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ABSTRACT 

CD38 is a multifunctional enzyme-cum-receptor expressed in a variety of mammalian   

tissues including airway smooth muscles (ASM). The ADP-ribosyl cyclase activity of 

CD38 generates cyclic ADP-ribose (cADPR), a Ca
2+

 mobilizing agent in ASM cells.  In 

vivo studies in mice showed that CD38 plays an important role in the development of 

airway hyperresponsiveness (AHR) following exposure to cytokines. In vitro studies 

demonstrated that a variety of cytokines, including the inflammatory cytokine TNF-α, 

induce CD38 expression in human ASM (HASM) cells. Studies also showed that the 

TNF-α-induced CD38 expression in HASM cells is mediated through both the  

transcriptional and post-transcriptional mechanisms and involves activation of mitogen-

activated protein kinases (MAPKs) and transcription factors NF-κB and AP-1.  

 The role of CD38 in the pathogenesis of AHR in human asthmatics is not known. 

The current studies demonstrate that HASM cells isolated from asthmatic patients show 

differentially elevated CD38 expression following TNF-α exposure compared to non-

asthmatic HASM cells. Basal and TNF-α-induced activation of extracellular signal- 

regulated kinase (ERK) and p38 MAPK are elevated in asthmatic HASM cells, whereas 

the TNF-α-induced activation of c-jun N terminal kinase (JNK) is elevated in non-

asthmatic HASM cells compared to asthmatic cells. The TNF-α-induced NF-κB 

activation is elevated in asthmatic HASM cells, indicating that the differentially elevated 

CD38 expression in asthmatic HASM cells is mediated through transcriptional 

mechanisms.  
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 The role of cross-talk between ERK and phosphatidylinositol 3-kinase/Akt 

(PI3K/Akt) pathways in TNF-α-induced CD38 expression is investigated in the current 

studies. Two pharmacological inhibitors of PI3K, LY294002 and wortmannin, show 

differential effects on the TNF-α-induced CD38 expression in HASM cells. Transient 

expression of PI3K catalytic subunit (p110) elevates CD38 expression while transfection 

with phosphatase tensin homolog (PTEN) attenuates the TNF-α-induced CD38 

expression, suggesting that PI3K/Akt pathway mediates CD38 expression in HASM cells 

in a non-ERK dependant manner.  

 The role of adenylate-uridylate-rich elements (AREs) of the CD38 mRNA 3' 

untranslated region (3'UTR) in CD38 mRNA stability is currently being investigated. 

Preliminary findings show that, in HASM cells, the RNA-binding proteins HuR and TIA-

1 selectively bind to an ARE of CD38 3'UTR in response to TNF-α-exposure, suggesting 

a potential role for the CD38 mRNA AREs in the post-transcriptional regulation of CD38 

expression in HASM cells. 

                 

 



v 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS        i 

DEDICATION         ii 

ABSTRACT          iii 

TABLE OF CONTENTS        v 

LIST OF TABLES         ix 

LIST OF FIGURES         x 

GENERAL INTRODUCTION AND RATIONALE     01 

CHAPTER I. LITERATURE REVIEW      06  

1. Calcium dynamics in airway smooth muscle      08 

2. ADP-ribosyl cyclases: The Family of Novel Enzymes     10 

 2.1. CD38: The Mammalian ADP-ribosyl cyclase    14 

3. Role of CD38/cADPR pathway in airway smooth muscle function   19 

4. Recruitment of CD38/cADPR pathway by signaling cascades in smooth muscles 23 

5. Regulation of CD38 expression in smooth muscles     28 

 5.1 Cytokine-induced CD38 Expression      29 

 5.2. Hormonal Regulation of CD38 Expression     30 

 5.3. Mechanisms of Regulation of CD38 Expression    31 

6. Role of CD38/cADPR in pathophysiological conditions    33 

 6.1. Asthma          33 

  6.1.1. Airway Smooth Muscle in Asthma    34 

  6.1.2. Therapeutics in Asthma: current and future    36  

 6.2 Diabetes mellitus        38 

 6.3 Chronic Lymphocytic Leukemia (CLL)     38 

 6.4. Hypoxic Pulmonary Vasoconstriction (HPV)    39   



vi 

 

7. Post-transcriptional regulation of gene expression      40 

 7.1. General Mechanisms of mRNA Degradation    40    

 7.2. Cis-acting elements of mRNA stability     41 

 7.3. Trans-acting elements of mRNA stability     42 

  7.3.1. Human Protein (Hu)      42 

  7.3.2. Tristetraprolin (TTP)      44 

  7.3.3. T-cell-restricted Intracellular Antigen-1 (TIA-1)   45 

 7.4. Micro RNA: an emerging molecule in post-transcriptional regulation  45    

8. Concluding Remarks         46 

CHAPTER II. CD38 Expression and Function in Asthmatic Human  

                        Airway Smooth Muscle (HASM) Cells 

Title Page          48 

Introduction          49 

Materials & Methods         51 

Results           56 

Discussion          59 

CHAPTER III. The Role of Phosphatidylinositol 3 Kinase/Akt (PI3K/Akt)  

                            Pathway in Regulation of CD38 Expression in  

                           Human Airway Smooth Muscle (HASM) Cells 

Title Page          74 

Introduction          75 



vii 

 

Materials & Methods         77 

Results           83 

Discussion          85 

CHAPTER IV. Preliminary Investigations on the Role of RNA-binding proteins  

                           in CD38 mRNA stability in Human Airway Smooth Muscle  

                          (HASM) Cells 

 

Title Page          99 

Introduction          100 

Materials & Methods         102 

Results           105 

Discussion          107 

CHAPTER V. Optimization of Biochemical Assays to Measure ADP-ribosyl Cyclase   

                          Activity 

Title Page          117 

Introduction          118 

Materials & Methods         119 

Results           124 

Discussion          125 



viii 

 

CHAPTER VI. General Conclusions and Future Directions 

Title Page          141  

General Conclusions and Future Directions      142 

REFERENCES         150 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF TABLES 

Table 1: AU-Rich elements (ARE) of CD38 3’UTR     111  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF FIGURES 

CHAPTER I 

Figure 1. Comparison of the primary structure of ADP-ribosyl cyclases.  11 

Figure 2. Multiple Enzyme activties of ADP-ribosyl cyclase superfamily.  13  

Figure 3. A model of GPCR subtype-specific recruitment of CD38/cADPR           

 signaling in myocyte        17 

CHAPTER II 

Figure 1. Asthmatic HASM cells show elevated sensitivity to TNF-α and  

                significantly higher CD38 expression     65 

Figure 2. CD38 expression is sensitive to glucocorticoid inhibition in asthmatic  

                and non-asthmatic HASM cells.      67 

Figure 3. Asthmatic HASM cells show constitutive activation of  

                ERK & p38 MAP Kinases.       69 

Figure 4. The decay kinetics of CD38 mRNA is similar in asthmatic and  

                non-asthmatic HASM cells       71 

Figure 5. Asthmatic HASM cells show increased nuclear translocation of NF-κB 73 



xi 

 

CHAPTER III 

Figure 1.TNF-α-induced Akt activation and CD38 expression in HASM cells. 90 

Figure 2. Effects of transient expression of PI3K and PTEN on activation of  

               Akt and ERK and CD38 expression.     92 

Figure 3. Cross talk between PI3K/Akt and ERK signaling pathways is  

               functional in HASM cells.  94 

Figure 4. TNF-α-induced NF-κB and AP-1 activation are independent of  

              PI3 kinase activation in HASM cells.                                                           96 

Figure 5. The proposed model for the role of PI3K/Akt in CD38 expression            98  

CHAPTER IV 

Figure 1: Sub-cellular localization of RNA-binding proteins in HASM cells 113 

Figure 2. TNF-α increases the binding of HuR and TIA-1 to CD38 ARE.  115 

CHAPTER V 

Figure 1. Higher affinity of 
32

P-3-deaza-cADPR to Sea urchin egg microsomes 128 

Figure 2. Scheme of 
32

P-3-deaza-cADPR binding assay to measure  

               ADP-ribosyl cyclase       130 

Figure 3. Scheme of reverse ADP-ribosyl cyclase assay    133 



xii 

 

Figure 4. Optimization of 
32

P-3-deaza-cADPR binding assay   135 

Figure 5. Optimization of reverse ADP-ribosyl cyclase assay   137 

Figure 6. Application of radio-label binding and reverse cyclase assay  140  

CHAPTER VI 

Figure 1.Regulation of CD38 expression in non-asthmatic and  

              asthmatic HASM Cells.       147 

 

 

 

 

 

 

 

 

 



1 

 

 

 

 

 

 

 

 

 

 

 

General Introduction & Rationale  

 

 

 

 

 

 

 

 

 

 



2 

 

GENERAL INTRODUCTION & RATIONALE   

 Asthma is an airway inflammatory disorder clinically characterized by expiratory 

difficulties. According to the World Health Organization, an estimated 300 million 

individuals are suffering from asthma worldwide. Although the fatalities are rare in 

asthma, the impacts of the disorder on quality of individual lives and on health care 

system are significant.  

Both the resident and transient cells of the airways contribute to the pathogenesis 

of asthma. Epithelial, airway smooth muscle (ASM), mesenchymal cells and the cells of 

immune system play crucial roles in orchestrating the pathological processes during 

asthma (1;2). Contrary to the earlier belief that the ASM cell is a passive “responder” to 

other players, now it is widely reported that ASM cells actively contribute to the 

pathogenesis of asthma. In addition to the mechanical role of ASM in eliciting the 

characteristic bronchial spasm in asthmatics, secretory and long-term remodeling 

functions are also fulfilled by the ASM cells (3;4).  

 Cellular Ca
2+

 mobilization is the key event leading to the contractility of 

myocytes. Among the signaling cascades involved in cellular Ca
2+

 dynamics, inositol -3 

phosphate (IP3)-mediated Ca
2+

 release from intra-cellular stores has been studied in detail 

(5). The roles of extra- and intra-cellular Ca
2+

 pools and membrane ion channels involved 

in Ca
2+

 influx/efflux have also been studied in ASM cells (reviewed reference (6). For the 

past several years, our laboratory has been studying the role of a non-IP3-mediated Ca
2+

 

releasing mechanism in ASM cells isolated from various species (reviewed in reference 

(7). The cADPR-mediated Ca
2+

 release has been reported in a variety of cells, including 
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those from invertebrates (8-10). The Ca
2+

 -mobilizing second messenger cADPR is 

generated by the ADP-ribosyl cyclase enzyme activity, resident in a transmembrane 

protein called CD38 (11). CD38 possesses multiple enzymatic functions in a single 

catalytic domain (12). The cADPR hydrolase activity, another enzymatic activity of 

CD38, degrades the second messenger cADPR (11). In ASM cells isolated from human, 

mice and swine, it was demonstrated that the CD38/cADPR pathway plays a pivotal role 

in cellular Ca
2+ 

ion mobilization (13-15). 

 The overall objective of the studies presented in this thesis is to elucidate the 

mechanisms involved in the regulation of CD38 expression and function in HASM cells, 

with specific emphasis on asthma. In vivo studies in CD38 knockout mice demonstrate 

that CD38 is critical for the development of airway hyperresponsiveness (AHR) 

following exposure to allergen or the cytokines, such as TNF-α or IL-13 (16;17). 

Furthermore, in cultured human ASM (HASM) cells, an array of cytokines including 

IFN-γ, TNF-α and IL-13 elicit significant elevation in CD38 expression (15;18). These 

cytokines, although belonging to different categories in relation to their role in 

inflammation, are known to play crucial roles in the pathogenesis of asthma (19;20). The 

in vivo findings in the the mouse model of AHR and the observations from in vitro 

studies in HASM cells prompted us to study the expression and function of CD38 in 

ASM cells isolated from asthmatic patients. Therefore, we formulated the first 

hypothesis that CD38 expression and function is elevated in asthmatic ASM compared to 

the non-asthmatic ASM. The objectives of this part of the study were 1) to determine 

whether the CD38 expression is differentially elevated in asthmatic ASM and 2) if it is 
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the case, to determine the mechanistic basis for the differential regulation of CD38 

expression.  

 Previous studies in our laboratory showed that the TNF-α-induced CD38 

expression is mediated through the mitogen-activated protein kinases (MAPKs) and the 

transcription factors NF-κB and AP-1 (21). The findings also suggested that the p38 

MAPK mediated TNF-α-induced CD38 expression primarily through regulating the 

CD38 mRNA stability (21). MAPK signaling pathway and phosphatidylinositol 3 

kinase/Akt (PI3K/Akt) signaling cascade are two major signaling mechanisms studied in 

relation to asthma pathogenesis. In ASM, these two pathways are studied with particular 

emphasis on their role in inflammation and ASM cell hyperplasia (22). As classical 

examples of cell signaling cascades, the MAPK and PI3K/Akt employ cross-talk 

mechanisms to mediate their downstream effects (23). In order to determine whether the 

cross-talk between the MAPK and PI3K/Akt signaling pathways has a role in CD38 

expression, we formulated and tested our second hypothesis that the cross-talk between 

MAPK and PI3K/Akt signaling pathways mediates TNF-α-induced CD38 expression in 

HASM cells. The objective of this part of the study was to determine whether the 

PI3K/Akt pathway, with its significant role in the pathology of asthmatic airways, 

regulates CD38 expression.  

 As previously mentioned, the p38 MAPK is involved in TNF-α-induced CD38 

expression primarily through regulating CD38 mRNA stability. ERK MAPK regulates 

CD38 expression both at the level of transcription and mRNA stability (21). 

Computational analysis of the CD38 3’untranslated region (3’UTR) also revealed that 
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adenylate-uridylate (AU)-rich motifs are present in this region (unpublished observation). 

These observations imply that TNF-α-induced CD38 expression is possibly mediated at 

the post-transcriptional level, in addition to transcriptional mechanisms. Many transcripts 

coding for inflammatory mediators possess AU-rich motifs and their stability is mediated 

through RNA-binding proteins that selectively bind to the AU-rich motifs in response to 

relevant environmental or physiological stimuli (24). Based on these facts, we 

hypothesized that in HASM cells, RNA-binding proteins bind to CD38 mRNA AU-rich 

elements in response to TNF-α exposure. This study was initiated with the objective of 

determining whether the CD38 mRNA stability is modulated, as a mechanism to regulate 

CD38 expression in HASM cells.  

The thesis is organized into six chapters. Chapter I provides a literature-based 

background on CD38/cADPR signaling pathway and other topics relevant to the studies 

reported in the thesis. Chapter I elaborates important background information on smooth 

muscle Ca
2+

 dynamics, the role of CD38/cADPR signaling in Ca
2+

 dynamics, the role of 

CD38/cADPR pathway in pathophysiological conditions and the mechanisms of post-

transcriptional regulation of gene expression. Chapters II through V are descriptions of 

the investigations carried out during this thesis project. Particularly, Chapters II and III 

report two completed works and Chapter IV is the description of an ongoing study. 

Chapter V is a description of two biochemical assays optimized for the purpose of 

quantifying ADP-ribosyl cyclase activity during the studies described in the thesis. 

Chapter VI describes the general conclusions and future directions of the studies reported 

in the thesis.         
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1. Calcium dynamics in airway smooth muscle 

Elevated cytosolic cellular calcium is an important cellular event leading to contraction of 

airway smooth muscle. In resting conditions, ASM cells maintain a very low level of 

cytosolic calcium (~200 nM) (25). In response to contractile agonists that act on 

membrane receptors, a rapid rise of cytosolic calcium takes place through both an influx 

from extra cellular environment and the release from intra cellular calcium stores. In 

ASM, the calcium response to an agonist is characterized by a bi-phasic elevation in intra 

cellular calcium (26). Studies have demonstrated that the initial, rapid spike is due to the 

release of calcium ions from intra cellular stores, such as the sarcoplasmic reticulum 

(SR), whereas the subsequent low-amplitude, prolonged plateau of the rise results from 

influx of calcium ions from extra-cellular spaces (27-31). Over the past several years, 

development of cutting edge experimental tools, such as real-time confocal microscopy, 

has enormously increased our understanding of ASM cellular calcium ion mobilization. 

Now it is understood that, calcium oscillations in response to contractile agonists, appear 

at various foci of a myocyte and spread to other parts of the cell with a certain 

propagation velocity (32-34). In addition to this spatial component of the oscillation, the 

calcium waves also possess a frequency, which is determined by the basal calcium ion 

concentration (33). In the bi-phasic calcium response, the latter, sustained phase is 

characterized by low-frequency oscillations compared to the initial rapid rise (33). 

Contractile agonists like acetylcholine increase the intra cellular calcium level of ASM 

cells in a concentration-dependant manner (25;26). Studies showed that increasing 

concentrations of acetylcholine increase the frequency and propagation velocity of the 

oscillations while keeping the amplitudes of these oscillations similar (26). These 
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observations on spatial and temporal aspects of agonist-induced calcium ion oscillations 

explain the concentration-dependant effects of agonists on ASM contractility. Another 

interesting observation from the studies on ASM calcium oscillations was that, in the 

absence of extra cellular calcium ions, agonists elicited the initial, rapid rise of calcium 

but was unable to sustain the rise (33). This observation, supported by several studies, 

indicates that the initial rise in intra cellular calcium in response to agonists is initiated by 

intra cellular stores of calcium and is sustained by influx of extra cellular calcium.  

 One key requirement to sustain continuous calcium ion oscillations in ASM is 

replenishing the intra cellular calcium ion stores. Studies showed that this is achieved in 

ASM cells through two important mechanisms. The first mechanism involved re-

pumping of the calcium ions released from SR back into the SR pool through the SER 

Ca
2+

-ATPase-2 (SERCA 2) calcium ion channel. Thapsigargin, a plant extract belonging 

to the sesquiterprene lactone class of chemicals, inhibits SERCA 2 in ASM cells, 

resulting in an initial elevation of cytosolic calcium levels, followed by the disappearance 

of calcium oscillations, obviously due to depletion of SR calcium pools (33). Studies also 

revealed that treatment of ASM cells with caffeine or ryanodine abolished acetylcholine-

induced calcium oscillations, suggesting that the calcium ion release from the SR pool 

takes place through caffeine-sensitive ryanodine receptors on the  SR membrane (33).  

 Calcium-induced calcium release (CICR) is one postulated model that explains 

how two signaling cascades that mobilize calcium ions from related intra cellular pools 

are indispensable to the calcium dynamics of smooth muscle cells.  
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2. ADP-ribosyl cyclases: The Family of Novel Enzymes 

The family of ADP-ribosyl cyclases consists of three important members 

including a cyclase from invertebrates. The first ADP-ribosyl cyclase was described in 

the ovotestis of a marine invertebrate, the sea slug (Aplysia californicum).The ADP-

ribosyl cyclase from Aplysia is  a soluble protein with a molecular weight of ~30 kDa and 

was shown to convert β-NAD to cADPR (35).  The mammalian members of the ADP-

riboysl cyclase family are CD38 and CD157 (36;37). CD38 and CD157, originally 

described as cell membrane-associated antigens in the cells of hematopoietic origin, 

possess ADP-ribosyl cyclase activity similar to that of the cyclase from Aplysia 

californicum. Among these three related ADP-ribosyl cyclases, CD38 is a type II trans-

membrane protein with a 20 amino acid hydrophobic trans-membrane domain (38). 

CD157, also called bone marrow stromal cell antigen-1 (BST-1), is a 

glycosylphosphatidyl inositol (GPI)-anchored protein with distinct extra-cellular domains 

for receptor and enzymatic functions (37). In terms of the amino acid sequence, these 

three ADP-ribosyl cyclases have about 25-30% similarity, specifically in the 18 amino 

acid-long catalytic sites of the enzymes (Figure 1). There are 10 cysteine residues 

conserved among the members of ADP-ribosyl cyclase family and these residues align 

well among these three proteins (38). In terms of the enzyme activities, the Aplysia ADP-

ribosyl cyclase predominantly generates cADPR as the product of its enzymatic activity 

with very low levels of ADPR (39). The mammalian ADP-ribosyl cyclases are also 

multifunctional in their enzymatic functions. In addition to the ADP-ribosyl cyclase 

activity, CD38 and CD157 are capable of catalyzing NADase, cADPR hydrolase and 

base-exchange reactions (Figure 2A and B). The NADase activity (also known as NAD 
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glycohydrolase) generates ADPR from NAD. Indeed, when CD38 metabolizes β-NAD, 

the majority of the substrate (~95%) is converted to ADPR (Figure 2A), and only a minor 

fraction of the total product appears to be cADPR (11). The cADPR hydrolase activity of 

CD38 and CD157 degrades the cADPR into ADPR (11).  Although CD157 shares the 

pleiotropic nature of CD38 functionally, the tissue distribution of CD157 is limited 

compared to CD38 (37).  

In acidic pH, all members of the ADP-ribosyl cyclase family catalyze a base-

exchange reaction on nicotinamide adenine dinucleotide phosphate (NADP) and nicotinic 

acid to generate nicotinic acid adenine dinucleotide phosphate (NAADP) and 

nicotinamide (Figure 2B). Studies have revealed that NAADP functions as a  calcium ion 

mobilizing agent in sea urchin eggs as well as in a variety of mammalian cells (40-44). 
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Figure 1. Comparison of the primary structure of ADP-ribosyl cyclases. Members of the ADP-riboysl 

cyclases from various species show significant levels of of amino acid sequence similarity in their 18 

amino acid-long catalytic domains. Note the similarity of amino acid sequences among invertebrate (Ak 

cyclase-Aplysia kurodai cyclase) vertebrate ADP-ribosyl cyclases. Ten cysteine residues are common to all 

the members of the superfamily. CD38 carries two additional cysteine residues. Overall, the of amino acid 

sequence similarity  between the members of ADP-ribosyl cyclase superfamily is 25-30%.        

Studies suggest that (45;46)NAADP mobilizes calcium ions from endoplasmic 

reticulum pools that are distinct from those utilized by IP3 and cADPR. In mature 

Ascidian (starfish) eggs, caged-NAADP, when injected into the oozytes, elicited 

intracellular calcium transients which is dependent on the presence of extracellular 

calcium ions (44). In addition, calcium mobilization via NAADP-sensitive channels also 

appears to trigger calcium mobilization through IP3- and cADPR-sensitive channels, 

suggesting a cross-talk between the three calcium-mobilizing pathways in this 

invertebrate model (44). Evidence is also available for NAADP-mediated calcium ion 

release in various types of smooth muscle cells (47-49). 

In addition to the well-identified members of the ADP-ribosyl cyclase family, the 

search is in progress for newer members of this novel group of enzymes. Recent reports 

indicate the presence of CD38- and CD157-independent ADP-ribosyl cyclases in 

mammalian cells. Ceni and co-workers have reported on the presence of an ADP-ribosyl 

cyclase/NAD glycohydrolase in the brain of CD38-deficient mice (50). It was also 

observed that this uncharacterized ADP-ribosyl cyclase/NAD glycohydrolase is more 

active in the developing brain than in the adult brain, suggesting a potential role in 

calcium ion dynamics related to ontogeny. The latest addition to the ADP-ribosyl cyclase 
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family is an NAD(P)-catabolizing enzyme from Schistosoma mansoni (SmNACE) (51). 

This novel member is a predominantly NAD glycohydrolase and lacks a Trp residue 

which is conserved in the enzyme family. Interestingly, a point mutation to insert Trp 

residue in the SmNACE makes this enzyme capable of producing cADPR from NAD, 

much like the classical ADP-ribosyl cyclases (51).  

In summary, there are three well-characterized members of the ADP-ribosyl cyclase   

family. They are more related in their function than in their primary structure. The 

presence of ADP-ribosyl cyclases in mammals as well as in lower invertebrates like 

molluscs suggests that this group of enzyme has a vital physiological role to play. 

 

Figure 2. Multiple Enzyme activties of ADP-ribosyl cyclase superfamily. A) Three major enzymatic 

activities of the ADP-ribosyl cyclase superfamily members. ADP-ribosyl cyclase activity (1) of Aplysia 

spp, CD38 and CD157 generates cyclic ADP-ribose from β-NAD. NAD ase or glycohydrolase activity (2) 
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of CD38 and CD157 generates ADPR from β-NAD. ADPR production predominates in CD38 and CD157, 

while cADPR is the predominant product of Aplysia cyclase. cADPR hydrolase activity (3) of CD38 and 

CD157 hydrolyses the cADPR into ADPR. B) Base exchange reaction of the ADP-ribosyl cyclase 

superfamily. In acidic pH, in the presence of nicotinic acid, nicotinamide adenine dinucleotide 2’ phosphate 

(NADP) is converted into nicotinic acid adenine dinucleotide 2’ phosphate (NAADP). cADPR and 

NAADP mobilize Ca
2+

 ions from intracellular stores, whereas ADPR mediates the influx of divalent 

cations including Ca
2+

 .               

2.1 CD38: The Mammalian ADP-ribosyl cyclase 

CD38 is considered the typical mammalian ADP-ribosyl cyclase. CD38 was first reported 

as a cell surface receptor showing phase-dependant expression in cells of hematopoietic 

origin (52). The function of CD38 as an ADP-ribosyl cyclase started to emerge when the 

human and mouse CD38 genes were cloned (53;54). Amino acid sequence analysis of the 

cloned CD38 showed that this protein has a significant level of similarity with the Aplysia 

ADP-ribosyl cyclase (55).  The ADP-ribosyl activity of CD38 was confirmed by in vitro 

assays using mouse recombinant CD38 (11). As discussed previously, CD38 is a 

multifunctional enzyme capable of generating at least three products, namely cADPR, 

NAADP and ADPR, that play roles in cellular calcium ion dynamics.  Among the three 

products generated by the enzymatic functions of CD38, cADPR has received much 

attention because it was already known to mobilize calcium ions in numerous systems. 

Further studies showed that the expression of CD38 is not limited to the cells of 

hematopoietic origin (56). Expression of CD38/ADP-ribosyl cyclase in a broad range of 

mammalian tissues also supported the notion that the cADPR could be an important 

signaling molecule in mammalian systems. This hypothesis is supported by findings from 



15 

 

almost two decades of research, in which a wide variety of mammalian cells were found 

to respond to cADPR (56).  

CD38 is a 45-kDa type II glycoprotein with the carboxyl terminus exposed to the 

exterior of the cell. Endogenous CD38 is a membrane-bound protein with a short amino-

terminus, a single chain of trans-membrane domain and a long carboxyl terminus (38). 

There are four putative glycosylation sites and 12 cysteine residues, which form 

disulphide bonds to stabilize the secondary structure of the protein (57). Interestingly, 

CD38 has two additional cysteine residues (Cys119 and Cys201) (see Figure 3) compared 

to the Aplysia ADP-ribosyl cyclase and mutating these two additional cysteines turns the 

CD38 into more like the Aplysia cyclase in terms of its enzymatic activity. Conversely, 

replacing the corresponding amino acid residues of Aplysia cyclase with the cysteine 

residues makes the enzyme capable of hydrolyzing cADPR to ADPR (58).   

The crystal structure of human CD38 was resolved recently, after it was expressed 

as a soluble recombinant protein (59). It was reported that, like in Aplysia ADP-ribosyl 

cyclase and CD157, the crystal structure of soluble CD38 has a combination of alpha-

helices and beta-sheets, which are stabilized by 6 pairs of disulphide bonds between the 

12 cysteine residues. Unlike the Aplysia ADP-ribosyl cyclase and CD157 (the crystal 

structure of these have already been resolved), the soluble CD38 (truncated version 

lacking the cytoplasmic and trans-membrane domains) does not appear to form dimers. 

But, based on findings from  previous work on lymphocytic CD38, the intracellular 

portion of the protein and extracellular domain play critical roles in oligomerization of 

the protein on the cell surface (60).  
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The catalytic site of CD38 is located at the extra cellular domain. This localization 

presents a topological paradox related to the accessibility of the substrate (β-NAD) to the 

enzyme and the availability of the product (cADPR) to the intracellular compartments 

where the target remains. Studies by De flora et al. revealed that there are transporters 

functioning in various mammalian cells to shuttle the β-NAD and cADPR between the 

extra- and intracellular compartments (61). According to their model, β-NAD is 

transported out of the cell through connexin 43 hemichannels (Cx43). Extracellularly-

formed cADPR is transported back into cells via both nucleoside transporters and the 

oligomerized CD38 itself (Figure 3). This system of transporters has been reported in a 

number of mammalian cells including smooth muscle cells (61).  

The reaction kinetics responsible for the multiple enzymatic activities of CD38 

has not been clearly elucidated. However, there are proposed models supported by 

indirect experimental evidence (57;62-65). Studies show that CD38 has a single binding 

pocket that harbors the multiple enzymatic activities. Critical residues lining the substrate 

binding pocket have been identified based on mutagenesis and structural studies of 

CD38. All the critical residues for the multifunctional enzymatic activity are localized in 

the carboxyl terminal and spread out in the last 100 amino acid residues of the protein 

(66). Trp125 and Trp189 were shown to be critical for all the enzymatic activities of 

CD38. It is speculated that these two residues engage with the substrate through 

hydrophobic interactions to recognize and position it in the binding pocket (66). Another  
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Figure 3. A model of GPCR subtype-specific recruitment of CD38/cADPR signaling in myocytes. 

Studies show that acetylcholine elicits Ca
2+

 release in ASM cells in cholinergic receptor subtype-specific 

manner. M2 muscarinic receptor subtype, which signals through Gαi , recruits the CD38/cADPR pathway to 

elicit intracellular Ca
2+

 transients, whereas M3 subtype is known to recruit IP3-mediated Ca
2+

 release 

mechanism. The model also depicts the transport mechnisms involved in the β-NAD (substrate for the 

ADP-ribosyl cyclase/NADase activities) and the cADPR in myocytes. cADPR interacts with ryanodine 

receptors (RyR) on the sarcoplasmic reticulum (SR) to dissociate the FKBP 12.6 protein from the RyR. 

This, in turn, changes the RyR ion channels into “open” conformation to release Ca
2+

 ions. The Ca
2+

 pool 

of SR is replenished by actively re-pumping the cytosolic Ca
2+

 back into the SR through SR Ca
2+

-ATP ase 

(SERCA) ion channels. (Abreviations: PLC-β-phospholipase C-β, PIP2-phosphoinositol 3,4-bisphosphate, 
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IP3-Inositol-3,4,5-trisphosphate, IP3R- IP3-receptor, Cx43-connexin 43 hemichannel, FKBP12.6-FK506-

binding protein 12.6, CNT-concentrative nucleoside transporter, EC-extracellular, CM-cell membrane)       

residue within the catalytic pocket, Glu226 is also reported as critical for the multiple 

enzymatic activities of CD38 (66). One model explains the multiple catalytic activities of 

CD38 using a single intermediate hypothesis (67). It appears that Glu226 is critical for 

the formation of this single intermediate; therefore this residue is critical for all the 

enzymatic activities of the protein (67). All three residues mentioned above are conserved 

in the super family of ADP-ribosyl cyclase. One critical residue that is unique to CD38 is 

Lys129, which, based on structural studies, is known to form hydrogen bond with 

cADPR (68). The studies also reported that mutating Lys129 abolished the cADPR 

hydrolase activity of CD38 (68). In CD157, the residue comparable to Lys129 is His81. It 

is speculated that the His81 is likely to form a hydrogen bond with etheno-NADP, an 

analog of the native substrate NAADP for base-exchange reaction (59). In Aplysia ADP-

ribosyl cyclase, the Tyr81, the homologous residue of CD38 Lys129, does not form a 

hydrogen bond with cADPR, which could be one reason why the Aplysia ADP-ribosyl 

cyclase does not have significant levels of cADPR hydrolase activity. A recent study 

concentrated on the base-exchange reaction catalyzed by CD38 and Aplysia ADP-ribosyl 

cyclase. The base-exchange reaction takes place exclusively at acidic pH and converts 

NADP into NAADP by exchanging nicotinamide moiety with nicotinic acid (Figure 1B) 

(40). A combination of mutagenesis and structural studies show that two acidic residues 

at the catalytic domain of CD38-Glu146 and Asp155- are critical for this pH-dependent 

base-exchange reaction (63).  
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The major product of CD38 (due to its NAD glycohydrolase activity) is ADPR 

(11). Although ADPR has not been established as an intracellular signaling molecule, it 

was demonstrated that ADPR acts on LTRPC2, a subtype of long transient receptor 

potential (LTRP) channels present on the cell membrane, to elicit the influx of divalent 

cations (69).  In other studies, it was shown that cADPR synergizes with NAADP and 

ADPR in the activation of transient receptor potential subtype M2 channels (TRPM2) in 

T-lymphocytes, suggesting a physiological role for CD38 through TRP channels (70-72).  

In conclusion, CD38 has multiple enzymatic activities and the three products 

(cADPR, ADPR and NAADP) are known to participate in cellular calcium signaling. 

Two of the products of the enzymatic activities, i.e., cADPR and NAADP, are known to 

mobilize calcium ions from intracellular calcium stores in a variety of mammalian cells. 

ADPR is known to cause influx of divalent cations including calcium through activation 

of the TRP channels. These observations warrant an in depth study of CD38 in ASM cells 

where cellular calcium ions are critical for specialized cellular functions.   

3. Role of the CD38/cADPR pathway in airway smooth muscle function 

Studies in our laboratory have shed light on the role of cADPR in calcium 

dynamics in airway myocyte in humans and in animal models (13-15;18;73;74). The role 

of cADPR in the function of airway smooth muscle has been well-established through 

studies using the CD38 knockout mouse (13), which haveshown that CD38 is the sole 

ADP-ribosyl cyclase in the airway smooth muscle cells. Using the airway myocytes 

obtained from the CD38 knockout mice, the contribution of cADPR to the intracellular 

calcium responses to contractile agonists has been studied in our laboratory (13). 
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According to these studies, in freshly isolated airway smooth muscle cells from  CD38 

knockout mice, the intracellular calcium responses following exposure to acetylcholine 

and endothelin-1 are significantly attenuated as compared to responses in cells obtained 

from the wild-type control mice (13). Findings of the same study showed that the calcium 

responses to the agonists are not sensitive to inhibition by 8-Br-cADPR in myocytes 

isolated from  CD38 knockout mice, unlike myocytes from  wild-type mice. These results 

support the conclusion that CD38 is the sole source of cADPR in airway smooth muscle 

cells.  

Subsequent studies attempted to determine whether the attenuated intracellular 

calcium responses of the CD38-deficient myocytes to contractile agonists results in 

altered responsiveness to spasmogens in vivo (16;17). In this context, in vivo studies in 

CD38 knockout mice have significantly helped in understanding the role of CD38 and 

cADPR in airway function. One of the important findings of our earlier study is that 

CD38/cADPR signaling pathway is essential for the contractility of airway smooth 

muscle under normal physiological conditions (13). The studies compared the resistance 

to airflow (RL) of the airways of CD38 knockout and wild-type mice exposed to 

incremental doses of inhaled methacholine (a muscarinic agonist). The methacholine-

induced changes in RL in CD38 knockout mice were significantly lower than responses in 

wild type mice (13).  

Further studies determined whether this altered airway responsiveness to 

methacholine is reflected in diminished airway hyperresponsiveness (AHR) (16;17). 

AHR is a characteristic feature of inflammatory airway diseases such as asthma and a 
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variety of cytokines, including IL-13 are known to contribute to the pathogenesis of such 

diseases (20). We investigated the airway responsiveness to inhaled methacholine in mice 

repeatedly challenged intranasally with IL-13(17). We also assessed the magnitude of 

airway inflammation in the mice following IL-13 challenge. The results of these studies 

clearly showed that CD38 knockout mice develop a much attenuated airway 

hyperresponsiveness as compared to wild-type mice, although the inflammatory changes 

in the airways in the two groups of mice were comparable. In isolated tracheal rings 

obtained from CD38 knockout mice treated with IL-13, the rate of carbachol-induced 

contractions was significantly lower than in the rings from wild-type mice. However, the 

sensitivity and the maximal contractile responses to carbachol were comparable in the 

tracheal rings obtained from CD38 knockout and wild-type mice (17). These results 

indicate that CD38/cADPR signaling in the airways has an important contribution to 

airway hyperresponsiveness in the presence of airway inflammation. In another mouse 

model, the role of CD38 in TNF-α-induced AHR was investigated (16). TNF-α is an 

inflammatory cytokine with significant roles in pathogenesis of asthma. Increased levels 

of TNF-α mRNA and protein are reported in asthmatic airways (75;76). In these studies, 

a single exposure of the animals to murine recombinant TNF-α resulted in attenuated 

AHR in CD38 KO mice compared to wild type mice, with absence of inflammation in 

either group (16). When the mice were exposed to extended periods of TNF-α exposure 

(3 times/week for one week or 4 weeks), the inflammation was comparable in both CD38 

KO and wild type mice. The AHR measured by RL was comparable in both groups after 

one week challenge and the AHR was attenuated in both groups following the 4-week 

exposure to TNF-α (16). These observations suggest that, even in the absence of airway 
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inflammation, brief exposure to TNF-α results in AHR, potentially via induction of 

CD38 expression in the resident cells of the airways. Whether this phenomenon is true in 

other murine models of asthma or in human asthma remains to be determined. It is also 

not known whether increasing the expression of CD38 within the airways would result in 

airway hyperresponsiveness. In this regard, in recent studies we have investigated the role 

of inflammatory cytokines in regulating the expression of CD38 (15;18;74). We used the 

human airway smooth muscle (HASM) cells maintained in short-term culture as a model 

system in these studies. Exposure of these cells to cytokines such as TNF-α or IL-13 

resulted in significant augmentation of CD38 expression and ADP-ribosyl cyclase 

activity. In cytokine-treated cells, the intracellular calcium responses to multiple 

contractile agonists were also augmented. These augmented calcium responses were 

largely attributable to cADPR, since the calcium transients were inhibited by 8-Br-

cADPR. Studies in our laboratory also investigated whether reduction in the expression 

of CD38 results in an attenuated calcium response to agonists in HASM cells (77). 

Following anti-sense-mediated down-regulation of CD38 expression, the intracellular 

calcium response to agonists were attenuated following exposure to cytokines as 

compared to responses in non-transfected or vector transfected cells. The results of these 

in vitro studies provide additional support to the hypothesis that cytokine-induced AHR 

results from augmented CD38 expression and increased cADPR-mediated calcium 

responses to contractile agonists. That inflammatory cytokines can increase CD38 

expression and thereby augment cADPR-mediated intracellular calcium response to 

contractile agonists is not unique to airway smooth muscle cells. A recent study has 
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demonstrated a similar phenomenon in human myometrial smooth muscle cells exposed 

to TNF-α (78).  

4. Recruitment of CD38/cADPR pathway by signaling cascades in smooth muscles 

In smooth muscles, extracellular stimuli act on specific membrane receptors to 

elicit contractile (or relaxation) responses in the myocytes. The cell surface receptors for 

these agonists are generally linked to intracellular signaling molecules that act as second 

messengers in transmitting the signals downstream into the cells. The role of cADPR as a 

potential second messenger in transmitting contractile signals has been studied in various 

types of smooth muscles. Barone et al (2002) studied the role of cADPR in endothelin-

mediated contractility of peritubular smooth muscles in rat testes (79). Endothelin (ET-1) 

is a 21 amino acid-long vasoactive peptide acting through two isoforms of endothelin 

receptors (ET-A and ET-B) (80;81). Both of these endothelin receptors are G-protein-

coupled receptors (GPCR). The findings of the particular study showed that endothelin 

elicits cADPR-mediated calcium ion mobilization in peritubular smooth muscles. It 

appears that there is receptor subtype specificity in recruiting cADPR-mediated calcium 

response in these cells. While activation of ET-B by endothelin exclusively signals 

through cADPR, ET-A activation appears to recruit both cADPR- and IP3-mediated 

calcium mobilization (79). This phenomenon of receptor subtype specificity in the 

recruitment of cADPR-mediated calcium mobilization was reported also by White et al  

in porcine airway smooth muscle cells (14). The smooth muscle cells of the bronchi 

predominantly express muscarinic receptor subtypes M2 and M3 (82). Activation of the 

M3 muscarinic receptors that are coupled to Gαq-type G-proteins cause IP3 production 
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and calcium release (83). Inhibition of the M2 muscarinic receptors, that are coupled to 

Gαi-type G-proteins, by methoctramine results in a significant attenuation of the calcium 

response to acetylcholine (14;83;84). In the presence of methoctramine, there is no 

further attenuation of the calcium response to acetylcholine by 8-Br-cADPR, the 

competitive cADPR antagonist (14). These results indicate, in porcine ASM cells, 

cADPR contributes to the cytosolic calcium transients elicited by activation of M2 

muscarinic receptors. In addition, a previous study showed that high concentrations of 

ryanodine attenuate the calcium response to acetylcholine in porcine ASM cells (33). 

These observations indicate that the component of the calcium response attributable to 

cADPR is perhaps similar to that mobilized through activation of the ryanodine receptors 

in airway smooth muscle cells.  

The recruitment of cADPR signaling by an extracellular receptor was first demonstrated 

by studies in intestinal longitudinal smooth muscle (85). The intestinal wall is composed 

of longitudinal and circular layers of smooth muscles. In smooth muscles of the circular 

layer, the intracellular calcium ion mobilization is exclusively IP3-dependent, whereas the 

process is IP3-independent in the smooth muscles of the longitudinal layer (86). In the 

longitudinal smooth muscles of intestine, the influx of extracellular calcium ions was 

found to trigger release of SR calcium via ryanodine receptors (85-87). It was 

demonstrated that the calcium influx through voltage-sensitive membrane calcium 

channels initially elevates the cytosolic calcium concentration causing ryanodine 

receptors to open and release calcium from the SR, confirming the interplay between 

different calcium pools in orchestrating cellular calcium dynamics in myocytes (85). In 

myocytes isolated from longitudinal intestinal smooth muscle layer of rabbit, 
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cholecystokinin octapeptide (CCK8) was shown to elevate cellular cADPR in a 

concentration dependant manner (85). Particularly, the CCK-mediated calcium release 

from intracellular stores was ryanodine-sensitive and IP3-insensitive. Studies also 

demonstrated that the sensitization of ryanodine receptors by calcium ions was enhanced 

in the presence of cADPR. Even below the threshold concentration of calcium ions 

required for calcium release from ryanodine receptors, 1nM cADPR was able to release 

calcium ions through ryanodine receptors (85). This indicates that cADPR possibly 

sensitizes the ryanodine receptor to cytosolic calcium, potentiating the calcium-induced 

calcium release (CICR) mechanism in intestinal myocytes. A Similar phenomenon was 

also observed in earlier studies on sea urchin egg microsomes that were initially used in 

characterizing cADPR-mediated calcium ion mobilization (88).  

 It was shown in sea urchin egg microsomes that the presence of cADPR makes 

the ryanodine receptors open at a sub-threshold concentration of calcium ions required 

for CICR. Caffeine is also known to release calcium ions through the ryanodine receptor 

by sensitizing the receptors to cytosolic calcium ions (89). Experiments in sea urchin egg 

microsomes showed that the presence of cADPR increased the sensitivity of the sea 

urchin egg microsomes to caffeine (89). These observations suggested a model in which 

cADPR acts as a modulator of CICR to augment calcium release from the ryanodine 

receptor to contribute to the cytosolic calcium ion concentration. Acetylcholine also was 

demonstrated to recruit a cADPR/ryanodine receptor mediated calcium release 

mechanism in rat duodenal smooth muscles (90). Intestinal smooth muscles express M2 

and M3 subtypes of muscarinic cholinergic receptors. Using the M2 subtype-selective 

inhibitor methoctramine, it was found that acetylcholine recruits ADP-ribosyl 
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cyclase/cADPR signaling pathway through M2 subtype of muscarinic receptor. These 

results support the conclusions of the study by White et al in porcine airway smooth 

muscle cells (14).  

Although the extracellular receptors regulating CD38/ADP-ribosyl cyclase are 

known, the mechanistic details of the regulation are yet to be elucidated. In a recent 

study, Kip et al showed that multiple contractile agonists cause the elevation of cADPR 

levels in tracheal smooth muscle cells (91). Blocking the muscarinic receptors with sub-

type selective antagonists results in decreased cADPR levels suggesting that activation of 

G-protein-coupled receptors in airway smooth muscle cells culminates in the elevation of 

cADPR and calcium transients (91). It is speculated that activation of an upstream 

receptor causes a reversible modification in CD38 to modulate the enzyme activity, 

which in turn alters cellular cADPR levels. The nature of this reversible modification is 

not currently understood, although it is proposed that potential amino acid residues at the 

cytosolic domain of CD38 may undergo phosphorylation during activation of G-protein-

coupled receptors on the cell surface.  

In various types of vascular smooth muscle cells, the CD38/cADPR cascade is 

known to be recruited by contractile agonists to generate calcium mobilization and 

vasoconstriction (92). One specific example is the recruitment of this pathway in bovine 

coronary artery smooth muscles by cholinergic contractile agonists (93). There are five 

distinct subtypes of muscarinic receptors that mediate the effects of acetylcholine, the 

endogenous ligand for these receptors. Among them, the M1 subtype was demonstrated 

to mediate the vasoconstrictor effects through the CD38/cADPR cascade of signaling 
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(93). Endothelin is a potent vasoconstrictor derived from endothelial cells of the 

vasculature. Investigators have demonstrated that in murine mesenteric small arteries ET-

B receptor is exclusively coupled to cADPR-mediated signaling pathway, whereas ET-A 

signals through both cADPR and IP3 (94;95). This endothelin receptor subtype specificity 

of cADPR signaling in the arterial myocytes is similar to that described in the peritubular 

smooth muscle cells (79). Angiotensin II is a vasoconstrictor peptide, acting through a G-

protein-coupled receptor called AT-1 to elevate arterial blood pressure. In two unrelated 

studies, AT-1 was demonstrated to mediate its vasoconstrictor effects through cADPR in 

renal afferent arterioles isolated from the rat (96) and also in neonatal rat cardiac 

myocytes (97).  

The role of cADPR in calcium dynamics of vascular smooth muscle started to 

emerge with studies in porcine coronary arterial smooth muscle (9). In β-escin-

permeabilized porcine coronary artery smooth muscle cells, IP3, cADPR and caffeine 

cause transient release of calcium from intracellular stores. The IP3-induced calcium 

release is blocked by heparin, an antagonist of the IP3 receptor (98). However, in the 

presence of heparin, cADPR is capable of eliciting a calcium release. When the 

intracellular calcium stores are depleted by repeated application of caffeine, cADPR is 

still capable of eliciting release of calcium (9). These results demonstrate that cADPR 

causes calcium release in coronary artery smooth muscles through a mechanism 

independent of IP3 receptors and possibly from a caffeine-insensitive store. Subsequent 

reports revealed that three different intracellular calcium-mobilizing channels are 

functional in vascular smooth muscle isolated from rat aorta: IP3-sensitive calcium 
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channels, cADPR-sensitive ryanodine receptor ion channels and NAADP-sensitive 

receptors (48).  

Oxytocin is an endogenous peptide hormone known to play critical role in 

initiation of uterine contraction during labor. Both RyR and IP3 receptor are known to 

mediate calcium ion release from SR upon oxytocin stimulation (99-103). In the context 

of the role of cADPR in calcium regulation, studies in isolated human myometrial smooth 

muscles have provided evidence for the role of cADPR in oxytocin-induced calcium 

transients and myometrial contraction (78). The study reported that, in human uterine 

myocytes, both the extracellular and intracellular calcium pools contribute to the 

oxytocin-induced calcium transients and contractility. The oxytocin-induced intracellular 

calcium transients were inhibited by 8-Br-cADPR in a concentration-dependant manner 

(78). Nicotinamide, an inhibitor of ADP-ribosyl cyclase activity, also inhibited the 

oxytocin-induced intracellular calcium transients and contractility in the myocytes and 

uterine muscle strips, respectively (78). The finding that the global calcium ion dynamics 

in myometrial smooth muscle cell depends on both IP3 and cADPR suggests that cADPR 

could act as a modulator of CICR in human myometrial cells.  

5. Regulation of CD38 Expression in Smooth Muscles 

Regulation of CD38 expression has been studied in various types of smooth muscle in 

humans and laboratory animals. The cd38 gene, spanning over 80 kb in size with 8 exons, 

possesses a promoter region rich with an array of response elements (104;105). Although 

primarily studied as a multi-functional enzyme involved in cellular Ca
2+

 dynamics in 

smooth muscles, CD38 also plays an important receptor role in the cells of immune 
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system, making it a protein with a dynamic regulation of its expression (106). Cytokines 

and hormones are two major group of signaling molecules implicated in regulating CD38 

expression in smooth muscle.  

5.1. Cytokine-induced CD38 expression 

As the key players of cellular signaling pathways, cytokines regulate CD38 expression in 

a variety of tissues including smooth muscles (15;78;107). The effect of various 

inflammatory cytokines on the cADPR-mediated intracellular calcium release has been 

studied with particular interest in HASM cells (15;18). Among the inflammatory 

cytokines tested, TNF-α dramatically increased the ADP-ribosyl activity in the HASM 

cells (15). In myometrial cells, the time-dependent increase in the ADP-ribosyl cyclase 

activity in response to TNF-α was abolished by treating the cells with actinomycin D, 

suggesting a predominantly transcriptional upregulation of CD38 by TNF-α (78). In cells 

treated with TNF-α, oxytocin-induced calcium transients were significantly enhanced as 

compared to the untreated control cells (78).  

Previous studies in our laboratory showed that the inflammatory cytokines TNF-

α, IFN-γ, IL-1β and Th2 cytokine IL-13 induce CD38 expression in primary cultures of 

HASM cells (15;18). Indeed, the CD38 mRNA and protein in HASM cells are at 

undetectable levels in the absence of appropriate stimuli that trigger signaling pathways 

associated with these cytokines. Studies also showed that the cytokine-induced CD38 

expression in HASM cells is accompanied with elevated cellular Ca
2+

 responses when 

exposed to contractile agonists (15;18). TNF-α, IFN-γ and IL-13 are important cytokines 

with pivotal roles in pathogenesis of inflammatory airway disorders, such as asthma 
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(19;20;108;109). The TNF-α mRNA and protein levels are found elevated in asthmatic 

airways and in the broncho-alveolar lavage fluid (BALF) obtained from asthmatic 

patients (75;76). It remains to be seen whether CD38 plays a role in mediating the 

pathological effects of these inflammatory cytokines in asthmatic airways (see section 6.1 

for more on cytokines in asthma).  

5.2. Hormonal Regulation of CD38 Expression  

The effects of hormones on CD38 expression were studied primarily in the myometrial 

tissue in the context of reproductive hormones (110;111). Progesterone and estrogen are 

the major steroid hormones with pivotal roles in myometrial functions. These hormones 

and many other autacoids elicit their physiological functions by altering expression of 

target genes in the uterine tissues (112). The initial studies demonstrated that treating 

gonadectomized and parathyrectomized rats with estradiol analogues significantly 

increased the ADP-ribosyl cyclase activity of myometrial tissue lysates compared to the 

vehicle-treated controls (113). In the ovariectomized rats, administration of estradiol-17β 

causes a significant augmentation of CD38 expression in the myometrium (111). 

Concurrent administration of progesterone prevents the estrogen-induced elevation of 

CD38 expression. The ADP-ribosyl cylase and cADPR hydrolase activities were 

measured in the rat myometrial microsomal membrane fraction following administration 

of estrogen. The results revealed increased ADP-ribosyl cyclase activity in proportion to 

the increased CD38 expression. However, the cADPR hydrolase activity in these samples 

remained unchanged, suggesting a differential regulation of the enzyme activities by 

estrogen (111). Further, the ADP-ribosyl cyclase activity significantly increased in the 
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myometrium from term rats, with no significant increase in the cADPR hydrolase activity 

as compared to activities in the pre-term myometrium (114). In the term myometrium, 

CD38 mRNA expression was significantly higher than in the pre-term myometrium 

(114). It is worth noting that at term, the estrogen/progesterone ratio would be very high 

as compared to the ratio at pre-term stage of gestation.  

  Regulation of CD38 expression by glucocorticoids has been studied in HASM 

cells (115;116). Glucocorticoids have anti-inflammatory effects and act on a variety of 

target genes to regulate their expression (117). In HASM cells, TNF-α-induced CD38 

mRNA expression and ADP-ribosyl cyclase activity were attenuated by glucocorticoid 

(116).                

5.3. Mechanisms of Regulation of CD38 Expression 

Evidence from our laboratory and from studies by other investigators indicate that CD38 

expression is regulated primarily at transcriptional and post-transcriptional levels of gene 

expression. Analysis of a putative 3kb-long 5'UTR of the human CD38 gene revealed the 

presence of a number of cis acting motifsincluding 1 NF-kB binding site, 6 AP-1 

response elements and 4 glucocorticoid response elements (GRE) (104). A combination 

of electrophoretic mobility shift assays (EMSA) and luciferase reporter assays confirmed 

that exposure to TNF-α results in the activation of transcription factors NF-κB and AP-1 

in HASM cells (104). The pivotal role of Mitogen-Activated Protein Kinases (MAPKs) 

in TNF-α-induced CD38 expression in HASM cells was established by previous studies 

in our laboratory (21). MAPKs are cascades of protein kinases with pleiotropic roles in 

many biological processes. Due to the crucial roles MAPKs play in inflammation and 
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cellular proliferation (two important processes in asthma pathogenesis), our laboratory 

investigated the potential role of these protein kinases in the regulation of CD38 

expression. Using pharmacological inhibitors and molecular tools, it was established that 

TNF-α elicits CD38 expression in HASM cells through activating ERK1/2, p38 and JNK 

MAPKs (21). Among these, the ERK1/2 and p38 MAPKs mediate CD38 expression 

through post-transcriptional mechanism, with ERK1/2 also having a tendency to act 

through a transcriptional mechanism. The JNK MAPK, however, induced CD38 

expression exclusively through a transcriptional mechanism, by activating the 

transcription factor AP-1(21). It remains to be determined how and through which 

downstream players CD38 mRNA stability is regulated.      

  In addition to the response elements mentioned above, the CD38 gene possesses 

several other response elements, making this gene responsive to a variety of 

physiological stimuli. Nuclear Factor for Interleukin-6 (NF-IL-6), IFN-response factor-1, 

Retinoic Acid Response Element (RARE, DR5 repeat) and estrogen response elements 

are some of the documented response elements indicating the complex nature of CD38 

expression in various types of mammalian cells(104) (105;118). The functional role of 

estrogen response elements was demonstrated in previous studies in our laboratory, 

where estrogen causes increased CD38 expression and ADP-riboysl cyclase activity in rat 

myometrial smooth muscle (111).  

In HASM cells, glucocorticoid inhibition of CD38 expression was found to be 

mediated through multiple mechanisms (104;115;116). Dexamethasone decreased NF-κB 

activation and increased the expression of IκB, which would in turn decreased the NF-κB 
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activation (116). Exposure of HASM cells to dexamethasone also increased the binding 

of glucocorticoid receptor (GR) to three of the four GREs in CD38 5'UTR (104). In 

addition, dexamethasone induced rapid expression of the dual-specificity phosphatase 1 

(DUSP1or MKP-1) in HASM cells, thereby inactivating the MAPKs that mediate TNF-

α-induced CD38 expression (115). In studies using MKP-1-specific siRNA, the 

inhibitory effect of dexamethasone on CD38 was partially relieved when the MKP-1 

expression was down regulated by ~50% in HASM cells (115). These findings establish 

that the glucocorticoid inhibition of CD38 expression is mediated at multiple levels, 

including the activation of transcription factors and MAPKs. 

  The differential regulation of the enzyme activities of CD38 in myometrial 

smooth muscle in to response estrogen indicates a potential post-translational 

modification of this protein, a phenomenon which remains to be proven. 

6. Role of CD38/cADPR in pathophysiological conditions 

Numerous studies have supported the role of CD38/cADPR signaling cascade in various 

patho-physiological conditions in humans and animals models. The following is a 

comprehensive list of important disorders in which the role of CD38 is being investigated 

through in vitro or in vivo studies. 

6.1. Asthma 

Asthma is an airway disorder characterized by airway hyperresponsiveness (AHR), 

airway inflammation and airway remodeling, the latter particularly in chronic disease. 

The AHR clinically manifests as exaggerated airway narrowing in response to allergen 
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exposure during asthmatic episodes. The inappropriate airway narrowing is largely due to 

the hyper-contractile nature of the asthmatic ASM. Immunologically, asthma is a disorder 

associated with type-2 T helper –cell (Th2) response. Although an array of inflammatory 

cytokines contribute to the pathogenesis of asthma, the secretion and role of Th2 

cytokines, such as IL-4, IL-5, IL-9 and IL-13, make asthma an allergic inflammatory 

disorder (reviewed in (119)). Both the transient and resident cells play pivotal roles in the 

pathogenesis of asthma.  

6.1.1. Airway Smooth Muscle in asthma 

Recent evidence indicates that ASM plays a mechanical as well as non-mechanical role 

in inflammatory airway disorders. The mechanical role of ASM, signified by its hyper-

contractility,largely accounts for bronchial spasm, the hall mark sign of asthma. 

Individual ASM isolated from asthmatic bronchi show increased velocity and maximal 

shortening compared to the ASM from non-asthmatic subjects (120). High throughput 

gene expression studies have attempted to determine whether there are significant 

phenotypic changes in asthmatic ASM compared to non-asthmatic ASM (121). In two of 

the studies, proteins of the contractile apparatus, myosin light chain kinase (MLCK) or 

Myosin heavy chain (MHC) were found upregulated in asthmatic ASM, although the 

findings were not consistently reproduced in other studies (120;122). However, it has 

been shown that exposure of ASM to inflammatory cytokines, such as TNF-α, increased 

the contractility, implying that the hyper-contractile phenotype of asthmatic ASM is 

mediated through altered expression of genes targeted by these cytokines (123-125). 

Asthmatic ASM also show an impaired relaxation in response to β2-adrenergic agonists 
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(126;127). Furthermore, exposure of cultured non-asthmatic HASM cells to cytokines to 

IL-1β, is known to cause an altered relaxation response through an ERK- and p38 - 

dependant mechanism (128;129). IL-13, a Th2 cytokine with a crucial role in asthma, 

also acts through an ERK-dependent mechanism to desensitize β2-adrenergic receptor in 

individuals with a particular genetic variation in IL-4Rα (one of the two chains that make 

IL-13 receptor) (130).  

Hyperplasia and hypertrophy of ASM cells are common pathological changes 

seen in asthmatic airways (131). Along with the other layers of the airways, ASM 

contributes significantly to airway remodeling through increasing its mass during 

progression of asthma. Functionally, airway remodeling results in the progressive 

narrowing of airways and increased contractility due to increased muscle mass. An array 

of signaling molecules and at least two major signaling pathways are reported to mediate 

ASM proliferation and hypertrophy (132-134). While it is speculated that TGF-β 

mediates the cellular hypertrophy, well-known growth factors such as EGF and PDGF 

are also known to mediate ASM proliferation in vitro (135;136). EGF and PDGF are also 

found elevated in asthmatic airways (137). The ERK MAPK pathway and 

phosphatidylinositol 3-kinase (PI3K) pathway have been identified as the major signaling 

cascades mediating ASM proliferation (reviewed in (2)).    

In addition to the largely mechanical changes that are described above, ASM cells 

also acquire a synthetic phenotype and contribute to airway inflammation and AHR. 

ASM cells secrete a vast array of inflammatory mediators involved in airway 

inflammation, airway remodeling and AHR (4;138). Perhaps the most important 
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chemokine secreted from asthmatic ASM cells is the chemo-attractant eotaxin, produced 

in response to IL-13 (139). Other major inflammatory mediators secreted by ASM cells, 

according to in vitro studies, are RANTES (regulated upon activation normal T cell 

activated and secreted), IL-1, IL-5 and IL-1β (140;141). In essence, the array of chemical 

mediators that are elaborated by ASM cells in asthmatic airways act on non-ASM targets 

as well as in autocrine fashion to orchestrate airway inflammation and AHR. 

6.1.2. Therapeutics in Asthma: current and future   

Because of its complex etiology, asthma does not have a specific curative therapy. 

However, asthmatic episodes are prevented or controlled at onsetin by treatments 

targeting various symptoms of this disease. The National Asthma Education and 

Prevention Program (NAEPP) of National Heart, Lung and Blood Institute (NHLBI) has 

categorized the severity of asthma on a 1-4 scale (142). The conventional asthma therapy 

is devised according to the severity. A combination therapy which has been in use for 

several years consists of anti-inflammatory corticosteroids and short or long-acting β-

agonists, as bronchodilators (142-144). A smaller percentage of asthmatics (~5-10%), 

however, fail to respond favorably to corticosteroid therapy (145). The studies on the 

molecular mechanisms involved in the corticosteroid-refractive asthma have yielded 

deeper insights into the pathogenesis of the disease (reviewed in (146)). Over the last few 

years, unconventional asthma therapeutics that successfully target many other aspects of 

asthma pathogenesis have emerged. Anti-IgE antibodies (eg. Omalizumab) targeting the 

allergen-specific IgE are successfully used in the control of allergic asthma. Omalizumab 

binds to the region of IgE that binds to the high-affinity IgE receptors (FcεR1) on mast 
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cells and basophils, thus preventing the IgE-mediated degranulation of these cells (147). 

Leukotriene receptor antagonists (LTRA) (eg: montelukast), that block the action of 

leukotriene C4, D4 and E4 at the cysteinyl leukotrine receptors, are recommended in cases 

of asthma as a long-term anti-inflammatory treatment (148) . Studies report that LTRA 

appears to be the best alternative anti-inflammatory therapy in smokers whose asthma 

symptoms fail to respond to inhaled corticosteroids (149). LTRAs are also important in 

controlling childhood asthma (<4 yrs), where the LABA is not approved for therapy 

(150). Some novel therapeutics have undergone the stage of clinical trials. Trials with a 

soluble IL4 receptor prevented decline of FEV1 (Forced expiratory volume in 1 s; a 

measure of expiratory difficulty in asthmatics) and other symptoms in moderate 

asthmatic subjects (151). Suplatast tosilate, a Th2 cytokine inhibitor that targets the 

synthesis of IL-4 and IL-5, significantly improved many of the asthma symptoms 

including FEV1 when administered along with inhaled corticosteroids (152). In another 

set of clinical trials, inhibition of TNF-α action by Etanercept (a soluble recombinant 

TNFR) or infliximab (an anti-TNF-α monoclonal antibody) in asthmatic subjects resulted 

in decreased AHR and improved lung function parameters with or without inhaled 

corticosteroids (153-155). Cyclic adenosine monophosphate (cAMP) is known to 

suppress inflammation and is degraded by phosphodiesterase 4 (PDE4). Roflimilast, an 

experimental drug that inhibits PDE4 was used in multiple clinical trials with successful 

therapeutic outcomes in asthmatic subjects (156-158). In addition to these clinical trials 

with experimental drugs, numerous signaling pathways have been targeted in animal 

models of asthma to determine their potential role as therapeutic targets in humans. The 
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novel targets studied in animal models include various chemokine receptors and protein 

kinases (159-161).                     

6.2. Diabetes mellitus  

Initially, the link between CD38 and diabetes mellitus came to light after studies on GK 

rats, a transgenic animal model of non-insulin dependent diabetes mellitus (NIDDM). 

The CD38 expression was found to be significantly lower in the Islets cells of GK rats 

compared to the wild type animals (162). In fact, the cADPR-mediated calcium release 

mechanism is replaced by the IP3-mediated system, with apparent over expression of IP3 

receptor in the β-cells of the GK rats (10). Surveys among human diabetic patients 

revealed that 13.8% of Japanese type-2 DM patients and 9.7% of Caucasian DM patients 

possess high titers of  anti-CD38 antibodies in their blood, confirming the role of CD38 

in NIDDM at least in a proportion of human patients (163). In vitro studies further 

confirmed that the sera obtained from those diabetic patients are capable of inhibiting 

glucose-induced insulin secretion in cultured rat pancreatic islet cells (163).      

6.3. Chronic Lymphocytic Leukemia (CLL) 

CD38 is studied in CLL for its pathogenetic and prognostic roles and also for its 

therapeutic potential (recently reviewed in (164). A number of studies concluded that 

CD38 expression is a negative prognostic marker in CLL patients (165;166). In addition 

to its use as a prognostic marker in CLL, studies of CD38 in this disorder revealed 

important biological roles that CD38 could play in mammalian cells. Perhaps the most 

important finding is the role of CD38 as a cell surface receptor. The natural ligand for 

CD38 is CD31 and is expressed in variety of cells including endothelial cells and 
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platelets (167). The CD38/CD31 interaction leads to signaling events that results in cell 

survival and proliferation (168). Blast transformation and proliferation of a subset of cells 

were observed when CD38 on CLL lymphocytes were cross-linked with agonistic anti-

CD38 antibodies, confirming the receptor role of CD38 (169). Recent studies in CLL are 

focused on utilizing CD38 as a therapeutic target in CLL and other lymphoid tumors 

where high density CD38 expression is reported. The approach included, among several 

other techniques, merely targeting the highly-expressed CD38 epitope with a monoclonal 

antibody and inducing antibody-dependent cellular cytotoxicity (ADCC) (170). 

Sophisticated approaches in this line of work used anti-CD38 antibodies tagged with 

immunotoxins to target CD38-expressing neoplastic cells (171). In another approach 

exploiting CD38, oncolytic viruses, that are known to destroy tumor cells with minimal 

damage to the neighboring non-neoplastic cells, were genetically modified to target 

CD38 and showed promising anti-tumor activity in mouse models (172).   

In summary, therapeutic applications that target or exploit CD38 are much 

explored in CLL than in any other human condition.    

6.4. Hypoxic Pulmonary Vasoconstriction (HPV) 

Cyclic ADPR-mediated calcium ion mobilization plays an important role in 

hypoxic pulmonary vasoconstriction (HPV) (173). HPV is a normal physiological 

response unique to pulmonary arteries where hypoxia, unlike in systemic vessels, elicits 

vasoconstriction. Physiologically, the pulmonary vasoconstriction aids in matching the 

ventilation to perfusion in the lungs. However, in pathological conditions such as cystic 

fibrosis or emphysema, generalized hypoxia can result in prolonged HPV and eventual 
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right heart failure. The biphasic contraction of pulmonary arterial smooth muscle in 

response to hypoxia was examined in isolated rat aortic rings and perfused lungs in-situ 

(173). It was found that the delayed phase (phase 2) of the hypoxia-mediated 

vasoconstriction is cADPR-dependant, while the initial phase of the hypoxic 

vasocontriction is dependent on inhibition of reuptake of calcium in to the SR which 

involves the sarcoendoplasmic reticulum Ca
2+

-ATPase (SERCA) (173). The mechanism 

of hypoxia-induced vasoconstriction was attributed to increased NADH/NAD ratio that 

appears to favor the net production of cADPR due to the inhibition of cADPR hydrolase 

activity of CD38 (174).  

 7. Post-transcriptional regulation of gene expression 

Post-transcriptional regulation is an adaptive mechanism available for the cells to respond 

to stress-related stimuli, such as inflammation, proliferation and immune activation (175). 

Post-transcriptional regulation appears to be a primary mode of regulation in early 

response genes. For instance, in a high throughput gene array study, a vast majority of the 

stress-induced genes were found regulated at the post-transcriptional level, by altered 

mRNA stability (176). Transcript stability involves cis-acting motifs present in the 

transcripts and a variety of trans-acting proteins. Another emerging molecule recently 

implicated in regulation of mRNA stability is micro RNA (miRNA).     

7.1. General Mechanisms of mRNA Degradation.    

RNA is one of the most labile macromolecules due to the abundance of 

ribonulceases in the environment. In vivo, the stability of almost all the mRNA is ensured 



41 

 

by the presence of the 5’ methyl guanosine cap and the 3’ poly (A) tail. These two 

structures interact with eIF4E (eukaryotic initiation factor 4E) and poly (A)-binding 

protein (PABA) to protect the RNA from exonucleases. Eukaryotic mRNA undergoes 

degradation through any of the two pathways: decapping and 5’-3’ exonuclease-based 

degradation or de-adenylation followed by 3’-5’ exonuclease activity (called exosomes) 

(reviewed in (177). Gene knock-out studies in Sachcharomyces cerevisiae showed that, 

the components of either pathway are redundant (178). The proteins involved in the 5’-3’ 

degradation pathway is localized in cytoplasm as P bodies or GW bodies (179;180). It 

has been shown that many other players of mRNA degradation, such as components of 

microRNA-mediated decay, are also co-localized to these cytoplasmic bodies (181).  

In addition to these default pathway mechanisms of mRNA degradation, there are 

additional components and molecular events involved in specific degradation of 

particular transcripts. It is proposed that degradation of specific transcripts in a function- 

or stimulus-specific manner is made possible through multiple trans-acting factors 

(RNA-binding proteins-RBPs) acting on the appropriate cis-acting motifs in the 

transcripts (182). This theory is supported by observations that particular cis-motifs are 

either inactive or act differently in different types of cells (183-186).                   

7.2. Cis-acting elements of mRNA stability 

A number of unique sequence motifs present in mRNA contribute to the stability (or 

instability) of mRNAs. The most-characterized among these cis elements are adenylate-

uridylate (AU)-rich elements (ARE) found in the 3' untranslated region (3'UTR) of the 

mRNA (187;188). A variety of messenger RNAs, including those coding for cytokines 
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and proto-oncogenes, possess AREs at their 3'UTR (24). AREs are composed of 

AUUUA pentamers. Depending on their distribution pattern within the 3’UTR, AREs are 

often classified into three classes. In class I AREs, the pentamers are scattered without 

overlapping with each other, whereas the class II elements have the pentamers clustered 

along with U-rich regions to form nonamers (UUAUUUA/AU/A). The class III AREs 

carry only discrete AU-rich sequences without pentamers (189). Phylogenetic analysis of 

some of the ARE-carrying transcripts shows that the AREs are conserved among the 

metazoan eukaryotes (190). In addition to the AREs, Guanosine-Uridine (GU)-rich 

motifs and Cytosine-Uridine(CU)-rich motifs are also reported to play a role in the 

stability of certain mRNAs (191;192).      

7.3. Trans-acting elements of mRNA stability 

Numerous RNA binding proteins (RBPs) interact with the AREs to modulate the mRNA 

stability. According to a conservative estimate, there are about 1000 RBPs encoded by 

human genome, with a one-third of them harboring at least one RNA-recognition motifs 

(RRM) to interact with the cis-elements (193;194).  These proteins are broadly 

categorized as RNA-stabilizing proteins and destabilizing proteins. In addition to these 

clear-cut functions, some RBPs also participate in functions as diverse as mRNA 

transport, splicing and translational regulation.   

7.3.1. Human Protein (Hu) 

Human protein (Hu) is the major group of RNA-stabilizing proteins expressed in a wide 

variety of cells (195). Belonging to the embryonic lethal abnormal vision (ELAV) family 

of proteins discovered from Drosophila, Hu has a number of isoforms, HuB, HuC, HuD 
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and HuR (HuA). HuR has a wider tissue distribution whereas the other isoforms are 

largely localized to the central nervous system (196). Endowed with 3 RRMs, Hu 

proteins show preferential binding to U-rich sequences, thus interacting with AREs (197). 

The presence of a nucleo-cytoplasmic shuttling signal in Hu proteins enable them shuttle 

between nucleus and cytoplasm, depending on their functional state. This ability also 

makes Hu proteins multi-functional in terms of their interaction with target mRNA 

(198;199). The major function of Hu members is to stabilize target mRNA by binding to 

the U-rich elements (200). The mechanism through which the HuR stalls mRNA 

degradation varies from one target mRNA to another. However, it is reported that 

inhibition of de-adenylation and exonuclease activity are involved in the stabilization 

(201;202). Hu proteins also antagonize target mRNA degradation by competing for the 

binding targets with the mRNA-destabilizing RBPs (203). Studies have shown that the 

RNA-stabilizing effects of Hu proteins can be affected by the reversible post-translational 

modification of HuR. One such modification has been reported as phosphorylation (204). 

A recent study reported that phosphorylation of specific residues (Ser
202

 or Ser
242

) at the 

nucleo-cytoplasmic shuttling signal determines the sub-cellular localization of HuR, thus 

ensuring the availability of this protein at a proper location when required (205). HuR, 

the ubiquitously expressed isoform, has a variety of biological functions. It is reported 

that HuR has anti-apoptotic effects on cells, by up regulating various anti-apoptotic 

proteins (206). The other biological functions of HuR include muscle differentiation, 

adipogenesis and suppression of inflammatory response (207-209).  
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7.3.2. Tristetraprolin (TTP) 

TTP was identified as an anti-inflammatory protein in experiments conducted with TTP 

knockout mice (210). The TTP knockout mice developed cachexia, spontaneous arthritis, 

dermatitis and neutrophilia- the symptoms related to overt production of the 

inflammatory cytokine TNF-α. TTP is a typical tandem zinc finger (TZF) protein 

characterized by the presence of two cysteine- cysteine- cysteine-histidine  (CCCH) zing 

finger motifs (211). The zing finger motifs recognize the AREs and bind to destabilize 

the target mRNA (212). TTP is known to mediate ARE-mediated mRNA degradation by 

interacting with an array of proteins involved in the basic mRNA decay machinery 

(reviewed in (213)).  TTP is functionally an anti-inflammatory protein due to its 

destabilizing effects on the transcripts of various inflammatory cytokines, including that 

of TNF-α and GM-CSF (214-216). Studies show that the environmental cues 

necessitating rapid gene regulation transduce their signals through protein kinases to 

RBPs to effect stabilization/destabilization of target mRNAs. TTP is an excellent 

example of this phenomenon. P38 MAPK-MK-2 (MAPK-activated protein kinase-2) 

pathway phosphorylates TTP (Ser 
52

 and Ser
178

 in mouse TTP) and inhibits its RNA-

destabilizing activity (217;218). As a balancing act, protein phosphatase 2A (PP2A) 

dephosphorylates TTP at Ser
178 

and activates this protein to resume its role as mRNA 

destabilizer (219). Additional adaptor proteins, such as 14-3-3, are reported to be 

involved in these phosphorylation-dephosphorylation events, indicating that RBPs 

function in complexes with other proteins (219).  
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7.3.3. T-cell-restricted Intracellular Antigen-1 (TIA-1)    

TIA-1 is an RBP with translational repressor function that targets TNF-α in a cell type-

specific manner (220;221). The mode of action of TIA-1 is similar to the mechanisms 

involved in the stress-induced translational arrest in cells (222). Environmental stress 

activates various serine/threonine kinases to phosphorylate eIF2α (eukaryotic initiation 

factor 2α) thus resulting in incomplete initiation complexes at the 5’ end of mRNA (223). 

According to a proposed model, TIA-1 interacting with the AREs at the 3’UTR of the 

target mRNA, also interacts with the proteins in the initiation complex at the 5’ end of the 

mRNA to recruit the incomplete complex into cytoplasmic foci called stress granules 

(224;225).  

7.4. Micro RNA: an emerging molecule in post-transcriptional regulation.  

Recent studies have focused on microRNA (miRNA) as molecules involved in post-

transcriptional regulation of genes in eukaryotic organisms (226) . Micro RNAs are 20-30 

nt-long non-coding RNAs encoded from conserved sequences within the genomes. 

Generated as longer, primary miRNA from conserved genes, the final product is 

generated following export from the nucleus and subsequent cleavage by RNAse III 

enzymes (226). Mature miRNAs base-pair with the complementary targets in the 3’UTR 

of the target genes. Phylogenetic analysis showed that the cis-elements of 3’UTR 

involved in post-transcriptional regulation are conserved among different mammalian 

species. About half of these conserved sequences were targets of miRNA (227). These 

facts suggest that, miRNA-mediated post-transcriptional regulation is a common 

phenomenon in organisms belonging to various phyla. miRNA regulate the expression of 
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target genes either by degrading the target mRNA or by translational repression. When 

miRNA binds to target mRNA species with extensive similarity (highly complementary), 

the RNA-induced silencing complex (RISC) leads to the degradation of the transcripts 

(228;229). However, lack of satisfactory complementary base pairing between miRNA 

and the target leads to translational repression of the transcripts, also mediated through 

RISC containing additional protein players (230). These observations indicate that a 

particular miRNA can regulate multiple transcripts that carry either exclusively 

complementary target or partial similarity.  

 The roles of miRNA have been demonstrated in physiological events as diverse as 

inflammatory/immune functions, neoplasia and angiogenesis (231;232). In smooth 

muscles, numerous miRNA species are reported to be upregulated in response stress-

related stimuli. A recent investigation found miR-21 being up regulated in reactive 

oxidative species (ROS)-mediated injury to vascular smooth muscle cells, conferring 

protection from apoptosis (233). A signature pattern of miRNA expression has also been 

reported in cardiac hypertrophy in mice (234). The miRNA species in ASM cells and 

their potential regulation during ASM phenotypic changes are yet to be explored. Since 

the ASM cells are now known as active contributors to the pathogenesis of airway 

disorders like asthma and chronic obstructive pulmonary disorder (COPD), it is likely 

that there will be signature miRNA patterns in ASM cells.  

8. Concluding remarks 

In summary, the critical role of ASM cells in airway inflammatory disorders like asthma 

has come to be appreciated. Apart from its synthetic and secretory roles, the mechanical 
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role of ASM in AHR makes it an attractive therapeutic target in asthma. Therefore, the 

emphasis of our research is in one of the Ca
2+ 

dynamic pathways in ASM cells. The work 

on CD38/cADPR signaling cascade by other investigators have provided us with an 

abundance of findings that support a potential role for this pathway in AHR and asthma. 

Although there is a remarkable knowledge base in the transcriptional regulation of CD38 

in primary HASM cells, the potential post-transcriptional regulation of CD38 expression 

needs to be studied. Review of the signaling pathways involved in the regulation of CD38 

expression prompts us to broaden our search for additional signaling pathways and cross 

talk mechanisms involved in this process. When new regulatory mechanisms are 

investigated, special emphasis is given to signaling cascades that are known to play 

critical roles in asthma pathogenesis. Finally, the emerging role of miRNA in altered 

smooth muscle phenotypes during various stimuli was reviewed. It is realized that the 

role of this relatively novel gene regulatory mechanism needs to be investigated in ASM 

cells.            
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CHAPTER II 

 

 

CD38 Expression and Function in Asthmatic Human Airway Smooth Muscle 

(HASM) Cells 
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 INTRODUCTION 

 

Asthma is an airway inflammatory disorder with a complex etiology, characterized by 

airway hyperresponsiveness (AHR), inflammation and hyper secretion of mucus into the 

airway lumen, resulting in reversible difficulty in breathing. Airway Smooth Muscle 

(ASM) plays a central role in the pathogenesis of asthma. Significant phenotypic changes 

have been reported in ASM cells isolated from asthmatic patients. Asthmatic ASM cells 

show an increased rate of proliferation in culture compared to non-asthmatic cells (235). 

Bronchial smooth muscles isolated from asthmatic airways showed elevated maximum 

shortening capacity and shortening velocity compared to non-asthmatic ASM (120). The 

increase in ASM content and hyper contractile nature of the ASM in asthmatic airways 

largely contributes to the airway narrowing during asthmatic attacks. In addition to the 

mechanical role, ASM also plays important role in airway inflammation by acquiring a 

synthetic phenotype, which is characterized by increased secretion of inflammatory 

mediators. Growth factors (VEGF, TGF-β, PDGF), cytokines (GM-CSF, IL-13, IL-1β) 

and other chemokines (eotaxins, IL-6, IL-8) are secreted by ASM cells and act in an 

autocrine mode to elicit pathological changes associated with asthma (236).   

 CD38 is a 45 kDa transmembrane protein expressed in a variety of mammalian 

cells including airway smooth muscle (ASM) cells (237). This protein possesses 

multifunctional enzyme activities to metabolize Nicotinamide Adenine Dinucleotide 

(NAD), a by product of cellular energy metabolism. The ADP-ribosyl cyclase activity 

(also referred to as the cyclase activity) of CD38 converts NAD into cyclic Adenosine 

Diphospho Ribose (cADPR), whereas the cADPR hydrolase activity (referred to as 
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hydrolase activity) of the protein converts the cADPR into ADPR (11). Among the 

products of the multifunctional enzyme activity, cADPR is known to release calcium 

from the sarcoplasmic reticulum in various cells including ASM cells (33). We have 

demonstrated that down regulating CD38 using anti sense oligonucelotides attenuates 

agonist-induced calcium response in cultured human airway myocytes (77). Furthermore, 

airway myocytes obtained from CD38
 (-/-) 

mice show attenuated intracellular calcium 

response to agonists compared to response in myocytes from wild-type mice (13). In vivo 

studies in murine models of airway hyperresponsiveness (AHR) showed that  

CD38
 (-/-) 

mice develop a significantly lower magnitude of AHR compared to that of the 

CD38
 (+/+)

 mice (16;17). These findings indicate that CD38 is a vital molecule for Ca
2+

 

dynamics in airway myocytes and in the development of AHR in mice.  

 The role of CD38 in the pathophysiology of human inflammatory airway 

disorders, like asthma, has not been investigated. One of the hallmarks of asthma is the 

altered contractile response of airway myocytes. Since CD38 has a pivotal role in 

intracellular calcium dynamics and contractility of airway smooth muscle, it may be an 

attractive target for pharmacotherapy of hyper contractility of airway myocytes in 

asthma. In human airway smooth muscle (HASM) cells, we previously reported that the 

inflammatory cytokine TNF-α increases CD38 expression and cyclase activity and that 

the effects of TNF-α are mediated through activation of the MAP kinases and the 

transcription factor NF-κB and AP-1 (15;21;116). In the present study, we determined the 

expression of CD38 under basal, unstimulated conditions and following stimulation with 

TNF-α in ASM cells isolated from asthmatics. We hypothesized that CD38 expression in 

HASM cells isolated from asthmatics will be elevated compared to non-asthmatic HASM 
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cells. To test this hypothesis, CD38 expression at mRNA and protein levels, MAP kinase 

activation, and nuclear localization of NF-κB were determined in non-asthmatic and 

asthmatic HASM cells.  

MATERIALS & METHODS  

Reagents 

 
Tris base, glucose, HEPES, dexamethasone and other chemicals

 
were purchased from 

Sigma Chemical (St. Louis, MO) unless otherwise noted. Human recombinant TNF-α 

(rhTNF-α) was purchased from R&D Systems (Minneapolis, MN). Hanks’
 
balanced salt 

solution (HBSS) and Dulbecco’s modified
 
Eagle medium (DMEM) were purchased from 

Invitrogen (Carlsbad, CA). Trizol, Superscript III reverse transcriptase, and the 100-base 

pair (bp) DNA ladder were purchased from Invitrogen
 
(Carlsbad, CA). MAPK family 

antibody kit was purchased from Cell signaling technology (Danvers, MA). The 

chemiluminescent substrate for HRP was purchased from Milipore (Billerica, MA). The 

SYBR Green Master mix was purchased from Stratagene (Cedar
 
Creek, TX). GoTaq

R
 

Green PCR Master Mix and was obtained from Promega (Madison, WI). Anti-p50 

antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cy3-labeled 

secondary antibodies were purchased from Jackson ImmunoReserach Laboratories (West 

Grove, PA).  

Human Airway Smooth Muscle Cell cultures 

The procedures for the isolation and culture of human airway smooth muscle (HASM) 

cells are described in earlier publications (15;238). Briefly, HASM cells were isolated 

from non-asthmatics and asthmatics and cultured
 
in DMEM supplemented with 10% 

FBS, 100 U/ml of penicillin, 0.1
 
mg/ml of streptomycin, and 0.25 µg/ml of amphotericin
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B. The cells were growth-arrested
 
for 48h in arresting

 
medium without serum, in the 

presence of transferrin
 
and insulin. In some of the experiments, the cells were pre-treated 

for 1hr with vehicle, dexamethasone (10 nM) or the following inhibitors of MAP kinases: 

MEK1/2 inhibitor (U0126-15µM), p38 inhibitor (SB203580-15µM) or JNK inhibitor 

(SP600125-25 µM). Concentrations of the MAP kinase inhibitors were chosen based on 

our previous studies (21). Subsequently, the cells were treated with human recombinant 

TNF-α (10ng/ml) or vehicle (PBS containing 0.1% bovine serum albumin) for 15 min 

(MAP Kinase activation studies) or 1hr (transcription factor activation studies) or 24 hr 

(CD38 expression studies). To determine concentration-response relationship, cells were 

treated with a range of rhTNF-α concentrations (10-40 ng/ml) for 24 hrs.  

Quantitative RT-PCR  

To determine CD38 expression, the cells were exposed to human recombinant TNF-α 

(10ng/ml) for 24 hrs and processed for determination of mRNA. Total cellular RNA was 

isolated from HASM cells using TRIzol. Total RNA was quantified
 
and 500 ng of total 

RNA from each sample was used in the reverse transcription reaction with Superscript III 

reverse transcriptase kit.
 
Human CD38 and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) were amplified using the following primer sets: CDUP99F (5'-

ACAAACCCTGCTGCCGGCTCTC-3') and CDUP99R  

(5'-GCATCGCGCCAGGACGGTCT-3'); GAPDHF (5'-GAAGGGAAGGTCGGAGTC-

3') and GAPDHR (5'-GAAGATG GTGATGGGATTTC-3'). Quantitative RT-PCR was 

performed using Brilliant SYBR Green master mix under the following conditions:
 
94°C 

for 5 min denaturing, 40 cycles of 94°C for 30
 
s, 60°C for 30 s, 72°C for 45 s and a single 

cycle of 94°C 30s and 60°C 30 s to generate a melting curve. The fluorescence was 
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measured in Mx3005P real-time thermocycler (Stratagene, La Jolla, CA) and the default 

threshold of the machine was used to determine the Ct value for each sample. The fold 

change of CD38 mRNA expression was determined using delta-delta-Ct method.  

ADP-ribosyl cyclase and cADPR hydrolase assays 

The ADP-ribosyl cyclase activity of HASM cell lysates was quantified by measuring the 

reverse cyclase activity of CD38, as described in earlier publications (21). HASM whole 

cell lysates containing 5 µg of total protein were incubated for 1 hr at 37
o
C with or 

without 10 mM nicotinamide in the presence of 0.45 mM cyclic-ADP ribose. The reverse 

cyclase reaction was terminated by adding 25 µl of 1M HCl, vacuum filtered through a 

protein-binding membrane (Immobilon, 0.45 µm), neutralized with 15 µl of 2 M Tris-

base. The filtrate was incubated with reagent mixture containing 2 µM rezasurin, 0.76% 

v/v ethanol, 4 µM Flavin Mononucleotide (FMN), 40 µg/ml alcohol dehydrogenase and 

0.04 U/ml diaphorase in NaH2PO4/Na2HPO4 buffer, pH 6.8 at room temperature. The 

fluorescence was quantified (excitation at 544 nm and emission at 590 nm) in a 

fluorometer and the rate of fluorescence emission was calculated. The quantity of NAD 

generated in the reaction was calculated from a standard curve generated from known 

NAD standards. 

To determine cADPR hydrolase activity, whole HASM cell lysates (10 µg total 

protein) were incubated with 200 µM cADPR and P
32

-labeled cADPR (11,000 

cpm/reaction) for 90 min at room temperature in 30 µl reaction volume. One µl of the 

reaction was spotted on a cellulose-coated thin-layer chromatography (TLC) plate to 

separate the reaction products in ethanol and 2M sodium formate solution. The TLC 

plates were air-dried and exposed to phosphorimager screens over-night and developed in 



54 

 

Cyclone Phosphrimager developer to visualize the resolved products. Densitometry 

analysis was performed on the images using Optiquant image analysis software to 

determine the proportion of P
32

-labeled ADPR generated from the total P
32

-labeled 

cADPR substrate. The initial input of cADPR in the hydrolase reaction (2000 pmoles) 

was used to calculate the pmols of ADPR generated by each sample.       

Western Blot detection of MAP kinases and NF-κκκκB 

To determine the activation of MAPKs, the cells were exposed to TNF-α (10 ng/ml) for 

15 min and the whole cell lysates were collected in phosphate-buffered saline. The cell 

pellets were lysed in lysis buffer (20 mM Tris, 250 mM sucrose, 200 mM NaCl, 1mM 

NaF, 1 mM NaVO3 and protease inhibitors cocktail) by sonicating in ice. To determine 

NF-κB activation, cells were treated with TNF-α for 1hr and the nuclear extracts were 

collected using NE-PER cell fractionation kit (Pierce Biotechnology, Rockford, IL). Ten 

microgram of total protein was resolved in a 10-20% gradient Tris-HCl SDS gel and 

electrophoretically transferred onto PVDF membrane. The blot was blocked in 5% skim 

milk solution in phosphate buffered saline containing 0.05% Tween 20 for 4 hrs. The blot 

was probed with antibodies against phosphorylated MAPKs (phospho-ERK1/2, phospho-

p38),the respective total MAPKs or p50 subunit of NF-κB, followed by incubation with 

horse-radish peroxidase (HRP)-conjugated secondary antibodies 1hr. After washes in 

PBS containing 0.05% tween 20, the blots were treated with the chemiluminescent 

substrate for HRP and exposed to X-ray film to visualize the bands. 
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Determination of CD38 mRNA turnover   

To determine the turnover rate of TNF-α-induced CD38 mRNA, HASM cells were 

treated with rhTNF-α (10 ng/ml) for 24 hrs and then returned to fresh medium. Total 

RNA was collected at 0, 12 and 24 hrs after removal of TNF-α and cDNA was 

synthesized as described above. Quantitative RT-PCR was performed using the cDNA 

with primers to amplify CD38 and GAPDH sequences. The relative abundance of CD38 

mRNA at each time point was determined by ∆∆Ct method. In a variation of the above 

experiment, HASM cells were treated with rhTNF-α (10 ng/ml) for 12 hrs. After washing 

out TNF-α at 12 hrs, further transcription was arrested by adding actinomycin D  

(5 µg/ml). Total RNA was collected at 0, 1, 3 and 12 hrs after the arrest of transcription 

and converted to cDNA. Relative abundance of CD38 mRNA at each time point was 

determined by qRT-PCR, as described above.  

Immunofluorescence 

HASM cells were grown on glass cover slips, growth-arrested for 48 hrs and treated with 

vehicle or TNF-α (10ng/ml) for 1hr. The cells were washed in phosphate-buffered saline, 

fixed in 4% paraformaldehyde solution, permeabilized with saponin and blocked in 1% 

bovine serum albumin and 0.3% Triton-X 100 for 1hr.  Cells were incubated with anti-

NF-κB antibodies followed by Cy-3-labeled anti-goat secondary antibody (1:250) for 

1hr. After DAPI (5 µg/ml) staining of nuclei and mounting, the cells were examined 

under 200X magnification in inverted fluorescent microscope (Olympus IX70) and the 

frames were overlaid.  
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Data analysis  

All the experiments were performed at least 3-6 times, in 3-6 different batches of non-

asthmatic and asthmatic cells, unless otherwise noted. In mRNA decay rate experiments, 

the relative abundance of CD38 mRNA was expressed as % of CD38 mRNA at t=0.  The 

data from enzymatic activities were expressed as mean and SEM and statistically 

analyzed by student’s t-test or one-way ANOVA (with Bonferroni's post-test 

comparison) using GraphPad Prism software. The differences were considered significant 

when the p value was ≤ 0.05. 

RESULTS 

1. Asthmatic HASM cells show elevated sensitivity to TNF-αααα and significantly higher 

CD38 expression    

In initial studies, cells were treated with a range of TNF-α concentrations (10-40 ng/ml), 

and both the basal and TNF-α-induced CD38 mRNA expression and cyclase activity 

were determined. There was no constitutive CD38 mRNA expression in asthmatic or 

non-asthmatic HASM cells, although the asthmatic HASM cells showed elevated CD38 

mRNA expression compared to non-asthmatic cells following exposure to 10 or 20 ng/ml 

TNF-α (Figure 1A). Following exposure to 10 and 20 ng/ml TNF-α, ADP-ribosyl 

cyclase activity was significantly higher in asthmatic HASM cells than in non-asthmatic 

cells (Figure 1B). In the presence of 40 ng/ml TNF-α, CD38 expression was consistently 

lower in both asthmatic and non-asthmatic cells, but higher than the basal levels (Figure 

1B).  
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In subsequent studies, a concentration of 10 ng/ml of TNF-α was used to induce 

CD38 expression. Following exposure to TNF-α (10 ng/ml), asthmatic HASM cells 

showed significantly elevated cADPR hydrolase activity compared to the non-asthmatic 

cells (Figure 1C). To determine whether the TNF-α-induced CD38 expression is 

sensitive to inhibition by glucocorticoids, asthmatic and non-asthmatic HASM cells were 

treated with TNF-α in the presence of 10nM dexamethasone. Dexamethasone 

significantly inhibited TNF-α-induced CD38 mRNA expression and ADP-ribosyl cyclase 

activity in both asthmatic and non-asthmatic HASM cells (Figure 2A and B).  

2. Asthmatic HASM cells show constitutive activation of ERK & p38 MAP Kinases.  

We previously showed that the TNF-α-induced CD38 expression is mediated through the 

MAPKs, ERK 1/2, p38 and JNK. To determine whether the differential response to TNF-

α in asthmatic ASM cells was due to increased activation of the MAP kinases, we 

measured both the basal and TNF-α-induced activation of the MAP kinases. The basal 

and TNF-α-induced activation of ERK and p38 MAPKs were higher in asthmatic HASM 

cells compared to non-asthmatic cells (figure 3A &B). There was no basal activation of 

JNK in either the asthmatic or the non-asthmatic ASM cells. However, following 

exposure to TNF-α, there was greater activation of JNK in non-asthmatic ASM cells than 

in the asthmatic ASM cells (Figure 3C). To determine the role of ERK or p38 MAP 

kinases  in TNF-α-induced CD38 expression in asthmatic HASM cells, ADP-ribosyl 

cyclase activity was measured in cells treated with TNF-α in the presence of DMSO 

(vehicle) or the inhibitors of  MEK1/2 (U0126) or p38 (SB203580). Inhibition of ERK 
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and p38 MAPKs attenuated TNF-α-induced CD38 expression in both asthmatic and non-

asthmatic cells by >50% (Figure 3D).    

3. The decay kinetics of CD38 mRNA is similar in asthmatic and non-asthmatic HASM 

cells: 

Our previous studies showed that the TNF-α-induced expression of CD38 in HASM cells 

is regulated through ERK and p38 MAPKs by modulating the CD38 mRNA stability 

(21). To determine whether the differentially increased CD38 expression in asthmatic 

HASM cells is due to increased CD38 mRNA stability, we measured the decay rate of 

CD38 transcripts by qRT-PCR. HASM cells were treated with 10 ng/ml rhTNF-α for 12 

hrs, exposed to 5 µg/ml actinomycin D to arrest further transcription, and total RNA was 

collected at 0, 1, 3 and 12 hrs. There was no significant difference in the CD38 mRNA 

stability between the non-asthmatic and asthmatic HASM cells (Figure 4A). In another 

set of studies, HASM cells were incubated in vehicle or TNF-α for 24 hrs, followed by 

washout of TNF-α. Total RNA was collected from the cells at 0, 12 and 24 hrs after the 

washout and the remaining CD38 mRNA was determined by quantitative RT-PCR. There 

was no significant difference in CD38 mRNA content between the non-asthmatic and 

asthmatic HASM cells following withdrawal of TNF-α (Figure 4B).   

4. Asthmatic HASM cells show elevated nuclear translocation of NF-κκκκB   

To determine whether NF-κB plays a role in the differential expression of CD38 in 

asthmatic HASM cells, we measured NF-κB nuclear translocation following TNF-α 

exposure. Asthmatic HASM cells showed comparatively elevated nuclear translocation of 

NF-κB compared to non-asthmatic cells following exposure to TNF-α (Figure 5A). In 
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another set of experiments, HASM cells grown on glass cover slips were treated with 

TNF-α for 1 hr, and immuno-stained to detect the p50 subunit of NF-κB. Increased NF-

κB nuclear localization was seen in the asthmatic HASM cells both under basal 

conditions and following exposure to TNF-α (Figure 5B). TNF-α exposure caused 

increased nuclear localization of NF-κB in both the asthmatic and non-asthmatic cells 

(Figure 5B).  

 

DISCUSSION 

In the present study, we demonstrate that the TNF-α-induced CD38 expression 

and function are significantly elevated in HASM cells from asthmatic subjects. Cells 

from asthmatics also exhibit increased activation of MAP kinases and nuclear 

translocation of NF-κB under unstimulated conditions. Although the ERK and p38 

MAPKs remain activated in unstimulated asthmatic HASM cells, there is no detectable 

constitutive CD38 expression in these cells. The CD38 transcript stability was 

comparable in asthmatic and non-asthmatic cells, suggesting that transcriptional 

regulation largely contributes to the observed differential induction of CD38 expression 

in asthmatic HASM cells following TNF-α exposure. 

There is evidence that CD38 has a role in many human diseases. Dysfunction of 

CD38 has been implicated in type 2 diabetes mellitus (239). In patients with HIV, CD38 

expression on CD8
+
 lymphocytes has been reported as a marker of progression of 

infection and mortality (240). CD38 is also used as a negative prognostic marker in 

chronic lymphocytic leukemia (CLL) and its pathogenetic potential and has been 
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considered as a potential therapeutic target in CLL (164;241). The present study reports 

for the first time on altered expression and enzymatic function of CD38 in asthmatic 

HASM cells. Whether the increased induction of CD38 expression in the asthmatic ASM 

cells culminates in augmented contractility to agonists remains to be determined.   

Previous studies in our laboratory have demonstrated the important role of 

CD38/cADPR signaling in the calcium dynamics of airway myocytes isolated from a 

variety of species (15;237). In vivo studies in CD38 knockout mice showed that CD38 

plays a critical role in the development of airway hyperresponsiveness (AHR) (16;17). 

These observations prompted us to investigate the expression and function of CD38 in 

HASM cells isolated from asthmatic individuals. Our results indicate that CD38 

expression in asthmatics under basal conditions is very low and comparable to expression 

in cells from non-asthmatics. However, asthmatic HASM cells show elevated sensitivity 

to TNF-α and express significantly higher level of CD38 compared to non-asthmatic 

cells. TNF-α is an important inflammatory cytokine and is found elevated in the airways 

of asthmatic patients (75;76). The importance of TNF-α in the pathogenesis of asthma is 

supported by the encouraging results of clinical trials involving Etanercept (soluble 

TNFR) and Infliximab (anti-TNF-α monoclonal antibody) (242). Studies show that TNF-

α induces AHR by directly acting on ASM as well as through indirect mechanisms 

involving non-smooth muscle cells (109). The direct effects of TNF-α on ASM 

contractility include upregulation of receptors to contractile agonists such as bradykinin 

(243). One study reported that the TNF-α signaling is upregulated in peripheral blood 

monocytes from severe, corticosteroid-refractory asthmatic patients, but not in mild-to-



61 

 

moderate asthmatic patients (155). Our findings indicate that the higher sensitivity to 

TNF-α results in significantly higher CD38 expression in asthmatic airway myocytes, 

potentially contributing to the hyper contractile phenotype of asthmatic airways.   

 The ADP-ribosyl cyclase and cADPR hydrolase activities are important 

enzymatic functions of the CD38 molecule. Quantifying these enzymatic activities is a 

convenient approach to determining the functional state of the CD38 protein. We find 

that the net increase of both enzymatic activities in response to lower concentrations of 

TNF-α (10 and 20 ng/ml) is significantly higher in asthmatic HASM cells compared to 

non-asthmatic cells. We speculate that the lower magnitude of CD38 expression in 

response to 40 ng/ml TNF-α may be due to apoptotic changes brought about by the 

higher TNF-α concentrations. The qualitatively similar increases by TNF-α in both 

enzymatic activities of CD38 suggest that there is no differential regulation of CD38 

enzymatic activities. This finding has to be compared to our earlier finding in rat 

myometrial smooth muscle cells where the reproductive hormone estrogen increased the 

ADP-ribosyl cyclase activity with unaltered cADPR-hydrolase levels, suggesting a 

potential post-translational modification of CD38 (111). Although the role of post-

translational mechanisms in altered CD38 function in asthmatic HASM cells cannot be 

ruled out, our results show that differential regulation of ADP-ribosyl cyclase and 

cADPR hydrolase activities may not account for the elevated CD38 expression in 

asthmatic ASM cells. 

 In asthmatic ASM cells, TNF-α-induced CD38 expression is inhibited by very 

low concentrations of dexamethasone, an observation previously reported in non-

asthmatic ASM cells (115;116). Glucocorticoids are widely used in asthma therapy to 
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control airway inflammation and AHR (142). The anti-inflammatory effects of 

glucocorticoids result from down-regulation of inflammatory genes, although the 

underlying mechanisms appear to be diverse (146). We reported, based on computational 

analysis of the 5'UTR region of human cd38 gene, several cis-acting elements, including 

four putative glucocorticoid response elements (GRE) (104). Furthermore, we have 

shown that TNF-α-induced activation of the CD38 promoter in HASM cells is inhibited 

by dexamethasone, suggesting a direct transcriptional regulation. Glucocorticoid 

refractoriness has been reported in a subset of asthmatics (142). Although the molecular 

mechanisms for this refractoriness are not understood, reduced histone deacetylase 

activity has been proposed as a potential mechanism (reviewed in (146)). To determine 

whether refractoriness to glucocorticoid is present in the asthmatic HASM cells with 

respect to CD38 regulation, we assessed TNF-α-induced CD38 mRNA expression and 

cyclase activity in the presence of dexamethasone. The results appear to support a 

glucocorticoid-sensitive mechanism of CD38 regulation in the asthmatic ASM cells. It 

would be interesting to examine such regulation in cells obtained from asthmatic subjects 

with known glucocorticoid resistance.  

Constitutive activation of p38 and ERK MAPKs has been reported in epithelial 

and airway smooth muscle cells isolated from asthmatic patients (244). These MAP 

kinases are known to regulate CD38 expression in HASM cells (21). Asthmatic HASM 

cell lysates showed elevated basal levels of phospho-ERK (p42/44) and phospho-p38, 

compared to that of non-asthmatic HASM lysates. Exposure to TNF-α caused further 

increases in the phospho-ERK and phospho-p38 levels in both groups of HASM cells, 

although the magnitude of activation appeared higher in asthmatic HASM cells than in 



63 

 

non-asthmatic cells. It is worth noting that the basal activation of ERK and p38 in 

asthmatic HASM cells did not result in the anticipated constitutive CD38 expression in 

these cells. A previous study showed that in asthmatic HASM cells, ASM cell 

proliferation in response to strong mitogenic stimulus (10% serum) is mediated through 

phosphoinositide 3 kinase (PI3K) while mild mitogenic stimuli (0.1 or 1% of serum) 

induces proliferation through activation of ERK1/2 (22). Whether differential recruitment 

of signaling mechanisms contributes to the observed differential response of asthmatic 

HASM cells to TNF-α remains to be determined. The differential response to TNF-α in 

the asthmatic HASM cells appears to result primarily through a mechanism involving 

increased transcription of CD38. This is supported by the finding that there is increased 

nuclear translocation of NF-κB in asthmatic HASM cells following exposure to TNF-α. 

It is unlikely that increased CD38 mRNA stability contributes to this differential response 

since our results show that mRNA turnover in cells from non-asthmatics and asthmatics 

is comparable.  

In summary, we have demonstrated significant differences in CD38 expression 

and its enzymatic functions between asthmatic and non-asthmatic HASM cells following 

exposure to the inflammatory cytokine TNF-α. Furthermore, the asthmatic HASM cells 

exhibit greater sensitivity to TNF-α compared to non-asthmatic HASM cells. This 

differential response is largely attributable to increased transcription rather than transcript 

stability, and mediated by increased MAP kinase activation and NF-κB nuclear 

translocation. The findings support a potential role of CD38/cADPR signaling pathway in 

the hyperresponsive phenotype of asthmatic ASM. The functional effects of the 

differentially elevated CD38 expression in asthmatic HASM cells remains to be seen.  
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FIGURE LEGENDS AND FIGURES 

Figure 1. Asthmatic HASM cells show elevated sensitivity to TNF-αααα and 

significantly higher CD38 expression. Non-asthmatic and asthmatic HASM cells were 

treated with either vehicle or various concentrations of rhTNF-α (10, 20 or 40 ng/ml) for 

24 hrs to determine A) CD38 mRNA expression B) ADP-ribosyl cyclase activity C) 

cADPR-hydrolase activity. A) There is no constitutive CD38 expression in HASM cells. 

Note higher level of CD38 mRNA expression in asthmatic HASM cells following 

exposure to TNF-α. (representative image, n=3) B) The magnitude of ADP-ribosyl 

cyclase activity induced by TNF-α was significantly higher in asthmatic HASM cells 

treated with 10 and 20 ng/ml TNF-α compared to the non-asthmatic cells (n=6). C) TNF-

α (10 ng/ml) exposure induced significantly higher magnitude of cADPR hydrolase 

activity in asthmatic HASM cells compared to non-asthmatic cells (n=3).     
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Figure 1. Asthmatic HASM cells show elevated sensitivity to TNF-αααα and 

significantly higher CD38 expression  
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Figure 2. CD38 expression is sensitive to glucocorticoid inhibition in asthmatic and 

non-asthmatic HASM cells. A) CD38 mRNA expression. Exposure to TNF-α  

(10 ng/ml) for 24 hrs induced a significantly higher magnitude of CD38 mRNA 

expression in asthmatic HASM cells compared to the non-asthmatic cells. Pre-treatment 

with dexamethasone inhibited the TNF-α-induced CD38 expression in both non-

asthmatic and asthmatic cells (n=3). B) ADP-ribosyl cyclase activity. 10ng/ml TNF-α 

induced significantly higher level of CD38 protein expression, reflected in higher 

magnitude of ADP-ribosyl cyclase activity. Dexamethasone attenuated the TNF-α-

induced CD38 protein expression (n=3).  
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Figure 2. CD38 expression is sensitive to glucocorticoid inhibition in asthmatic and 

non-asthmatic HASM cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* 

* 



68 

 

Figure 3. Asthmatic HASM cells show constitutive activation of ERK & p38 MAP 

Kinases. A) The basal level (C) of ERK activation is higher in asthmatic HASM cells 

compared to the non-asthmatic cells. Exposure to TNF-α (Τ) further induced ERK 

activation in both non-asthmatic and asthmatic cells, although to a larger magnitude in 

asthmatic HASM cells compared to non-asthmatic cells. B) The basal level of p38 

activation was higher in asthmatic HASM cells than in non-asthmatic HASM cells. TNF-

α exposure induced a higher magnitude of p38 activation in asthmatic HASM cells 

compared to non-asthmatic cells. C) Basal (C) activation of JNK was absent in both 

asthmatic and non-asthmatic HASM cells, although TNF-α (Τ) treatment induced a 

larger magnitude of JNK phosphorylation in non-asthmatic cells compared to asthmatic 

cells (representative image, n=3). D) Effects of MAPK inhibitors on CD38 expression. 

TNF-α-induced CD38 expression was similarly attenuated by the inhibitors of ERK1/2 

(T+U) or p38 (T+SB) (n=3) U-U0126; SB-203580;SP-SP600125-JNK inhibitor)       
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Figure 3. Asthmatic HASM cells show constitutive activation of ERK & p38 MAP 

Kinases.   
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Figure 4. The decay kinetics of CD38 mRNA is similar in asthmatic and non-

asthmatic HASM cells. A) Asthmatic and non-asthmatic cells were treated with vehicle 

or TNF-α (10 ng/ml) for 12 hrs, followed by removal of TNF-α and arrest of further 

transcription by adding actinomycin D (5 ug/ml). Total RNA samples were collected at 0, 

1, 3 and 12 hrs after the arrest of transcription and cDNA were used to determine the 

remaining CD38 mRNA at those time points. There was no difference in the kinetics of 

CD38 mRNA decay in non-asthmatic or asthmatic HASM cells. B) Cells were treated 

with vehicle or TNF-α (10ng/ml) for 24 hrs, followed by washing off of TNF-α and 

collection of total RNA at 0, 12 and 24 hrs. The cDNA was used to determine the 

remaining CD38 mRNA by qRT-PCR. There was no difference in the kinetics of CD38 

mRNA decay between the asthmatic and non-asthmatic HASM cells.   
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Figure 4. The decay kinetics of CD38 mRNA is similar in asthmatic and non-

asthmatic HASM cells 
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Figure 5. Asthmatic HASM cells show increased nuclear translocation of NF-κκκκB. 

Cells were incubated with vehicle or TNF-α for 1 hr and nuclear extracts were resolved 

in SDS-PAGE and immunoblotted for NF-κB subunit p50. A) Slightly elevated NF-κB in 

the nuclear extracts following TNF-α treatment in asthmatic HASM cells compared to 

non-asthmatic HASM cells (representative image, n=2). B) Cells were fixed, stained with 

anti-p50 antibodies using indirect immunofluorescence and nulcei were stained with 

DAPI. Note increased nuclear localization of NF-κB in asthmatic HASM cells under 

basal conditions (Top Panels); following TNF-α exposure there is increased nuclear 

localization of NF-κB in both non-asthmatic and asthmatic HASM cells (Lower Panels) 

(representative image n=2).   
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Figure 5. Asthmatic HASM cells show increased nuclear translocation of NF-κκκκB. 
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The Role of Phosphatidylinositol 3 Kinase/Akt (PI3K/Akt) Pathway in Regulation of 

CD38 Expression in Human Airway Smooth Muscle (HASM) Cells 
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INTRODUCTION 

 CD38 is a ~45-kDa glycosylated transmembrane protein possessing both receptor 

and enzymatic functions (245). CD38 has multiple enzymatic functions, with the 

important ones being ADP-ribosyl cyclase (cyclase) and cADPR hydrolase (hydrolase) 

activities (246). CD38 is expressed in airway smooth muscle (ASM) cells and the ADP-

ribosyl cyclase activity of this protein generates cyclic ADP-ribose (cADPR), a cellular 

Ca
2+

-mobilizing agent (237). Previous studies in our laboratory showed that the cADPR 

plays a role in the regulation of intracellular calcium in ASM cells isolated from human, 

mouse and swine (14;77;247). It was also observed that CD38-deficient mice exhibit 

attenuated methacholine-induced airway responsiveness (13). In IL-13 or TNF-α-induced 

mouse models of AHR, the CD38-deficient mouse developed significantly lower levels 

of airway resistance (RL) compared to the wild type mouse (16;17).  These findings 

indicate that CD38 plays an important role in normal airway responsiveness as well as in 

AHR.  

 In human ASM (HASM) cells, inflammatory cytokines such as IFN-γ, IL-1β and 

TNF-α and the TH2 cytokine IL-13 augment the CD38 mRNA expression and ADP-

ribosyl cyclase activity (15), and this regulation involves mitogen-activated protein 

kinases (MAPK) and activation of the transcription factors NF-κB and AP-1 (21). Ras, a 

small molecular weight G-protein, plays critical roles in several biological processes in 

mammalian cells (248). In ASM cells, small G-protein signaling has been studied in 

relation to the hyperresponsiveness, inflammation and airway remodeling in asthma 

((249;250) and reviewed in (251)). Studies in canine ASM cells showed that TNF-α-

induced bronchial hyperresponsiveness is mediated through Ras/Raf/MEK/ERK 
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signaling cascade (252). It is suggested that Ras acts as a converging point for various 

receptor-mediated signals to mediate ASM cell survival and proliferation during asthma 

(253;254).  Downstream of Ras is the phosphatidylinositol 3-kinase (PI3K)/Akt signaling 

pathway and Raf/MEK/ERK, known to be important in cyclin D1 expression(255). The 

PI3K is a member of the family of lipid kinases which phosphorylate membrane 

phosphatidylinositols on the D3 position of the inositol ring to generate  

phosphatidylinositol (3,4,5) triphosphate (PIP3) (256). PIP3 induces translocation of the 

serine/threonine kinase, Akt/PKB (protein kinase B) via its pleckstrin homology domain 

to the cell membrane resulting in phosphorylation by the phosphoinositides-dependent 

kinase 1 (PDK1). Phosphorylation of Akt/PKB is reversed by the phosphatase and tensin 

homologue (PTEN) thereby negatively regulating the PI3/Akt signaling pathway 

(reviewed in (257)). Akt/PKB has a role in many biological functions in mammalian 

cells. The role of PI3K/Akt signaling pathway in the pathogenesis of asthma has been 

investigated in other laboratories in the context of ASM hyperplasia and airway 

remodeling (22;258;259).  

 TNF-α treatment results in activation of the PI3K/Akt pathway in various cell 

types (260). The activated Akt, among its several other downstream targets, also 

phosphorylates Raf, which in turn inhibits the activation of MEK (23). This cross-talk 

between the PI3K/Akt pathway and the ERK signaling has been demonstrated in different 

mammalian cell types (261).  

 In the present study, we tested the hypothesis that the cross-talk between 

PI3K/Akt and ERK pathways regulates TNF-α-induced CD38 expression in HASM cells. 
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Experiments were designed to determine activation of Akt and MAPKs in HASM cells 

following exposure to TNF-α and to determine whether there is cross-talk between 

PI3K/Akt and ERK signaling pathways in regulating CD38 expression. The PI3K/Akt 

pathway in HASM cells was manipulated with pharmacological inhibitors and molecular 

tools to determine the role of this pathway in CD38 expression.  

MATERIALS AND METHODS 

Materials: Tris base, glucose, HEPES, TNF-α, U0126, LY294002, Wortmannin and 

other chemicals
 
were purchased from Sigma Chemical (St. Louis, MO). Hanks’

 
balanced 

salt solution (HBSS) and Dulbecco’s modified
 
Eagle medium (DMEM) were purchased 

from Invitrogen-Gibco-BRL (Carlsbad, CA). Trizol, Lipofectamine
TM

 2000, Superscript 

III reverse transcriptase, and the 100-base pair (bp) DNA ladder were purchased from 

Invitrogen
 
(Carlsbad, CA). Lane Marker Sample Buffer was obtained from Pierce 

(Rockford, IL). The SYBR Green Master mix was purchased from Stratagene (Cedar
 

Creek, TX). Plasmid extraction kit and GoTaq
R
 Green Master Mix were obtained from 

Promega (Madison, WI). The nuclear extraction kit was purchased from Active Motif 

(Carlsbad, CA). pSG5-myc and pSG5-p110 were provided by Dr. M.B. Hershenson 

(University of Michigan, Ann Arbor, MI) and GFP-PTEN (cloned in pCDNA3, 

Invitrogen, Carlsbad, CA) was a kind gift of Dr. Alonzo H Ross (University of 

Massachusetts Medical School, Worcester, MA).  

Human Airway Smooth Muscle Cell culture: This study used human airway smooth 

muscle (HASM) cells maintained in primary culture. HASM cells were prepared and 

propagated as described in earlier publications (15;238).(262;263) DMEM supplemented 
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with 10 % FBS, 100 U/ml of penicillin, 0.1
 
mg/ml of streptomycin, 2 mM L-glutamine 

and 0.25 µg/ml of amphotericin
 
B was used to culture the cells. A cell density of 1.0 x 

10
4
 cells/cm

2
 was used for the different trials and growth-arrested

 
at Go of the cell cycle 

by maintaining for at least 48 hrs in arresting
 
medium containing no serum, but in the 

presence of transferrin
 
and insulin before exposing the cells to TNF-α for 24 hrs.The PI3 

kinase inhibitors LY294002 and wortmannin were added to the growth- arrested cells in a 

range of concentrations 30 min prior to adding TNF-α (40 ng/ml). The cells were 

observed for any morphological changes and cytotoxicity and a concentration of 3 µM of 

LY294002 or 100 nm of Wortmannin that resulted in no significant cytotoxicity were 

used in subsequent experiments. In preliminary experiments, the time course of TNF-α-

induced Akt activation and the effects of PI3 kinase inhibitors on Akt activation were 

determined by western blotting. 

DNA Transfections: Lipofectamine
TM

 2000 was used according to the manufacturer’s 

instructions in the transient transfection studies. Briefly, 24 hrs prior to transfection, 

HASM cells (0.5-2 x 10
5
) were plated in 500 µl of growth medium without antibiotics. In 

each transfection, 0.8 µg of control vector or plasmid carrying the appropriate construct 

was used with 2 µl of Lipofectamine™ 2000 and 50 µl of Opti-MEM
®
. The transfection 

complexes were incubated with the cells for 6 hrs, followed by replacement of medium. 

Eighteen hrs after transfection, the cells were growth-arrested for 48 hrs, followed by 

TNF-α exposure for 24 hrs.  

RT-PCR reaction: To determine the CD38 mRNA expression, reverse transcriptase-

polymerase chain reaction (RT-PCR) was performed as described in earlier publications 
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(21;264).
 
Briefly, the cells were collected in Trizol and total RNA was extracted 

according to the manufacturer's instructions. The RNA concentration in each sample was 

quantified in a spectrophotometer (Eppendorf, Westbury, NY). One µg of total RNA was 

used to synthesize complimentary DNA (cDNA) using the Superscript III reverse 

transcription kit. Human CD38 and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) were amplified by using the following primer sets, respectively: Forward, 

CDUP99F (5'-ACAAACCCTGCTGCCGGCTCTC-3') and reverse, CDUP99R (5'-

GCATCGCGCCAGGACGGTCT-3'), forward, GAPDHF (5'-

GAAGGGAAGGTCGGAGTC-3') and reverse, GAPDHR (5'-

GAAGATGGTGATGGGATTTC-3'). The PCR was performed under the following 

conditions:  94°C for 3 min denaturing, 30 cycles of 94°C for 30
 
s, 59°C for 30 s, 72°C 

for 45 s, and a final extension
 
at 72°C for 10 min. The amplicons were resolved in a 1.2% 

agarose gel by electrophoresis and the band intensities were determined by 

LABWORKS
TM 

Image acquisition software (from the UVP Inc, Upland, CA). The 

intensities of CD38 bands were normalized to the corresponding GAPDH bands during 

image analysis.  

qRT-PCR: Quantitative real-time PCR was performed using the SYBR green
 
PCR master 

mix as described previously(264). The total RNA was reverse transcribed and real-time 

PCR reactions were performed in the Stratagene Mx3000p sequence detection
 
system for 

both CD38 and GAPDH under the following conditions: 95°C for 10 min, 45
 
cycles at 

95°C for 30 s, 59°C for 30 s, and 72°C for 45 s. All samples
 
were run in duplicates and 

the readings were normalized using
 
non-template control and passive reference dye 

included in the
 
SYBR Green Master mix. The threshold suggested by the software was 
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used to obtain the Ct (cycle at threshold) value.
 
Real-time PCR results were expressed as 

fold change (2
–∆∆CT

)
 
in expression in the cells after normalizing with the internal GAPDH

 

control and expressed relative to the levels in vehicle-treated controls. The expression 

following TNF-α stimulation was kept as 100 % and the expression in the presence of 

inhibitors are shown as decrease compared to expression in the presence of TNF-α. 

ADP-ribosyl cyclase assay: A fluorescent cycling assay that measures the production of 

NAD from cADPR was used to quantify ADP ribosyl cyclase activity of HASM cell 

lysates as described (21). Briefly, the HASM cells were harvested on ice in Tris-Sucrose 

buffer (pH 7.2) with protease inhibitors, sonicated and the total protein content of the cell 

lysates was determined by a BCA protein assay. Cell lysates containing 10 µg of total 

protein were incubated for 1 hr at 37
o
C with or without 10 mM nicotinamide in the 

presence of 0.45 mM cADPR in a total volume of 50 µl. The reaction was stopped by the 

addition of 25 µl of 1M HCl, vacuum filtered through protein-binding membrane 

(Immobilon, 0.45 µm, Millipore, Billerica, MA) and the pH was neutralized with 15 µl of 

2 M Tris-base. The NAD in the filtrate was quantified by a cycling reaction that generates 

a fluorescent product. Forty µl of the neutralized filtrate was incubated with 40 µl of 

reagent mix (2 µM rezasurin, 0.76% v/v ethanol, 4 µM Flavin Mononucleotide, 40 µg/ml 

alcohol dehydrogenase and 0.04 U/ml diaphorase in NaH2PO4/Na2HPO4 buffer, pH 6.8) 

at room temperature. The fluorescence was quantified (excitation at 544 nm and emission 

at 590 nm) in a fluorometer (FLUOstar Galaxy, BMG Labtech, Durham, NC) and the rate 

of fluorescent emission was calculated. A standard curve generated from known NAD 

standards (0-1000 fmol) was used to derive the quantity of NAD generated in the reverse 
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cyclase reaction. The ADP-ribosyl cyclase activity (fmole of NAD/hr/mg total protein) is 

expressed as % of activity in TNF-α-treated cells.   

Nuclear protein extraction: Nuclear extracts were prepared from growth-arrested HASM 

cells grown to confluence in 100 mm dish using the nuclear extraction kit from Active 

Motif (Carlsbad, CA). Cells were pretreated with the MAPK inhibitors for 45 min and 

exposed to TNF-α for 1 hr. The media was removed, washed with ice-cold PBS 

containing protease and phosphatase inhibitors and the cells were scraped in 3 ml of the 

same buffer. The cells were pelleted by centrifugation at 1000 x g for 5 minutes. The 

cells were re-suspended in 500 µl of 1X Active Motif hypotonic buffer by pipetting 

several times, transferred to a pre-chilled microcentrifuge tube and incubated for 15 mins 

on ice. Detergent solution (25 µl) was added, vortexed for 10 sec and centrifuged at 

14,000 x g for 30 sec at 4ºC. The supernatant was removed and the nuclear pellet was re-

suspended in 50 µl of complete lysis buffer and vortexed for 10 sec. The mixture was 

incubated on ice for 30 min, vortexed briefly and centrifuged at 14,000 x g for 10 mins at 

4ºC. The supernatant containing the nuclear fraction was aliquoted, protein content 

measured and stored at –80ºC until used.  

Immunoblotting: HASM cells cultured in 60mm tissue culture plates were growth-

arrested for 48 hrs before TNF-α treatment in the presence or absence of the PI3K 

inhibitors. The cells were washed in HBSS and extracted in lysis buffer containing 50 

mM Tris (pH 7.5), 40 mM β-glycerophosphate, 100 mM NaCl, 2 mM EDTA, 50 mM 

NaF, 200 mM Na3VO4, 200mM PMSF, and 1% TritonX-100. Lysates were centrifuged at 

5000 x g for 10 min at 4
o
C and the supernatant was transferred to fresh micro centrifuge 
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tube. The protein concentration of the total cell lysates and the nuclear extract were 

determined using the Bradford protein assay (Bio-Rad, Hercules, CA). Extracts (10µg) 

were resolved on a 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel and electro-

blotted onto PVDF membrane. After incubation with the appropriate antibody (anti-

phospho-ERK or total ERK or pThr
308 

and pSer
473

 Akt or total Akt or PTEN), signals 

were amplified and visualized using anti-rabbit IgG and enhanced chemiluminescence. 

Data analysis:  HASM cells isolated from three to six different donors were
 
used in the 

experiments. The experiments involving western blotting and
 
transient transfections of 

the constructs were repeated three
 
times. Statistical

 
analyses were performed using the 

GraphPad PRISM statistical software. The quantitative PCR results and ADP-ribosyl 

cyclase
 
activities in the various samples were compared by one-way ANOVA

 
with 

Bonferroni’s post-test for multiple comparisons. Two means were considered 

significantly different when P value
 
was <0.05. 
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RESULTS 

TNF-αααα-induced PI3-K/Akt activation and CD38 expression in HASM cells  

Growth-arrested HASM cells were treated with TNF-α for various lengths of time and 

total lysates were used to determine the phosphorylated Akt (pThr
308 

and pSer
473

) by 

western blotting. TNF-α induced a time-dependent increase in the activation of Akt 

(Figure 1A). Pretreatment of the cells with wortmannin (100 nM) or LY294002 (3 µM) 

abolished the TNF-α-induced Akt activation (Figure 1A). To determine the role of 

PI3K/Akt in the regulation of CD38 expression, cells were pretreated with 

pharmacological inhibitors of PI3K, followed by exposure to TNF-α. CD38 mRNA 

expression and ADP-ribosyl cyclase activity were increased upon exposure to TNF-α for 

24 hrs and this increase was significantly inhibited in the presence of  3 µM of LY294002 

(Figure 1B and C). However, in the presence of wortmannin, the TNF-α-induced CD38 

mRNA expression was enhanced while the ADP-ribosyl cyclase activity remained 

unaffected (Figure 1B and C).   

 To further confirm PI3K/Akt activation on TNF-α-induced CD38 expression, 

HASM cells were transiently transfected with the catalytically active PI3K (p110) or with 

PTEN and subsequently exposed to TNF-α. Α typical transfection efficiency of over 70% 

was observed in the experiments as assessed by the number of GFP-positive cells (data 

not shown). The increased PTEN levels in the cell lysates following transfection with the 

PTEN vector confirm the overexpression of the protein (Figure 2A). Western blot 

analysis of the whole cell lysates showed higher basal levels of phosphorylated Akt 
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(pThr
308

) in p110-transfected cells compared to the cells transfected with the control 

(pSG5) vector. Akt phosphorylation was further increased in these cells following 

exposure to TNF-α (Figure 2A). Transfection of HASM cells with the PTEN vector 

decreased the basal Akt activation (pThr
308

) compared to that of the control vector-

transfected cells (Figure 2A). Exposure of the PTEN-transfected cells to TNF-α resulted 

in only a slight increase in Akt activation compared to the control vector-transfected cells 

(Figure 2A). Basal CD38 mRNA expression in p110-transfected cells was higher 

compared to the control vector-transfected cells, which was further increased upon 

exposure to TNF-α (Figure 2B, lanes 3-6). In PTEN-transfected cells, treatment with 

TNF-α resulted in only a slight increase in CD38 mRNA expression compared to control 

vector-transfected cells (Figure 2B, lanes 9-12). Activation of ERK was also determined 

in cells transfected with p110 and PTEN vectors. p110 transfection reduced TNF-α-

induced ERK activation compared to the control vector-transfected cells. Furthermore, in 

PTEN-transfected cells, there was no anticipated change in ERK activation (Figure 2A). 

Cross talk between PI3K/Akt pathway and ERK signaling is functional in HASM cells   

Experiments were designed to determine whether there is a cross-talk between PI3K/Akt 

pathway and ERK signaling in HASM cells. In the presence of U0126, the MEK 

inhibitor, the basal Akt activation was increased and in the presence of TNF-α, Akt 

activation was similar in the presence or absence of U0126 (Figure 3, upper panel). 

Exposure of the HASM cells to the PI3K inhibitor LY294002 increased the basal 

activation of ERK, whereas there was no such increase in the presence of wortmannin 

(Figure 3, lower panel). The TNF-α-induced activation of ERK in the presence of the 
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PI3K inhibitors was comparable to that seen in cells treated with TNF-α alone (Figure 3, 

lower panel).    

TNF-αααα-induced NF-κκκκB and AP-1 activation are independent of PI3K activation in 

HASM cells 

The nuclear translocations of NF-κB (p50 subunit) and AP-1 (p-c-Jun 
(Ser63/73)

) were 

determined in HASM cells following exposure to TNF-α in the presence or absence of 

PI3K inhibitors. The nuclear translocation of either of these transcription factors was not 

affected by the inhibitors of PI3K, suggesting that PI3K mediates CD38 expression 

through pathways independent of NF-κB and AP-1 (Figure 4). 

DISCUSSION 

In the present study, we investigated the role of PI3K/Akt pathway in TNF-α-

induced CD38 expression in HASM cells. Our results show that cross-talk between 

PI3K/Akt and ERK pathways, as reported in other cell types, is also functional in HASM 

cells. Due to this cross-talk, the PI3K inhibitor wortmannin augments TNF-α-induced 

CD38 expression. Interestingly, another PI3K inhibitor LY294002 attenuates TNF-α-

induced CD38 expression. We also found that NF-κB and AP-1, the transcription factors 

mediating TNF-α-induced CD38 expression in HASM cells, are not activated via 

PI3K/Akt pathway.   

 Our previous studies established that TNF-α-induced CD38 expression in HASM 

cells is mediated at both the transcriptional and post-transcriptional levels (21;104). The 
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MAPKs mediate CD38 expression through transcriptional mechanisms involving NF-κB 

and AP-1 and through a post-transcriptional mechanism involving regulation of CD38 

transcript stability. The regulation of CD38 expression via JNK MAPK occurs through 

transcriptional mechanisms (21). TNF-α elicits its effects primarily through TNF receptor 

1 (TNFR1) (238;265). Downstream to the TNF-α, the small G protein Ras serves to 

integrate the pro-inflammatory signals to various downstream pathways (248;266).  In 

various types of mammalian cells, including ASM cells, Ras signals through the 

PI3K/Akt pathway and through MAPKs, allowing a cross-talk between these signaling 

pathways (246). These facts prompted us to study the role of PI3K in TNF-α-induced 

CD38 expression in HASM cells, in the context of the cross-talk between the PI3K/Akt 

and ERK pathways. Our findings confirm that the cross-talk between PI3K/Akt and ERK 

is functional in HASM cells. However, the opposite effects of wortmannin and 

LY294002 on TNF-α-induced CD38 expression are interesting observations in this study. 

Wortmannin and LY294002 are considered small molecule inhibitors of PI3K, although 

LY294002 has been shown to have PI3K-independent effects in certain cell types (267). 

The potential targets of LY294002 determined by using a pull-down assay revealed that 

this molecule interacts with a number of non-PI3K molecules in mammalian cells (268) . 

It is also reported that LY294002 shows an inhibitory effect on serotonin-induced Ca
2+

 

transients in rat ASM, an effect likely mediated through inhibition of casein kinase-2 

(CK2) (267). Other studies reported that LY294002 inhibits the activation of NF-κB, 

resulting in the attenuated expression of monocyte chemo-attractant protein-1 and 

inducible nitric oxide synthase in monocytes(269) (270) . Another study found Pim-1, an 

oncogene-encoded serine/threonine kinase, as a target of LY294002 in T-cell lymphoma 
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cell lines (271). Results of the present study show that neither wortmannin nor LY294002 

inhibits the NF-κB nuclear translocation in HASM cells, thus ruling out the possibility of 

NF-κB inhibition as the potential mechanism of attenuated CD38 expression. Pim-1 

expression is confined to the cells of hematopoietic origin; therefore the potential role of 

this kinase in mediating PI3K-independent effects of LY294002 in HASM cells is 

unlikely. 

 The fact that TNF-α-induced CD38 expression in HASM cells occurs in an ERK-

independent manner is supported by the following observations: transient expression of 

the constitutively active PI3K catalytic subunit (p110) increases basal and TNF-α-

induced CD38 mRNA expression; and there is reduced ERK activation in p110-

transfected cells. The LY294002 effects on CD38 expression and the transient 

transfection findings support a hypothesis that the PI3K/Akt pathway mediates CD38 

expression independent of its cross-talk with ERK. The increased CD38 expression in the 

presence of wortmannin, on the other hand, suggests that the PI3K-ERK cross-talk 

mechanism compensates for the absence of PI3K signaling in these cells.  

 The discrepancy between the effects of LY294002 and wortmannin on CD38 

expression cannot be explained by our observations. However, based on previous 

findings on the nature of these two PI3K inhibitors, we speculate that the differential 

effects can be attributed to the possible ‘off-target effects” of LY294002. Although these 

two molecules act on PI3K through similar mechanisms (binding to PI3K and blocking 

phosphor-transfer reaction), LY294002 appears to have wide target selectivity (272). It is 

plausible that LY294002 inhibits another downstream signaling molecule in addition to 
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its effect on PI3K, to inhibit CD38 expression. The reported IC50 for LY294002 is higher 

than that of wortmannin, and therefore requires higher concentrations to inhibit PI3K 

activity, possibly resulting in off-target effects (272). LY294002 is known to inhibit 

casein kinase 2 (CK2) and PI3K in a similar concentration range (272). On the other 

hand, wortmannin appears to be highly selective for PI3K, although the lack of inhibition 

of CD38 expression in its presence can be attributed to its effect on increasing ERK 

activation. Therefore, these findings prompted us to postulate that PI3K pathway 

mediates TNF-α-induced CD38 expression directly through downstream signaling 

molecules that are yet to be identified and indirectly through the PI3K/Akt-ERK cross-

talk mechanism. One potential alternative pathway of regulation may involve CK2. The 

earlier reports that LY294002 and CK2 inhibitors attenuate agonist-induced calcium 

transients in rat ASM suggest that CK2 may be a likely candidate for this alternative 

pathway of regulation (273).              
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FIGURE LEGENDS & FIGURES 

Figure 1.TNF-αααα-induces Akt activation and CD38 expression in HASM cells. A) 

Growth-arrested HASM cells were treated with TNF-α for variable length of time (0-120 

min), in the presence or absence of wortmannin or LY294002. Phosphorylated (pThr
308 

and pSer
473

) and total Akt were detected by immunoblotting the lysates. In cells 

pretreated with wortmannin or LY294002 for 45 min and then exposed to TNF-α for 30 

min, there is no detectable activation of Akt. Blot representative of 4 independent 

experiments. B) CD38 mRNA expression (upper panel) and ADP-riboysl cyclase activity 

(lower panel) were determined following TNF-α exposure in the presence or absence of 

wortmannin or LY294002. LY294002 significantly inhibited the TNF-α-induced CD38 

mRNA expression and ADP-ribosyl cyclase activity, whereas wortmannin increased 

CD38 mRNA expression with no significant effects on ADP-ribosyl cyclase activity. 

Results are shown as Mean±SEM of six independent experiments. a refers to significant 

difference from the vehicle control (C); b refers to significant difference from TNF-α-

treatment.  
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Figure 1.TNF-αααα-induced Akt activation and CD38 expression in HASM cells. 
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Figure 2. Effects of transient expression of PI3K and PTEN on activation of Akt and 

ERK and CD38 expression. 

A) Control vector (pSG5) or PI3K catalytic subunit (p110) or PTEN vectors were 

transfected into HASM cells, treated with TNF-α and the lysates were immune probed 

for phosphorylated and total Akt, ERK and PTEN. Note the elevated basal and TNF-α-

induced Akt activation in p110-transfected cells, compared to the control-vector 

transfected cells. PTEN transfection decreased the basal and TNF-α-induced Akt 

activation. TNF-α-induced ERK activation (p42/44) is decreased in p110-expressing 

cells, although, PTEN transfection failed to increase ERK activation. AKT and 42/44 

refer respectively to total Akt and ERK. The image is representative of 3 independent 

blots. The bar graph shows the average relative increase in ERK activation (band 

intensity ratio) as the percentage of vehicle-treated (C), control vector-transfected (pSG5) 

cells.  C and T refer to vehicle or TNF-α treatment. B) TNF-α-induced CD38 expression 

in cells following transient transfection with p110 or PTEN. Representative gel image 

shows CD38 mRNA expression in the transfected cells. Lanes 3, 5, 9 and 11: CD38 

expression in cells transfected with vector and treated with vehicle; Lanes 4,6,10 and 12:  

CD38 expression in transfected cells with exposure to TNF-α. Note the elevated basal 

(lane 5) and TNF-α-induced (lane 6) CD38 expression in pSG5-p110-transfected cells.  

There was no significant effect on CD38 expression upon PTEN transfection, and TNF-

α-exposure elicited only a slight increase of CD38 expression. GAPDH controls for 

respective samples are shown below each blot. The image is representative of 3 

independent experiments.  
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Figure 2. Effects of transient expression of PI3K and PTEN on activation of Akt and 

ERK and CD38 expression. 
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Figure 3. Cross talk between PI3K/Akt pathway and ERK signaling is functional in 

HASM cells. Upper panel: HASM cells were exposed to TNF-α in the presence or 

absence of ERK inhibitor (U0126, 15 µM added 45 min prior to exposure to TNF-α). 

Note an increase in TNF-α-induced Akt activation in the presence of U0126 (T + 

U0126).  Lower panel: Cells were exposed to TNF-α (0 min or 30 min) in the presence 

or absence of PI3K inhibitors LY294002 (LY) or wortmannin (Wort) (inhibitors added 

45 min prior to exposure to TNF-α). Note the elevated basal ERK (p44/42) activation in 

the presence of LY294002 (also shown in the bar graph in the lower panel as % increase 

relative to un-treated control). There was no basal ERK activation in the presence of 

wortmannin. Following 30 min exposure to TNF-α, the ERK activation in the presence of 

PI3K inhibitors reached levels comparable to that of TNF-α alone (also shown in the bar 

graph in the lower panel).  The blots are representative of 3 independent experiments. 

The relative % increase of ERK activation shown in the bar graph is the average 

densitometry from 3 blots.   
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Figure 3. Cross talk between PI3K/Akt and ERK signaling pathways is functional in 

HASM cells. 
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Figure 4. TNF-αααα-induced NF-κκκκB and AP-1 activation are independent of PI3 kinase 

activation in HASM cells. Growth-arrested HASM cells were exposed to 40 ng/ml TNF-

α for 1 hr in the presence or absence of LY294002 or wortmannin. Western blotting was 

performed in the nuclear extracts with specific antibodies to detect the activated NF-κB 

(p50 subunit) or AP-1 (phospho-c-Jun 
ser63/73

). TNF-α increased the nuclear translocation 

of NF-κB and AP-1 in HASM cells. No significant changes in TNF-α-induced NF-κB or 

AP-1 nuclear translocation in the presence of LY294002 or wortmannin. Lamin A/C is 

shown as loading control. The blot is representative of 3 independent experiments.  
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Figure 4. TNF-αααα-induced NF-κκκκB and AP-1 activation are independent of PI3 kinase 

activation in HASM cells. 
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Figure 5. The proposed model for the role of PI3K/Akt in CD38 expression. 

The model summarizes some of the previous findings and the observations of current study 

regarding regulation of TNF-α-induced CD38 expression in HASM cells. Downstream to the 

TNF-α-TNFRI axis, the small G protein Ras acts as a converging point for the MAPK and 

PI3K/Akt signaling pathways. The findings of the current study show that the cross talk between 

the PI3K and ERK MAPK pathways is present in HASM cells and help mediating CD38 

expression. Wortmannin, a protein kinase inhibitor selective to PI3K, inhibits Akt 

phosphorylation without inhibitory effect on CD38 expression. Another PI3K inhibitor 

LY294002 inhibits both Akt activation and CD38 expression. Based on previous reports about 

target selectivity of LY294002, we propose that LY294002 brings about the inhibitory effect on 

CD38 expression through its action on unidentified kinase/s downstream to PI3K. The non-ERK 

dependent role of PI3K on CD38 expression is also supported by the transient transfection 

experiments of the current study. PDK-PI3K-dependent kinase; PIP2-phosphatidylinositol-4,5-

bisphosphate; PIP3-phosphatidylinositol-3,4,5-trisphosphate, TRAF-TNF-α receptor-associated 

factor.                 
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Figure 5. The proposed model for the role of PI3K/Akt in CD38 expression. 
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CHAPTER IV 

 

Preliminary Investigations on the Role of RNA-binding proteins in CD38 mRNA 

stability in Human Airway Smooth Muscle (HASM) Cells 
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INTRODUCTION 

CD38 is a trans-membrane protein expressed in a variety of cells including airway 

smooth muscle (ASM) cells (15;107;114;237). CD38 plays an important role in 

regulating cellular calcium dynamics, thereby contributing to the excitation contraction 

coupling of ASM (14;247). Studies on models of airway hyperresponsiveness (AHR) 

using CD38 knockout mice showed that CD38 is critical for developing AHR in response 

to TNF-α or IL-13 exposure (16;17). In human ASM (HASM) cells, CD38 expression is 

induced by the inflammatory cytokine TNF-α and this induction is mediated through 

MAPKs. The studies also revealed that the ERK and p38 MAPKs mediate the cytokine-

induced CD38 expression through modulating CD38 transcript stability (21). Regulation 

of transcript stability is an important mode of post-transcriptional gene regulation in 

organisms. In mammalian cells, mRNA turn over kinetics is utilized to fine tune 

expression of genes that are required to respond rapidly to environmental stimuli. For 

instance, various transcripts encoding inflammatory mediators are regulated through this 

step to harness the inflammatory signals so that the collateral damage to host is 

minimized (274).  

Cis elements within the non-coding and coding regions of mRNA contribute to 

the transcript stability (188;192). Amuch-studied cis element involved in mRNA stability 

is the adenylate-uridylate rich element (AU-rich elements or AREs). AREs are found at 

the 3'untranslated regions (3'UTR) of transcripts. Based on the abundance and 

distribution of AUUUA pentamers within the transcripts, there are three classes of AREs. 

In class I AREs, 1-3 pentamers are found in a stretch within the un-translated region, 
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whereas the classes II AREs carry multiple AU-rich motifs overlapping with each other 

(189). Previously, AREs were thought to make the transcripts susceptible for degradation, 

but it is now known that RNA-stabilizing proteins also bind to AREs with high affinity, 

determining the fate of the target transcripts depending on the proteins that make up the 

RNA-protein complexes (175).         

  A variety of RNA-binding protein (trans-acting elements) interact with the ARE 

of the 3'UTR to modulate the stability of target mRNA. Human protein-R (HuR) is a 

major mRNA-stabilizing protein and is expressed in a wide variety of cell types (275-

277). In many naturally occurring neoplasia, HuR is over expressed (278;279). Studies 

indicate that HuR plays a role in mRNA stabilization of genes that are regulated by p38 

MAPK (280). Among the destabilizing RNA-binding proteins, tristetraprolin (TTP) is 

considered to be an important protein. As a member of the CCCH tandem zinc-finger 

protein family, TTP is known to bind to class II AREs in transcripts that encode pro-

inflammatory molcules, such as TNF-α (211;281). In transgenic mouse models lacking 

TTP, increased steady state levels of TNF-α mRNA and protein have been documented, 

suggesting the important anti-inflammatory role this protein could play in mammals. 

Because of its fine-tuning role during inflammation, TTP is often referred to as the anti-

inflammatory RNA-binding protein. T cell-restricted intracellular antigen-1 (TIA-1) was 

discovered as an RBP interacting with TNF-α transcripts (220). Although the steady-state 

TNF-α mRNA levels and stability were normal in TIA-1 null mice, secretion of TNF-

α was significantly higher in these animals compared to the wild type, suggesting that 

TIA is a transcriptional repressor (220). hnRNP D (AUF1) is another RBP with multiple 
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isoforms interacting with AREs to destabilize or stabilize the mRNA depending on the 

abundance of different isoforms (282;283).   

 Computational analysis of the 3'UTR of CD38 gene revealed the presence of 4 

AREs located within the last 400-bp region of the 3’UTR. In addition, we also reported 

that the MAPKs ERK and p38 mediate CD38 expression through regulating the stability 

of the CD38 transcript in TNF-α-treated HASM cells (21). Multiple studies have 

demonstrated that MAPKs, particularly p38 MAPK, elicits its effects on target mRNA 

stability through RBPs (217;284). In light of these observations, we attempted to test the 

hypothesis that the MAPKs regulate the interaction of RNA-binding proteins with the 

AREs of the CD38 transcript to regulate its stability.      

MATERIALS AND METHODS 

Materials: Tris base, glucose, HEPES, TNF-α, U0126, SB208035, SP600125, 

dexamethasone and other chemicals
 
were purchased from Sigma Chemical (St. Louis, 

MO). Hanks’
 
balanced salt solution (HBSS), Dulbecco’s modified

 
Eagle medium 

(DMEM) and streptavidin-coated Dynal magnetic beads (M-280) were purchased from 

Invitrogen-Gibco-BRL (Carlsbad, CA). Lane Marker Sample Buffer was obtained from 

Pierce (Rockford, IL). The nuclear/cytosolic  fraction extraction kit (NE-PER) was 

purchased from Pierce biotechnology. The synthetic, 2’ O-methylated and 5'-biotinylated 

or non-biotinylated oligo-ribonucleotides (ORN) (ARE1, ARE2, SCR) were obtained 

from Integrated DNA Technology (IDT) (Table 1).  
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Human Airway Smooth Muscle Cell culture and general experimental design: 

Trachealis muscle from human donors (post-mortem) was utilized as a source of HASM 

cells and were propagated as described (247;285). (263)DMEM supplemented with 10 % 

FBS, 100 U/ml of penicillin, 0.1
 
mg/ml of streptomycin, 2 mM L-glutamine and 0.25 

µg/ml of amphotericin
 
B were used in the culture medium. The cells were growth-

arrested
 
at Go of cell cycle by withdrawing serum for 48 hrs in the presence of transferrin

 

and insulin. In experiments involving effects of MAPK inhibitors, the cells were pre-

treated with DMSO (vehicle), MAPK inhibitors U0126 (15 µM), SB208035 (15 µM) or 

SP600125 (25 µM) for 1 hour. The concentrations of MAPK inhibitors were determined 

through preliminary experiments of concentration-response and cellular toxicity. rhTNF-

α  (10ng/ml) was added to the cells in the presence of these inhibitors. To determine the 

effects of TNF-α and MAPK inhibitors on RNA-binding proteins, cells were treated with 

TNF-α for 18 hrs in the presence of vehicle (DMSO) or MAPK inhibitors.  

Collection of nuclear and cytosolic fractions of HASM cells 

Cell were washed once in cold PBS, scraped in PBS and pelleted by centrifugation at 500 

x g  to pellet the cells. To obtain nuclear and cytosolic fractions, the pellets were 

processed with the lysis buffers of NE-PER cell fractionation kit according to the 

manufacturer's protocol. Briefly, a controlled lysis was performed with buffers containing 

detergent, pelleted at 16 000 x g and the supernatant (cytosolic fraction) was collected 

and stored at -80° C until further use. The pellet (nuclei) was lysed in ice for 1 hr, spun at 

16 000 x g and the supernatant (nuclear protein) was collected. The protein contents of 
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nuclear and cytosolic fractions were determined by BCA protein assay (Bio-rad Inc., 

Hercules, CA)  

Magnetic bead pull down assay 

1mg (10 µg/µl, 100 µl) of streptavidin-coated dynal beads (M-280) were washed in the 

washing and binding buffer (10 mM Tris-HCl, pH 7.5, 1mM EDTA, 2 M NaCl) 

according to the manufacturer's protocol and re-suspended in the same buffer at 5 µg/µl 

concentration. The slurry was incubated with 200 pmol of ARE1, ARE2 or scramble 

(SCR) oligo-ribonucleotide (ORN) for 30 min at 4° C with rotating. Following two 5-min 

washes with washing and binding buffer, the RNA-coated magnetic beads were incubated 

with 15 µg of nuclear or cytosolic extract for 45 min at 4° C with rotating in the presence 

of RNA binding buffer (25 mM HEPES-pH 7.5, 0.5 mM EGTA, 100 mM NaCl, 0.5 mM 

DTT, 4 mM MgCl2, 20 mM KCl, 0.05% NP-40, 0.5 mg/ml yeast tRNA and 5% 

glycerol,). The beads were washed twice in the RNA-binding buffer and re-suspended in 

a small volume of the same buffer for downstream applications.  

 Western blot detection of RNA-binding proteins 

The sub-cellular fractions (10 µg) or the magnetic beads bound with potential RNA-

binding proteins were added with 5X SDS sample buffer, boiled at 95° C for 5 min and 

loaded onto 12.5% Tris-HCl polyacrylamide gels for electrophoresis. The proteins were 

electro-blotted onto a PVDF membrane. The membrane was blocked overnight with 5% 

skim milk solution in PBS and 0.1% tween 20, followed by 1hr incubation with primary 

antibodies against HuR, TTP or TIA-1 and appropriate secondary antibodies conjugated 
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with horse radish peroxidase (HRP). The bands were visualized by adding 

chemiluminescent substrate and exposing to X-ray film.  

RNA electrophoretic mobility shift assay 

Fiveµg of cytoplasmic or nuclear fraction was incubated with 20 fmol of biotinylated 

oligo-ribonucleotide (ORN) in the presence of RNA-binding buffer in ice for 15 min. In 

competition binding, 200-fold molar excess of un-labeled ORN (4 pmol) was pre-

incubated with the the extract for 15 min on ice. To determine super shift by antibodies 

against specific RNA-binding proteins, the extracts were pre-incubated with 1 µg of 

specific antibodies for 30 min on ice. The binding reactions were resolved in a 6% Tris-

borate EDTA (TBE) gel under non-denaturing conditions and transferred onto a nylon 

membrane overnight by upward capillary transfer. The nylon membrane was exposed to 

long wave length UV light for 10 min to cross-link the potential RNA-protein complexes 

to the membrane. The membranes were developed using chemiluminescent nucleotide 

detection module (Pierce) to visualize RNA-protein complexes.     

RESULTS 

Sub cellular localization of RNA-binding proteins in HASM cells 

The sub-cellular localizations of HuR and TTP were determined by western blot. HuR 

was exclusively localized in the nuclear compartment of the cells, while the TTP is pre-

dominantly localized in the cytoplasm (Figure 1A and B). Exposure of the HASM cells to 

TNF-α for 18 hrs did not elicit changes in the location of the RBPs. Pre-treatment of the 
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cells with MAPK inhibitors did not result in changes in the sub-cellular localization of 

the RBPs.  

TNF-αααα-increases the interaction of RNA-binding proteins with the AREs 

representative of CD38 mRNA 

In a magnetic bead-based pull -down assay, binding of HuR and TIA-1 to AREs 

represented in the CD38 3'UTR were examined. Nuclear extracts from HASM cells 

treated with vehicle or TNF-α were incubated with a representative ARE (ARE1) from 

the CD38 mRNA. Exposure of cells to TNF-α for 18 hrs increased the binding of HuR 

and TIA-1 to the ARE1 (Figure 2A). The non-specific binding of HuR to the scrambled 

ORN was equivalent to the ARE1 binding seen in the vehicle-treated HASM nuclear 

extracts (Figure 2A). There was no significant binding of TIA-1 to a scrambled sequence 

ORN. Exposure of the cells to TNF-α did not induce binding of TTP to the ARE1 (data 

not shown).    

The oligo-ribonucleotides representing CD38 3’UTR did not show specific binding 

in electrophoretic mobility shift assay   

In light of the above findings, experiments were designed to determine whether RBPs 

bind with the AREs of CD38 mRNA in a sequence-specific manner. ARE1, ARE2 or 

scramble sequence (SCR) was used in electrophoretic mobility shift assay to determine 

whether any RBPs bind to the CD38 AREs. When the cytoplasmic extracts from control 

or TNF-α-treated cells were incubated with ARE2 or SCR, protein-RNA complexes were 

formed with the ORNs in a non-specific manner (Figure 2B). Non-specific protein-RNA 
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complexes were formed between ARE1 and nuclear extracts from cells treated with TNF-

α  (Figure 2C). Antibodies against HuR or TIA-1 did not cause a supershift in these 

bands, indicating that these RBPs may not be present in the RNA-protein complexes 

(Figure 2C).  

DISCUSSION  

 CD38 expression is induced by the inflammatory cytokine TNF-α in HASM cells. 

Findings from our previous studies indicated that TNF-α-induced CD38 expression is 

mediated through both transcriptional and post-transcriptional mechanisms and that ERK 

and p38 MAPKs mediate the post-transcriptional regulation of CD38 (21). In the current 

work we tested the hypothesis that RNA binding proteins  bind to the 3'UTR of the CD38 

mRNA to modulate CD38 mRNA stability. It was found that, although the cellular 

localization of the three major RNA-binding proteins were not altered by exposure to 

TNF-α or MAPK inhibitors, the TNF-α does increase specific binding of these proteins 

to the individual AREs of CD38 mRNA.  

AREs are important cis motifs with crucial roles in modulating the stability of 

several mRNAs (188). The trans elements, RNA binding proteins, bind to these AREs to 

alter the transcript stability as well as the translatability of target mRNA (193). In the 

current work, we investigated three specific RNA binding proteins, each representing the 

three major groups of RBPs: stabilizing, destabilizing and translational repressor proteins. 

HuR is a RNA stabilizing protein ubiquitously expressed in several mammalian cell types 

(196). TTP is an important RNA-destabilizing protein, often identified as an anti-

inflammatory protein due to its destabilizing effects on pro-inflammatory transcripts 



108 

 

(210). TIA-1 binds to AREs of target mRNA and represses their translation (220). 

Studies have shown that MAPKs, particularly the p38 MAPK, play critical roles in ARE-

mediated stabilization of pro-inflammatory transcripts. Studies on a variety of cell types 

revealed that p38 MAPK mediates mRNA stabilization by activating and shuttling RNA-

binding proteins between sub-cellular compartments (217;218). In a previous 

investigation from our laboratory, we found that pre-treatment of HASM cells with an 

inhibitor of p38 MAPK dramatically decreases the half-life of CD38 mRNA induced by 

TNF-α (21). This observation, coupled with the finding that the CD38 3'UTR carries four 

AU-rich motifs prompted us to hypothesize that RNA-binding proteins bind to these 

AREs and mediate post-transcriptional regulation of TNF-α-induced CD38 expression in 

HASM cells.  

 Contrary to our expectation, treatment of the cells with TNF-α or the inhibitors of 

ERK, p38 and JNK MAPKs failed to elicit any appreciable effect on the sub-cellular 

localization of the RNA-binding proteins that were studied in the current work. Similar 

studies in other mammalian cells have demonstrated that nucleo-cytoplasmic shuttling of 

RNA-binding proteins is an important step in stabilization/destabilization of target 

transcripts (286;287). Even in the absence of apparent nucleo-cytoplasmic shuttling, HuR 

and TIA-1 bind selectively to an ORN representative of the CD38 ARE. Many RBPs, 

including HuR, undergo post-translational modifications that regulate their nucleo-

cytoplasmic shuttling and RNA binding activities (205). For instance, HuR can undergo 

post-translational modifications such as phosphorylation and methylation, altering its 

RNA-binding functions depending on the site of modifications (288;289). Therefore, it is 
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likely that TNF-α induces a post-translational modification that increases the binding of 

HuR and TIA-1 to the ORN representative of CD38 ARE. Since p38 MAPK is known to 

be involved in phosphorylating certain RBPs in other cell types, we expected to find 

altered binding of HuR in the presence of p38 inhibitor SB203580 (218). Interestingly, 

none of the MAPK inhibitors showed reversal of HuR or TIA-1 binding to the ARE.  

The cytoplasmic and nuclear extracts showed non-specific binding with each 

ARE1, 2 and SCR. While many proteins involved in non-specific degradation of RNA 

bind with the stem and loop secondary structures of mRNA, for ARE-mediated 

degradation, primary structure of mRNA appears sufficient to recruit specific RBPs 

(283). In vitro experiments have also demonstrated that ARE-carrying oligo-

ribonucleotides (ORN) as short as 25-bases bind selectively with RBPs (290). In light of 

these facts we speculate that the non-specific nature of RNA-protein binding in RNA 

EMSA needs to be resolved by optimization of the binding conditions. In addition, in 

future experiments, non-specific RNA-protein complexes will be analyzed for the 

presence of additional RNA-binding proteins. The future direction of the investigation 

also includes using ORNs representing the other AREs of CD38, individually or in 

combination with each other.      

 In conclusion, this is a preliminary work in a broader investigation of post-

transcriptional regulation of TNF-α-induced CD38 expression in HASM cells. We 

believe that findings of this work particularly shed light on the potential role of RNA-

binding proteins in the regulation of CD38 mRNA stability.                
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FIGURE LEGENDS AND FIGURES 

Table 1: AU-Rich elements (ARE) of CD38 3’UTR 

Upper panel: The CD38 3’UTR with 4 AREs. These AREs are located within a ~400-

base long region within the 3’UTR. The sequence was obtained from primers designed 

based on a NCBI full-length entry (D84284.2). Note that the first ARE is a nonamer and 

3 others are the classical pentamers. Lower panel: The representative ARE used in the 

magnetic bead pull down assay and RNA EMSA. ARE1 and ARE2 represent the first and 

the second AU-rich elements of the CD38 3’UTR. The scrambled sequence ORN was 

generated by manually scrambling the sequences. The ORNs were synthesized with 3’O-

methylation of the three flanking nucleotides and with or without 5’ end biotinylation.    
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Table 1. The ARE sequences of CD38 3'UTR 

 

 

 

 

ORN Sequence  

ARE1 *5`-mUmUmUAUGUUAUUUAUAUAmUmUmG-3` 

ARE2 *5`-mUmAmUAUAUUUAAGmUmUmG-3` 

Scramble *5’-mAmCmAUGCAUCAGACAAGUmCmAmA-3’ 

  

Key: * 5` biotinylation 

             m- 2-O-methyl modification of bases 
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Figure 1: Sub-cellular localization of RNA-binding proteins in HASM cells 

A) The sub cellular localization of RNA-stabilizing protein HuR. HuR was localized 

exclusively in the nucleus. Exposure to TNF-α in the absence or presence of p38 MAPK 

inhibitor SB203580 (SB) did not result in apparent change in the sub cellular location of 

HuR. B) Sub cellular localization of RNA-destabilizing protein TTP in HASM cells. TTP 

was exclusively localized to the cytoplasmic compartment of the cells. Exposure to TNF-

α (Τ10; 10 ng/ml, 18 hrs)  in the presence or absence of U0126 (U+T10;MEK inhibitor), 

SB203580 (SB+T10; p38 inhibitor) or SP600125 (SP+T10; JNK inhibitor) did not induce 

any changes in the location of TTP. The blot is representative of three individual 

experiments.  
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Figure 1. Sub-cellular localization of RNA-binding proteins in HASM cells 
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Figure 2: TNF-α α α α increases the binding of HuR and TIA-1 to CD38 ARE.  

A) Magnetic pull-down assay with nuclear extracts and ARE1 or SCR sequences. 

Streptavidin-coated magnetic beads were labeled with 20 pmol of ARE1 or SCR, 

followed by incubation with nuclear extracts (20 µg) from HASM cells exposed to TNF-

α (10 ng/ml, 18 hrs) in the presence or absence of MAPK inhibitors. TNF-α increased 

the specific binding of HuR and TIA-1 to ARE1, an ORN representative of the CD38 

ARE. The binding was not significantly affected by pre-exposure of the cells to MAPK 

inhibitors. The proteins were not detected in the supernatant of the pull-down assay due 

to highly diluted samples. Blot representative of 3 independent experiments B) RNA 

EMSA to determine binding of cytoplasmic proteins to ARE2. Cytoplasmic extracts (5 

µg) were incubated with 20 fmol of biotin-labeled ARE2 or SCR and resolved in 6% 

native TBE gel. Note RNA-protein complexes formed in response to TNF-α exposure 

(lane 3) and absence of the particular complex in extracts from cells pre-treated with p38 

inhibitor (SB203580) (lanes 5 and 12). However, the complex was formed independent of 

the presence or absence of AU-rich sequence. Image representative of 4 independent 

experiments. V-vehicle (DMSO), P-free probe, competitor- 200-fold excess (4 pmol) of 

unlabeled ORN. C) RNA EMSA with ARE1 or SCR with nuclear extracts from TNF-α-

treated cells. Note formation of RNA-protein complexes independent of the AU-rich 

sequence. Lack of super shift indicates that HuR or TIA-1 is not in the RNA-protein 

complexes. (Image representative of 4 independent experiments) 
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Figure 2. TNF-α α α α increases the binding of HuR and TIA-1 to CD38 ARE. 
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CHAPTER V 

 

 

 

Optimization of Biochemical Assays to Measure ADP-ribosyl Cyclase Activity 
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INTRODUCTION  

 CD38 is a trans-membrane protein with enzymatic and receptor functions, 

expressed in a variety of mammalian cells including airway smooth muscle cells 

(15;245). The 45 kDa transmembrane glycoprotein possesses multiple enzymatic 

activities. Among them, ADP-ribosyl cyclase activity generates cyclic adenosine 

diphospho ribose (cADPR) from β-nicotinamide adenosine dinucleotide (β-NAD) (11). 

The cADPR hydrolase activity of CD38 converts the cADPR into ADP- ribose (ADPR) 

(11). Both these products are known to have roles in cellular Ca
2+

 dynamics in 

mammalian cell (9;69). Of particular interest is the role of cADPR in Ca
2+

 mobilization 

in mammalian and invertebrate organisms (8;9;291). The regulation and function of 

CD38 in mammalian cells has been studied by various investigators, often in relation to 

important pathological conditions (15;107;239).   

 The studies on CD38 expression and function are in need of sensitive assays to 

quantify the multiple enzymatic activities of CD38. To this end A number of techniques 

have already been developed. Earlier approaches of measuring CD38 enzymatic activities 

involved the use of radio-labeled substrates combined with thin layer chromatography 

(292). In another approache, the products and substrates were separated using high-

performance liquid chromatography (HPLC) to relatively quantify the products of the 

enzymatic reactions (293). A recent technique for measuring ADP-ribosyl cyclase 

activity utilized nicotinamide guanosine dinucleotide (NGD), an analog of the native β-

NAD, to generate non-hydrolysable fluorescent cGDPR (cyclic guanosine dinucleotide 

phospho ribose) (294). Although these techniques are currently in use and help generate 

publishable data, certain deficiencies of the techniques prevent widespread application of 
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the assays. The major shortfall in all these assays is the lower sensitivity, making these 

assays incapable of detecting lower levels of ADP-ribosyl cyclase activity in samples. In 

addition, techniques based on chromatography methods are time consuming, require 

instrumentation and are technically demanding. It is also reported that some (non-CD38) 

ADP-ribosyl cyclases do not utilize analogs like NGD (295). In the present work, we 

undertook the task of utilizing already existing tools and assays to design optimized 

biochemical assays to quantitatively determine ADP-ribosyl cyclase activity in various 

samples. As a result, a radio-ligand binding assay was optimized and its application was 

tested in various sources of cyclase activity. A second assay, superior in sensitivity to the 

radio-ligand binding assay, was also optimized in this project.   

MATERIALS & METHODS 

 

A) General Experimental Methods 

 

A.1. Reagents  

Tris base, glucose, resazurin, β-NAD, FMN, nocptinamide and other chemicals
 
were 

purchased from Sigma Chemical (St. Louis, MO) unless otherwise noted. Human 

recombinant TNF-α (rhTNF-α) was purchased from R&D Systems (Minneapolis, MN). 

32
P-ATP was purchased from Perkin Elmer. 

32
P-3-deaza-cADPR was synthesized with 

modifications to protocols described (296). Sea urchin (Strongylocentrotus purpuratus) 

eggs homogenates were prepared as previously described (297). Human airway smooth 

muscle (HASM) cell lysates were prepared as described previously publications (21). 

Lysates of human astrocytes were obtained from Dr.Anuja Ghorpade (University of 

Nebraska, Lincoln) ((107). 3-deaza NAD was generated by methods described previously 

(298).  
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A.2. ADP-ribosyl cyclase reaction 

of 3-deaza NAD (65.3 µM) was incubated with 10 µg of whole cell lysate or lysis buffer 

at room temperature in 50 µl. Ten µl of aliquots were collected at t 0, 1, 2, 6, and 12 hrs 

time points and mixed with 10 µl of 100 mM HCl and frozen at -20° C until further 

processed. The preliminary experiments showed that the 3-deaza-cADPR level peaks at 

45 -60 min. In subsequent experiments, the lysates were incubated with 3-deaza-NAD for 

1 hr at room temperature and the aliquots were stored at -20° C until further processed.  

A.3. Radio-label binding reaction 

A series of 3-deaza-cADPR dilutions (0-200 nM) were used as standards. The aliquots 

obtained from the ADP-ribosyl cyclase reaction (A.2) were neutralized with 2M Tris-

base to adjust the pH to 7.0. Aliquots were diluted (1:10-1:30) in Na2HPO4/NaH2PO4 

buffer to keep the concentration of 3-deaza-cADPR within the range of standards. The 

sea urchin egg homogenate was diluted 1:5 in the KgluIM (Kglu-intracellular-like 

medium; 250 mM potassium gluconate, 250 mM N-methyl D-glucamine, 1 mM MgCl2, 

20 mM HEPES) to obtain 1.86 µg/µl concentration of protein (299). Five µl of 
32

P-3-

deaza-cADPR (~10,000 cpm/reaction) and 5 µl of the reaction aliquot or buffer or 3-

deaza-cADPR standard were incubated along with 40 µl of sea urchin egg homogenate in 

ice for 20 min. After 20 min incubation, 40 µl of the binding reaction was transferred to a 

glass fiber-C (GFC)-bottomed multiwall plate. The GFC membrane was pre-wetted with 

15% polyethylene glycol (PEG) in KgluIM prior to transfer. The radio-label bound 

complexes were captured into the GFC membrane bottom by applying a vacuum using a 

vacuum manifold. The membranes were washed in 15% PEG (in KgluIM) twice and air-
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dried. The membrane-bottomed multi-well plate was exposed to a phosphorimager screen 

overnight. An image was acquired with Cyclone phosphorimage detector and analyzed 

densitometrically using the image analysis software Optiquant. In some experiments, the 

GFC membrane bottom of the multi-well plate was punched and placedinto a scintillation 

vial containing scintillation cocktail and radio-activity was measured using a scintillation 

counter.  

A.4. Reverse ADP-ribosyl cyclase (reverse cyclase) and rezasurin reaction  

Cell lysates containing 10 µg of total protein were incubated for 1 hr at 37
o
C with or 

without 10 mM nicotinamide in the presence of 0.45 mM cyclic-ADP ribose in a total 

reaction volume of 50 µl. The reverse cyclase reaction was terminated by adding 25 µl of 

1M HCl and vacuum filtered through PVDF membrane in a multi-well plate (Immobilon, 

0.45 µm, Millipore) to remove protein. The filtrates were neutralized with 15 µl of 2 M 

Tris-base and diluted (1:25-1:100) in Na2HPO4/NaH2PO4 buffer (pH 6.8). The NAD 

content of the filtrate was quantified by a fluorescent cycling reaction as follows: Forty µl 

of the filtrate or NAD standards (0-1000 fmol) was incubated with an equal volume of a 

reagent mixture containing 2 µM rezasurin, 0.76% v/v ethanol, 4 µM Flavin 

Mononucleotide (FMN), 40 µg/ml alcohol dehydrogenase and 0.04 U/ml diaphorase in 

Na2HPO4/NaH2PO4 buffer (pH 6.8) at room temperature. The fluorescence developing 

from the reaction was quantified (excitation at 544 nm and emission at 590 nm) using a 

multi-well format fluorometer (FLUO Star Galaxy, BMG Biotechnologies) and the rate 

of fluorescence (slope) was determined.  
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B) Specific Experimental Methods: 

B.1. Determining optimal pH for 
32

P-3-deaza-cADPR binding with sea urchin egg 

homogenates  

To determine optimal pH of the binding reaction, binding buffers with a range of pH 

(7.75, 7.39, 6.98, 6.78, 6.62, 6.39, 6.21, 6.01, 5.8 and 5.42) were prepared. Five µl of 
32

P-

3-deaza-cADPR (~10,000 cpm) and 5 µl of 500 nM 3-deaza-cADPR (competitor) were 

incubated with 40 µl (1.86 µg/µl) of sea urchin egg homogenate for 20 min on ice. The 

radio-label bound complexes were absorbed to GFC membranes and the radioactivity 

was determined in a scintillation counter. 

B.2. Determining Optimal pH and buffer for fluorescent cycling reaction: To determine 

the optimal pH for the fluorescent cycling reaction, Na2HPO4/NaH2PO4 of various pH 

(pH range 5.84-8.08) was prepared and used in a fluorescent cycling reaction along with 

NAD standards (0-1000 fmol). Forty µl of NAD standards and 40 µl of the reagent 

mixture prepared in Na2HPO4/NaH2PO4 with different pH were incubated at room 

temperature and the fluorescent emission was detected using fluorometer. Other 

components of the reagent mixture were maintained as described above (A.4).  

B.3. Determining Optimal concentration of rezasurin for the cycling fluorescent assay: 

Forty µl of NAD standards (0-1000 fmol) and 40 µl of reagent mixtures containing a 

range of rezasurin concentrations (0.25-32 µM) were incubated at room temperature and 

the slope of fluorescence was determined. The other components of the reagent mixture 

were maintained as described above (A.5).              
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B.4. Application of the assays. 

The applications of radio-label binding assay and reverse cyclase assay were tested in 

various types of samples. Total cell lysates were obtained from HASM cells treated with 

TNF-α in the presence or absence of various MAPK inhibitors (21). Lysates of cultured 

human astrocytes treated with vehicle or IL-1β were obtained from our collaborators. Ten 

µg of total protein was used in ADP-ribosyl cyclase reaction for radio-label binding assay 

or in the reverse cyclase assay.      

B.5. Data Analysis 

Binding of 
32

P-3-deaza-cADPR to the sea urchin egg microsome was expressed as the 

ratio between B0 (binding in the absence of competitor) and Bx (binding in the presence 

of “x” fmols of competitor). The standard curve was generated based on the 

concentrations of competitor (3-deaza-cADPR standards) and B0/ Bx (Figure 2B). The 

ADP-ribosyl cyclase activity was expressed as 3-deaza-cADPR fmol/hr/mg total protein. 

The ADP-ribosyl cyclase reactions were performed in duplicates. Binding reactions were 

performed in 3-5 replicates and the means and standard deviations were used in 

calculations. In the reverse cyclase assay, the quantity of NAD generated during the 

reverse cyclase reaction was calculated from the NAD standard curve and expressed as 

fmols of NAD/hr/mg of total protein. The reverse cyclase reactions and fluorescent 

cycling reactions were performed in duplicate. In optimization experiments, the reactions 

were performed in 3-6 replicates. The data are shown as mean±SEM.      
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RESULTS 

1. Optimal pH of 
32

P-3-deaza-cADPR binding assay 

To optimize the binding of 
32

P-3-deaza-cADPR to sea urchin egg homogenates, the 

specific binding was determined at the following pH values: 7.8, 7.4, 7.0, 6.8, 6.6, 6.4, 

6.2, 6.0, 5.80 and 5.4. Although the specific binding was higher between the pH values of 

6.0 and 7.0, a pH closer to 6.8 showed the highest specific binding of 3-deaza-cADPR to 

the sea urchin egg microsomes (Figure 4).   

2. Optimal conditions of reverse cyclase assay 

The optimal pH for efficient detection of NAD in the fluorescent assay was determined. 

Among the range of pH used, pH range 6.0-7.0 gave the highest rate of fluorescence 

emission for the given NAD standards (Figure 5A). To determine whether the rezasurin 

concentration can be manipulated to increase the sensitivity of NAD detection, a range of 

rezasurin (0.25-32 µM) was included in the fluorescent cycling assay along with 200 

fmol NAD standard. The highest rate of fluorescence was obtained in the presence of 2 

µM of rezasurin, with the rate of fluorescence falling with increasing rezasurin 

concentration (figure 5B).   

 3. Applications of the 
32

P-3-deaza-cADPR binding and reverse cyclase assays  

 Cell lysates from HASM cells and human astrocytes were analysed for their ADP-

ribosyl cyclase activities, after experimental manipulations known to induce CD38 

expression (21;107). The cyclase activity was also determined in some of these samples 

by the routine NGD assay (figure 6A). The binding assay and the reverse cyclase assay 

were superior in their sensitivity compared to the routine NGD assay. The quantity of 
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starting material required for these two assays was much lower (10 µg) compared to the 

NGD assay (30-40 µg).  

DISCUSSION 

The current work expands on previous developments on assays to measure the 

enzymatic activities of CD38. Two sensitive assays were optimized and are currently in 

use to quantify ADP-ribosyl cyclase activity in our laboratory (21;116). There are many 

favorable features in these two assays, compared to the earlier techniques for measuring 

ADP-ribosyl cyclase activity. The foremost advantage is their relatively higher 

sensitivity. 

3-deaza-cADPR is an agonistic analog of cADPR, the native product of ADP-

ribosyl cyclase activity (Figure 1A). In preliminary studies, the 3-deaza-cADPR showed 

relatively, higher affinity to sea urchin egg microsomes, compared to cADPR and ADPR 

(Figure 1B). Although the identity of a receptor for cADPR or its analogs is yet to be 

determined, previous studies have indicated that sea urchin microsomes carry binding 

targets that selectively bind to these small molecules to mediate Ca
2+

 release (296). The 

radio-label binding assay was designed to exploit the selective and high affinity binding 

of 3-deaza-cADPR to sea urchin egg microsomes.  The detection limit of the radio-label 

binding assay was 15 fmol of 3-deaza-cADPR. In protocols used in HASM cells, 1hr of 

incubation with 10 µg of total protein generates 3-deaza-cADPR   levels detectable by the 

radio-ligand binding assay. This is an advantage compared to the higher quantities of (30- 

40 µg total protein) starting material required in previously used NGD assay. However, 

the necessity to handle hazardous radio-active reagents and the shorter half-life (14.3 

days for 
32

P) of the radio-isotopes are the limitations of the radio-label binding assay.  
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 The reverse cyclase assay was developed previously and optimized to replace the 

radio-label binding assay. The original fluorescent cycling assay was developed to 

measure cADPR levels in tissue lysates (300). In our modification, high concentration of 

cADPR is incubated with the source of ADP-ribosyl cyclase enzyme in the presence or 

absence of nicotinamide (Figure 3A). The NAD generated through reverse cyclase assay 

is quantified using a fluorescent cycling (indicator) reaction. The rationale for performing 

the reverse cyclase reaction with and without nicotinamide is to determine the 

background NAD in the samples, so that the background can be subtracted from the total 

NAD to obtain the authentic reading (Figure 3B).  

 In conclusion, two sensitive assays to quantify ADP-ribosyl cyclase activity were 

optimized. Both assays were tested on cell lysates obtained from various experimental 

procedures. Among these two assays, reverse cyclase assay is superior to the radio-ligand 

binding assay in sensitivity and ease of use.   
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FIGURE LEGENDS AND FIGURES 

Figure 1. Higher affinity of 
32

P-3-deaza-cADPR to Sea urchin egg microsomes 

Left panel: Structure of 3-deaza-cADPR, the agonistic analog of cADPR. Right panel: 

Higher affinity of 3-deaza-cADPR to the sea urchin egg microsome. 
32

P-3-deaza-cADPR 

was incubated with sea urchin egg microsomes in the presence or absence of unlabeled 3-

deaza-cADPR, cADPR or ADPR (competitors). Displacement of the radio-labeled 3-

deaza-cADPR by these competitors was determined. For 
32

P-3-deaza-cADPR binding , 3-

deaza-cADPR showed 100 times lower inhibitory concentration (IC50~ 0.5 nM) 

compared to cADPR (IC50 of 57 nM).  
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Figure 1. Higher affinity of 
32

P-3-deaza-cADPR to Sea urchin egg microsomes  
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Figure 2. Scheme of 
32

P-3-deaza-cADPR binding assay to measure ADP-ribosyl 

cyclase.  

A) The scheme of radio-label binding assay to determine ADP-ribosyl cyclase activity. 

The assay is composed of two consecutive reactions. 3-deaza-cADPR is generated in the 

first reaction and this is used as the unlabeled competitor in second radio-label binding 

reaction. B) Left panel: the displacement curve obtained in the presence of known 

unlabeled 3-deaza-cADPR standards (determined byscintillation counter). Right panel: 

The alternate way of obtaining radio-label binding data is to expose the GFC-membrane 

plate to a phosphorimager screen. This image shows the decrease in radio-labeled 3-

deaza cADPR binding with increasing levels of competitor. C) A Linear standard curve is 

obtained by converting the raw binding data into B0/ Bx versuscompetitor concentration 

(B0 - maximal binding, in the absence of competitor; Bx- binding of label in the presence 

of “x” concentration of competitor).     
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Figure 2. Scheme of 
32

P-3-deaza-cADPR binding assay to measure ADP-riboyl 

cyclase   
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Figure 3. Scheme of reverse ADP-ribosyl cyclase assay 

A) The scheme of reverse ADP-ribosyl cyclase (reverse cyclase) assay. The assay is 

composed of three reactions. In the first (“reverse cyclase”) reaction NAD is generated by 

shifting the balance of the reaction backwards. The NAD is fed into a cycling reaction 

(second reaction) that uses oxidation-reduction mechanism to convert rezasurin into 

fluorescent resorufin (third reaction-indicator reaction, also called rezasurin reaction). B) 

Real time fluorescence from a single rezasurin reaction. The blue line is the fluorescence 

representative of the total NAD in the reaction (i.e. contaminant NAD and NAD from 

reverse cyclase reaction) and the pink line is the fluorescence due to the background level 

of NAD in the samples and reagents.   
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Figure 3. Scheme of reverse ADP-ribosyl cyclase assay 
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Figure 4. Optimization of 
32

P-3-deaza-cADPR binding assay 

Determination of optimal pH of the 
32

P-3-deaza-cADPR binding to sea urchin egg 

microsomes. The binding of 
32

P-3-deaza-cADPR (10,000 cpm/reaction) to sea urchin egg 

microsome was determined in a range of pH, in absence or presence of 500nM 3-deaza-

cADPR competitor. The red line represents total binding and the blue line indicates 

specific binding. Maximal binding was observed in pH 6.8. Data is an average of 5 

replicates.  
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Figure 4. Optimization of 
32

P-3-deaza-cADPR binding assay  
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Figure 5. Optimization of ADP-ribosyl reverse cyclase assay   

A) Optimal pH of the indicator reaction was determined by conducting rezasurin reaction 

in buffers with a range of pH values (pH range 5.84-8.08). O-1000 fmol of NAD 

standards were used to in the rezasurin reaction. The pH closer to 7.00 showed higher 

rate of fluorescence. The data is representative of 3 replicates. B) The optimal 

concentration of rezasurin in the indicator reaction. A range of 0.25-32 µM rezasurin was 

used in the indicator reaction along with 200 fmol NAD standard. The 2 µM final 

concentration of rezasurin showed maximal slope of fluorescence. The red line represents 

total fluorescence and the blue line indicates the net fluorescence after subtracting the 

buffer blank (light blue line). Data is the average of 4 replicates.  
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Figure 5. Optimization of reverse ADP-ribosyl cyclase assay 
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B

Effect of Rezasurin concentration on NAD assay
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Figure 6. Application of radio-label binding and reverse cyclase assay  

A) ADP-ribosyl cyclase activity in IL-1β-treated human astrocyte. Lysates from human 

astrocytes (treated with IL-1β to induce CD38 expression) were measured for their ADP-

ribosyl cyclase activity using radio-label binding assay and reverse cyclase assay. The 

qualitative trend of ADP-cyclase activity was also determined by the NGD assay. Each 

assay was performed in triplicate and the data is presented as the mean and SEM. B) 

ADP-ribosyl cyclase activity in HASM cell lysates. Lysates of HASM cells treated with 

TNF-α (T) in the presence of DMSO (vehicle) or various MAPK inhibitors (U-U0126, 

MEK1/2 inhibitor; p38-SB203580,p38 inhibitor; JNK-SP600125, JNK inhibitor)  were 

used to determine ADP-ribosyl cyclase activity using the competition binding assay. A 

similar qualitative trend was observed in the cells when the ADP-ribosyl cyclase activity 

was measured using reverse cyclase assay ((21).        
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Figure 6. Application of radio-label binding and reverse cyclase assays 
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Chapter VI 

 

General Conclusions & Future Directions  
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GENERAL CONCLUSIONS & FUTURE DIRECTIONS 

 CD38 was initially reported as a classical immune receptor protein expressed in 

lymphocytes. The discovery of similarity between the Aplysia ADP-ribosyl cyclase and 

CD38 enzymatic activities provided a new perspective for the role of CD38 in cells 

outside the immune system (55). The role of cADPR as a Ca
2+

 mobilizing agent was 

initially reported in invertebrates, followed by studies that proved that ADPR is 

functional in numerous mammalian cells (8;301). These initial studies paved the way for 

the current interest in CD38/cADPR signaling in mammalian cells. Past studies have shed 

light on the role CD38/cADPR signaling pathway in important human disorders 

(10;107;239). Our laboratory has been studying the role of CD38/cADPR signaling in 

ASM cells for past several years, using in vitro and in vivo approaches in human ASM 

cells and mice (13;15-17). The studies presented in this thesis were undertaken to 

investigate two broader aspects of CD38/cADPR signaling in HASM: 

1. Understanding the regulation of CD38 expression in HASM cells 

2. Understanding the expression, function and potential role of CD38 in asthmatic 

HASM 

As a part of the first aspect of the study, we pursued investigations to determine the 

role of PI3K/Akt signaling in TNF-α-induced CD38 expression in HASM cells. 

PI3K/Akt pathway is one of the signaling pathways implicated in various aspects of 

asthma pathogenesis (2). In the present study, we tested a hypothesis that PI3K/Akt 



143 

 

pathway mediates CD38 expression in HASM cells through its cross-talk with ERK 

MAPK. We drew the following conclusions from these studies: 

1. The PI3K/Akt pathway works through cross-talk with ERK MAPK to mediate 

TNF-α-induced CD38 expression in HASM cells.  

2. In addition, PI3K/Akt also mediates TNF-α-induced CD38 expression “directly” 

through a non-ERK dependent mechanism. 

The finding that PI3K/Akt pathway mediates the cytokine-induced CD38 expression 

suggests a potential role for CD38 in airway inflammatory disorders like asthma. The 

small molecular weight G protein Ras is identified as the signaling relay point for many 

downstream players, including PI3K/Akt pathway (302). Although the major roles of 

PI3K/Akt and ERK MAPK are in mediating ASM cell proliferation, there is evidence to 

implicate these pathways in the acute changes of airway inflammations, such as ASM 

hyper-contractility (303-305). We previously reported the role of the MAPKs, ERK, p38 

and JNK in mediating TNF-α-induced CD38 expression in HASM cells. The current 

findings, along with our previous report on MAPK regulation of CD38 expression, 

indicate that CD38/cADPR signaling is one of the downstream effectors of the PI3K and 

MAPK signaling mechanism to mediate AHR during airway inflammatory disorders. 

However, future directions of this study will elucidate the following: 

1. Well-known downstream effectors of PI3K/Akt, such as casein kinase 2, will be 

investigated for their potential role in CD38 expression, utilizing pharmacological 

inhibitors and molecular tools. 
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2. Transcription factors downstream of PI3K/Akt (excluding NF-κB and AP-1) will 

be explored for their role in mediating TNF-α-induced CD38 expression in 

HASM cells. Several transcription factors including the forkhead-box class-O 

(FoxO), are reported as downstream effectors of PI3K (306;307).   

 The second major study investigated the expression and function of CD38 in 

HASM cells isolated from asthmatics. In vivo studies in mouse models of AHR revealed 

that CD38 has a crucial role in normal airway responsiveness as well as in AHR during 

airway inflammation (13;16;17). In vitro studies in HASM cells from non-asthmatic 

donors showed that TNF-α, IL-13 and IFN-γ, the cytokines with essential roles in asthma 

pathogenesis, increased CD38 expression. Based on these facts, we tested our 

hypothesis that CD38 expression and function will be elevated in asthmatic ASM 

compared to non-asthmatic ASM.  

Findings of this study led to the following conclusions: 

1. Asthmatic ASM cells show elevated sensitivity to TNF-α, which culminates in 

differentially elevated CD38 expression compared to the non-asthmatic ASM 

cells.  

2. The differentially elevated TNF-α-induced CD38 expression is mediated through 

increased activation of ERK and p38 MAPKs and the transcription factor NF-κB 

in asthmatic ASM cells.   
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In this study, we report for the first time that CD38 expression and function are elevated 

in asthmatic ASM cells. However, to definitely understand the role of elevated CD38 

expression in asthmatics, the following future studies need to be performed:     

1. To test the hypothesis that the asthmatic ASM cells show elevated agonist-

induced Ca
2+

 response compared to the non-asthmatic cells, cellular Ca
2+

 

transients will be imaged and measured after exposure to TNF-α.  

2. To test the hypothesis that the elevated CD38 expression significantly contributes 

to the agonist-induced Ca
2+ 

transients in asthmatic ASM cells, CD38 will be down 

regulated with siRNA targeting CD38 and the effects of CD38 knockout on 

agonist-induced Ca
2+ 

transients will be determined.  

3. To test the hypothesis that cADPR-mediated Ca
2+

 transients contribute 

significantly to the agonist-induced cellular Ca
2+

 transients in asthmatic ASM 

cells, experiments will be designed to inhibit the Ca
2+

 transients with the cADPR 

antagonist 8-bromo-cADPR.       

The third set of studies reported in this thesis was conducted to investigate the role of 

post-transcriptional regulation of the cytokine-induced CD38 expression in HASM cells 

and is currently in progress. Our previous studies indicated that TNF-α-mediated CD38 

expression is regulated at the level of mRNA stability, through ERK and p38 MAPKs in 

HASM cells (21). Computational analysis of human CD38 gene revealed that the 3’UTR 

of CD38 mRNA contains classical AU-rich motifs with a possible role in transcript 

stability. Based on these previous findings we tested the hypothesis that RNA-
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binding proteins interact with the AU-rich motifs of CD38 mRNA to alter mRNA 

stability. The binding of three RNA-binding proteins, namely HuR (a stabilizing 

protein), TTP (RNA-destabilizing protein) and TIA-1 (translational repression), to oligo-

ribonucleotides representative of CD38 AU-rich elements were determined in vitro. The 

findings of these investigations show that the RNA-binding proteins in HASM cells bind 

to the AU-rich motifs of CD38 mRNA in response to TNF-α exposure. The selective 

binding of any of these specific RNA-binding proteins could not be demonstrated in 

RNA electrophoretic mobility shift (RNA EMSA) assays. Currently, we are optimizing 

the RNA EMSA conditions to obtain selective binding of the RNA-binding proteins to 

the oligo-ribonucleotides representative of CD38 mRNA AU-rich elements.  

Future work in this area will include:     

1. Determining the role of CD38 AU-rich motifs in mRNA stability using a 

luciferase construct that carries individual or all of the AU-rich motifs of CD38 

mRNA.  

2. Determining the effects of down regulating selected RNA-binding proteins (HuR 

and TIA-1) on CD38 transcript stability.   

In addition to the hypothesis-driven studies, we also developed certain tools that 

could be utilized in current and future studies related to the CD38/cADPR pathway. Two 

biochemical assays to measure the ADP-ribosyl cyclase enzyme activity were optimized 

during the thesis work. Both assays are highly sensitive and are currently in use to 

determine the CD38 enzyme activity with precision and repeatability.  
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 In conclusion, the studies described in the thesis have contributed to the 

advancement of knowledge on CD38/cADPR signaling pathway in ASM. Specifically, 

the role of an important pathway, PI3K/Akt, in TNF-α-induced CD38 expression was 

revealed in non-asthmatic HASM cells. The potential role of CD38 in the pathogenesis of 

asthma was also supported by the findings. The thesis work also contributed to the area of 

the study by optimizing and putting to use two sensitive biochemical assays to measure 

ADP-ribosyl cyclase activity. Based on the findings, a proposed model for the regulation 

of CD38 expression in non-asthmatic and asthmatic HASM cells is presented in Figure 1. 
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Figure 1. Regulation of CD38 expression in non-asthmatic and asthmatic HASM Cells.  

TNF-α acts on both TNF-α receptor type I (TNFRI) and type II (TNFRII), although TNFRI is 

reported as the predominant receptor mediating the inflammatory effects of this cytokine. Intra-

cellularly, TNFRI is associated with proteins containing death domains (DD). TNF-α-receptor 

associated death domain (TRADD) is an important protein functioning as a bifurcation point for 

pro-apoptotic and pro-inflammatory pathways. TNFRI also recruits other proteins. Receptor 

interacting protein (RIP) is a docking protein (intermediate adaptors) required to recruit TRADD 

and TNF-α receptor-associated factor2 (TRAF2) into TNFRI signaling. Ras, the small molecular 

weight G protein, is activated by TNFRI and also acts as a diverging locus for different signaling 

pathways downstream to TNFRI. Two signaling pathways important for ASM functions, MAPK 

and PI3K/AKT pathways, are activated by the Ras-GTP. In MAPK pathway, Ras-GTP mediates 

activation of ERK1/2 MAPK, which plays roles in ASM proliferation and inflammation. We 

previously reported that ERK1/2 stabilizes TNF-α-induced CD38 mRNA in HASM cells. The 

current study found that basal and TNF-α-induced ERK1/2 activation is elevated in asthmatic 

HASM cells compared to the non-asthmatic HASM cells (Chapter II). p38 MAPK is known to 

mediate CD38 expression through stabilizing CD38 mRNA and by enhancing transcription factor 

activation. JNK regulates CD38 expression exclusively by enhancing transcription factor 

activation. Current studies report that basal and TNF-α-induced p38 activation is elevated in 

asthmatic HASM cells compared to non-asthmatic cells, whereas the cytokine-induced JNK 

activation is lower in asthmatic HASM cells compared to the non-asthmatic cells. The present 

study also found that the TNF-α-induced nuclear translocation of NF-κB is slightly increased 

compared to non-asthmatic cells, suggesting elevated transcriptional activation of cd38 gene as 

the cause for differentially elevated CD38 expression in asthmatic ASM. Another pathway 

downstream of Ras is the PI3K/AKT pathway. The present study determined that the PI3K/AKT 



149 

 

signaling mediates TNF-α-induced CD38 expression indirectly through cross talk with the ERK 

signaling (indicated as red line between AKT and Raf) and “directly” through other unidentified 

downstream signaling mechanisms. We speculate that downstream kinases like casein kinase-2 or 

additional transcription factors could mediate this direct effect. Our preliminary experiments in 

HASM cells showed that the RNA-binding proteins HuR and TIA-1 selectively bind to oligo-

ribonucleotides representative of some of the AU-rich elements of CD38 3’UTR (shown as ovoid 

forms bound to the mRNA within nucleus). The selective binding is seen in nuclear extracts, but 

not in cytoplasmic extracts, of HASM cells treated with TNF-α, suggesting that these RNA-

proteins are involved in functions other than stabilizing the CD38 mRNA. (Abbreviations: PIP2-

phosphatidylinositol-3,4-bis phosphate, PIP3-phosphatidylinositol-3,4,5-triphosphate, PI3K-

Phosphatidylinositol3-Kinase, PTEN-Phosphatase and tensin homolog, PKD-protein kinase-D, 

TAK1-TGF-β-activated kinase 1, ASK1-apoptosis signal-regulated kinase1) 
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