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ABSTRACT 

INVESTIGATING THE MECHANISMS OF NUR77-INDUCED  

APOPTOSIS IN T CELLS 

FEBRUARY 2011 

HEATHER E. FOGARTY, B.S. UNIVERSITY OF MASSACHUSETTS, AMHERST 

M.S. UNIVERSITY OF MASSACHUSETTS, AMHERST 

Directed by: Professor Barbara A. Osborne 

Nur77 is a member of the orphan nuclear receptor family, where it is known to 

play an important role in apoptosis in both negative selection in T cells and in cancer cell 

lines. In the development of T cells, it is critical for the immune system to discriminate 

self from non-self by eliminating auto-reactive cells. It was originally thought that Nur77 

initiated apoptosis by activating downstream gene targets. However, it is now clear that 

Nur77 has its own distinct role outside of the nucleus. Our laboratory has shown in T 

cells that Nur77 is phosphorylated by the MEK-ERK-RSK cascade, which facilitates its 

translocation from the nucleus to the cytosol where it activates the intrinsic apoptotic 

cascade. Others have suggested that, in cancer cell lines, Nur77 migrates to the 

mitochondria and binds to anti-apoptotic Bcl-2 thus converting it from a ‘protector to a 

killer’. However, the precise mechanisms by which Nur77 induces apoptosis in T cells 

still needs to be clarified.  

Calcium plays an important role as a second messenger in various cellular 

responses, one of which includes apoptosis. The IP3 receptor controls efflux of calcium 

from the ER and can be activated through TCR activation. This signal induces a rise in 

cytoplasmic calcium levels ultimately causing cell death through mechanisms that remain 
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unclear. Preliminary studies in our laboratory have shown that Nur77 causes changes in 

two distinct isoforms of the IP3R, an increase in IP3R1 and a decrease in IP3R3. Here, 

we use a double positive DO11.10 T cell line with tetracycline responsive Nur77, which 

is constitutively exported from the nucleus to examine the effects of cytosolic Nur77. 

Through co-immunoprecipitation experiments we suggest, that the presence of Nur77 

disrupts the IP3R/Bcl-2 interaction. Additionally, we asked whether the presence of 

Nur77 influences calcium release in activated T cells. In this study we show that Nur77 

increases baseline calcium levels and causes emptying of ER calcium stores. We suggest 

a model where cytosolic Nur77 disrupts the IP3R/Bcl-2 interaction by binding Bcl-2 at 

the mitochondria or ER, causing calcium flux and apoptosis of the cell. Current 

experiments focus on confirming the findings presented here while also examining 

Nur77’s contribution to calcium levels in different subcellular compartments such as the 

ER and mitochondria. Other studies using the BiFC assay aim to confirm the Nur77/Bcl-

2 interaction and support earlier data that Nur77 disrupts the IP3R1/Bcl-2 interaction in T 

cells undergoing apoptosis.  
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CHAPTER I 

GENERAL INTRODUCTION 

Apoptosis: signaling pathways 

Apoptosis, or programmed cell death, was originally described by Kerr et al in 

1972. Apoptosis plays an important role in the successful embryonic development, as 

well as maintaining a functioning immune system. In the development of T cells, it is 

critical for the immune system to discriminate self from non-self by eliminating auto-

reactive cells. Malfunctions in this system may lead to autoimmunity, diabetes, and even 

certain types of cancer. During apoptosis, the cell undergoes morphological changes 

including nuclear fragmentation, fragmentation, and membrane blebbing. These 

physiological changes eventually result in phagocytosis and disposal of the cell. 

Apoptosis differs from another form of cell death called necrosis. In contrast to apoptosis, 

necrosis may be caused by physical damage or toxins, generally involves many localized 

cells, is characterized by nuclear chromatin lysis instead of condensation, and also 

provokes an inflammatory response (Saikumar 1999). 

The main orchestrators of cell death are cysteine proteases called caspases. 

Caspases cleave vital cellular substrates such as cytoskeletal or nuclear proteins which 

lead to cell disassembly and finally removal of cell debris by phagocytosis. The initiator 

caspases start the wheel turning in the caspase cascade (pro-caspase 8, 9, 10) to the 

activation of executioner caspases (caspase 3, 7). There are two apoptotic pathways that 

can trigger this caspase cascade called the extrinsic and the intrinsic apoptotic pathways 

(Figure 1.1).  
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The extrinsic pathway involves engagement of death receptor with ligand on the 

cell surface such as FasL, TNF or TRAIL interaction to transmit apoptotic signals. The 

extracellular ligand-binding domains of members in this death receptor family contain 

cysteine-rich subdomains (Naismith and Sprang, 1998). Following engagement of surface 

death receptors with ligand, the cytoplasmic death domain of the death receptor facilitates 

internal signaling. Adaptor molecules FADD or TRADD engage the death domain of the 

activated death receptor. This engagement causes the recruitment of a trimerized 

receptor-ligand complex (DISC) which rapidly activates the initiator caspase 8 and 

subsequent activation of executioner caspases (Figure 1.1). 

The intrinsic pathway of apoptosis is induced by proapoptotic signals that unite at 

the mitochondria. Therefore, this is also known as the mitochondrial apoptosis pathway. 

Apoptotic signals induce outer mitochondrial permeabilization (MOMP) release 

cytochrome c from the inner-mitochondrial membrane space. Both prosurvival and 

proapoptotic Bcl-2 family members control this permeabilization and release of 

cytochrome c (MacFarlane and Williams 2004). Once cytochrome c is released from the 

mitochondria, it binds to apoptotic protease-activating factor (Apaf1). The Apaf1-caspase 

9 complex, also called the “apoptosome”, then initiates the effector caspases 3,6, and 7, 

which cleave cellular substrates and cause an apoptotic phenotype (Adams, 2003; Danial 

and Korsmeyer, 2004; Riedl and Salvesen, 2007).  

The role of apoptosis in thymocyte development 

Apoptosis plays an important role in the development of a host’s effective 

immune system. There are two different forms of tolerance that control general lymphoid 

homeostasis; central and peripheral tolerance. Central tolerance occurs during the 
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development of lymphocytes where autoreactive cells are eliminated by programmed 

mechanisms as described below, whereas peripheral tolerance occurs after cells are 

released to the periphery to control lymphoid homeostasis (Hernandez 2010). During 

early T cell differentiation in the thymus, life and death decisions are made through 

processes called positive and negative selection (Figure 1.2). A functional T cell must be 

able to recognize self-Major Histocompatibility Complex (MHC) (positive selection) 

while at the same time fail to react too strongly against self (negative selection). These 

selection processes are regulated by the induction of various Bcl-2 family members. Pro-

apoptotic Bcl-2 member Bim and the orphan nuclear receptor Nur77 have been shown to 

play a role in negative selection (Tishner, 2010). TRIAL has also been suggested to play 

a role in negative selection, but has yet to be confirmed (Cretney, 2008). Eventually, 

these immature thymocytes will mature into single positive CD4 or CD8 T cells.  

In order for a thymocyte to mature into a T cell, it must go through several stages 

characterized by their cell surface markers. The first stage of thymocyte development is 

called the double negative stage (DN) because cells are CD4
-
CD8

-
. Based on their 

expression of CD117, CD25, and CD44, double negative cells can be further subdivided 

into four subsets (Godfrey, 1993). During this selection process, survival of cells from the 

DN1 through DN4 is facilitated by the IL-7 cytokine receptor. Once bound, IL-7R 

induces MCL-1, a prosurvival member of the Bcl-2 family. When DN1 cells enter the 

thymic microenvironment, they begin expressing CD25 and are called DN2 cells. TCR α 

and β chains undergo rearrangement resulting in vast and diverse repertoire of T cell 

receptor. When DN2 cells progress to the DN3 stage they become CD117
-
 CD44

- 
where 

they rearrange the variable to the diversity joining gene segments of the TCRβ chain. The 
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β chains plus preTCRα combine with CD3 to form the pre-TCR complex, which is 

important for further signaling, suppressing continued rearrangement of TCRβ chains, 

and the progression of cells to the CD4
+
CD8

+
 double positive stage.  

Very few double positive cells will survive and differentiate into single positive 

cells.  During the DP stage, cells undergo great proliferation. However, only when these 

cells stop proliferating and RAG-2 protein levels increase does the rearrangement of the 

TCR α-chain genes begin. DP thymocytes are also selected based on the strength of 

signal sent through the TCR by TCR-MHC interaction. Positive selection ensures that 

surviving cells can recognize self-peptide/MHC complexes. Thymocytes that lack a 

functional TCR die by neglect. Negative selection occurs when cells react too strongly 

with self-peptide/ MHC and these cells are eliminated by apoptosis (Hernandez, 2010; 

Kuby Immunology). 

The signaling mechanisms that determine pro or anti-apoptotic effectors still 

remain unclear. However, both processes of positive and negative selection have been 

shown to be partly regulated by various members of the Bcl-2 family.  Bim and the 

nuclear receptor Nur77 family are two effectors among known pathways to apoptosis in 

thymocyte negative selection. In negative selection, Nur77 has been shown to be 

important in the apoptosis of autoreactive T cells (Tischner, 2010).  However, Bim 

functions by activating as well as eliminating autoreactive T cells. Ludwinski et al. 

(2009) reported this conflicting role for Bim. Bim had already been shown to facilitate 

apoptosis of autoreactive thymocytes, however here they showed that Bim is also 

required for the activation of autoreactive T cells. They show Bim is important for the 

activation of autoreactive cells because when Bim is lost in both in vitro and in vivo 
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models, double positive thymocytes are rescued from TCR-induced apoptosis. This group 

showed that Bim-deficient T cells showed impaired signaling through their TCR. The 

loss of Bim functionality has been shown to assist auto-reactive T cells develop and 

escape into the periphery (Ludwinsky, 2009). Consistent with this notion that Bim may 

aid in cell activation, they used a model of experimental autoimmune encephalomyelitis, 

where Bim loss was crossed onto a C57BL/6 background. Bim
-/- 

mice showed substantial 

reduction in disease severity compared to control mice. The authors suggest that Bim 

may alter ER calcium flux by binding Bcl-2. In the absence of Bim, more Bcl-2 may be 

available to bind IP3R, thus causing a smaller calcium release to reduce the activation of 

autoreactive T cells. (Ludwinsky, 2009; Tischner, 2010).  

However, negative selection may also happen even without Bim. Recently, it was 

shown in a recombination-dependent H-Y TCR transgenic mouse model that the absence 

of Bim increased the survival of auto-reactive thymocytes but failed to rescue 

differentiation of these cells into the double positive stage (Tischner, 2010). Further 

investigation with in vitro studies showed that these cells maintained high levels of the 

Nur77 protein. In the absence of Bim, Nur77 may regulate negative selection though a 

Bim-independent mechanism (Tischner, 2010). There is much known about the 

molecular mechanisms governing negative selection in thymocytes, however much still 

needs clarification. 

Nur77 structure and function 

Nur77 (TR3, NGFI-B, TIS1, or NAK-1) is a member of an orphan nuclear 

receptor family, which is part of the steroid/thyroid/retinoid nuclear receptor superfamily. 

The nuclear receptor superfamily members are characterized by their N-terminal 



 

6 

transactivation domain encoding activation function 1 (AF-1), a DNA-binding domain 

(DBD) and a conserved C-terminal ligand binding domain encoding AF-2 (LBD) (Figure 

1.3A) (Mangelsdorf, 1995; Moll, 2006). Studies have shown that AF-2 is unnecessary, 

whereas AF-1 mediates Nur77 transactivation (Wansa, 2003).  

Within the nuclear receptor superfamily, closely related family members Nur77, 

Nor1, and Nurr1 form their own subgroup (Moll, 2006). These are known as “orphan” 

nuclear receptors because of the absence of a known activating ligand. Nur77 is unique 

because it is a gene induced by a wide variety of physiological signals including cell 

survival, differentiation, and apoptosis. These include stress, fatty acids, growth factors, 

calcium, peptide hormones, and phorbol esters (Maxwell and Muscat, 2006). More 

recently, the octaketide Cytosporone B has been shown to be a naturally occurring 

agonist for Nur77 (Zhan, 2008). Thus, Nur77 is characterized as an immediate-early or 

stress response gene involved in a diversity of cellular processes.  

Nur77 is known to play an important role in negative selection of thymocytes and 

apoptosis in T cell hybridomas (Cainan 1995; Liu 1994; Zhang 2002). Nur77 was 

originally identified in a nerve growth factor-responsive rat pheochromocytoma cell line, 

PC12 (Milbrant, 1988). It is also overexpressed in many types of cancer cells such as 

lung, breast, prostate and colon cancer. In prostate tissue, Nur77 is highly expressed in 

tumor cells when compared to benign tissues (Uemura and Chang, 1998; Moll, 2006). 

Nur77 was originally categorized as a growth factor-inducible gene, but later 

work brought to light its proapoptotic function. In 1994, two independent labs used 

subtractive hybridization screenings that identified the immediate early response gene, 

Nur77 (Liu 1994; Woronicz 1994). In thymocytes, expression of Nur77 or Nor1 causes 
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substantial cell death (Cheng, 1997).  In contrast, single Nur77 or Nor1 single knockout 

mice display little defect in thymic and peripheral T cell development (Lee, 1995). 

During negative selection, a dominant-negative form of Nur77 blocks negative selection 

in thymocytes, whereas constitutive expression causes substantial apoptosis (Sohn, 2007). 

Kuang et al (1999) introduced a constitutively active or a C-terminally truncated less 

active Nur77 into mice and suggest that nuclear Nur77 functions as a transcription factor 

to cause cell death in vivo. 

Cellular localization of Nur77 and cell death 

Nur77 and its other family members have been shown to be important in the 

development of T cells through negative selection, although the precise mechanism by 

which they function still needs to be clarified. Nur77 is regulated by transcriptional and 

post-translational modifications. Nur77 is induced by a variety of factors and is modified 

during changes in sub-cellular localization. As mentioned previously, Nur77 is rapidly 

induced because of its role as an immediate early gene. It was originally identified as a 

transcription factor and was thought that its apoptotic function occurred through the 

activation of gene targets. However, little is known about the ability of Nur77 target 

genes to cause cell death.  

Nur77 functions in the nucleus as a transcription factor by binding as a monomer 

to the Nur77-binding response element (NBRE), as a homodimer to the Nur response 

element (NurRE: TGATATTTX 6 AAATGCCA) (Philips, 1997). Nur77 can crosstalk 

between other nuclear receptors by forming heterodimers with receptors such as retinoic 

X receptor, the orphan receptor Coup-TF, and glucocorticoid receptor (Perlmann and 

Jansson, 1995; Wu 1997; Philips, 1997b). Heterodimerization of Nur77 and other binding 
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partners has been shown to have varying effects on transcription of NBREs and changes 

intracellular localization.  

When the prostate cancer cell line ,LNCaP, are treated with 12-O-

tetradecanoylphorbol-13-acetate (TPA), this causes Nur77-mediated apoptosis where 

Nur77 binds the apoptosis mediator E2F1 promoter to induce expression. In these cells, 

when E2F1 is blocked, Nur77-mediated apoptosis initiated by TPA was partially rescued. 

(Mu, 2003). T cells, the downstream Nur77 target genes during apoptosis still remain to 

be clarified. Rapjal et al (2003) identified targets of Nur77 in thymocytes TRAIL and Fas 

ligand which are already known pro-apoptotic genes. They also used microarray analysis 

from wild type and Nur77 knockout mice and two novel gene targets named NDG1 and 

NDG2 were identified. They point out that these may be direct or indirect targets of 

Nur77.  They also suggest these novel genes which may lead to initiation of the death 

receptor (DR) mediated pathways. (Rajpal, 2003). However, continued studies have 

shown that there are no Nur77 recognition sequences in the promoters of NDG1 or 

NDG2 and Nur77 indeed influences these targets indirectly. Consistent with this idea, 

using the inhibitor FK506 during TCR activation in thymocytes inhibits Nur77-DNA 

binding, but interestingly cells treated with FK506 show normal levels of apoptosis 

(Stasik, 2007). 

Nur77 was originally characterized as a transcription factor. However, it has now 

become clear that Nur77 can function elsewhere than the nucleus. Surprisingly, when Li 

et al. (2000) stimulated LNCap cancer cells to undergo apoptosis, they observed that 

Nur77 translocates from the nucleus to mitochondria and induced cytochrome c release. 
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This showed that Nur77 acts independently of its transactivational activity and thus 

proposed a new mechanism as to how Nur77 induces apoptosis.  

Protein translocation between different subcellular compartments is critical for the 

effective regulation of apoptosis. An example of this is seen when pro-apoptotic Bax and 

Bid translocate from the cytosol to the mitochondria, where they then can promote 

MOMP. Additionally, nuclear proteins p53, Nur77, histone H1.2 and nucleophosmin 

have appeared in the cytosol to promote the intrinsic apoptotic pathway. Similar to p53, 

Nur77 also is a nuclear protein that migrates out of the nucleus for its effector functions. 

A classical mitochondrial targeting sequence is absent in Nur77 and p53 (Lindenboim, 

2010).  

Nur77 is a highly phosphorylated protein, which may regulate its cellular 

localization. In lung and prostate cancer cell lines, induction of JNK kinase and inhibition 

of Akt determine Nur77’s mitochondrial targeting (Han, 2006). In DO11.10 T-cell 

hybridomas, Akt constitutively expressed inhibits the transcriptional activity of Nurr 

(Pekarsky, 2001; Masuyama, 2001). Recently, in thymocytes going through apoptosis, it 

was shown that protein kinase C (PKC) regulates mitochondrial targeting of Nur77 and 

Nor-1 (Thompson, 2010).  

Aside from Nur77’s role in the nucleus, in cancer cell lines, Nur77 migrates to the 

mitochondria where it binds anti-apoptotic B cell lymphoma-2 (Bcl-2) proteins activation 

of the intrinsic apoptotic cascade (Lin 2004). Nur77 binding to Bcl-2 causes a 

conformational change in Bcl-2 that exposes its BH3 domain, thus suggesting that Nur77 

converts Bcl-2 from a ‘protector to a killer’ (Lin, 2004; Thompson, 2008). Along with 

this notion, Kolluri et al. (2008) identified a short Nur77-derived peptide that binds to the 
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loop domain of Bcl-2, dislodging the Bcl-2-BH4 domain and exposing its proapoptotic 

BH3 domain. The involvement of Nur77 at the mitochondria is well established; however 

another lab has also shown the role of Nur77 with ER-targeted Bcl2. Liang et al (2007) 

showed in human neuroblastoma SK-N-SH cells, human esophageal squamous 

carcinoma cells EC109 and EC9706 that Nur77 translocates to the ER, where it interacts 

with Bcl-2 and causing calcium release from ER stores. This results in ER stress induced 

apoptosis through capsase-4 and subsequent activation of the executioner caspases (Liang 

2007).  

During Nur77-induced apoptosis in T cells, our laboratory has shown that Nur77 

is phosphorylated by the MEK-ERK-RSK cascade. RSK2 was shown to phosphorylate 

Nur77 at serine 354 and facilitate nuclear export and translocation to the cytosol, where 

Nur77’s pro-apoptotic functions are carried out (Figure 1.5). It was also shown in 

DO11.10 T cell hybridomas that cytosolic Nur77 expression is sufficient to cause 

pronounced cell death by day three after induction (Wang, 2009). Even though there is 

evidence that Nur77 causes apoptosis through the intrinsic apoptotic pathway, the precise 

molecular mechanisms by which Nur77 induces apoptosis still remain to be defined. 

Current studies focus on Nur77’s pro-apoptotic function with migration to the cytosol and 

possible functions at both ER and mitochondria.  

Bcl-2 family members 

A critical part of apoptosis is the activation of caspases, which is regulated by the 

Bcl-2 family. The Bcl-2 protein family acts on the mitochondria by regulating 

cytochrome c release and activation of the intrinsic apoptotic pathway.  There are both 

proapoptotic and prosurvival members characterized by their specific Bcl-2 homology 
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domains BH1 through BH4 (Figure 1.3B) (Youle, 2008; Rodriquez, 2011). Antiapoptotic 

members Bcl-2 and Bcl-xL, and myeloid cell leukemia 1 (MCL-1) are usually located in 

the outer mitochondrial membrane (OMM) and contain BH1-4. These proteins function 

by inhibiting proapoptotic Bcl-2 family members and protect the OMM integrity 

(Chipuk, 2010).   

Bcl-2 “BH3-only” members such as BID, BIK, BIM, PUMA, and NOXA contain 

a single α- helical domain, which is important in initiating apoptosis. BH3-only proteins 

can be broken down into activators and sensitizers or inactivators. Activators tBID, BIM, 

and PUMA initiate a conformational change of Bcl-2-associated  X  protein (BAX) and 

Bcl-2 homologous antagonist killer (BAK) to release cytochrome c. Sensitizers or 

inactivators BAD and NOXA bind to anti-apoptotic Bcl-2 members and free activator 

BH3-only proteins (Rodriguez, 2011). BAX and BAK contain BH1 to BH3 domains and 

are at the center of triggering the intrinsic pathway. After activation, BAX and BAK 

promote mitochondrial outer membrane permeabilization (MOMP) by forming pores 

within the OMM and release of cytochrome c (Ow 2008). Cytochrome c engages the 

formation of a complex with apoptotic protease activating factor-1 (APAF1), also known 

as the apoptosome, and activation of a caspase cascade. 

As described above, different Bcl-2 family members play their own unique pro- 

or anti-apoptotic role at the mitochondria. The proapoptotic members Bax and Bak 

enhance calcium exchange between the ER and mitochondria (Nutt, 2002a; Nutt, 2002b). 

In PC-3 prostate cancer cells, when Bax and Bak are overexpressed, they localize to the 

ER membrane and induce calcium exchange from the ER to the mitochondria. This 

change in calcium dynamics triggers the release of cytochrome c and initiates the 



 

12 

intrinsic apoptotic cascade (Nutt,2002a; Nutt,2002b). BH-3 only proteins also play a vital 

role in interpreting calcium signals between the ER and mitochondria. ER-located Bik is 

expressed in response to genotoxic stress and responds by releasing calcium from the ER 

(Csordás, 2002). 

Bcl-2 family members described above promote apoptosis by enhancing calcium 

signaling. However, not all calcium signaling is apoptotic but rather some can be pro-

survival. Certain Bcl-2 family members positively regulate cell proliferation and survival. 

In T cells that have been activated weakly through their TCR, Bcl-2 enhances pro-

survival calcium oscillations. Pro-survival Bcl-XL aids in the number of T cells that 

respond to weak TCR activation (Rong and Distelhorst, 2008). 

Bcl-2 regulation of apoptosis at the mitochondria has been well established. 

However, more recently the role of Bcl-2 at the ER is also being investigated. Chen et al 

(2004) discovered in T cells that Bcl-2 interacts with IP3 receptors at the ER. After 

stimulation through the TCR, Bcl-2 inhibits IP3-mediated calcium release from the ER. 

During strong TCR signals, the Bcl-2/IP3R interaction reduces the ability of IP3R to 

release calcium into the cytoplasm (Zhong, 2006; Rong and Distelhorst, 2008). The 

IP3R/Bcl-2 interaction site was mapped to the regulatory and coupling domain of the 

IP3R. This interaction might regulate conformational changes of the IP3R and 

opening/closing of IP3R channels (Bezprozvanny, 2005). A direct interaction may 

regulate IP3R channel opening, but Bcl-2 may also play a role in phosphorylation of 

IP3R. Phosphorylation events promote IP3R channel opening whereas dephosphorylation 

antagonizes channel opening. When Rong et al (2009) used a synthetic peptide imitating 
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the Bcl-2 interaction site; this interrupted the Bcl-2/IP3R interaction and promoted IP3R 

calcium release and apoptosis.  

IP3 receptor, calcium and apoptosis 

Inositol 1,4,5-triphosphate receptors (IP3R) are ligand gated calcium channels 

located primarily in the endoplasmic reticulum (ER) (Figure 1.4). The ER is the main 

organelle that controls calcium signaling and maintains intracellular calcium homeostasis. 

During certain stimulation conditions such as during T cell or B cell activation, IP3 is 

generated and binds to IP3R and releases calcium from intracellular ER stores. These 

channels are regulated by factors including posttranslational modifications such as 

phosphorylation (Joseph and Hajnoczky, 2007; Rong 2008).  

Calcium has been shown to play an important role as a second messenger in 

various cellular responses including fertilization, muscle contraction, motility, exocytosis, 

gene expression, and in some cases apoptosis. An apoptotic stimulus can stimulate 

calcium release through the IP3Rs and release proapoptotic factors such as cytochrome c 

from the mitochondria and activate the intrinsic apoptotic pathway. Certain apoptotic 

stimuli can also cause ER calcium release. These include engagement of classical death 

ligands TNFα or Fas which, in some cells, can generate IP3 (Wozniak, 2006). Other 

stimuli that cause ER calcium release are growth factor withdrawal (Baffy, 1993), 

ceramide (Pinton, 2001), cytotoxic drugs (Nutt, 2002), or cisplatin (Nawrocki, 2005).  

Under normal cellular conditions, calcium is continuously cycled between the ER 

and mitochondria. Calcium is pumped into the ER by SERCA (sarcoplasmic/endoplasmic  

reticulum  Ca 2 +-ATPase) and released from the ER into the cytoplasm by the opening 

IP3R or ryanodine receptor (RyR) channels. Calcium then enters mitochondria by a 
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calcium uniporter (mCU) and is released by a sodium/calcium exchanger (mNCE) 

(Figure 1.4) (Berridge, 2000; Demaurex and Distelhorst, 2003). The ER luminal calcium 

concentration (0.5mM) is maintained at much higher levels than the cytoplasm (50nM to 

1µM) (Robert, 2011). Released calcium in the cytoplasm is taken up into near-by 

mitochondria. This close physical distance between ER calcium channels and 

mitochondria allow the collaboration of calcium signals between the two organelles.  

Calcium signals generated by the ER and mitochondria can modify cellular 

metabolism and apoptosis (Demaurex and Distelhorst, 2003). Calcium accomplishes 

controlling various cellular processes partly by the pattern of calcium elevation. 

Cytoplasmic calcium can be either transient, or sustained and follow patterns such as 

spikes (oscillations), or wave patterns (Bootman, 2001). The frequency and amplitude of 

calcium spikes mediates physiological processes by transmitting information to 

downstream effectors such as calcium-sensitive kinases and phosphatases (Rong and 

Distelhorst, 2008). As mentioned previously, during T cell selection, thymocytes undergo 

positive or negative selection based on their TCR strength of signal. Each of these has 

their own calcium profiles: calcium oscillations (weak TCR activation) or sustained 

calcium release (strong TCR activation) (Rong and Distelhorst, 2008). 

Some studies have shown that reducing IP3R levels inhibits apoptosis in DT40 

and Jurkat cells (Sugawara, 1997; Tantral, 2004). After TCR stimulation in IP3R-

deficient Jurkat cells, caspase-3 and -9 are not activated, which correlates with their 

resistance to apoptosis (Tantral, 2004). Calcium is regulated by recycling between the ER 

and the mitochondria, which remain in close proximity to each other to facilitate this 

process (Demaurex and Distelhorst, 2003). IP3R functions to enhance as well as initiate 
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apoptosis. It has been demonstrated that calcium specifically released from IP3Rs can 

directly cause mitochondrial permeabilization and release of cytochrome c (Szalai, 1999). 

Cytochrome c has also been shown to bind IP3Rs and increase calcium channel opening, 

thus creating a positive feedback loop that enhances mitochondrial dependent apoptosis.  

Other studies have shown that antiapoptotic Bcl-2 and Bcl-XL prevent apoptosis by 

blocking IP3R-induced calcium release, whereas proapoptotic Bax and Bak enhance ER 

calcium release and calcium uptake by mitochondria (Demaurex and Distelhorst, 2003). 

Bcl-2 family members have a well-established role at the mitochondria, but are also 

localized at the ER and might function here as a stabilizer (Cory, 2003).  

Changes in IP3R isoforms during thymocyte negative selection and in Nur77-

dependent apoptosis 

There are three different IP3R isoforms and which one is significant in apoptosis 

remains controversial. In Jurkat T-lymphocytes with IP3R1 knocked down, there is a 

decreased response to apoptotic activation. One study suggested the importance of IP3R-

3, in that anti-sense RNA to IP3R-3 could abolish apoptosis. However, in certain animal 

models where IP3R-1 or IP3R2 and IP3R3 are knocked down, the results show little to no 

apoptotic phenotype. This suggests some redundancy between these three isoforms, and it 

still remains unclear which isoform is relevant in apoptosis (Hanson 2004; Joseph and 

Hajnoczky 2007). Preliminary data from our lab has shown in double positive 

thymocytes and in a tetracycline responsive Nur77 DO11.10 cell line activation with 

PMA and ionomycin causes changes in the IP3R isoforms. Over time, the levels of IP3R3 

decrease and IP3R1 increase, possibly suggesting the importance of IP3R type 1 in 

thymocyte negative selection (Figure 1.6; Rud, 2010). The goal of our research is to 
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elucidate the involvement of Nur77 on the regulation of calcium release through the 

effects of IP3R and Bcl-2.  

Aims of this thesis 

The aim of my thesis research is to investigate possible mechanisms of Nur77-

induced apoptosis in T cells. Negative selection involves the Nur77 orphan receptor 

family as well as the Bcl-2 family. Calcium release through IP3 receptors has also been 

shown to be critical in the live versus death decisions of the cell, also closely linked to 

Bcl-2 members. Bcl-2 has been shown to physically interact with IP3R at the ER and 

mitochondria. Nur77 has also been shown to bind Bcl-2. The goals of our research are to 

determine the roles of Nur77, Bcl-2, and IP3R in apoptosis or negative selection. Our 

hypothesis is that during apoptosis, Nur77 translocates from the nucleus to the cytoplasm, 

where it can then carry out its effector functions. Nur77 may then bind Bcl-2 at the ER, 

thus disrupting the already known interaction Bcl-2/IP3R interaction, causing calcium 

release through the IP3R and initiation apoptosis. 
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Figure 1.1 The extrinsic and intrinsic apoptosis pathways. The extrinsic pathway is 

activated by ligation of death receptors with ligand. These consist of tumor necrosis 

factor (TNF) receptor superfamily, which include CD95 and TRAIL. Ligation results in 

the recruitment of a trimerized receptor-ligand complex (DISC) and activation of initiator 

caspase 8. The intrinsic pathway is induced by stress signals that cause mitochondria to 

release cytochrome c, which is regulated by the Bcl-2 family. . Cytochrome c binds Apaf-

1,  forms of the Apaf1-caspase 9 apoptosome and activation of initiator caspase 9. Active 

initiator caspases 8 and 9 in turn activate effector caspases 3,6 and 7 which cleave 

cellular substrates and cause apoptosis of the cell (MacFarlane and Williams, 2004). 
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Figure 1.2 T-cell development selection processes. Apoptosis contributes  the 

development of a functional T cell repertoire at various stages. A functional T cell must 

recognize self MHC  while at the same time fails to react too strongly against self . 

During T cell development in the thymus, cells undergo positive and negative selection. 

Cells progress from double negative (DN) 1-4, double positive (DP) , and eventually 

single positive CD4 or CD8 cells. In the DN3 stage, the TCR β chain locus is rearranged. 

During positive selection, DP thymocytes that interact with self-MHC complexes survive. 

Negative selection occurs when DP thymocytes react too strongly against self they, die 

by apoptosis. Apoptosis during negative selection has been shown to be mediated by Bim 

and Nur77(Tischner, 2010). 
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Figure 1.3 Schematic representations of Nur77 and the Bcl-2 family.  A) Nur77. AF- 

1 is activation function (green). DBD  is DNA-binding domain (red). LBD is ligand-

binding domain (pink). AF-2 (pink) (Moll, 2006).  B) The Bcl-2 family of proteins are 

characterized by the presence of four domains homologous to Bcl-2. These groups are 

divided into anti-apoptotic, pro-apoptotic multidomain, proapoptotic BH-3 only 

(Rodriguez, 2011). 
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Figure 1.4 Calcium continuously cycles between the ER and mitochondria. In a 

normal cell, Ca
2+ 

is pumped into the ER by Ca
2+ 

ATPases (SERCA) and is released 

through IP3R channels. A Ca
2+ 

uniporter (mCU) imports calcium into mitochondria and 

is released by a Na
+
/ Ca

2+ 
exchanger (mNCE) (Demaurex and Distelhorst, 2003). 
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Figure 1.5 Possible mechanism of Nur77-induced apoptosis in T cells.  After 

stimulation through the TCR,  ERK1/-2 phosphorylates RSK and causes its translocation 

to the cell membrane. Here, RSK is phosphorylated again and fully activated where it 

then translocates into the nucleus. In the nucleus, RSK phosphorylates Nur77.  Nur77 is 

exported from the nucleus into the cytosol, where Nur77 associates with the 

mitochondria. This causes activation of the intrinsic apoptotic pathway (Wang, 2009) 
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Figure 1.6 IP3R isoforms change during  PMA/ionomycin and Nur77 induced 

apoptosis. Densitometric analysis of IP3R1 and IP3R3 Western blots  A) Purified double 

positive thymocytes were treated with PMA/ionomycin over indicated times. B) tet  

responsive Nur77 NES DO11.10 cells were induced to express Nur77  and cell lysates 

were collected at 24, 48 and 72 hours after induction for immunoblotting with IP3R1/3 

antibodies (Rud, 2010). 
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CHAPTER II 

INVESTIGATING THE MECHANISMS OF NUR77-INDUCED APOPTOSIS 

Introduction 

The interaction between the Bcl-2 and all three subtypes of IP3R has been well 

established using multiple experimental methods and a variety of cells. These include 

coimmunoprecipitation, Blue Native Gel Electrophoresis, GST pull-down and 

Fluorescence Resonance Energy Transfer (Chen, 2004; Rong, 2008). The interaction 

between IP3R and Bcl-2 or Bcl-xL has been confirmed in different laboratories (Chen, 

2004; Hanson, 2008; Rong, 2008; White, 2005; Xu, 2007). Nur77 has also been shown to 

functionally interact with Bcl-2, causing a conformational change in Bcl-2 and exposes is 

proapoptotic BH3 domain (Kolluri, 2008; Lin, 2004; Thompson, 2008;).  

Nur77 has already been shown to migrate from the nucleus to the mitochondria in 

a variety of cell types (Chang, 2011; Cheng, 2010; Li, 2000; Thompson, 2008) and has 

been shown to activate the intrinsic apoptotic pathway in T cells (Wang, 2009). If Nur77 

is disrupting the interaction between IP3R and Bcl-2, we hypothesize that calcium may 

be released from the ER and subsequently activate the intrinsic apoptotic pathway. One 

group (Liang, 2007) suggested a possible role of Nur77 at the ER in human 

neuroblastoma SK-N-SH cells and human esophageal squamous carcinoma EC109 and 

EC9706 cells. Treatment of these cells with the synthetic retinoid CD437 induced Nur77 

to translocate to the ER, where Nur77 interacted with Bcl-2 and prompted calcium 

release (Laing, 2007). To date, there has been no reported study investigating the effect 

of Nur77 on calcium responses in T cells and its role in negative selection. We 

hypothesize that the cytosolic role of Nur77 may be to bind Bcl-2, disrupting the 
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established interaction between Bcl-2/IP3R, causing calcium release and subsequent 

apoptosis of the cell.  

Results 

Nur77 may disrupt the interaction between Bcl-2 and IP3R1 in a D011.10 T cell 

hybridoma 

In order to study the direct effects of Nur77 on the IP3R/Bcl-2 interaction in T 

cells, we used the CD4
+
CD8

+
 DO11.10 T cell hybridoma that has been previously 

characterized (referred to as Tet-Nur77 NES or TetNNES throughout) (Wang, 2009). 

First, we standardized our immunoprecipitation (IP) protocol in 293T cells. Bcl-2 and 

IP3R1 were coimmunoprecipitated (co-IP). However, the opposite IP3R1/Bcl-2 co-IP 

was not observed, under these experimental conditions (Figure 2.1A). Next, we observed 

this interaction in the parental DO11.10 cell line of the inducible Nur77 cells. IP3R1 was 

detected in complex with Bcl-2 in unstimulated cells or when stimulated with PMA and 

calcium ionophore (CaI) for 1 hour. The opposite Bcl-2/IP3R1 complex may also occur. 

However, there is also a band present in the beads plus IP3R1 antibody control lane, 

suggesting non-specific binding in this case (Figure 2.1B).  

To determine if Nur77 had an effect on the IP3R1/Bcl-2 interaction, doxycycline 

was removed from media to induce Nur77 expression for 48 hours.  Interestingly, Nur77 

greatly reduced the level of IP3R1/Bcl-2 complex (Figure 2.1C). However, further 

attempts at repeating this experiment proved unsuccessful (Figure 5.1 A&B). Figure 5.1A 

and 5.1B (top) shows ample amount of IP3R1 in both (-/+) Nur77 lysates. Co-IP of 

IP3R1 and Bcl-2 were absent in the control DO11.10 IP lane.  In Figure 5.1B, Bcl-2 was 

visualized in lysates but absent in IP lanes.   
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After many unsuccessful attempts at repeating the IP3R1/Bcl-2 co-IP, the 

antibodies used were re-evaluated. A different antibody strategy was employed using 

rabbit polyclonal antibodies to immunoprecipitate IP3R1 or Bcl-2 and immunoblotting 

with mouse monoclonal antibodies. Previous experiments showed non-specific binding of 

antibodies used. To determine if these antibodies are specific to target protein, a positive 

control for Bcl-2 was used. A good IP3R1 positive control still remains to be tested. Bcl-

2 DO11.10 cells were treated with copper sulfate to initiate Bcl-2 expression. Bcl-2 was 

observed when treated with 50, 75, or 100µM copper sulfate. Control cells also displayed 

some Bcl-2 protein, suggesting the leakiness in this inducible system (Figure 5.2A). A 

different pull-down strategy was used with new antibodies. This was aimed to reduce 

non-specific binding of previous antibodies used. Polyclonal IP3R and Bcl-2 antibodies 

were used for IP and monoclonal antibodies were used for detection. However, IP3R1 

was undetectable under all conditions. Bcl-2 was detected in BAL-17 lysate, a cell line 

that has a high endogenous level of Bcl-2. Neither protein was detectable in lysates or 

when immunoprecipitated with specific antibodies (Figure 5.2B and 5.2C). This shows 

there is further room for improvement in IP methods or antibodies do not recognize the 

specific exposed epitopes on these proteins.  

An established calcium imaging protocol as a valuable tool for studying the effect of 

Nur77 on intracellular calcium levels 

Calcium ions are second messengers that control a variety of signaling processes 

that regulate normal machinery, life, and death. Mitochondria decipher whether calcium 

signals will cause life or death of the cell. However, it is still unclear as to how calcium 

‘tips the balance’ or if these signals are necessary for triggering the cell death cascade 
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(Demaurex and Distelhorst, 2003). Our hypothesis is that Nur77 binds Bcl-2, disrupts the 

IP3R/Bcl-2 interaction, and causes calcium release through the IP3R. This led us to 

investigate the effect of Nur77 on intracellular calcium levels using a live cell imaging 

technique (Chen, 2004; Zhong, 2006). This allowed us to investigate intracellular calcium 

stores determined by calcium release in response to various stimuli. Additionally, we 

used a tetracycline – inducible Nur77 DO11.10 cell line to selectively turn on the 

expression of Nur77 (Wang, 2009). This is a convenient model for these studies because 

we can investigate the direct effect of Nur77 on calcium homeostasis.  

The precise conditions for effective calcium imaging in the inducible DO11.10 

Nur77 cell line (Tet Nur77 NES) were established through several experiments. In 

preliminary studies, we used anti-CD3/anti-CD28 to stimulate cells through their T cell 

receptor (TCR) and image calcium responses. Stimulation through the TCR with anti-

CD3/CD28 or with PMA plus calcium ionophore can induce apoptosis in parental 

DO11.10 cells (Liu, 1994; Woronicz, 1994).  The anti-CD3/CD28 antibodies were 

initially added before starting the imaging process due to technical restraints of the 

system at the time. In the presence of Nur77(+), about half of the cells showed calcium 

oscillations, whereas the other half failed to respond (Figure 2.2B,D). Nur77 appeared to 

increase baseline calcium levels, as well as increase the number of cells oscillating and 

the amplitude of oscillations (Figure 2.2, Table 1). However, stimulation of these cells 

Nur77(-) showed a weak calcium response and very few responding cells (Figure 2.2B). 

We had expected a better response and were concerned our activation conditions were 

insufficient to observe calcium signaling (Robert, 2011).  
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In order to better activate these cells and obtain a better calcium response in these 

cells, we attempted using a heated stage with or without the addition of pre-warmed 

media (Figure 5.3A-C). We also optimized the concentration of anti-CD3/CD28 

antibodies used by activating the cells and determining percentage of cell death by 

staining with DAPI and determining death by counting cells with apoptotic nuclear 

morphology (Zhong, 2006). One or 5µg/mL anti-CD3 caused little cell death, but was 

more likely a weaker pro-survival signal. With similar results, protein A/G beads were 

used in an attempt to concentrate the dilute antibodies. A large amount of anti-CD3/CD28 

with the addition of anti-hamster IgG to cross link the receptor was added at the same 

time or after a 1 hour incubation period. This condition caused substantial cell death 

(Figure 5.3D). 

As seen in Figure 5.4A, cells failed to respond when anti-CD3/CD28 antibody 

was added at 5 minutes. The addition of these antibodies also causes a great shift in the 

focus of the microscope, making it difficult for us to accurately monitor cells. This could 

be due to the antibodies being present in a large volume (1mL) for these experiments. To 

overcome this problem, used commercial anti-CD3 which could be used in a much 

smaller volume (<40µL) and the microscope focus could stay more consistent (Figure 

5.4B). When Tet-Nur77 NES cells (-) Nur77 were activated with the commercial 

antibody, there was a delayed but substantial calcium release. These cells also were able 

to be activated by a strong signal using PMA+CaI. The continuous calcium release is due 

to the continual import of Ca
2+

 into the cell from extracellular buffer (Figure 5.4C).  

Once the antibody application method was determined by using a smaller 

antibody volume, the concentration of commercial anti-CD3 needed to be optimized for 
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effective stimulation. For all subsequent experiments we used commercial anti-CD3. We 

tested low and high concentrations of anti-CD3 to activate Tet-Nur77 NES cells Nur77(-)
 

expecting to see either transient or oscillatory calcium profiles (Figure 5.5) (Rong and 

Distelhorst, 2008; Zhong, 2006). Unexpectedly, all of the concentrations tested were 

unsuccessful in activating cells. Only at an extremely high concentration of antibody 

(100µg/mL) did any of these cells respond. We repeated this experiment again with high 

concentrations of the antibody, but realized that this concentration was much higher than 

normal and had to re-evaluate our protocol. 

When we were unable to observe transient or oscillatory calcium signals in the 

DO11.10 Tet-Nur77 NES cell line, we went back and optimized the protocol in Jurkat 

cells. Poly-D-lysine was the optimal glass slide-coated material because cells adhered 

more effectively for monitoring (see Materials and Methods for detailed protocol). Using 

Jurkat cells, the protocol was followed as described in Zhong et al. 2006, again using 

different concentrations of antibody. We expected to observe either a transient calcium 

release or calcium oscillations, depending on the strength of TCR activation (Zhong, 

2006). We successfully imaged transient calcium release with 20 and 10µg/mL antibody 

treatment (Figure 2.3A,B). Oscillatory signals were also seen with 5 (data not shown) and 

1µg/mL (Figure 2.3C). After we were confident in our staining and imaging protocol, we 

moved back to the inducible Nur77 cell line. As seen in the experiment shown in Figure 

2.4, Jurkat cells could be stimulated effectively with anti-CD3. Tet-Nur77 NES cells 

Nur77(-) could be stimulated using PMA plus calcium ionophore (P+CaI), however 

failed to respond to 20µg/mL anti-CD3 treatment (Figure 2.4C). This indicated to us that 

our protocol and commercial anti-CD3 antibody were working because we saw an 
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expected transient calcium response in Jurkat cells. Tet-Nur77 NES cells also appeared to 

be healthy during this experiment, which would negatively impact signaling if the cells 

were stressed, because they responded to PMA+CaI treatment. P+CaI strongly activate 

cells through bypassing the TCR, which later causes dumping of calcium stores (Figure 

2.4B). This experiment indicated to us that Tet-Nur77 NES cells could become activated 

downstream of the TCR, but at the same time were insensitive to signaling through the 

TCR itself.  

The observations that we could activate Tet-Nur77 with P+CaI, but failed to 

activate with anti-CD3 in these experiments made us suspicious of the amount of TCR on 

the surface of the cells available for signaling. Therefore, we looked at the level of CD3 

on the cell surface and activation of parental DO11.10, Tet-Nur77/NES, and vector alone 

control cell lines (Figure 2.5). Cells were stained with an anti-CD3-PE antibody and 

analyzed by flow cytometry. Parental DO11.10 cells show normal amounts of CD3, 

whereas all other cell lines tested had about half as much (Figure 2.5A). The percentage 

of cells expressing CD3 remains about the same (Figure 2.5B). However, the density of 

CD3 on each cell is drastically reduced (Figure 2.5C). Notably, the cell line we were 

attempting to stimulate with anti-CD3 for previous experiments (DO11.10 Tet-Nur77 

NES) showed the greatest reduction in CD3. This explained nicely why we obtained such 

poor calcium responses when trying to activate cells through their TCR. The ability of the 

cells to become activated was assessed by activating respective cell lines with PMA+CaI 

for 24 hours, then measuring the levels of IL-2 produced (Rochman, 2009). Activated 

DO11.10 cells responded by producing ample amount of IL-2, whereas vector alone cell 
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lines showed a dramatic decrease in IL-2. Surprisingly, both Tet-Nur77 and Tet-Nur77 

NES did not produce detectable levels of IL-2 (Figure 2.5D). 

Exploring the effects of Nur77 on intracellular calcium 

After we optimized the calcium imaging protocol in Jurkat cells as described 

above and in Materials and Methods, we next investigated the effect of Nur77 on 

intracellular calcium. We asked the question: does Nur77 affect baseline calcium levels 

in DO11.10 cells? We expected to see higher baseline levels when Nur77 is induced 

because higher levels of cytosolic calcium are suggested to contribute to induction of 

apoptosis (Harr and Distelhorst, 2010). Here, we demonstrate that in the presence of 

calcium in extracellular media, the expression of Nur77 increases cytosolic baseline 

calcium levels (Figure 2.6).  

After examining the effect of Nur77 on baseline calcium levels, we next asked: 

does Nur77 affect ER calcium store content? To investigate this, we used SERCA 

inhibitors thapsigargin (TG) and cyclopiazonic acid (CPA), which both empty ER 

calcium stores and raise cytosolic calcium levels. TG and CPA were used in calcium-free 

extracellular buffer (ECB), thus only measuring the level of calcium already present in 

the ER. We measured the cytosolic calcium by staining cells with the fluorescent calcium 

indicator fura2-AM and determined the fluorescence ratio (340/380). As seen in Figure 

2.7C and 2.7D, when Nur77 was expressed and cells were treated with TG or CPA, the 

ER calcium content was decreased compared to Nur77
 
(-) cells. In these instances, the 

calcium response was also delayed. Even though we observed decreased ER calcium 

stores in Figures 2.7, we have also observed variation in one thapsigargin experiment 

(Figure 5.6). Further experiments are needed to clarify these data. 
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Similarly to thapsigargin, CPA is a SERCA inhibitor we also used to determine 

Nur77’s role on ER calcium levels. Tet-Nur77 NES cells (-/+) Nur77 were treated with 

5µM, 10µM or 20µM CPA (Figure 2.8). When 5µM CPA was used on Nur77 (+) cells, 

there was a delayed calcium release and a lower level of calcium in the ER (Figure 2.8B 

& 2.8G). In the presence of Nur77, cells responded to 10µM or 20µM CPA treatment 

immediately after addition. Both of these groups also displayed the same amount of 

maximal calcium released (Figure 2.8G & 2.8H). Also in both cases, Nur77 caused a 

shorter duration of calcium release. In the absence of Nur77, 10µM CPA-induced 

calcium release begins to drop by about 13 minutes, whereas the presence of Nur77 

causes calcium levels to drop almost immediately after it reaches its peak by around 8 

minutes (Figure 2.8C & 2.8D). Similarly in the absence of Nur77, 20µM CPA-induced 

calcium release begins to drop by about 20 minutes, whereas the presence of Nur77 

causes calcium decline around 17 minutes (Figure 2.8E & 2.8F).  

Our next studies focused on the effect of inducing Nur77 for two different time 

points (1hr and 4hr) and observe the calcium levels in response to cell activation by 

PMA+CaI.  Consistent with previous data, Figure 12.9G, shows that 1hr Nur77 

expression (+) Ca2
+
 in ECB increases baseline calcium levels. As expected, the calcium 

released >15 minutes in (-) Ca2
+
 groups is minimal because this shows the release of 

stored calcium inside the cell. There is no calcium in the extracellular buffer for the cell 

to pump inside and cause a sustained calcium release (Figure 2.9A, 2.9C, 2.9E). 

Interestingly, after 1 hour of Nur77 activation, activation of these cells shows a more 

robust influx and release of calcium (Figure 2.9D and 2.9I). By 4 hours of Nur77 

activation, there seems to be a decrease in baseline calcium levels and lower intracellular 
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calcium stores (Figure 2.9F and 2.9G-I). These data suggest earlier activation of Nur77 

(1hr) may cause a large amount of sustained calcium release, thus aiding in T cell 

apoptosis.  
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Figure 2.1 Nur77 may disrupt the interaction between IP3R1 and Bcl-2. A) 

Untreated lysates (Lys) from 293T cells were immunoprecipitated (IP) with IP3R1 

(Abcam ab5804) or Bcl-2 antibodies (Abcam ab32124) and analyzed by immunoblotting 

(IP3R1 Abcam ab5804 or Bcl-2 Abcam ab32124). The respective antibodies listed were 

used throughout this figure. Bcl-2 was detected to co-IP with IP3R1. B) DO11.10 cells 

were activated with PMA and CaI and harvested at indicated times. IP3R1 was detected 

to co-IP with Bcl-2 at 0 and 1 hr. after activation. Beads (Bd) plus antibody (Ab) were 

used as IP controls. C) In DO11.10 Tet-Nur77 NES (Tet-NNES) cells, Nur77 was 

induced for 48 hours. When Nur77 is present, the IP3R1/Bcl2 complex is greatly 

reduced. Parental DO11.10 cells were used as an IP control. Nur77-GFP can be detected 

in IP GFP lane and in induced cell lysate.  
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Figure 2.2 Nur77 may increase baseline calcium level, amplitude and number of 

calcium oscillations. Calcium traces from DO11.10 Tet-Nur77 NES cells (-/+) Nur77. 

Total calcium traces (left) and representative individual cell profiles (right) of 

unstimulated (A,C) or stimulated (B, D) cells. Cells were stimulated with anti-CD3 and 

anti-CD3 antibody by adding gently over coverslip before imaging.. 12.23.10 

Experiment. 
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Table 1 Statistics summarizing Figure 2.2. Nur77 alone increases baseline calcium 

level. When cells are stimulated using anti-CD3, Nur77 increases the number and 

amplitude of calcium oscillations.  
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Figure 2.3 Optimization of antibody concentration in Jurkat cells for calcium 

imaging experiments. Jurkat cells were activated with high (20 µg/mL) or low (1 

µg/mL) concentrations of anti-CD3 in (+)Ca
2+ 

buffer. Both transient and oscillatory 

calcium responses can be generated. Left, calcium traces of total cells. Right, 

representative single cell calcium traces. (µg/mL) A) 20-transient. B)10-transient. C) 1-

oscillatory. Arrow indicates time of activation. 06.03.11 Experiment.  
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Figure 2.4 Tet-Nur77 NES cells are poorly activated with 20µg/mL commercial anti-

CD3. Cells were activated at 5 minutes A) Control Jurkat cells show a transient calcium 

release when activated with 20µg/mL anti-CD3 (+Ca
2+ 

buffer). B) DO11.10 Tet-Nur77 

NES (-) Nur77 cells (Tet NNES) treated with PMA+ CaI show transient calcium spike (-

Ca
2+ 

buffer) . C) DO11.10 Tet-Nur77 NES (-) Nur77 cells treated with 20µg/mL 

commercial anti-CD3 (+Ca
2+ 

buffer). Arrow indicates time of activation. 06.08.11 

Experiment.  
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Figure 2.5 Tetracycline inducible Nur77 DO11.10 cell lines show decreased 

TCR/CD3 on cell surface when compared to parental DO11.10 cells. A) Parental 

DO11.10, Tet-Nur77 NES, or vector alone control cell lines (tTA & pRetroX-tight) were 

stained with anti-CD3-PE and analyzed by flow cytometry. All Tet cell lines show 

decreased amount of CD3. B,C) Quantitative representation of data. D) IL-2 levels were 

measured by ELISA after activated with PMA+CaI for 24 hours. DMSO used as vehicle 

control. All Tet cell lines show dramatic decrease in IL-2 production. 
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Figure 2.6 Nur77 increases baseline calcium levels in the presence of  extracellular 

Ca
2+ 

. DO11.10 Tet-Nur77 NES (-/+) Nur77 cells were monitored for 30 minutes to 

establish baseline calcium levels (+) Ca
2+ 

in monitoring buffer. A) (-) Nur77 B) (+) 

Nur77. A+B) representative calcium traces from 8.31.11 experiment. Pink (- Nur77) and 

green (+ Nur77) lines indicate a representative cell’s calcium profile. C) Average 

baseline calcium levels from three independent experiments: 7.19.11, 8.12.11, & 8.31.11. 

(-) Nur77 = 181 cells. (+) Nur77 = 184 cells. P value <0.0001. 
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Figure 2.7 Nur77 may delay ER calcium release in response to thapsigarin. 100nM 

thapsigargin was added at 5 minutes for all groups (-) Ca 
2+  

 monitoring buffer. A) 

Parental DO11.10 cells. B) DO11.10 Tet-Nur77 NES (-) Nur77 cells. C) DO11.10 Tet-

Nur77 NES (+) Nur77 cells. D) Baseline Ca 
2+ 

levels. Arrow indicates time of 

thapsigargin addition. 7.29.11 Experiment.  
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Figure 2.8 Presence of Nur77 shows decreased CPA-induced calcium response at low 

concentrations. DO11.10 Tet-Nur77 NES (-/+) Nur77 cells were treated with various 

concentrations of CPA in (-) Ca 
2+  

 monitoring buffer. Arrow indicates time of CPA 

addition (A-F) Left, (-) Nur77. Right, (+) Nur77. A,B) 5µM C,D) 10µM. E,F) 20µM 

G,H) Baseline calcium levels. IJ) Calcium Amplitude. A-D = 9.12.11/ E+F = 8.31.11 

Experiment.   
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Figure 2.9 Nur77 increases baseline calcium levels and decreases intracellular 

calcium stores.  All conditions are DO11.10 Tet-Nur77 NES (-/+) Nur77 cells activated 

with PMA+CaI at 5 minutes.(A-F) Left, (-) Ca
2+ 

in monitoring buffer. Right, (+) Ca
2+ 

in 

monitoring buffer. A,B) (-) Nur77. C,D) (+) Nur77 1 hour. E,F) (+) Nur77 3 hours. G) 

Quantification of baseline calcium levels -/+ calcium in monitoring buffer. H, I) 

Quantification of calcium release amplitude during 5-10min. of trace or calcium released 

after 15 min. Arrow indicates time of activation. 8.31.11 Experiment.  
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Figure 2.10 Possible mechanism of Nur77-induced apoptosis in T cells. After 

stimulation through the TCR,  ERK1/-2 phosphorylates RSK and causes its translocation 

to the cell membrane. Here, RSK is phosphorylated again and fully activated where it 

then translocates into the nucleus. In the nucleus, RSK phosphorylates Nur77.  Nur77 is 

exported from the nucleus into the cytosol, where Nur77 associates with Bcl-2 at the 

mitochondria. This causes release of cytochrome c from the mitochondria and activation 

of the caspase cascade. However, phosphorylated Nur77 also can bind Bcl-2 at the ER. 

We hypothesize that Nur77 disrupts the already established Bcl-2/IP3R interaction, 

causing ER calcium release and eventual death of the cell (Pinton, 2006; Rud, 2010; 

Wang, 2009). 
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CHAPTER III 

DISCUSSION AND FUTURE DIRECTIONS 

Here, we present evidence that Nur77 may activate the intrinsic apoptotic 

pathway in T cells through a Bcl-2/IP3R-dependent mechanism. This is supported by the 

ability of Nur77 to modulate intracellular calcium levels and implied by co-

immunoprecipitation studies. We propose that Nur77 may perhaps disrupt the Bcl-

2/IP3R1 interaction, releasing calcium from the ER and initiating the mitochondrial 

apoptotic pathway in a DO11.10 T cell hybridoma. However, further investigation is 

needed to confirm these studies.  

One potentially novel finding presented in this work is the role of Nur77 in 

disrupting the interaction between the known IP3R/Bcl-2 complexes (Chen, 2004). Chen 

et al., 2004 studied co-immunoprecipitated (co-IP) these complexes in Bcl-2 WEH17.2 T 

cells and endogenous levels in the T cell line S49.A2. Another group also reported IP3R1 

(but not IP3R3)/Bcl-2 interaction at the ER in Bcl-2 MCF7 cell lines (Xu, 2007). Later, 

the BH4 domain of Bcl-2 was shown to be critical for the Bcl-2/IP3R interaction again in 

WEH17.2 T cells (Rong, 2009). Here, we use a tetracycline-inducible Nur77 in DO11.10 

T cells where Nur77 is tagged with a NES sequence and is constitutively trafficked into 

the cytosol. In a few instances, we were able to co-immunoprecipitate the Bcl-2/IP3R1 

complex in 293T, DO11.10, and Tet-Nur77 NES cells (Figure 2.1A-C). We were able to 

observe a reduction in the Bcl-2/IP3R1 complex in the presence of Nur77 in only one 

experiment (Figure 2.1C). In further trials we tried to repeat these data. However, we 

were unable to obtain reproducible results (Figure 5.1 and Figure 5.2). Possible 

explanations for these results are discussed below.  
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Because we were concerned with antibody specificity, a different antibody 

strategy was then used in an attempt to reduce non-specific bands. All of the subsequent 

antibodies described are reactive against mouse protein. Originally, these experiments 

were carried out by immunoprecipitating (IP) with rabbit antibodies and immunoblotting 

(IB) with the same rabbit antibodies. Bcl-2 was IP with a mouse monoclonal antibody 

and IB with an IP3R1 rabbit polyclonal antibody. We observed many nonspecific bands 

using both rabbit antibodies for IB, making it difficult to determine if the visualized 

bands were really IP3R1 or Bcl-2. A revised antibody strategy was employed trying to 

eliminate non-specific reactivity where proteins were first IP with rabbit polyclonal 

antibodies and detected with mouse monoclonal antibodies. However, we were unable to 

co-IP Bcl-2 and IP3R or detect either protein in the lysate under these experimental 

conditions (Figure 5.2B and 5.2C). As a positive control for Bcl-2, we used the B cell 

lymphoma line BAL-17, which has high endogenous levels of Bcl-2 (Figure 5.2A) 

(Merino, 1994). It is possible that the Bcl-2 antibody detected specific protein in BAL-17 

cells, but is still unclear. Future obstacles to surpass include defining an effective IP 

protocol and optimizing detection with specific antibodies.  

In order to overcome these difficulties with our immunoprecipitation experiments, 

we sought to use the Bimolecular Fluorescence Complementation (BiFC) assay. This 

assay is used to detect protein-protein interactions in a living cell based on the association 

between two fluorescent fragments. For example, protein A is tagged with the N-terminus 

of the yellow fluorescent protein and protein B is tagged with the C-terminus. If these 

proteins interact and the two fluorescent fragments come together, fluorescence can be 

observed using a standard fluorescent microscope (Kerppola, 2008; Kerpolla, 2009).  
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The advantages of using this system are that one can observe protein-protein 

interactions in living cells, fluorescence is observed only if proteins interact, and protein 

levels in their intracellular compartment are comparable to biological levels. The 

limitations of the system, which should also be considered, are that the fluorescent 

complex formation is slow. This means the interactions observed are unable to be seen in 

real time. The fluorescent complex formed between the two fragments is also irreversible, 

thus not mimicking the endogenous sometimes fleeting protein interaction partners. 

(Kerppola, 2008; Kerpolla, 2009).  

The BiFC assay is currently being used and continuously standardized in our 

laboratory. One member has successfully observed interactions with specific proteins in 

different cell types. One such interaction was seen using BiFC for the previously reported 

interaction between Nur77NES/Notch1NES. Our laboratory had originally isolated 

Notch-1 in a yeast two-hybrid screen with Nur77 (Jehn, 1999). Therefore, it was expected 

to see this interaction using BiFC. We plan to use this technique in continuation of the 

current study described in this work.  

Our aim is to use BiFC to observe the reported interaction between Nur77 and 

Bcl-2 (Lin, 2004; Winoto, 2008, Kolluri, 2008). The use of a mitochondrial or ER-

targeted Bcl-2 along with Nur77 NLS /NES can be used in various combinations to 

provide additional evidence of interactions. We obtained two plasmids containing 

mitochondria (Monoamine oxidase B) and ER (Cytochrome b5) –targeted Bcl-2. Efforts 

were made to restriction digest and PCR these fragments from their pCMV-Tag2B vector 

backbone. However, we were unable to cut at both restriction sties or obtain specific Bcl-

2 PCR products (data not shown). Further optimization of primers and PCR protocol is 
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needed before ligating either Bcl-2 products into a BiFC vector and transfecting cells to 

visualize protein-protein interactions. We would expect to see an interaction in the 

cytosol with Bcl-2 (ER or mitochondrial-targeted) with Nur77-NES.  

This technique would also be useful to confirm our hypothesis that Nur77 may 

disrupt the IP3R/Bcl-2 interaction. BiFC may provide us with a better understanding of 

these interactions because we could visualize the interactions in live cells instead of the 

possible, and sometimes unstable, protein interactions determined from cell lysates used 

for co-IP studies (Kerppola, 2008; Kerpolla, 2009). Bcl-2 has been shown to interact with 

the IP3R in the regulatory and coupling domain of the IP3R (Rong, 2008). This 

interacting portion of IP3R can be incorporated into a BiFC construct could be used along 

with Bcl-2-BiFC in Tet-Nur77 cell lines. These would be very interesting and 

informative experiments as to the nature of Nur77’s effects on IP3R and Bcl-2 proteins.  

As described above, we attempted to elucidate the direct effect of cytosolic Nur77 

on Bcl-2 and IP3R proteins. The mechanism by which Nur77 activates the apoptotic 

machinery of the cell still remains to be clarified, although its cytosolic role has become 

increasingly appreciated (Chang, 2011; Liang, 2007; Thompson, 2010; Wang, 2009; 

Yang, 2011a; Yang, 2011b).  Nur77 has been shown to specifically migrate to 

mitochondria and associate with Bcl-2 (Kolluri, 2008; Lin, 2004; Thompson, 2008). 

However, in DO11.10 T cells the physical interaction between endogenous Nur77 and 

Bcl-2 or Bcl-xL not detected (Wang, 2009).   

Nur77 has also been shown to interact with ER-targeted Bcl-2 (Laing, 2007).  

Laing et al. (2007) showed in cancer cell lines that ER-targeted Nur77 depletes ER 

calcium stores upstream of caspase activation. These data prompted us to explore the role 
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of Nur77 in T cells on intracellular calcium. We present data revealing some effects of 

Nur77 ER calcium stores T cells. We demonstrate that in the presence of calcium in 

extracellular media, the expression of Nur77 increases baseline calcium levels in the 

cytosol (Figure 2.11). Higher levels of cytosolic calcium are suggested to contribute to 

induction of apoptosis (Harr and Distelhorst, 2010). This could occur by increasing 

mitochondrial calcium load, and triggering apoptosis through mechanisms that still 

remain unclear (Demaurex and Distelhorst, 2003). Nonetheless, the amount and 

intracellular location of calcium remains an important factor when investigating 

apoptosis.  

Following TCR engagement, calcium enters the cell through Ca
2+

 release-

activated Ca
2+  

(CRAC) channels and is a critical step for effective T cell activation 

(Feske, 2007; Quintana, 2011).  Calcium-dependent signaling pathway calcineurin 

promotes nuclear factor of activated T cells (NFAT) which interacts with myocyte 

enhancer factor-2 (MEF2). MEF2 binds the Nur77 promoter and enhances its 

transcriptional activity (Youn, 1999; Youn, 2000). As mentioned above, when calcium is 

present in the imaging buffer, Nur77 increases baseline calcium levels (Figure 2.6). In 

contrast, when Nur77 is expressed and cells are placed without calcium in the imaging 

buffer, baseline calcium levels may be lowered (Figure 5.7C). This result was also not 

surprising because sustained Nur77-induced calcium release may require continuous 

calcium import into the cell.  

After examining the effect of Nur77 on baseline calcium levels, we next asked if 

Nur77 affects ER calcium store content. To investigate this, we used SERCA inhibitors 

thapsigargin (TG) and Cyclopiazonic acid (CPA), which both empty ER calcium stores 
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and raise cytosolic calcium levels (Dolmetsch and Lewis, 1994). It is important to note 

that all TG and CPA experiments were done in (-) Ca
2+

 imaging buffer (ECB). We 

measured the cytosolic calcium by staining cells with the fluorescent calcium indicator 

fura2-AM and determined the fluorescence ratio (340/380). As seen in Figure 2.7 and 

Figure 2.8, when Nur77 was expressed and cells were treated with TG or CPA, the ER 

calcium content was decreased in the presence of Nur77. In both of these instances, the 

calcium response was also delayed.  

This trend where Nur77 delays calcium response and shows lower levels of ER 

calcium leads us to suggest a model where Nur77 influences opening of the IP3R, 

releasing calcium from the ER into the cytosol. Calcium signaling is mediated by SERCA 

calcium pumps, but another pathway referred to as the “leak mechanism” balances the 

influx created by the pumps and are important in regulating calcium levels (Camello, 

2002). Nur77 may increase the leakiness of calcium through IP3R, resulting in lower ER 

stores when emptied with either SERCA inhibitor.  

Even though we observed decreased ER calcium stores and delayed response to 

thapsigargin in Figure 2.7, we also observed variation in a different experiment (Figure 

5.6). In response to strong activation signals such as during negative selection, Nur77 

may promote a sustained calcium release (Reviewed in Rong and Diselhorst, 2008). 

Perhaps in this experiment (Figure 5.6) the ER stores were increased so Nur77 could 

cause this transient calcium release and subsequent apoptosis. In all experiments unless 

otherwise noted, Nur77 was induced for 1 hour. Perhaps in this experiment, Nur77 

induction was not as efficient and we were actually looking at an earlier time point. This 

would explain why at the time of imaging, there is a greater amount of ER calcium. If 
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Nur77 has been induced for a longer period of time, Nur77 may have already caused this 

ER calcium release and could explain why we saw decreased ER calcium content in the 

experiments previously described (Figures 2.12E and 2.14I). Further experiments need to 

be performed to verify these results.  

As described earlier, we have seen that Nur77 increases baseline calcium levels 

when calcium is available in extracellular buffer. We have also seen that Nur77 

expression might influence ER calcium stores. Our next study focused on the effect of 

Nur77 at two different time points (1hr and 4hr) on calcium levels in response to cell 

activation by PMA+CaI.  Consistent with previous data, Figure 5.7B shows that 1hr 

Nur77 expression (+)Ca
2+

 increases baseline calcium levels, whereas (-)Ca
2+ 

decreases 

baseline calcium levels. In Figure 2.15H, both Nur77 time points seem to release about 

the amount of intracellular calcium. As expected, the calcium released >15 minutes is 

minimal because there is no calcium in the extracellular buffer for the cell to pump inside 

and cause a sustained calcium release.  

In contrast, when extracellular calcium is present and Nur77 in induced for 1 

hour, the calcium released at >15 min is increased (Figure 2.9I). This suggests to us that 

the cell is continually pumping calcium back into the cell, where Nur77 can then cause an 

even greater calcium release. However, at 4 hours the calcium released is lowered maybe 

because the cell has already continually dumped ER calcium stores. Much of the calcium 

imaging data presented here suggests Nur77 does affect calcium levels in cells 

undergoing apoptosis. We are confident in our data showing that when extracellular 

calcium is available, Nur77 expression results in an increase in baseline calcium levels. 
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Whether Nur77 decreases or increases the ER calcium stores will need to be verified in 

further experiments.  

Continued investigation of the effect of Nur77 on intracellular calcium could 

focus on determining the contribution of ER and mitochondrial calcium. Specific 

inhibitors to block calcium entry into the mitochondria would be useful to examine the 

effect of Nur77 on mitochondrial calcium stores. It has already been shown that Nur77 

causes changes in mitochondrial membrane potential (Wang, 2009). Perhaps Nur77 

causes increased uptake of calcium into the mitochondria, thus initiating apoptosis. 

Imaging cells in the absence of calcium (-/+ Nur77) in extracellular buffer then adding 

back calcium would be also an interesting experiment to show the engagement of the 

STIM/ORAI pathway in T cells (Robert, 2011).  

These calcium patterns are generated by interplay between various cellular 

compartments. During T cell activation, intracellular cytosolic calcium levels can rise 

from 50nM to around 1µM. Calcium is stored in organelles such as the ER, where 

calcium concentration can be about 400µM (Robert, 2011). In a normal cell, calcium is 

being continually cycled between the ER and mitochondria. However, calcium is also 

imported and exported from cell through channels at the cell membrane (Robert, 2011). 

In the experiments presented here, we measured the total amount of calcium released into 

the cytosol. The calcium concentration at various cellular compartments could be 

drastically different in the presence of Nur77, but may be undetectable by measuring total 

calcium. Determining exactly what compartments calcium is being stored and the 

concentration and the effect of Nur77 on these compartments would be very interesting 

for further studies.  
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Here, we hypothesize that Nur77 disrupts the known Bcl-2/IP3R interaction at the 

ER, causing calcium release through the IP3R and activation of apoptosis in T cells. This 

is supported through our co-immunoprecipitation studies. However, further experiments 

using BiFC will be used to confirm this. Studies of Nur77 on intracellular calcium 

concentration revealed that when extracellular calcium is present, Nur77 increases 

baseline calcium levels. Nur77 may also increase the leakiness of calcium through IP3R, 

resulting in lower ER stores when emptied with either TG or CPA.  

Additional data regarding subcellular calcium localization and concentration 

would be useful in determining the precise molecular mechanism as to how Nur77 

induces apoptosis in T cells. Once more is known about Nur77 and its interacting 

partners, these could be a therapeutic target.  Current research focuses on targeting Nur77 

in cancer models. Recently, a group reported a novel compound PCH4 initiates apoptosis 

in DBTRG-05MG and glioblastoma multiform (GBM) 8401 cells by up regulating 

Nur77. They again observed the translocation of Nur77 protein from the nucleus to the 

cytoplasm by Western blot. Treatment of DBTRG xenografts in nude mice with PCH4 

decreased tumor size over time compared to control groups (Chang, 2011). The Wan lab 

also published two related papers highlighting the role of Nur77 and its intracellular 

location as a target in cancer therapy (Yang, 2011a; Yang 2011b). Clearly, the advanced 

understanding of the molecular mechanisms underlying Nur77-induced apoptosis can 

provide new insights into cancer therapy, autoimmune diseases and the mechanisms 

underlying thymocyte negative selection.  

  



 

55 

CHAPTER IV 

MATERIALS AND METHODS 

Antibodies 

The following antibodies were used for immunoblotting: IP3R1 (ab5804), Bcl-2 

(ab32124), Bcl-2 (ab-692) and GFP (ab5450) were from Abcam (Cambridge, MA). 

IP3R1 (sc-271197) was from Santa Cruz (Santa Cruz, CA). TetR antibody (631108) was 

from Clontech (Mountain View, CA). Actin (A3853) was from (Sigma-Aldrich). 

The following antibodies were used for IP: IP3R1 (ab5804), Bcl-2 (ab32124), and Bcl-2 

(ab7973) were from Abcam (Cambridge, MA). 

Anti-CD3 used for activation (553058) was from BD Biosciences (San Diego, CA).  

Flow cytometry: PE-conjugated anti-mouse CD3e (553064) was from BD Biosciences 

(San Diego, CA).  

ELISA antibodies: rat anti-mouse IL-2 (554424), biotin rat anti-mouse IL-2 (554426), 

and avidin-HRP (554058) were from BD Biosciences (San Diego, CA).  

Calcium Imaging 

Methods of calcium imaging were described previously in Zhong et al., 2006; 

Chen et al., 2004, and used here with modifications. 1-1.5 x 10
6
 cells were adhered 

directly to poly-D-lysine-coated coverslips (14-mm coverslip dishes; MatTek Corp, 

Ashland, MA) and incubated for 1 hour at 37˚C in 7% CO2. To induce Nur77, cells were 

washed three times with 1xPBS and resuspended in RDG medium before plating. After 

adhering cells to coverslip, cells were loaded with 1µM Fura-2-acetoxymethyl ester 

(Molecular Probes, Eugene, OR) for 45 min at 25˚C in extracellular buffer (ECB; 

130mM NaCI, 5mM KCI, 1.5mM CaCI2, 1mM MgCI2, 25mM Hepes pH 7.5, 1mg/ml 
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BSA, and 5mM glucose). The buffer was then replaced with fresh ECB and incubated at 

25˚C for an additional 45 minutes. Culture dishes were washed once with ECB and 

mounted on the nonheated stage of an inverted microscope (Nikon Diaphot). Intracellular 

calcium measurements up to 100 cells were monitored using SimplePCI (C-Imagaing 

System Cranberry  Township,  PA), which controls a filter wheel rotating between 

wavelengths of 340 and 380nm. Light was illuminated by a 75 W Xenon arc lamp and 

emitted light above 510nm was collected by a cooled Photometrics SenSys CCD camera 

(Roper Scientific, Tuscon, AZ). Light was collected every 20 seconds and used to 

calculate fluorescence ratios of 340/380 (Zhang et. al, 2011).  

ER calcium was assessed by determining the magnitude of calcium response 

induced by the addition of 100nM thapsigargin (TG) or 5,10,20 µM cyclopiazonic acid 

(CPA). For TG and CPA treatments, cells were maintained in Ca
2+-

free conditions in 

ECB (-)Ca
2+

 (-) BSA supplemented with 4mM EGTA. TG or CPA was added to this 

buffer during calcium monitoring at indicated times. Statistics were calculated using 

Graph Pad Prism (GraphPad Software, La Jolla, CA) by performing appropriate 

Student’s t-tests.  

Cell culture and stable cell lines 

DO11.10, 293T, and Jurkat cells were cultured in RDG complete media 

composed of 45% RPMI 1640, 45% DMEM, 10% FBS (Lonza, Switzerland), 100U/mL 

Penicillin and Streptomycin (Lonza, Switzerland) at 37˚C in 7% CO2.  

DO11.10 and Jurkat cells were stimulated by using various concentrations of anti-

CD3 antibody (BD Biosciences, San Diego, CA). Anti-CD3/CD28 antibodies used in 
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Figures 2.4, 2.5, 2.6 were made in our laboratory and were used at a 1:1 ratio.  DO11.10 

cells were stimulated with 80nM PMA and 500nM Calcium Ionophore.  

Flow cytometry and ELISA 

Flow Cytometry was performed using an LSRII (Beckon-Dickinson, Mountain View, 

CA) Cells were stained using PE-conjugated anti-mouse CD3e (BD Biosciences). 

ELISAs were performed using supernatants from activated cells using rat anti-mouse IL-

2 from BD Biosciences.  

Immunoblotting 

Whole cell lysates were prepared by lysing cells using RIPA buffer (50mM  

Tris, pH8.0, 150mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,  

protease inhibitors). Protein assays were performed using BCA Assay kit (Thermo 

Scientific, Rockford, IL). Cell lysates containing 30-50µg protin were subjected to SDS-

PAGE and then transferred to nitrocellulose membranes. Blocking, primary, and 

secondary antibody incubations were implemented in BLOTTO (1x PBS containing 0.1% 

Tween-20 supplemented with 5% (wt/vol) dry fat-free milk powder (Carnation Nestle). 

Horseradish peroxidase-conjugated sheep anti-rabbit and anti-mouse antibodies (GE 

Health, Piscataway, NJ) were used at a dilution of 1:5000, and bands were detected with 

enhanced chemiluminescence (ECL, GE Health, Piscataway, NJ).  Antibodies were used 

at 1:1000 or as directed by the manufacturer for immunoblotting. 

DO11.10 cells were stimulated to die with 80nM PMA and 500nM calcium ionophore.  
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Immunoprecipitation 

293T cells or DO11.10 cells were lysed with IP-lysis buffer (50mM Tris, 100mM NaCl, 

2mM EDTA, and 1% CHAPS) with protease inhibitors. Whole cell lysates were then 

incubated overnight with anti-IP3R1 or anti-Bcl-2 antibody and cleared using Protein 

A/G Plus beads (Santa Cruz Biotechnology). Samples were then analyzed by SDS-PAGE 

and Western blot analysis. Tris-glycine SDS-Polyacrylamide Gels (IP3R1-6%, Bcl-2 

12%) or 4-15% Ready Gel Tris-HCl (161-1158, BIORAD) were used.  
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CHAPTER V 

SUPPLEMENTARY DATA 

 

Figure 5.1 Nur77 may disrupt the interaction between IP3R1 and Bcl-2. A-C) 

Untreated Tet-Nur77 NES cells were IP with indicated antibodies and analyzed by 

immunoblotting. For IP and IB: IP3R1 Abcam ab5804, Bcl-2 Abcam ab32124. A) Nur77 

was induced for 48hours. The IP3R1/Bcl2 complex was greatly reduced. Parental 

DO11.10 cells were used as an IP control. Nur77 can be detected in IP GFP and in 

induced cells. B) IP3R1/Bcl-2 complex is absent in control cells. C) IP3R1/Bcl-2 or Bcl-

2/IP3R1 complex is absent in control cells. 
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Figure 5.2 Further optimization of IP protocol and co-IP antibodies are needed. A-

C) DO11.10 Tet-Nur77 NES (Tet-NNES) cell lysates were immunoprecipitated (IP) with 

either Bcl-2 (Abcam ab7973) or IP3R1 (Abcam ab5804) and proteins were detected by 

immunoblotting (Bcl-2: Ab692 or IP3R1: Santa Cruz sc-271197). A) Bcl-2 was induced 

in a DO11.10 cell line with varying concentrations of copper sulfate. BAL-17 cells also 

show high endogenous levels of Bcl-2. B+C) New antibodies listed above were 

unsuccessful in visualizing IP3R1 and Bcl-2 proteins through IP or in lysate.  
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Figure 5.3 Anti-CD3/anti-CD28 treatment insufficiently activates Tet-Nur77 NES 

cells. A-C) DO11.10 Tet-Nur77 NES (-/+) Nur77 cells were monitored on a heated 

microscope stage. A) Unstimulated. B.1) Cells placed directly on heated stage for 

imaging. B.2) Cells placed on heated stage for imaging and pre-warmed media was added 

over coverslip. C)  Cells incubated on ice for 15 minutes before mounting on heated stage 

and 1mL additional warm media added to assist in activation. D) Percent death was 

determined in Tet-Nur77 NES cells by staining with DAPI and observing apoptotic 

nuclear morphology after 24 hours. PMA + CaI was used as a positive control. D-A) 

Cells were incubated with anti-CD3/anti-CD28 for 0 or 1 hour before adding hamster IgG 

to cross-link receptors. Antibodies were incubated with Protein A/G beads for 1 hour to 

concentrate. B) Cells stimulated with commercial anti-CD3 at 1 or 5 ug/mL. Nur77NES 

cells die better with co-stimulation by anti-CD3, anti-CD28, and anti-hamster IgG than 

with anti-CD3 alone. This activation condition was used for certain calcium imaging 

experiments. 
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Figure 5.4 Commercial anti-CD3/28  is more efficient for cell activation. DO11.10 

Tet-Nur77 NES (-) Nur77 cells were imaged in (+)Ca
2+ 

buffer. A) Cells were activated 

with anti-CD3/28. B) Commercial anti-CD3/28. Activation through TCR with anti-CD3 

shows delayed calcium release. C) PMA+CaI. Arrow indicates time of activation. 
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Figure 5.5 Many concentrations of commercial anti-CD3 antibody tested are 

insufficient to activate Tet-Nur77 NES cells. Tet-Nur77 NES cells (-) Nur77 were 

monitored in (+)Ca
2+ 

buffer and were activated at 5 minutes with a variety of 

concentrations of commercial anti-CD3 antibody (µg/mL). A) 5. B) 20. C) 50. D) 75. E) 

100. Arrow indicates time of activation. 
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Figure 5.6 Variation in thapsigargin data. DO11.10 Tet-Nur77 NES cells were treated 

with 100nM Thapsigargin (TG) at 5 minutes (-) Ca 
2+ 

 in extracellular buffer. A) (-) 

Nur77. B) (+) Nur77. C) Amplitude of TG-induced raise in cytosolic calcium. Arrow 

indicates time of TG addition. 8.31.11 Experiment.  
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Figure 5.7 Effect of Nur77 on baseline calcium levels (-) Ca
2+ 

in extracellular buffer. 

Baseline calcium levels measured before thapsigargin or CPA addition. A) Baseline 

calcium levels (-) Ca
2+ 

in extracellular buffer were measured in DO11.10 and DO11.10 

Tet-Nur77 NES (-/+) Nur77 for 5 minutes – 7.29.11. B) Baseline calcium levels were 

measured in DO11.10 Tet-Nur77 NES (-/+) Nur77 for 5 minutes – 8.31.11. C,D) 

Baseline calcium levels were measured in DO11.10 and DO11.10 Tet-Nur77 NES (-/+) 

Nur77 for 5 minutes for different CPA groups - 9.12.11., 8.31.11. 
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