cells were cultured with 100 ng/mL Tpo. Varying concentrations of 

reveratrol or nicotinamide was added to cultures on day 5. Tpo only (red) cultures were used as a control. 

(A) Kinetics of total-cell fold-expansion and percentage of CD41+ cells in Mk cultures with RES [6.25 

µM (blue), 12.5 µM (green), 25 µM (black), 50 µM (gray)]. (B) Kinetics of total-cell fold-expansion and 

percentage of CD41+ cells in Mk cultures with NIC [6.25 mM (blue), 12.5 mM (green), 25 mM (black), 

50 mM (gray)]. (C) Percentage of high-ploidy Mks in cultures with non-cytotoxic concentrations of RES 

or NIC.  All data shown is from a single biological experiment. No further studies were performed with 

RES. 
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6.2. CHAPTER 3 
 
6.2.1. Characterization of Mk cultures with SDF-1α , on fibronectin-coated surfaces, and 

with a cytokine cocktail 
 
Aims 

Studies were conducted to demonstrate that NIC is effective under a range of Mk-

inducing culture conditions. We examined conditions that have previously been shown to 

promote increased Mk polyploidization and proplatelet formation. Stromal cell-derived factor 1α 

(SDF-1α) is a CXC chemokine that acts as a stimulator of pre-B lymphocyte cell growth and as a 

chemoattractant for T-cells, monocytes, and hematopoietic stem cells.190,191 SDF-1α has also 

been shown to enhance Mk polyploidization and migration.22,192,193 Additionally, culture of 

primary Mks on fibronectin (FN) coated surfaces has been shown by others to increase total-cell 

numbers, the percentage of CD41+ cells, cell size and the extent of cell adhesion.26 In murine 

Mks, Fox et al. found that the FN fragment H296, which engages the α4β1 integrin, enhanced 

Mk growth.27 Therefore, we examined the effects of NIC under these potentially more optimal 

conditions for Mk growth. We also looked at the effects of NIC in a culture containing a cocktail 

of cytokines (SCF, IL-3, IL-6, Tpo), which better promotes Mk expansion compared to culture 

with Tpo only.  

 

Methods 

SDF-1α cultures 

Frozen CD34+ cells were cultured in X-VIVO 20 with 100 ng/mL of Tpo (Peprotech). 

SDF-1α (R&D Systems) was added at a concentration of 0.15 µg/mL on day 0. 6.25 mM NIC 
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was added to cells on day 2 and half-media exchanges were performed every other day. On days 

5, 7, 9, & 11 cultures were analyzed for the percentage of CD41+ cells and the percentage of high 

ploidy Mks. Expansion was monitored over the duration of culture.  

 

FN cultures 

Frozen primary human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo 

(Peprotech) on FN-coated surfaces beginning on day 0. 6.25 mM NIC was added on day 5 and 

half-media exchanges were performed every other day. FN-coated well-plates (BDBiocoat, BD 

Biosciences) rather than coated flasks were used in the anticipation of strong cell adherence. This 

allowed a well from each condition (Tpo only, Tpo + NIC) to be sacrificed at each time point for 

assessment of ploidy and to perform cell counts. When necessary, cells were trypsinized to 

analyze adherent cells. FN cultures were analyzed in a manner similar to the SDF-1α cultures 

described above.  

 

Cocktail cultures 

We aimed to demonstrate that NIC increases Mk ploidy in culture conditions that promote 

cell expansion to a greater extent than for Tpo only. For this, a cytokine cocktail of SCF, IL-3, 

IL-6 and Tpo was chosen.194-196 Frozen mPB CD34+-selected cells were thawed and seeded in X-

VIVO 20 containing SCF (R&D; 10 ng/ml), IL-3 (Peprotech; 0.005 ng/ml), Tpo (Peprotech; 50 

ng/ml), IL-6 (Peprotech; 10 ng/ml). Since we assumed that these cultures would mature more 

slowly than cells cultured with Tpo only, 6.25 mM NIC was added on day 5 as opposed to day 2 
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for SDF-1α cultures. Half-media exchanges were performed every other day in both conditions. 

Cocktail cultures were analyzed in a manner similar to the SDF-1α cultures described above.  

 
 
Results 

SDF-1α cultures 

Cells cultured with Tpo only were characterized and compared to those cultured with Tpo 

+ SDF and Tpo + SDF + NIC. SDF alone did not alter cell expansion, but growth was slowed in 

cultures containing SDF + NIC (Fig 6.2A). There was a significant decrease in the percentage of 

CD41+ cells with this concentration of SDF compared to Tpo only cultures, but the decrease was 

less when NIC was added with SDF (Fig 6.2B). Polyploidization began earlier in cultures with 

SDF, which was expected based on the literature.22 However, Tpo + SDF cultures produced the 

same percentage of high-ploidy Mks by day 11 as did cultures with Tpo only (Fig 6.2C). Tpo + 

NIC and Tpo + SDF + NIC cultures also yielded the same percentage of high-ploidy Mks by day 

11. However, it should be restated that NIC was added on different days of culture – day 2 for 

SDF and day 5 for Tpo + NIC. Overall, these results demonstrate that the onset of 

polyploidization is earlier in cultures with SDF1-α, which leads to an increased percentage of 

high-ploidy Mks early in culture compared to cultures with Tpo only. NIC further increased the 

percentage of high ploidy Mks demonstrating the benefits of NIC still hold even when “more 

optimal” Mk culture conditions are used.  
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Figure 6.2. Effects of NIC in primary human Mk cultures containing SDF-1α .   

Primary human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 0, SDF-1α was 

added to the cultures followed by NIC addition on day 2 [SDF-1α (green), SDF + NIC (black)]. Cultures 

with Tpo only (red) and Tpo + NIC (blue) were included as controls. (A) All cultures were monitored for 

total-cell fold-expansion. (B-C) Kinetics of the percentage of CD41+ cells and high-ploidy Mks in each 

culture was determined using flow cytometry.  
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FN cultures 

Mk differentiation of cells cultured with Tpo only and Tpo + NIC on FN-coated surfaces 

was compared with that of cells grown on standard tissue-culture-treated plasticware. As 

expected, FN increased Mk adhesion. In addition, the frequency of proplatelet-forming Mks was 

also greater with FN; however, this difference was not quantified. In contrast, the percentage of 

high-ploidy Mks was lower in cultures on FN surfaces compared to tissue culture plastic (Fig 

6.3A). The addition of NIC increased polyploidization in FN cultures, but not to the extent 

observed with NIC addition in the absence of FN. Cultures on FN had a similar, perhaps slightly 

lower, percentage of CD41+ cells (Fig 6.3B).  

 

 

 

 

 

 

Figure 6.3. Effect of NIC on Mks cultured on fibronectin-coated surfaces. 

Primary human mPB CD34+-selected cells were cultured with 100 ng/mL Tpo. On day 0, cells were 

seeded into FN coated well plates (green). 6.25 mM NIC was added on day 5 (black). Tpo only (red) and 

Tpo + NIC  (blue) cultures maintained in tissue culture treated flasks were included as controls. The 

percentage of (A) high-ploidy Mks and (B) CD41+ cells in each culture was determined using flow 

cytometry.  
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Cocktail cultures 

Under the culture conditions chosen, expansion was greater than that typically observed 

with Tpo only, which was to be expected. Twelve-fold expansion was obtained by day 11 (Fig 

6.4A). This cytokine combination was also previously reported to give a high yield of Mks (80–

90% CD41+).194-196 However, in our hands, a maximum percentage of only 25% CD41+ cells was 

reached in the cocktail culture (28% in the cocktail + NIC culture) (Fig 6.4B). These percentages 

are similar to what is observed in cocktail cultures using IL-3, FLT-3, and Tpo.197 Interestingly, 

despite the low fraction of CD41+ cells, the kinetics of polyploidization for the cocktail and 

cocktail + NIC cultures closely resembled the historical averages for Tpo only and Tpo + NIC 

cultures (Fig 6.4C).  However, cells appeared smaller in the cocktail + NIC culture, perhaps due 

to a suboptimal NIC concentration. No proplatelet-forming cells were observed in either culture. 

In summary, we demonstrate another Mk culture condition besides Tpo only where NIC 

enhances Mk polyploidization.  
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Figure 6.4. Effect of NIC on Mk differentiation in cocktail cultures. 

Primary human mPB CD34+-selected cells were cultured with IL-3, IL-6, SCF, and Tpo (green). On day 

5, 6.25 mM NIC was added to a portion of the cells (black). (A) Kinetics of total-cell fold-expansion. (B) 

Kinetics of number of CD41+ cells as a percentage of viable cells. (C) Percentage of high-ploidy Mks in 

cocktail and cocktail + NIC cultures. The historical averages and SEM of Tpo only (red), Tpo + NIC 

(blue) cultures are also shown for comparison (n = 16). Data for cocktail cultures is from one biological 

experiment. Replicate experiments were not performed.   
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6.2.2. p53 activity in primary Mks 

Aims 

Levels of intracellular NAD have been shown to alter p53 binding to DNA as discussed 

in Section 3.5.2.2. Therefore, we examined the level of p53 activity in cell extracts prepared 

from Tpo only and Tpo + NIC cultures.  

 

Methods 

DNA binding of p53 was assessed using the TransBinding p53 ELISA kit (Panomics; 

Fremont, CA) following the manufacturer’s instructions. Briefly, nuclear extracts were prepared 

using the Nuclear Extraction kit (Panomics) on cells sampled from Tpo only and Tpo + NIC 

cultures on days 7, 9, and 11. For each sample, 6 µg of nuclear extract was incubated with 

biotinylated p53-consensus-binding-sequence oligonucleotides. After immobilization on 

streptavidin-coated 96 well plates, complexes were detected using a primary anti-p53 antibody 

and a secondary antibody conjugated to horseradish peroxidase. Samples were measured in 

duplicate and assay specificity was assessed by incubation of lysates with nonbiotinylated 

consensus sequence oligonucleotides, which resulted in a 92% reduction of the signals.  The 

assay was performed for only one biological experiment.  

 

Results 

p53 activity was similar in Tpo only and Tpo + NIC cells on day 7 (Fig 6.5). However, 

by day 11, NIC cells exhibited greater p53 binding. Based on previous studies by others,52 the 

increased NAD levels resulting from NIC addition would have been expected to decrease p53 
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activity. Furthermore, an increase in p53 activity is not observed with maturation in the Tpo only 

cells as would be expected based on p53 activity data in CHRF cells induced to undergo 

megakaryocytic differentiation using PMA.137 However, measurement of p53 activity in a 

replicate biological experiment has yet to performed. Therefore, no definitive conclusions can be 

made at this point. However, additional assays to examine the role of p53 in Mk ploidy should be 

investigated (Section 5.2.2.3).   
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Figure 6.5. p53 activity in primary Mk cultures.  

Nuclear extracts of cells from Tpo only and Tpo + 6.25 mM NIC cultures were analyzed for binding 

to the p53 consensus sequence in an ELISA assay. Error bars represent SD from replicate samples 

from the same biological experiment.  
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6.2.3. G1ME cell culture with NIC  

Aims 

We wanted to examine the role of GATA1 in the effects of NIC on Mk ploidy. G1ME 

cells are Tpo-dependent primary murine cells that lack GATA-1 and do not become polyploid 

when cultured with Tpo.198 We wanted to determine whether NIC would increase 

polyploidization in G1ME cells.  

 

Methods 

G1ME cells were obtained from John Crispino at University of Chicago and were 

cultured in α-MEM containing 20% FBS, 1% pen/strep, 1% L-glutamine, and 20 ng/mL human 

Tpo (Genentech). Cells were seeded at 150,000 cells/mL in T-25 flasks with or without NIC. The 

concentration of NIC ranged from 6.25–50 mM. Cells were monitored for cell growth and DNA 

content was assessed by PI staining of DNA. High-ploidy cells are those with DNA content > 

8N. 

 

Results  

NIC was able to increase the ploidy G1ME cells. On day 3 after NIC addition, untreated 

cultures contained 7.4% high-ploidy cells compared to 24.5% with 6.25 mM NIC. 

Concentrations of NIC  > 12.5 mM were cytotoxic. DNA histograms also show that the highest 

ploidy class reached was increased with NIC (Fig 6.6). Untreated G1ME cultures contained a 

small percentage of 8N cells compared to 32N with NIC. Therefore, this suggests that GATA-1 

may not be essential for the ability of NIC to increase Mk ploidy.  
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6.2.4. Gene silencing by short interfering RNA (siRNA) in hematopoietic cell lines 
 
6.2.4.1. RNAi for influencing Mk apoptosis  

My original proposed thesis research involved using siRNA-mediated gene silencing as a 

tool for influencing megakaryocyte differentiation. The initial goals were to (1) demonstrate 

efficient transfection and (2) construct an effective siRNA expression vector to target the 

apoptosis effector protease, caspase-3. The following summary describes the studies carried out 

towards these objectives. 

 

Plasmid construction 

To generate a caspase-3 knockdown vector, oligonucleotides encoding a short hairpin 

transcript corresponding to nt 417–435 of caspase-3 mRNA (GenBank accession no. 

NM004346) were annealed and cloned into pRNAT-U6.1 Neo siRNA expression vector 

(Genscript). This is a published caspase-3 siRNA sequence which has demonstrated knockdown 

Figure 6.6. DNA histograms of G1ME cells.  

DNA histograms of G1ME cells cultured with and without 6.25 mM NIC for 3 days. 
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of caspase-3.199 pRNAT-U6.1 Neo co-expresses cGFP along with the siRNA of interest for the 

purpose of assessing transfection efficiency and for analyzing protein levels in the transfected 

cell population via flow cytometry. Bacterial colonies were used for plasmid preparation and 

positive clones were confirmed by sequencing. The resulting plasmid was designated as cas3-1.  

Plasmid was purified using a Qiagen Maxiprep Endo-free kit (Qiagen, Hilden, Germany).  For 

simplicity of method development, only one siRNA construct was prepared. Future siRNA 

studies would involve construction of 3–5 siRNA sequences for each target gene. 

 

Cell transfection 

Initial studies focused on two megakaryocytic cell lines to serve as models for 

megakaryopoiesis, CHRF-288 and MEG-01. Optimal transfection efficiency of MEG-01 cells 

was obtained using electroporation (BioRad gene pulser).  Briefly, 10 million cells were washed 

with cold PBS, and resuspended in electroporation buffer (30.8 mM NaCl, 120.7 mM KCl, 8.1 

mM Na2HPO4, 1.5 mM KH2PO4, 5 mM MgCl2) with 20 µg plasmid DNA. Cells were incubated 

for 15 minutes on ice before pulsing at 975 µF, 20V. Following electroporation, cells were 

allowed to recover for 10 minutes on ice followed by 15 minutes at room temperature before 

being put into culture with fresh media. Transfection efficiency determined by GFP expression 

was ~50% 48 hours post-electroporation.  

The transfection efficiency of the CHRF-288 cell line was also explored using several 

transfection methods: lipofection, electroporation and nucleoporation. In all cases, transfection 

efficiency was less than 10%. Cells electroporated (no DNA) would remain relatively healthy, 

whereas, cells pulsed in the presence of DNA progressively became non-viable within a few 
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days after electroporation. Despite precautions taken to ensure high quality DNA and minimize 

DNA quantity used, toxicity still occurred. This particular cell type appeared to be sensitive to 

the uptake and expression of foreign DNA and alternative methods of transfection such as the 

use of retroviral or lentiviral vectors may be required to achieve higher transfection efficiency.  

Subsequent efforts from others in our group have now demonstrated lentiviral transduction of 

CHRF cells.137 Overall, these studies confirmed that the success of siRNA-mediated gene 

silencing is limited by the ability to achieve sufficient cell transfection, which is often 

challenging in hematopoietic cells.  

 

Assessment of caspase-3 knockdown 

Following transfection of MEG-01 cells with cas3-1 siRNA, analysis of the level of 

caspase-3 protein in the GFP+ population was performed using flow cytometry. While an 

efficiency of ~50% via electroporation was achieved with the MEG-01 line, the spontaneous 

differentiation of these cells in culture and subsequent release of platelet-like particles combined 

with electroporation debris resulted in difficulty assessing intracellular target protein levels by 

flow cytometry. Cell sorting to remove debris prior to antibody staining was necessary to achieve 

consistent protein expression results. Since this would have been required at each time point, 

caspase-3 knockdown with the cas3-1 construct was assessed in an alternative cell line, K562 

cells. A decrease of ~40–50% in caspase-3 expression (flow cytometry) was observed in K562 

cells transfected with the cas3-1 construct in comparison to control cells receiving the empty 

vector (Fig 6.7). While K562 cells can undergo megakaryocyte differentiation, they 
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unfortunately do not show a high degree of apoptosis, which made it difficult to determine if 

caspase-3 knockdown affected the percentage of apoptotic cells.  

 

 

6.2.4.2. RNAi for influencing hematopoietic cell differentiation 

 Studies were also performed with the goal of using RNAi for examining hematopoietic 

cell lineage commitment. For this, a defined lineage commitment decision was used. The 

decision point at which commitment to either the megakaryocytic or erythroid lineage is made by 

a bipotent progenitor cell was chosen. p38 MAP kinase served as the target gene due to its 

reported importance in erythroid differentiation and absence of involvement in megakaryocyte 

differentiation.112 Therefore, p38 MAP kinase was used for preliminary experiments to 

demonstrate the feasibility of working with siRNA as a method to gain a better understanding of 

hematopoietic differentiation.   
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Figure 6.7. Knockdown of caspase-3 in K562 
cells receiving cas3-1 siRNA expression vector. 
 
K562 cells were transfected with cas3-1 and the 

transfected cell population was subsequently 

analyzed for caspase-3 expression using 

intracellular flow cytometry. The data shown 

represents the percentage of caspase-3 

remaining following transfection for two time-

course experiments (Expt 1 and Expt 2). 
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Plasmid construction 

To generate a p38 knockdown vector, oligonucleotides encoding a short hairpin transcript 

corresponding to nt 576-596 of p38 mRNA (GenBank accession no. NM-001315) were annealed 

and cloned into pRNAT-U6.1 Neo siRNA expression vector which co-expresses cGFP 

(Genscript). A BLAST search was performed to ensure minimum off target specificity.   

 

Cell Transfection 

The multipotential K562 cell line was used as a model for examining lineage 

commitment due to its ability to undergo erythroid and megakaryocyte differentiation in 

response to butyrate and PMA treatment, respectively. Cell transfections were performed as 

described above. Transfection efficiency determined by GFP expression was ~80% 48 hours 

post-electroporation (Fig 6.8).  
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Figure 6.8.  Transfection efficiency of K562 cells. 

Efficiency was determined by flow cytometric 

analysis of GFP expression. The data shows 

efficiencies for transfection with either empty vector 

(diamonds) or the siRNA-expression vector (circles).  
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Assessment of p38 MAPK knockdown 

Following transfection of K562 cells with p38-1 siRNA, analysis of p38 MAPK 

expression was determined. Since transfection efficiency was high in this cell line, western 

blotting was utilized to assess p38 proteins levels in whole cell lysates. In general, the maximum 

decrease in target protein levels mediated by siRNA is typically observed 48-96 hours post 

transfection. Therefore, cell lysates were prepared every 24 hours for 4 days following 

electroporation and total p38 protein levels in control cells (received empty vector) were 

compared to those of siRNA treated K562 cells. Analysis of band intensity was performed with 

ImageQuant software. A 35-40% decrease in p38 expression was observed after 3-4 days in cells 

transfected with the p38-1 construct in comparison to control cells receiving the empty vector 

(Fig 6.9).   

 

Characterization of erythroid and megakaryocyte differentiation of K562 cells 

Both erythroid and megakaryocyte differentiation of K562 cells were characterized prior 

to assessing the effect of p38 siRNA on differentiation. 
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Figure 6.9.  Knockdown of p38 in K562 cells 
receiving p38-1 siRNA expression vector. 
 
K562 cells were transfected with p38-1 and 

subsequently analyzed for p38 expression using 

western blotting.  Protein levels were quantified using 

Image Quant 5.2 analysis software. The data shown 

represents the average percentage decrease in p38 

expression following transfection (n = 2).  
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Phorbol 12-myristate 13-acetate (PMA)-induced megakaryocyte differentiation of K562 cells 

Surface marker expression in response to PMA and butyrate treatment was characterized 

using flow cytometry (Fig 6.10). Expression is reported as the ratio of geometric means: stained 

to isotype control. As expected, unstimulated K562 cells were negative for the megakaryocytic 

markers CD41, CD42, and CD61, but did express glycophorin A (GlyA).  Treatment of cells 

with 10 ng/ml PMA resulted in decreased expression of GlyA and a gradual increase in CD41 

and CD61 expression. Cells remained negative for CD42 expression.  The effect of PMA on cell 

growth and morphology was also examined.  Unstimulated K562 cells grow in suspension and 

typically double ~ every 24 hours. However, upon PMA addition, cell proliferation ceased and 

the majority of cells became adherent. An increase in cell size was also observed with PMA 

treatment (Fig 6.11).   
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Figure 6.10.  PMA induced megakaryocytic differentiation of K562 cells. 

K562 cells were treated with 10 ng/ml PMA (squares) or an equal volume of DMSO (circles) on Day 0.  

The data shows surface marker expression of (A) CD61, (B) CD41, (C) CD42, and (D) glycophorin A 

over time relative to the fluorescence intensity of an isotype control. 
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Figure 6.11. Morphology of PMA treated K562 cells. 

Images show giemsa staining of K562 cells after 4 days of treatment with either 10 ng/ml PMA (right) or 

an equal volume of DMSO (left).  

 

Butyrate-induced erythroid differentiation of K562 cells 

Erythroid differentiation of K562 cells was induced by treatment with 0.6 mM butyrate.  

K562 cell growth and GlyA expression were assessed.  Butyrate had a slightly negative effect on 

cell proliferation (Fig 6.12A) and treatment resulted in increased GlyA expression (Fig 6.12B). 

Others report that use of a p38 inhibitor (SB203580) prevents butyrate-induced erythroid 

differentiation as assessed by benzidine staining of hemoglobin. Therefore, we examined 

whether SB203580 treatment also prevents induced GlyA expression.  SB203580 was added to 

cultures 1 hour before stimulation with 0.6 mM butyrate and cells were subsequently stained for 

GlyA. Treatment with SB203580 prevented any increase in GlyA expression with butyrate (Fig 

6.12B).   
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Effect of p38 MAPK knockdown on erythroid differentiation 

On Days 3 and 4 post transfection – presumably at the point of highest p38 knock down – 

cells were treated with 0.6 mM sodium butyrate to induce erythroid differentiation.  Following 

induction, cells were assessed for erythroid differentiation as determined by GlyA expression.  

K562 cells treated with a p38 chemical inhibitor (SB203580) prior to butyrate addition were 

included as a control.  While SB203580 treatment prevented induced GlyA expression on cells, 

the p38 siRNA expression vector was not effective (Fig 6.13). This suggests that greater 

knockdown of p38 expression than that obtained with the p38-1 sequence is necessary to reduce 

butyrate-induced erythroid differentiation. It is recognized that different siRNA sequences 

designed to target a single gene may differ in their efficacy in silencing; therefore, continuation 
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Figure 6.12. Butyrate-induced differentiation of K562 cells. 

(A) Butyrate inhibits expansion of K562 cells. (B) GlyA expression was assessed using 

flow cytometry in untreated K562 cells (circles) and cells treated with either 0.6 mM 

butyrate (squares) or butyrate + SB203580 (diamonds).  
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of this work would have required the comparison of 3-5 siRNA sequences specific to the target. 

Additionally, pools of several siRNA sequences could have been explored to more effectively 

silence gene expression rather than relying on a single siRNA sequence.  A recent publication 

which uses a commercially available pool of siRNAs to silence p38 and reduce erythroid 

differentiation of K562 cells show that p38 remaining from incomplete gene silencing may be 

sufficient to allow erythroid differentiation.200 This confirms that the level of gene knockdown is 

of critical importance in determining whether gene silencing produces an observable effect on 

cell phenotype.  Had a substantial effect on erythroid differentiation been observed, studies 

would have been conducted to confirm that PMA-induced differentiation of K562 cells was 

unaltered, as it is expected that p38 plays no role in megakaryocyte differentiation.   

In summary, molecular cloning methods for generating siRNA expression vectors were 

developed along with optimal conditions for DNA delivery to two megakaryocytic cell lines, 

K562 and MEG-01 cells. Future extensions of this work would have focused on delivery of 

siRNA to primary hematopoietic stem cells with the anticipation that primary cell transfection 

would be challenging and may require the use of viral vectors to obtain sufficient efficiency.  

Also, several siRNA sequences for each target gene would be tested for obtaining optimal 

knockdown.  
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Figure 6.13. Effect of p38 knockdown on GlyA expression in butyrate-treated 
K562 cells. 
 
K562 cells were transfected with either the empty vector pRNAT (circles) or a p38 

siRNA expression vector (squares). On day 3 post-transfection, cells were treated with 

0.6 mM butyrate to induce erythroid differentiation. Following induction, cells were 

assessed for GlyA expression. Cells treated with the p38 inhibitor SB203580 prior to 

butyrate addition were included as a control.  
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