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ABSTRACT 
Molecular Basis for Kappa-Opioid Regulation of Chemokine Receptor Function 

Matthew James Finley 
Doctor of Philosophy 

Temple University, 2010 
Doctoral Advisory Committee Chair: Thomas J. Rogers, Ph.D. 

 
 Opioid receptor-mediated regulation of chemokine receptors is vital for the host 

immune response, development, and neurological function.  Previous studies have 

demonstrated that the kappa opioid receptor (KOR) activation results in decreased 

infectivity of human immunodeficiency virus 1 (HIV-1) in human peripheral blood 

mononuclear cells (PBMCs).  We have found this effect is due to down-regulation of the 

major HIV-1 co-receptors, CCR5 and CXCR4.  Using molecular techniques, CCR5 and 

CXCR4 mRNA levels drop dramatically following KOR activation.  To dissect the 

mechanism involved, we used transcription factor binding arrays and compared control 

cell extracts to KOR activated cell extracts.  We determined that the interferon 

regulatory factors (IRFs) and signal transducers and activators of transcription (STATs) 

could be involved in the KOR-mediated repression of CCR5 and CXCR4 transcription 

and protein expression.  Using chemical inhibitors and small interfering RNA (siRNA) 

molecules, we determined that JAK2, STAT3, and IRF2 are critical members of this 

signal transduction pathway.  The understanding of these particular mechanisms should 

prove to be beneficial for the development of potential pharmacological agents targeted 

at HIV-1 binding and infection since virus infection requires expression of the co-

receptors CXCR4 and CCR5.  Understanding the molecular basis for KOR-induced 

inhibition of co-receptor expression may provide a basis for the development of KOR 

agonist-based therapeutics to treat individuals infected with HIV. 
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CHAPTER 1 

INTRODUCTION 

 

Opioids and Opioid Receptors 

 

Opioid Receptor Structure and Nomenclature  

 

Opioid receptors are classified as members of the seven transmembrane G 

protein-coupled receptor (GPCR) superfamily.  Structurally, these receptors are 

composed of seven hydrophobic transmembrane domains with connecting extracellular 

and intracellular loops.  Based on conserved protein amino acid sequence, the opioid 

receptors are closely related to class A GPCRs or rhodopsin-like GPCRs (Palczewski et 

al., 2000).  The opioid receptors are comprised of three major classes termed µ, κ, and 

δ (Chen et al., 1993; Evans et al., 1992; Kieffer et al., 1992; Li et al., 1993; Meng et al., 

1993).  The opioid receptors share approximately 70% amino acid homology with one 

another (Stefano and Salzet, 1999).  An illustration of the mu opioid receptor is included 

as Figure 1. 

The opioid receptors are primarily expressed in the central nervous system 

(CNS), but have also been shown to be expressed in cells of the immune system 

(Ruzicka et al., 1995; Wybran et al., 1979).  Additional studies have demonstrated 

opioid receptor messenger RNA (mRNA) could be detected in monocytes, 

macrophages, B-lymphocytes, and T-lymphocytes (Bidlack, 2000; Chuang et al., 1995).  

These cells also have been found to express opioid receptor protein based on opioid-
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specific radioligand receptor binding assays (Paterson et al., 1984; Sibinga and 

Goldstein, 1988; Wick et al., 1996).  Although the expression level of opioid receptors 

were lower in cells of the immune system compared to the CNS, evidence 

demonstrates that immune cells mediated biological signaling cascades such as 

mitogen-activated protein (MAP) kinase and cellular chemotaxis following opioid 

treatment (Bohn et al., 2000; Ruff et al., 1985). 
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Figure 1: Structural Model of Mu Opioid Receptor wi th Bound Antagonist (Fowler 
et al., 2004) 

Molecular structure of an active mu opioid receptor with a cyclic peptide antagonist 
(depicted in purple) modeled from experimental constraints. The red horizontal line 
represents the extracellular side and the blue represents the cytoplasmic side. The 
transmembrane helices were colored in red. 
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Opioid Receptor Function  

 

 Opioid receptor function differs tremendously between the CNS and immune 

system.  In the CNS, opioid receptor activation can depress neuronal firing, alter 

neurotransmitter and hormone release, and alter systemic processes such as 

hypotension and respiratory function (Simonds, 1988), in addition to the obvious 

analgesic properties.  Opioid receptors have roles in HIV-1 infectivity, inflammation, 

cellular proliferation, and antibody production in cells of the immune system (Eisenstein 

and Hilburger, 1998; Guan et al., 1994).  Interestingly, studies have shown δ, κ, and µ 

opioid receptor knockout mice were viable without major defects (Gaveriaux-Ruff et al., 

2001; Matthes et al., 1996; Nadal et al., 2006; Simonin et al., 1998).  Although the 

knockout mice do not display gross defects, interesting observations have been 

reported in respect to analgesia and dependence.  Kappa opioid receptor knockout 

mice lack physical dependence to morphine, while morphine treatment still results in 

analgesia due to the presence of the mu opioid receptor (Simonin et al., 1998).  This 

demonstrates interdependence of the opioid systems adding to the complexity of 

molecular signaling that occur with these receptors. 
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Opioid Receptor Agonists and Antagonists  

 

 Since opioid receptors share a strong homology among one another, many of the 

agonists and antagonists that bind opioid receptors were able to bind all of the receptor 

subtypes.  For example, morphine has been documented to bind and activate the δ, κ, 

and µ opioid receptors.  Further investigation revealed morphine binds the µ-opioid 

receptor with greater affinity than the δ or κ-opioid receptors (Reisine, 1995).  U50,488H 

( trans - (-) - 3, 4-Dichloro-N-methyl-N - [2 - (1-pyrrolidinyl) cyclohexyl] 

benzeneacetamide hydrochloride) binds the kappa opioid receptor with high affinity and 

can be effectively blocked by its antagonist nor-BNI (17, 17' - (Dicyclopropylmethyl) - 6, 

6', 7, 7' – 6, 6' – imino - 7, 7' – binorphinan – 3, 4', 14, 14' - tetrol dihydrochloride).  For 

the µ-opioid receptor, DAMGO ([D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin) binds with 

high affinity and can be effectively blocked by the µ-selective antagonist CTAP (D-Phe-

Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2).  A summary of the selected endogenous and 

exogenous opioid agonists and antagonists are listed in Table 1. 
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Table 1: Agonists and Antagonists of Human Opioid R eceptors 

A summary of the common endogenous and exogenous opioid agonists and 
antagonists is provided for reference. 

 

 

Receptor  Endogenous 
Agonists 

Exogenous 
Agonists 

Antagonists  

δ-Opioid 
Receptor 

Met-enkaphalin 
Leu-enkaphalin 
β-endorphin 

DPDPE 
Deltorphin 
Morphine 
SNC80 

Naltrindole 
Naloxone 

κ-Opioid 
Receptor 

Dynorphin A 
Dynorphin B 

U50,488H 
U69,593 
Morphine 

Nor-BNI 
Naloxone 

µ-Opioid 
Receptor 

Endomorphin-1 
Endomorphin-2 
β-endorphin 

DAMGO 
Morphine 

CTOP 
CTAP 
β-FNA (Irreversible) 
Naloxone 
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Opioid Receptor Involvement in the Immune System  

 

 Studies focusing on the effects of endogenous and exogenous opioid agonists on 

immune cells demonstrated opioids could affect cell physiology and alter immune 

system response (Bidlack, 2000; Carr et al., 1996; McCarthy et al., 2001; Mellon and 

Bayer, 1998; Rogers and Peterson, 2003; Roy and Loh, 1996; Sharp et al., 1998; 

Wybran et al., 1979).  Further studies showed that opioid receptors can modulate a 

variety of functional processes, including antibody production (Bussiere et al., 1993; 

Pruett et al., 1992; Taub et al., 1991), inhibition of NK cell function (Bayer et al., 1990; 

Shavit et al., 1984), alteration of macrophage cell function (Roy et al., 1991; Szabo et 

al., 1993), alteration of chemotactic responses (Perez-Castrillon et al., 1992; Ruff et al., 

1985), alteration of mitogen responses (Bayer et al., 1990; Bryant et al., 1988; Lysle et 

al., 1993), and regulation of cytokine, chemokine, and chemokine receptor expression 

(Alicea et al., 1996; Finley et al., 2008; Happel et al., 2008; Wetzel et al., 2000).  

Although the opioid receptors share strong homology, the µ-opioid receptor and κ-opioid 

receptor have opposing roles in the immune system (Pan, 1998; Rogers and Peterson, 

2003).  For example, activation of the κ-opioid receptor by U50,488H suppresses the 

expression of several pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α in both 

primary macrophages and macrophage/monocyte cell lines (Alicea et al., 1996).  In 

contrast, activation of the µ-opioid receptor appeared to up-regulate the expression of a 

number of pro-inflammatory cytokines and cytokine receptors (Neudeck et al., 2003; 

Rogers and Peterson, 2003; Sheng et al., 2003).  This suggests that the κ-opioid 
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receptor has an anti-inflammatory role in immune cells, whereas the µ-opioid receptor 

can be pro-inflammatory in nature.  The biochemical basis responsible for the opposing 

roles of the κ and µ-opioid receptor remained unclear. 
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The κ-Opioid Receptor (KOR)  

 

 The µ-opioid receptor has been well studied for its analgesic properties and 

ability to bind morphine with greater affinity than the κ or δ-opioid receptors.  

Unfortunately, opioids such as morphine can form physical addictions that must be 

closely monitored by the clinician.  Because of these issues, studies of the κ-opioid 

receptor (KOR) aimed to find agonists that have high affinity for KOR without physical 

addiction.  In addition to analgesia, the KOR has been found to be involved in regulation 

of mood, motivation, stress response, anti-diuretic hormone production, and 

temperature (McLaughlin et al., 2003; Millan, 1990; Shippenberg et al., 2007).  Initial 

research evaluating KOR agonists utilized centrally-acting compounds that had few 

applications in humans due to side effects including dysphoria and psychological 

dysfunction (Bruchas et al., 2006; Bruchas et al., 2007; Land et al., 2008; Pfeiffer et al., 

1986a; Rimoy et al., 1994; Walsh et al., 2001a; Walsh et al., 2001b).  Salvinorin A, a 

potent naturally occurring centrally acting KOR agonist, has been abused because of its 

hallucinogenic properties (Yan and Roth, 2004).  The effects of an addiction to 

Salvinorin A are very serious since dysphoria can result in suicidal tendencies.  KOR 

agonists that act in a peripheral manner have been highly desired since they were less 

likely to have side effects, and limited abuse potential (Haven-Hudkins and Dolle, 2004).  

Antagonists of the KOR system may also have beneficial effects in the treatment of 

depression and drug addiction (Beardsley et al., 2005; Pfeiffer et al., 1986a).  Together 
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agonists and antagonists of KOR may provide treatments for psychological and physical 

diseases when properly utilized. 
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Opioid Receptor Signaling 

 

G-Protein Coupled Receptor (GPCR) Signaling  

 

 G protein-coupled receptor (GPCR) activation has been shown to result in the 

exchange of GDP to GTP on the G-protein coupled to the cytoplasmic carboxy-terminal 

end of the receptor.  The G-protein is comprised of an α, β, and γ subunit, and following 

receptor activation, the GTP-α-subunit and βγ subunit dissociate.  This results in diverse 

signaling cascades following ligand binding to the GPCR.  The G-protein subunits are 

produced from several different genes resulting in the ability to form thousands of 

different subunit combinations compounding the complexity involved in GPCR signaling 

(Goldsmith and Dhanasekaran, 2007).  Moreover, the G-protein α-subunit could exert 

distinct signaling activities, and distinct families of Gα proteins have been described (i.e. 

Gαs, Gαi, Gαq, and Gα12).  Gαs is involved in adenylyl cyclase and/or calcium ion channel 

signaling, whereas Gαi is involved in adenylyl cyclase and calcium ion channel inhibition.  

Gαq is involved in activation of phospholipase C, and Gα12 is responsible for activation of 

JNK and/or Rho (Natarajan and Berk, 2006).  Finally, the G-protein βγ-subunit has been 

found to activate calcium and potassium channels, G-protein receptor kinases, adenylyl 

cyclase, Shc-Src complex formation, and phosphoinositide (PI) 3 kinase γ (Filizola and 

Weinstein, 2005).  The dynamics involved in GPCR signaling is further described in 

Figure 2. 
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Figure 2: Dynamic GPCR Signaling Pathways (Reproduc ed with permission from 
Cell Signaling Technologies, Inc.) 

The diversity of GPCR signaling is illustrated above. Gαi, Gαq and Gαs pathways are 
outlined in this signaling diagram. Several other pathways are also activated by GPCRs, 
but the most common are included in this figure. 
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Opioid Receptor Signaling  

 

 Opioid Receptors are members of the Gαi/Gαo-coupled receptor subfamily.  The 

effects of this class following activation include changes in intracellular calcium levels 

(Jin et al., 1993), activation of potassium channels (North et al., 1987), activation of 

calcium channels (Hescheler et al., 1987), and inhibition of adenylyl cyclase (Sharma et 

al., 1977).  Opioid receptors are typically sensitive to pertussis toxin (PTX), as were 

most Gαi/Gαo-coupled receptors.  However, since GPCRs have diversity in G-protein 

involvement, in some circumstances, opioid receptors have been reported to bind Gαz a 

Gα-protein member of the Gαi family.  This member was not pertussis toxin sensitive 

and has been implicated in µ-opioid receptor modulation of ERK activity (Belcheva et 

al., 2000; Fields and Casey, 1997).  An outline of the pathways that can be activated 

following opioid receptor activation is included (Figure 3). 
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Figure 3: Opioid Receptor Signaling Pathways 

This cartoon is a summary of the signaling pathways activated by opioid receptors.  This 
figure does not serve as a complete understanding of opioid receptor signal potential. 
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Chemokine Receptors 

Chemokine Receptor Structure and Nomenclature  

 

 Chemokine receptors are also members of the seven transmembrane (7TM) 

GPCR superfamily, and were originally found on cells of the immune system.  The C-

terminal end of the protein is not only important for G-protein docking, it is also involved 

in receptor regulation via phosphorylation of tyrosine, serine, or threonine residues.  

Three hydrophilic extracellular and intracellular loops connect the transmembrane 

regions and provide binding domains for additional messenger or scaffolding proteins.  

The acidic N-terminal end of the chemokine receptor is relatively short compared to 

other GPCRs and is important for ligand binding.  Chemokine receptors contain two 

conserved cysteine residues that were linked by disulfide bonds between the first two 

extracellular loops.  Although most of the chemokine receptors share a strong homology 

with one another, they are able to selectively bind a limited number of ligands allowing 

for wide-ranging signaling potential. 

 The classification of chemokine receptors is based on the structure of the 

agonist, or chemokine.  Chemokines are classified in four families, C, CC, CXC, and 

CX3C, based on the amino acid sequence at the amino terminal conserved cysteine 

residue(s) in the protein.  For example, the chemokine receptor CCR5 (CC chemokine 

receptor 5) is bound by one or more members of the CC-family of chemokines.  The C 

family of chemokine receptors is made up of a single member, XCR1, whereas the CC 

family is made up of eleven members designated CCR1 through CCR11.  The CXC 
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family has seven members designated CXCR1 to CXCR7 and, the CX3C family has one 

member, CX3CR1 (Murphy et al., 2000; Murphy, 2002).  Table 2 details the receptor 

and chemokine interactions.  Many of the chemokines can bind to multiple chemokine 

receptors and chemokine receptors can bind multiple chemokines illustrating the 

promiscuous nature of these proteins. 
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Table 2: Chemokine Receptors and the Chemokines The y Bind 

This table summarizes the known chemokine and chemokine receptor binding 
relationships in humans. 

 

Chemokine 
Receptor  

Chemokine  

CCR1 CCL3, CCL5, CCL7, CCL13, CCL14, CCL15, CCL16, CCL23 
CCR2 CCL2, CCL7, CCL8, CCL13, CCL16 
CCR3 CCL5, CCL7, CCL8, CCL11, CCL13, CCL15, CCL16, CCL24, CCL26, 

CCL28 
CCR4 CCL17, CCL22 
CCR5 CCL3, CCL4, CCL5, CCL8, CCL11, CCL14, CCL16 
CCR6 CCL20 
CCR7 CCL19, CCL21 
CCR8 CCL1 
CCR9 CCL25 
CCR10 CCL27, CCL28 
CXCR1 CXCL6, CXCL7, CXCL8 
CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8, MMIF 
CXCR3 CXCL4, CXCL9, CXCL10, CXCL11 
CXCR4 CXCL12, MMIF 
CXCR5 CXCL13 
CXCR6 CXCL16 
CXCR7 CXCL12 
XCR1 XCL1, XCL2 
CX3CR1 CX3CL1 
CCX-CKR CCL19, CCL21, CCL25 
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Chemokine Receptor Function  

 

 Following ligand binding to the chemokine receptor, a rapid flux in calcium (Ca2+) 

ions occurs initiating calcium signaling pathways (Murdoch and Finn, 2000b).  Receptor 

activation and calcium signaling can result in a process termed chemotaxis (Murdoch 

and Finn, 2000a).  Chemotaxis is a process in which cells can migrate toward a gradient 

of chemicals or chemokines in order to perform their assigned function.  A classic 

example of this is the action of monocytes during an inflammatory response.  

Monocytes can rapidly migrate to the site of inflammation by following chemokine 

gradients released from first responders at the site of inflammation.   

 Since chemokine receptors are members of the GPCR superfamily, they are able 

to trigger signaling events via G-proteins.  The Gα-subunit can trigger phosphorylation 

of the receptor C-terminal end serine and/or threonine residues using protein tyrosine 

kinase (PTK) or protein kinase C (PKC) (Giagulli et al., 2004; Murthy et al., 2000).  PTK 

phosphorylation of the receptor can result in inactivation or desensitization of the 

receptor thereby terminating signal potential.  The Gβγ-subunit can activate 

phospholipase C (PLC) and/or mitogen-activated protein (MAP) kinase pathways 

leading to cellular functions such as chemotaxis, degranulation, superoxide anion 

generation, and changes in integrin adhesion (Murdoch and Finn, 2000a). 

 Chemokine receptors also are involved in the regulation of development of cells 

of the immune and nervous systems (Allen et al., 2007).  Signaling of chemokine 

receptors is vital for processes ranging from development to immune surveillance and 
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when these pathways become dysregulated, disease processes can develop.  To 

summarize the disease processes that involve chemokine receptors, Table 3 is 

provided.  For example, viral infection by HIV utilizes the chemokine receptors and 

allows for viral entry to healthy T-lymphocytes.  Hijacking the function of chemotaxis is 

evident in the use of chemokine receptors in the angiogenesis vascularization of tumor 

masses.  Chemokine receptors are responsible for vital functions of the immune 

system, but seizure of this mechanism during disease processes can be devastating. 
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Table 3: Chemokine Receptors and Pathobiology 

A summary of the disease implications of dysregulated chemokine receptor expression 
and/or function are outlined. 

 

Chemokine 
Receptor  

Disease Implications  References  

CCR1 Multiple Sclerosis, Psoriasis, 
Rheumatoid Arthritis, Cancer, 
Transplant Rejection, Kidney 
Dysfunction 

(Azenshtein et al., 2002; Godessart and Kunkel, 
2001; Luboshits et al., 1999; Milliken et al., 2002; 
Ninichuk and Anders, 2005; Robinson et al., 2003a; 
Scotton et al., 2001) 

CCR2 Multiple Sclerosis, 
Arthrosclerosis, Rheumatoid 
Arthritis, Diabetes, Obesity, 
Cancer, Asthma 

(Boring et al., 1998; Charo and Taubman, 2004; 
Conti and Rollins, 2004; Godessart and Kunkel, 
2001; Gosling et al., 1999; Gu et al., 1998; Milliken et 
al., 2002; Peters and Charo, 2001; Sica et al., 2002; 
Spring et al., 2005; Veillard et al., 2004) 

CCR3 Asthma, Allergies (Suzuki et al., 2006) 
CCR4 Asthma, Dermatological 

Disease 
(Amin et al., 2005; Kurashima et al., 2006; Purwar et 
al., 2006; Shimauchi et al., 2006; Wenzel et al., 2005) 

CCR5 HIV Infection, Cancer (Alkhatib et al., 1996; Azenshtein et al., 2002; 
Balkwill, 2004a; Deng et al., 1996; Feng et al., 1996; 
Luboshits et al., 1999; Milliken et al., 2002; Robinson 
et al., 2003b; Scotton et al., 2001; Spring et al., 2005) 

CCR6 Asthma (Lukacs et al., 2001; Reibman et al., 2003) 
CCR7 Cancer (Muller et al., 2001; Murakami et al., 2004) 
CCR9 Irritable Bowel Syndrome (Hwang, 2004; Papadakis et al., 2001) 

CXCR1 Arthrosclerosis, Rheumatoid 
Arthritis, Chronic Obstructive 
Pulmonary Disease, Sepsis 

(Godessart and Kunkel, 2001) 

CXCR2 Arthrosclerosis, Rheumatoid 
Arthritis, Chronic Obstructive 
Pulmonary Disease, Sepsis 

(Godessart and Kunkel, 2001) 

CXCR3 Psoriasis, Rheumatoid 
Arthritis, Cancer, Multiple 
Sclerosis, Transplant 
Rejection 

(Godessart and Kunkel, 2001; Vicari and Caux, 2002) 

CXCR4 HIV Infection, Cancer (Alkhatib et al., 1996; Balkwill, 2004a; Balkwill, 
2004b; Deng et al., 1996; Feng et al., 1996; Kang et 
al., 2005; Muller et al., 2001; Murakami et al., 2002) 

CX3CR1 Arthrosclerosis (Greaves et al., 2001) 
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Chemokine Receptor CXCR4  

 The CXC chemokine receptor 4 (CXCR4) has been evolutionarily conserved 

from zebrafish (where it is involved in the migration of germ cells to the gonads) to 

humans (Chromosomal location 2q21) (Knaut et al., 2003; Smith et al., 2004).  CXCR4 

has been termed a homeostatic chemokine receptor because it is involved in 

developmental and physiological processes in addition to its role in the chemokine 

signaling cascade.  CXCR4 knock-out (KO) mice have been generated and disruption of 

this gene (or its ligand CXCL12) was embryonically lethal (Tamamura et al., 2003; Zou 

et al., 1998).  Autopsy of the murine fetuses demonstrated defects in heart, brain, B-cell 

and T-cell lymphopoiesis, and bone marrow formation (Nagasawa et al., 1996; Zou et 

al., 1998).  These observations along with studies showing the importance of CXCR4 in 

the development of the CNS reinforced the vital role of CXCR4 in organogenesis 

(Bertolini et al., 2002; Lu et al., 2002a; Murakami et al., 2002).  Studies evaluating up-

regulated genes in certain cancerous states revealed an increase in CXCR4 in several 

different types of cancer (Ben-Baruch, 2008; Serrati et al., 2008; Struckmann et al., 

2008; Zlotnik, 2008).  CXCR4 is the most widely expressed chemokine receptor in most 

cancers and it has been implicated in tumor cell metastasis (Burger and Kipps, 2006; 

Kucia et al., 2005; Zlotnik, 2006; Zlotnik, 2008).  Additional studies have determined that 

CXCR4 expression was increased in hypoxic states and hypoxia was a documented 

trigger of metastasis (Schioppa et al., 2003).  Connections between CXCR4 and other 

metastasis promoting genes have pointed toward a more complex mechanism in which 

the chemotactic response can be hijacked by tumor promoting genes (guirre-Ghiso et 
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al., 2001; guirre-Ghiso et al., 2003).  With implications ranging from development, 

cancer, and HIV infection, the study of CXCR4 benefits several areas of research. 

 Transcriptional regulation of CXCR4 has been under intense study because of its 

many functions in development and the immune system.  Expression patterns of 

CXCR4 were highest in immune cells such as leukocytes, but also detected in nearly 

every cell type (Figure 4) (Loetscher et al., 1994; Rossi and Zlotnik, 2000).  The 

promoter has been analyzed and several regulatory elements were involved in CXCR4 

gene regulation.  One of the most prominent positive-acting transcriptional regulators of 

CXCR4 was Nuclear Respiratory Factor 1 (NRF1).  It was determined by “promoter 

bashing” experiments that NRF1 positively regulates CXCR4 transcription as does, to a 

lesser extent, Specificity Protein 1 (SP-1) (Moriuchi et al., 1997; Wegner et al., 1998).  

Negative regulation of the CXCR4 promoter involves the Ying Yang 1 (YY1) 

transcription factor (Moriuchi et al., 1999b).  CXCR4 mRNA can be upregulated by 

second messengers such as calcium (Moriuchi et al., 1997), cyclic AMP (Cristillo et al., 

2002), or by the cytokines interleukin 2 (IL-2) (Moriuchi et al., 1997), IL-4 (Jourdan et al., 

1998; Jourdan et al., 2000), IL-7 (Jourdan et al., 2000), IL-10 (Wang et al., 2001), IL-15 

(Jourdan et al., 2000), Transforming Growth Factor 1 β (TGF-1β) (Wang et al., 2001), 

CD3/CD28 stimulation (Moriuchi et al., 1997), basic fibroblast growth factor (bFGF) (Feil 

and Augustin, 1998; Salcedo et al., 1999), vascular endothelial growth factor (VEGF) 

(Salcedo et al., 1999), and epidermal growth factor (EGF) (Phillips et al., 2005).  

Negative regulation of CXCR4 has been reported by several inflammatory cytokines 

including Tumor Necrosis Factor α (TNF-α) (Feil and Augustin, 1998; Gupta et al., 1998; 
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Han et al., 2001), Interferon γ (IFN-γ) (Gupta et al., 1998), and IL-1β (Busillo and 

Benovic, 2007; Gupta et al., 1998).  Evolutionary adaptations by certain viruses have 

resulted in avenues to exploit these regulatory pathways.  For example, the human T-

cell leukemia virus (HTLV-1) nuclear protein Tax enhances the activity of NRF1, thereby 

increasing CXCR4-mediated viral entry of HIV-1 (Moriuchi et al., 1999a).  Individuals 

who were infected with human herpes virus 6 (HHV-6) express lower levels of CXCR4 

and investigators determined YY1, a negative regulator of CXCR4, has increased 

activity (Alkhatib, 2009; Hasegawa et al., 2001; Yasukawa et al., 1999).  With additional 

research, it may be possible to artificially regulate CXCR4 expression and prevent the 

negative disease-related consequences. 
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Figure 4: Tissue Expression Patterns of Human CXCR4  (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured CXCR4 expression levels in several 
tissue types. Expression of CXCR4 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of CXCR4 in normal tissue samples. GNF Cancer represents CXCR4 
expression in cancerous tissue samples. Diamonds under each bar were solid if data 
was included or open if data was not available. 
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Chemokine Receptor CCR5  

 The CC chemokine receptor 5 (CCR5) gene is located on chromosome 3 p21.31 

and is expressed by cells of the immune system and the CNS (Samson et al., 1996a).  

The expression pattern (Figure 5) of CCR5 is highest in blood, bone marrow, skeletal 

muscle, and liver tissues.  In the immune system, the pro-inflammatory chemokine 

receptor CCR5 is expressed on immune effector cells (T cells and NK cells), antigen-

presenting cells (Monocytes, macrophages, immature dendritic cells, microglia, and 

Langerhans cells), and basophils (Lederman et al., 2006).  CCR5 is involved in the 

cellular migration of monocytes, natural killer (NK) cells, and T-helper cells toward 

increasing gradients of chemokine(s) (CCL3, CCL5, CCL5, CCL8, CCL11, CCL14, and 

CCL16) (Le et al., 2004; Samson et al., 1996a).  Studies evaluating the inhibitory effects 

of CCL3, CCL4 and CCL5 on HIV-1 entry have confirmed the role of CCR5 as a major 

HIV-1 co-receptor (Alkhatib et al., 1996; Choe et al., 1996; Cocchi et al., 1995; Deng et 

al., 1996; Dragic et al., 1996).  Further evidence of the involvement of CCR5 in HIV 

infection was apparent in individuals who have a 32 base pair (bp) deletion in exon 4 of 

the CCR5 gene (Dean et al., 1996; Samson et al., 1996b).  The 32bp deletion, termed 

CCR5∆32, results in a non-functional receptor that cannot be used for R5 HIV-1 strain 

infectivity (Winkler et al., 2004; Zimmerman et al., 1997).  It was hypothesized that this 

mutation originally evolved in response to the plague and has undergone selective 

pressure to increase the frequency of CCR5∆32 in the population (Duncan et al., 2005; 

Galvani and Novembre, 2005).  Interestingly, the CCR5∆32 mutation also has negative 

effects such as increased infectivity by the West Nile virus (Glass et al., 2006).  Beyond 
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HIV infection, CCR5 has also been implicated in diseases such as atherosclerosis 

cancer, and Alzheimer’s disease (Balistreri et al., 2007; Balistreri et al., 2008; Balistreri 

et al., 2009; Candore et al., 2007).   

 To better understand transcriptional regulation of the CCR5 promoter, Guignard 

et al. mapped regulatory regions of the promoter.  CCR5 has several possible 

transcription factor binding sites within the major regulatory region of the promoter that 

include CCAAT-binding Transcription (CAT) factor, Activating Protein-1 (AP1), Nuclear 

Factor kappa light chain enhancer of activated B-cells (NF-κB), and Nuclear Factor of 

Activated T-cells (NFAT) elements (Guignard et al., 1998).  Functionally, it has been 

reported that the Cyclic AMP Response Element Binding (CREB) transcription factor 

binds to and activates the CCR5 promoter (Kuipers et al., 2008).  Intracellular second 

messenger signaling can also regulate CCR5.  Upregulation of CCR5 by interleukin 2 

(IL-2) in T-cells mimics the effect observed with CXCR4 (Bleul et al., 1997).  Contrary to 

the effects with CXCR4, CD3/CD28 co-stimulation results in a decrease in CCR5 

expression (Carroll et al., 1997).  The expression pattern of human CCR5 by tissue type 

is included as Figure 5.  This suggests that divergent gene regulatory mechanisms may 

govern CXCR4 and CCR5 transcription. 
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Figure 5: Tissue Expression Patterns of Human CCR5 (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured CCR5 expression levels in several 
tissue types. Expression of CCR5 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of CCR5 in normal tissue samples. GNF Cancer represents CCR5 
expression in cancerous tissue samples. Diamonds under each bar were solid if data 
was included or open if data was not available. 
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Opioid Receptor Regulation of Chemokine Receptors 

 

Opioid Receptor Regulation of Chemokine Receptor Fu nction  

 

 The desensitization of one GPCR following agonist binding by another unrelated 

receptor is termed heterologous-desensitization.  This is accomplished via an 

intracellular signaling process involving Gαi proteins with the participation of a second 

messenger-dependent kinase (i.e. PKA or PKC) (Ali et al., 1999; Zhang et al., 2003).  

As a part of this process, target receptor signaling was inhibited, and in some cases, the 

target receptor becomes internalized (Ali et al., 1999; Lefkowitz, 1998; Olbrich et al., 

1999).  Whether the receptor was internalized or not, the final result was loss of 

receptor function.  Analysis of the heterologous desensitization between several GPCRs 

suggests a hierarchy exists with respect to the susceptibility to cross-desensitization 

(Zhang et al., 2003).  Moreover, it appears that receptors that were resistant to cross-

desensitization were typically strong desensitizers of other GPCRs and receptors that 

were easily desensitized were typically weak desensitizers of other GPCRs (Ali et al., 

1999). 

 Studies have shown that several cross-desensitization interactions occur 

between opioid and chemokine receptors, based on studies carried out both in vitro and 

in vivo (Chen et al., 2007a; Grimm et al., 1998; Rogers et al., 2000; Szabo et al., 2002; 

Zhang et al., 2003).  For example, it was apparent that both µ- and δ-opioid receptors 

(MOR and DOR) were able to induce heterologous desensitization of CCR1, CCR2, 
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CCR5, CXCR1, and CXCR2, but not CXCR4.  On the other hand, CCR1, CCR2, CCR5, 

CCR7, CX3CR1, and CXCR4, but not CXCR1 or CXCR2, cross-desensitize MOR and 

KOR (Chen et al., 2007b; Grimm et al., 1998; Honczarenko et al., 2002; Szabo et al., 

2002; Szabo et al., 2003; Zhang et al., 2003).  Based on these results, we have 

suggested that MOR and DOR can be classified as “intermediate” in the cross-

desensitization hierarchy, while CXCR4 appears to be relatively resistant to cross-

desensitization (Szabo et al., 2002).  Little attention has been given to the cross-talk 

function of KOR, an opioid receptor which was known to exert significant effects on the 

function of the immune system (Alicea et al., 1996).  In addition, KOR agonists have 

been shown in several studies to exhibit effects on the immune response which were in 

opposition to effects induced by either MOR or DOR agonists (Alicea et al., 1996).  In 

general, the function of KOR appears to be strongly anti-inflammatory, in contrast with 

MOR, and for this reason studies examining the capacity of KOR agonists to participate 

in cross-talk interactions with chemokine receptors may reveal an additional layer of 

down-regulation.  The idea of opioid and chemokine receptors interacting in this manner 

also suggests that chemokines may be involved in brain function since the highest 

expression levels of opioid receptors was in the CNS (Shen et al., 2000; Szabo et al., 

2001; Szabo and Rogers, 2001; Zhang et al., 2003).  It has been suggested that 

chemokines and chemokine receptors may be part of a third major system in 

neurological messaging (Adler and Rogers, 2005), joining neurotransmitters and 

neuropeptides. 
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 Recent findings have provided an additional mechanism involved in opioid and 

chemokine receptor regulation.  The formation of chemokine receptor and opioid 

receptor dimers (either homodimers or heterodimers) has been reported (Chen et al., 

2004; Filizola and Weinstein, 2002; Leong et al., 1997; Li-Wei et al., 2002).  For 

example, CXCR4 and DOR have been reported to form homodimers and heterodimers 

which were functional following CXCL12 or DPDPE treatment, respectively (Hereld and 

Jin, 2008; Pello et al., 2008).  When the heterodimer was treated with both CXCL12 and 

DPDPE simultaneously, both receptors fail to respond and were unable to initiate 

downstream signaling including receptor phosphorylation or internalization (Pello et al., 

2008).  In addition, dimers between MOR and CCR5 have been described to inactivate 

the function of both MOR and CCR5, further contributing to the cross-desensitization of 

these receptors (Chen et al., 2004).  Dimerization and desensitization together reveal a 

complex regulatory network of cooperation between opioid and chemokine receptors. 
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Opioid Receptor Regulation of Chemokine Receptor Ex pression  

 

 Study of morphine-treated human U87 cells, a human astrocytoma cell line, 

resulted in elevation of CCR3, CCR5, and CXCR2 expression (Mahajan et al., 2002).  

The finding that morphine up-regulates CCR5 expression was also found in cells of the 

immune system (Suzuki et al., 2002).  Further studies with morphine-treated human 

brain-derived astrocytoma/glioblastoma cells (U373) showed a substantial increase in 

CCR3 and CCR5 expression levels (Mahajan et al., 2005).  Although morphine 

preferentially binds to MOR, it also binds and activates DOR and KOR and may not 

dissect the molecular mechanism as well as a more specific agonist.  With this in mind, 

additional studies were completed using DAMGO treatment because of its high affinity 

for the MOR.  CCR5 and CXCR4 levels were increased dramatically following DAMGO 

treatment of human PBMCs (Steele et al., 2003).  Studies of the KOR demonstrate 

similar and divergent effects on chemokine receptor expression.  For example, 

U50,488H treatment of T-cell isolates from the thymus results in increased levels of 

CCR2 (Zhang and Rogers, 2000).  In contrast, U50,488H treatment of human PBMCs 

results in decreased CCR5 and CXCR4 levels in contrast to the effects of MOR 

activation (Finley et al., 2008).  A summary of opioid-mediated effects on chemokine 

receptor expression is found in Table 4.   

The molecular mechanisms that regulate these effects was not known, however 

recent studies have demonstrated the involvement of Transforming Growth Factor β 

(TGF-β) in the MOR-mediated up-regulation of CXCR4, but CCR5 was found to be 
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TGF-β-independent (Happel et al., 2008).  Differential display real-time polymerase 

chain reaction (RT-PCR) studies of untreated and morphine treated (6hr) human 

lymphocytic cells detected changes in cDNA for several genes.  Of them, kruppel-like 

factor 7 (KLF7), an essential zinc finger transcription factor normally expressed during 

development of the CNS, was significantly up-regulated compared to the control (Suzuki 

et al., 2003).  A close family member of KLF7 is the SP-1 family of transcriptional 

regulators.  Both KLF7 and SP-1 bind similar sequences such as GT-boxes or CACCC 

elements found in the promoter of many gene families (Laub et al., 2005).  The 

interactions of opioid and chemokine receptors appear to be evolutionarily conserved 

and animal models could be used to study these molecular mechanisms (Chadzinska et 

al., 2009; Verburg-van Kemenade et al., 2009).  Studies from our lab and others have 

worked to detail the molecular mechanisms between chemokine and opioid receptors. 
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Table 4: Opioid-Mediated Transcriptional Regulation  of Chemokine Receptors 

A summary of opioid-mediated regulation of chemokine receptors, separated by opioid 
classification. Overall change in expression was depicted by up arrow for increase and 
down arrow for decrease. 

 

 

Opioid  Chemokine 
Receptor 

Change  Reference  

µ-Opioid Receptor    
Morphine CCR3 ↑ (Mahajan et al., 2005) 
 CCR5 ↑ (Mahajan et al., 2005; Steele et al., 

2003) 
 CXCR2 ↑ (Mahajan et al., 2002) 
 CXCR4 ↑ (Steele et al., 2003) 
DAMGO CCR5 ↑ (Steele et al., 2003) 
 CXCR4 ↑ (Steele et al., 2003) 
κ-Opioid Receptor    
U50,488H CCR2 ↑ (Zhang and Rogers, 2000) 
 CCR5 ↓ Unpublished Findings Finley et al. 
 CXCR4 ↓ Unpublished Findings Finley et al. 
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Interferon Regulatory Factor Family of Transcriptio n Factors 

 

Interferon Regulatory Factor (IRF) Structure and No menclature  

 

             The interferon regulatory factors (IRFs) are a family of transcriptional activators 

and repressors that were initially found to regulate interferon signaling.  The human IRF 

family consists of nine members termed IRF1-9.  It has been suggested that the IRF 

family should be classified into four subtypes: interferon IRFs (IRF2, IRF3, IRF7, IRF9), 

stress-responsive IRFs (IRF1 and IRF5), hematopoietic IRFs (IRF4 and IRF8), and 

morphogenic IRFs (IRF6) (Takaoka et al., 2008).  A table summarizing the structural 

difference between the nine IRF proteins was provided (Figure 6).  The IRF family 

members share a strong homology with one another in the N-terminal DNA binding 

region and therefore bind similar DNA sequences.  IRF members bind to the IRF-

element (IRFE: G[A]AAAG/CT/CGAAAG/CT/C), interferon-stimulated response element 

(ISRE: A/GNGAAANNGAAACT), and slight derivations of these sequences (Darnell, Jr. 

et al., 1994; Driggers et al., 1990; Escalante et al., 1998; Fujii et al., 1999; Sugita et al., 

1987; Tanaka et al., 1993).  Structurally, the N-terminal DNA binding region of the IRF 

proteins is composed of a winged-type helix-loop-helix motif with a characteristic 

tryptophan pentad (Escalante et al., 1998).  The C-terminal end of the IRF protein is 

also termed the IRF Association Domain (IAD) and consists of a β-sandwich core 

flanked by helices and loops (Qin et al., 2003; Takahasi et al., 2003).   
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Figure 6: Protein Structure of the Family of Interf eron Regulatory Factors (IRFs) 
(Takaoka et al., 2008) 

The molecular size and protein domain models are provided for the IRF proteins. The 
molecular size is provided in amino acid number. DBD = DNA Binding Domain, IAD = 
IRF Association Domain. 
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IRF Function and Expression  

 

 The IRF family is involved in a wide range of functions which include innate and 

adaptive immune responses, cell growth and regulation, apoptosis, and hematopoietic 

development (Paun and Pitha, 2007).  Expression of the IRFs appears to be primarily 

restricted to cells of the immune system and CNS, but has also been documented in 

other cell types such as keratinocytes.  To summarize the functional and developmental 

roles of the IRF family, Table 5 is provided. 
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Table 5: Functions and Expression of the Interferon  Regulatory Factor (IRF) 
Family 

To summarize the details and differences of the IRF family members, this table was 
provided. References of the work where these findings were published were provided. 

IRF Expression  Role in Immune 
Cell Function 

Role in 
Development 

Role in Growth  Knock -Out 
Mouse Model 
Defects 

Reference  

IRF1 Constitutive and 
IFN-inducible 
Primarily Nuclear 

Stimulates 
Expression of 
IFN-inducible 
Genes 

Immune Cell 
Development 
and 
Differentiation 

Suppresses 
Oncogene-induced 
Transformation 
Required for DNA 
Damage-induced 
Growth Arrest and 
Apoptosis 

Apoptosis, iNOS, 
IL-12 

(Matsuyama et 
al., 1993; Negishi 
et al., 2006; 
Taniguchi et al., 
2001) 

IRF2 Constitutive and 
IFN-inducible 

Attenuates IFN 
Responses by 
Antagonizing 
IRF1 and IRF9 

Immune Cell 
Development 
and 
Differentiation 

Unknown NK Cell 
Deficiency, 
Development of 
Myeloid DC 

(Harada et al., 
1989; Honda et 
al., 2004; 
Matsuyama et 
al., 1993) 

IRF3 Constitutive 
Primarily 
Cytoplasmic 
Phosphorylation 
Triggers Nuclear 
Localization 

Induces IFNα, 
IFNβ, and 
Chemokines 
(After Viral 
Infection) 

Unknown Damage-induced 
Growth Arrest and 
Apoptosis 

Defects in Type I 
IFN Induction 
Increased 
Susceptibility to 
Infection 

(Fitzgerald et al., 
2003; Sharma et 
al., 2003) 

IRF4 Constitutive in 
Cells of the 
Immune System 
Primarily Nuclear 

Negatively 
Regulates Pro-
Inflammatory 
Cytokine Genes 

Immune Cell 
Development 
and 
Differentiation 

Possible 
Oncogenic 
Potential 

T and B-Cell 
Maturation, 
Differentiation 
Th2 Response 

(Honma et al., 
2005; Mittrucker 
et al., 1997; 
Negishi et al., 
2005) 

IRF5 Constitutive and 
IFN-inducible 
Primarily 
Cytoplasmic 
Phosphorylation 
Triggers Nuclear 
Localization 

Positively 
Regulates Pro-
Inflammatory 
Cytokine Genes 

Unknown Tumor-suppressor 
Required for DNA 
Damage-induced 
Apoptosis 

Induction of 
Cytokines IL-6, 
IL-12, TNFα 

(Barnes et al., 
2002; Paun et 
al., 2008) 

IRF6 Constitutive in 
Skin 

Unknown Required for 
Keratinocyte 
Differentiation 

Unknown Embryonically 
Lethal, 
Differentiation of 
Keratinocytes 

(Richardson et 
al., 2006) 

IRF7 Constitutive and 
IFN-inducible 
Primarily 
Cytoplasmic 
Phosphorylation 
Triggers Nuclear 
Localization 

Induces IFNα 
and IFNβ 

Unknown Unknown Blocks Type I 
IFN Induction 

(Lin et al., 2000; 
Lu et al., 2002b) 

IRF8 Constitutive in 
Cells of the 
Immune System 
Primarily Nuclear 

Induces IFNα, 
IFNβ, and IFNγ 

Immune Cell 
Development 
and 
Differentiation 

Inhibits Myeloid 
Cell Growth 
Promotes 
Apoptosis in 
Myeloid Cells 

Induction of IL-12 
and IL-23 

(Tamura et al., 
2008) 

IRF9 Constitutive and 
IFN-inducible 
Primarily Nuclear 

Stimulates 
Expression of 
IFN-inducible 
Genes 
Binds STAT1 
and STAT2 

Unknown Mediates IFN 
Induction of p53 

Defects in Type I 
and II IFN 
Induction 

(Tamura et al., 
2008) 
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IRFs and the Immune System  

 

 The body of literature detailing the role of IRF family members in immune 

function and regulation is immense.  Briefly, the involvement of IRFs in the regulation of 

cytokines and chemokines has been reported by several groups.  Proinflammatory 

cytokines such as IFN and IL-12 (Liu et al., 2004) and cytokines involved in 

hematopoietic development including IL-7 (Johnson et al., 2008) were regulated by IRF 

transcription factors.  The proinflammatory chemokine CCL5 was found to be directly 

regulated by IRF1 (Liu et al., 2005) and IRF3 (Lin et al., 1999).  Although we were 

aware of no direct evidence in the literature regarding IRF2 regulation of chemokine 

receptors, studies evaluating interferon (IFN) treatment have revealed changes in 

chemokine receptor expression that may be due to activation of the IRF signal 

transduction pathway.  Work published by Shirazi and Pitha (Shirazi and Pitha, 1998), 

(Shirazi et al., 1994) demonstrated that IFN-γ treatment of PBMCs results in down-

regulation of CXCR4 gene expression  and IFN can impair HIV-1 infectivity.  Additional 

work demonstrated that both CCR5 and CXCR4 were down-regulated following IFN-γ 

treatment of human monocytes, but these effects were shown to be at the protein level, 

and not transcriptional (Creery et al., 2004).  More recently, a study by Johnson et al. 

(Johnson et al., 2008) demonstrated that IRF4 can directly regulate the promoter of 

CXCR4.  This indicates that the promoter of CXCR4 contains a functional IRFE for the 

binding of IRF proteins.  These studies demonstrate that IRFs may have the ability to 

regulate chemokine and chemokine receptor expression. 
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IRF1 and IRF2 

 

 IRF1  (chromosomal location: 5q31.1) was initially found as a positive-acting 

binding protein to the positive regulatory domain 1 (PRD1) within the promoter of the 

IFN-β gene (Fujita et al., 1989).  Further studies found that IRF1 was involved in the 

expression of IFN-α, β, and γ as well as involvement in double stranded RNA induction 

of the IFN genes (Jaruga et al., 2004).  Studies to generate a knock-out mouse for IRF1 

yielded interesting results because the mice were still able to initiate an IFN response 

when challenged (Matsuyama et al., 1993).  This reinforces the idea that the IRF family 

members have redundant functions in the event that one member was compromised.  

Generally, IRF1 acts as a transcriptional activator of target genes whereas IRF2 

(chromosomal location: 4q34.1) acts as a transcriptional repressor.  IRF1 and IRF2 bind 

a similar sequence and the mechanism of function has been determined to involve 

competition for binding to the DNA element (Xi and Blanck, 2003).  For example, if IRF1 

was bound to the IRFE and protein concentrations of IRF2 exceed IRF1, IRF2 can 

effectively compete for binding to the IRFE.  An additional layer of complexity was the 

half-life of IRF proteins.  IRF1 has a half-life of approximately 30 minutes while IRF2 has 

a half-life of approximately 8 hours (Paun and Pitha, 2007).  Therefore, the IRF1-

mediated response to stimulus was relatively short acting in comparison to the effects 

by IRF2.  Evolutionarily speaking, the IRF system may have been established in this 

manner to prevent over-reaction to an infection, as the IFN response can be devastating 

to the host if in great excess.  Because of the positive role in activation of genes 
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involved in apoptosis and control of cellular growth, IRF1 has been reported to be a 

tumor suppressor gene while IRF2 was termed an oncogene due to its ability to inhibit 

IRF1 activity (Aziz et al., 1998; Vaughan et al., 1995).  Although IRF2 has been reported 

to function as transcriptional repressor, it has been shown to up-regulate some genes, 

including histone H4 (Vaughan et al., 1998), IL-7 and IL-12 (Oshima et al., 2004).  

Differences in the human tissue expression of IRF1 and IRF2 were provided in Figures 

7 and 8, respectively.  Together, IRF1 and IRF2 act in synergy to control many IFN-

responsive genes as well as other mediators of the immune system. 
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Figure 7: Tissue Expression Patterns of Human IRF1 (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured IRF1 expression levels in several tissue 
types. Expression of IRF1 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of IRF1 in normal tissue samples. GNF Cancer represents IRF1 expression 
in cancerous tissue samples. Diamonds under each bar were solid if data was included 
or open if data was not available. 
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Figure 8: Tissue Expression Patterns of Human IRF2 (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured IRF2 expression levels in several tissue 
types. Expression of IRF2 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of IRF2 in normal tissue samples. GNF Cancer represents IRF2 expression 
in cancerous tissue samples. Diamonds under each bar were solid if data was included 
or open if data was not available. 
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Janus Kinase and Signal Transducers and Activators of Transcription 

(JAK/STAT) 

JAK/STAT Structure and Function  

 

 Janus kinase (JAK) proteins were initially termed “just another kinase,” but have 

developed into one of the most critical signaling proteins for immune system function.  

The JAK family is composed of four members, JAK1, JAK2, JAK3, and tyrosine kinase 

2 (TYK2).  Classical functions of JAKs include mediating signals from active cytokine 

receptors such as IFN receptors as well as roles in the development of immune cells 

such as NK cells.  Structurally, the JAK proteins are 120 to 150 kiladaltons (kDa) in size 

and are made up of seven homologous domains termed JH1-7.  The JH1 domain is 

responsible for the kinase ability of the protein in addition to the activation residues that 

mediate JAK function (Figure 9).  Functional differences and similarities exist between 

JAK family members and is summarized in Table 6 (Levy and Darnell, Jr., 2002). 

 Signal Transducers and Activators of Transcription (STATs) are a family of six 

transcriptional activators and repressors (STAT1-6) ranging from 80-100 kDa in size.  

Beyond the immune system regulatory functions of STATs, they have been implicated 

in cell growth, differentiation, and survival.  Dysregulation of this pathway can lead to 

autoimmune diseases and cancer.  The structure of the STAT protein(s) is composed of 

an amino terminal domain (N-terminus), coiled-coil domain, DNA-binding domain, linker-

domain, Src-kinase homology domain 2 (SH2), and a transactivation domain (C-

terminus).  The DNA binding domain is responsible for binding to the STAT element 
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within target genes and the SH2 domain is critical for homodimerization or 

heterodimerization of the STAT proteins.  The transactivation domain contains 

conserved tyrosine and serine residues that are often phosphorylated by the JAKs.  An 

illustration of the conserved STAT structure (Figure 10) and table summarizing activities 

of the six family members (Table 7) are located below (Levy and Darnell, Jr., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Janus Kinase (JAK) 

The JAK family shares a similar protein structure. 
the kinase domain and is responsible for the enzymatic action of the protein.  It contains 
conserved tyrosine residues typical of other tyrosine 
JAK1, Y1007/Y1008 in JAK2, Y980/Y981 in JAK3, and Y1054/
domain is termed the pseudokinase domain and i
overall protein, but lacks any kinase action itself. The JH3
with other kinases but are not critical for JAK activity.

 

45 

 

(JAK) Protein Structure 

The JAK family shares a similar protein structure. The JAK homology (JH) 1 domain i
s responsible for the enzymatic action of the protein.  It contains 

conserved tyrosine residues typical of other tyrosine kinases (e.g. Y1038/Y1039 in 
JAK1, Y1007/Y1008 in JAK2, Y980/Y981 in JAK3, and Y1054/Y1055 in Tyk2)

d the pseudokinase domain and is important for the activity of the 
overall protein, but lacks any kinase action itself. The JH3-7 domains share homology 

e not critical for JAK activity. 

 

homology (JH) 1 domain is 
s responsible for the enzymatic action of the protein.  It contains 

kinases (e.g. Y1038/Y1039 in 
Y1055 in Tyk2). The JH2 

s important for the activity of the 
7 domains share homology 
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Table 6: Effects of JAK Knock-Out Mouse Models (Lev y and Darnell, Jr., 2002) 

Studies of knock-out mice have described the functional consequences of JAK 
deficiency in mice. The results of these studies are summarized below. 

 

 

Enzyme  Phenotype in Knock -Out Mouse Model  
JAK1 Perinatal Lethality, Immunological impairments caused by failure of multiple 

hematopoietic cytokines 
JAK2 Embryonically lethal, Failure of erythropoiesis, Additional immunological 

impairments due to impaired cytokine signaling 
JAK3 SCID caused by failure of cytokine signaling from γc-containing receptors 
TYK2 Increased pathogen susceptibility caused by impaired responses to IFN and 

IL-12 
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Figure 10: Signal Transducers and Activators of Tra nscription (STAT) Protein 
Structure 

The STAT family shares a similar structural composition.  The transactivation domain is 
critical for STAT activity and is generally phosphorylated by JAK proteins in this region 
of the protein. The pY and pS represent conserved tyrosine and serine residues that are 
phosphorylated by JAK proteins. The SH2 domain is involved in the dimerization of 
STAT proteins that is required for nuclear localization and DNA binding. The DNA 
binding domain is critical for the recognition and binding of STAT (monomers or dimers) 
to STAT DNA elements.  The coiled-coil domain is involved in protein-protein 
interactions and may be responsible for the formation of regulatory protein complexes.   



 

48 
 

 

 

 

 

 

 

 

Table 7: Effects of STAT Knock-Out Mouse Models (Le vy and Darnell, Jr., 2002) 

Studies of knock-out mice have described the functional consequences of STAT 
deficiency in mice. The results of these studies are summarized below. 

 

STAT Phenotype in Knock -Out Mouse Model  
STAT1 Impaired responses to IFN, Increased susceptibility to tumor formation, 

Impaired growth control 
STAT2 Impaired responses to IFN 
STAT3 Embryonically lethal, Multiple defects in adult tissues including impaired cell 

survival and impaired response to pathogens 
STAT4 Impaired TH1 differentiation due to loss of IL-12 responsiveness 
STAT5A Impaired mammary gland development due to loss of prolactin 

responsiveness 
STAT5B Impaired growth due to loss of growth hormone responsiveness 
STAT6 Impaired TH1 differentiation due to loss of IL-4 responsiveness 
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JAK/STAT Signaling  

 

The complexity of the JAK/STAT signaling pathway continues to grow as 

additional facets of unrelated signaling pathways cross into the regulation of 

JAK/STATs.  The classical pathway of JAK/STAT activity involves the binding of a 

cytokine to its respective cytokine receptor.  This event triggers autophosphorylation of 

JAK proteins docked on the intracellular side of the cytokine receptor.  Activated JAKs 

can then phosphorylate tyrosine residues on the cytokine receptor providing a docking 

site for the cytoplasmic monomer STAT proteins.  The Src Homology (SH) 2 domain of 

the STAT protein is critical for binding to these phosphorylated residues.  Once bound, 

the STATs are transphosphorylated on conserved tyrosine or serine residues by the 

activated JAK kinases (Levy and Darnell, Jr., 2002).  This event triggers the release of 

the STAT proteins that are then able to form dimers in the cytoplasm and translocate to 

the nucleus where they bind conserved DNA sequences within the promoter of target 

genes (Figure 11).  Negative regulation of this pathway is accomplished by the 

suppressors of cytokine signaling (SOCS).  The number of partners that can associate 

with one another in the JAK, STAT, and SOCS families demonstrates the complexity of 

signal transduction pathways and how these families can regulate very diverse 

functions.  

 Recent evidence suggests that the JAK/STAT pathway is much more dynamic 

than experts first proposed.  There is evidence that STAT proteins can function without 

phosphorylation and bind target genes in a monomeric form (Sehgal, 2008).  In addition, 
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evidence of JAK/STAT signaling has been reported following GPCR activation 

(summarized in JAK/STAT and opioid receptor signaling).  Examples of the signaling 

potential of various JAK/STATs are illustrated in Figure 12, but by no means serve as a 

comprehensive outline of the signal potential of these proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 : The Classical Janus Kinase Signal Transducers and  Activators of 
Transcription (JAK/STAT) Pathway

Cytokine binding to its respective cytokine receptor results in activation of JAK and JAK
mediated phosphorylation of the 
docking of STAT proteins that a
Phosphorylated STATs form dimers and translocate to the nucleus where they can 
regulate target gene transcription.
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: The Classical Janus Kinase Signal Transducers and  Activators of 
Pathway  

Cytokine binding to its respective cytokine receptor results in activation of JAK and JAK
mediated phosphorylation of the receptor.  These phosphorylated residues allow for the
docking of STAT proteins that are then transphosphorylated by the activated JAKs. 
Phosphorylated STATs form dimers and translocate to the nucleus where they can 
regulate target gene transcription. 

 

: The Classical Janus Kinase Signal Transducers and  Activators of 

Cytokine binding to its respective cytokine receptor results in activation of JAK and JAK-
receptor.  These phosphorylated residues allow for the 
re then transphosphorylated by the activated JAKs. 

Phosphorylated STATs form dimers and translocate to the nucleus where they can 
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Figure 12: The JAK/STAT Signaling Pathway (Produced  with permission from 
Invitrogen technical support) 

The JAK/STAT pathway is involved in diverse cellular functions as described above. 
Examples were provided for each STAT, although the signal potential of the STAT 
family have been described in other cellular processes. 
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JAK/STAT Involvement in Chemokine and Opioid Recept or Signaling  

 

GPCRs have been implicated in the activation of several unconventional 

pathways illustrating the diversity in their signaling capacity.  Aside from the well 

documented Gαi/Gαo inhibition of adenylyl cyclase activity (Law et al., 2000), opioid 

receptors have been involved in phospholipase C (PLC), extracellular signal-regulated 

kinase (ERK), c-Jun N-terminal kinase (JNK), and mitogen-activated protein kinase 

(MAPK) signaling pathways mediating processes from cellular differentiation to neuronal 

survival (Belcheva et al., 2002; Burt et al., 1996; Gutkind, 1998a; Gutkind, 1998b; Kam 

et al., 2003; Tso et al., 2000).  Additional studies have found activation of opioid 

receptors can trigger growth factor related signaling and homodimerization or 

heterodimerization of opioid receptors can diversify the signaling cascades (Belcheva et 

al., 2002; George et al., 2000; Jordan and Devi, 1999; Marinissen and Gutkind, 2001).   

 GPCRs have been reported to activate STATs via distinct pathways and in a 

number of diverse cellular models (Guillet-Deniau et al., 1997; Liang et al., 1999; 

Sasaguri et al., 2000).  For example, STAT5 can be phosphorylated by angiotensin II 

and the STAT5 complex can be immunoprecipitated with JAK2 indicating a possible 

involvement of JAK2 in facilitating this phosphorylation event (McWhinney et al., 1998).  

Gαi/Gαo proteins have been reported to activate STAT3, and Gα16 proteins can also 

trigger STAT3 phosphorylation following opioid-receptor like (ORL) activation (Corre et 

al., 1999; Ram and Iyengar, 2001; Wu et al., 2003).  Studies focusing on the GPCR 

docking site for STAT proteins have determined the YXXL motif that was found in many 



 

54 
 

GPCRs, including all three of the major opioid receptors, can serve as a functional 

binding site (Klingmuller et al., 1996; Mazarakou and Georgoussi, 2005; McWhinney et 

al., 1998).   

Recent studies suggest that chemokine receptors have the capacity to initiate 

JAK/STAT signaling.  IFN-γ treatment has been reported to repress the chemokine, 

CXCL12 (Garcia-Moruja et al., 2005), and chemokine receptor, CXCR4 (Creery et al., 

2004; Shirazi and Pitha, 1998).  Although the mechanisms responsible for the IFN-γ-

mediated effects on chemokine and chemokine receptor expression were not clear, the 

implication of JAK/STAT was a possibility.  Additional studies evaluating the signaling 

events involved in immune cell chemotaxis revealed involvement of JAK2 and JAK3 in 

CXCL12-mediated cellular migration (Soldevila et al., 2004; Vila-Coro et al., 1999).  In 

addition, docking sites have been suggested to exist on the CXCR4 receptor for binding 

of JAK2 and JAK3 (Vila-Coro et al., 1999).  CCR7-mediated chemotaxis has also been 

suggested to be JAK3 dependent (Garcia-Zepeda et al., 2007).  Although there were 

publications suggesting a role for JAKs in chemokine receptor function, it was still 

controversial.  A report of JAKs not being required for CXCR4 receptor activation by 

CXCL12 using a JAK2 and JAK3 knock-out model was published (Moriguchi et al., 

2005).  Although it may not be clear, the possibility that JAK/STAT may be involved in 

chemokine and chemokine receptor expression or function remains an active area of 

research. 
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The capacity of opioid receptors to trigger STAT phosphorylation following 

activation by agonists has been documented in various experimental systems.  Initial 

studies demonstrated activation of opioid receptor-like (ORL) 1, an orphan receptor that 

shares homology with the opioid receptors, results in phosphorylation of STAT3 on 

tyrosine residue 705 and this event was Gα16 mediated (Wu et al., 2003).  Gα16 is a Gα-

protein that is primarily expressed in hematopoietic cells and cells of the immune 

system (Amatruda, III et al., 1991).  Activation of the δ-opioid receptor (DOR) has been 

reported to result in STAT3 phosphorylation on tyrosine 705 and serine 727 (Lo and 

Wong, 2004).  STAT3 and STAT5 were found to be activated following µ-opioid receptor 

activation by morphine and/or DAMGO in neuronal and kidney cells, respectively 

(Mazarakou and Georgoussi, 2005; Yuen et al., 2004).  Several reports demonstrate 

activation of opioid receptors can result in STAT phosphorylation, reinforcing the 

dynamic nature of GPCR signaling cascades. 
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JAK2 and STAT3  

 

 Janus kinase 2 (JAK2) is primarily associated with the cytoskeleton and is 

involved in type II IFN and IL-6-mediated signaling.  It has also been implicated in IL-3, 

IL-5, and growth hormone signaling processes.  Cellular functions that are mediated 

through JAK2 include cell cycle progression, apoptosis, myeloid cell differentiation, and 

tyrosine phosphorylation of STATs.  JAK2 has been implicated in a fusion mutation 

where the JAK2 gene fuses with the TEL (ETV6) gene in patients presenting with 

leukemia.  A point mutation in JAK2 at residue 617 (Valine to Phenylalanine) has been 

studied and confers myeloproliferative diseases such as Polycythemia Versa or 

Essential Thrombocythemia (Neubauer et al., 1998).  JAK2 has been shown to activate 

several members of the STAT family including STAT3, STAT5A and STAT5B.  Figure 

13 details the differences in JAK2 expression by different tissue types. 

 Signal transducer and activator of transcription 3 (STAT3) is involved in many 

cellular processes such as cell growth, immune function, and apoptosis.  It is activated 

by several factors including IFNs, IL-5, IL-6, and leukemia inhibitory factor (LIF).  JAK2 

is the classical activator of STAT3 and has been shown to phosphorylate STAT3 

following IL-6 treatment (Yuan et al., 2004).  STAT3 can also be activated by a non-

receptor tyrosine kinase such as cellular Src kinase (c-Src) (Silva, 2004).  Studies have 

found that STAT3 was essential for Th17 differentiation (Yang et al., 2007), and acts as 

a negative regulator of Th1-cell mediated inflammation (Yu et al., 2007).  Dysregulation 

of STAT3, by VEGF, IL-10 or other constitutive activators, can result in autoimmune 
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disease and cancer.  STAT3 was thought to participate in cross-talk between tumor 

cells and dendritic cells to form an immunosuppressive network and confer oncogenic 

potential by impairing immune surveillance (Yu et al., 2007).  The finding that STAT3 

null mice were embryonically lethal at day 7 and that STAT3 was required for embryonic 

stem cell renewal illustrates the critical role STAT3 has in development.  Expression of 

STAT3 varies by tissue type and was illustrated in Figure 14.  The diverse roles of 

STAT3 cross the paths of several other signaling pathways further reinforcing the critical 

need for STAT3 in the developed organism. 
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Figure 13: Tissue Expression Patterns of Human JAK2  (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured JAK2 expression levels in several tissue 
types. Expression of JAK2 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of JAK2 in normal tissue samples. GNF Cancer represents JAK2 expression 
in cancerous tissue samples. Diamonds under each bar were solid if data was included 
or open if data was not available. 
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Figure 14: Tissue Expression Patterns of Human STAT 3 (Reproduced with 
permission of GeneCards Databank) 

Data compiled from several sources measured STAT3 expression levels in several 
tissue types. Expression of STAT3 expression was normalized to a housekeeping gene 
(GAPDH) to generate the normalized intensity. GeneNote and GNF Normal represent 
expression of STAT3 in normal tissue samples. GNF Cancer represents STAT3 
expression in cancerous tissue samples. Diamonds under each bar were solid if data 
was included or open if data was not available. 
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Significance 

 

 The dynamic signaling potential of opioid receptors has been studied for years 

and with each additional piece of data, it becomes clear that opioid receptors are 

involved in additional physiological processes beyond analgesia.  The findings of 

chemokine and chemokine receptor regulation by opioid receptors opened a new field 

of research in immunology that is only now becoming appreciated.  Interactions 

between opioid and chemokine receptors likely occur during development, given the 

significant role of CXCR4 in a variety of developmental processes.  The opposing roles 

of pro-inflammatory MOR and anti-inflammatory KOR are evident in the up-regulation of 

pro-inflammatory chemokines and chemokine receptors by MOR and down-regulation 

of these same proteins by KOR.  Although MOR and KOR share greater than 70% 

amino acid homology between one another, their effects are quite different.  

Understanding the molecular mechanisms responsible for these differences will aid in 

the treatment of inflammatory diseases. 

 One of the most important physiological roles of chemokine receptors is their 

molecular pathology in acute and chronic inflammatory processes.  This creates an 

avenue for the exploration of novel therapeutic targets and strategies for the treatment 

of diseases.  For example, the chemokine receptors CCR5 and CXCR4 are major co-

receptors for HIV-1 infection.  Further understanding of the function and expression of 

these co-receptors was of interest for not only inflammatory diseases, but also viral 

infection by HIV-1 and the resulting inflammatory disease. 
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Specific Aims 

 

 Activation of opioid receptors has been reported to have positive and negative 

regulatory effects on chemokine receptors.  Using the findings of KOR-mediated 

inhibition of viral infection of PBMCs and negative regulation of chemokine receptor 

expression, we wanted to better understand the early and long term effects of KOR 

activation on the chemokine receptors CCR5 and CXCR4.  To better understand the 

molecular mechanism involved in these effects, we expanded our studies to include: 

1.  Evaluation of the short term bi-directional cross-talk between KOR and CXCR4 

2. Evaluation of the long term effect of KOR activation on CCR5 and CXCR4 mRNA 

and protein expression 

3. Bioinformatic analysis of the promoters of CCR5 and CXCR4 to determine 

possible transcriptional regulators, and elucidation of possible transcription 

factors involved in the KOR-mediated effects on CCR5 and CXCR4 transcription 

4. Protein and mRNA analysis of potential transcriptional regulators, such as IRFs 

and STATs, of CCR5 and CXCR4 

5. Utilization of gene knock-down techniques and chemical inhibitors to further 

dissect the molecular mechanism of KOR-mediated transcriptional repression of 

CCR5 and CXCR4 
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6. Chromatin immunoprecipitation (ChIP) analysis of the in vivo CXCR4 and IRF2 

promoters to determine physical transcription factor association 
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CHAPTER 2 

Materials and Methods 

 

Chemicals 

Molecular biology-grade tris base (Fisher Scientific, Cat# BP152-1, Wilmington, 

Delaware, USA), ethylenediaminetetraacetic acid (EDTA) dihydrate (Fisher Scientific, 

Cat# BP120-1, Wilmington, Delaware, USA), sodium chloride (NaCl) (Fisher Scientific, 

Cat#BP358-1, Wilmington, Delaware, USA), glacial acetic acid (Fisher Scientific, Cat# 

A465-1, Wilmington, Delaware, USA), electrophoresis grade boric acid (Fisher 

Scientific, Cat# BP168-1, Wilmington, Delaware, USA), triton X-100 (Sigma Aldrich, 

Cat# ,T8787, Saint Louis, Missouri, USA), ethylene glycol-bis (2-aminoethylether) -

N,N,N′,N′-tetraacetic acid (EGTA) (Sigma Aldrich, Cat# E0396, Saint Louis, Missouri, 

USA), bovine serum albumin (BSA) fraction V (Fisher Scientific, Cat# 502300142, 

Wilmington, Delaware, USA), 50X tris acetic acid EDTA (TAE) buffer (242g Tris base, 

57mL glacial acetic acid, 50mL 0.5M EDTA pH 8.0 in 1L final volume pH 7.6), 20X tris 

boric acid EDTA (TBE) (216g Tris base, 110g electrophoresis grade boric acid, 80mL 

0.5M EDTA pH 8.0 in 1L final volume pH 7.6), 0.5M EDTA (186.1g EDTA in 800mL 

water pH 8.0 and final volume 1L), acid citrate dextrose (ACD) solution (Sigma-Aldrich, 

Cat # C3821, St. Louis, Missouri, USA), Ficoll-Paque Plus blood separation reagent 

(GE Healthcare, Cat # 17-1440-03, Piscataway, New Jersey, USA), 1X phosphate 

buffered saline (PBS) without Ca2+/Mg2+ (Mediatech Inc., Cat # 21-040-CV, Manassas, 

Virginia, USA), Roswell Park Memorial Institute (RPMI) 1640 Medium (Mediatech Inc., 
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Cat # 10-040-CV, Manassas, Virginia, USA), 1M L-glutamine (Mediatech Inc., Cat # 25-

005-CI, Manassas, Virginia, USA), 100X penicillin streptomycin solution (Mediatech 

Inc., Cat # 30-002-CI, Manassas, Virginia, USA), 100X minimum essential medium 

(MEM) non-essential amino acids (Mediatech Inc., Cat # GSM-4002, Manassas, 

Virginia, USA), 1M sodium pyruvate (Mediatech Inc., Cat # 25-000-CI, Manassas, 

Virginia, USA), 2-mercaptoethanol (Life Technologies, Cat # 21985-023, Carlsbad, 

California, USA), Gentamicin (Life Technologies, Cat # 15750-060, Carlsbad, California, 

USA), puromycin (Mediatech Inc., Cat # 61-385-RA, Manassas, Virginia, USA), G418 

sulfate (Mediatech Inc., Cat # 61-234-RG, Manassas, Virginia, USA), hygromycin B 

(Mediatech Inc., Cat # 30-240-CR, Manassas, Virginia, USA), trypan blue cell viability 

dye (Life Technologies, Cat # 15250-061, Carlsbad, California, USA), 7-amino-

actinomycin-D (BD Biosciences, Cat # 559925, San Jose, California, USA), Fura-2/AM 

(Life Technologies, Cat # F-1225, Carlsbad, California, USA), Lipofectamine 2000 (Life 

Technologies, Cat #11668-019, Carlsbad, California, USA), 5X Cell Culture Lysis 

Reagent stock solution (Promega Corp., Cat #E1500, Madison Wisconsin, USA), 

Luciferase Assay Reagent (Promega Corp., Cat #E1500, Madison Wisconsin, USA), 

TriZOL RNA Purification Reagent (Life Technologies, Cat # 15596-026, Carlsbad, 

California, USA), RNase-free molecular biology-grade 1-bromo-3-chloropropane 

(Molecular Research Center Inc., Cat # BP151, Cincinnati, Ohio, USA), RNase-free 

molecular biology-grade 2-propanol (Acros Organics, Cat # 67-63-0, New Jersey, USA), 

RNase-free molecular biology-grade ethanol (Shelton Scientific IBI, Cat # 64-56-1, 

Peosta, Iowa, USA), RNase-free molecular biology-grade water (Life Technologies, Cat 
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# AM9937, Carlsbad, California, USA), DNase I (Life Technologies, Cat # 18068-015, 

Carlsbad, California, USA), cell-culture grade actinomycin-D (Sigma Aldrich, Cat # 

A9415, Saint Louis, Missouri, USA), 1X DNA annealing solution (Life Technologies Inc., 

Cat # AM5777, Carlsbad, California, USA), Bradford assay reagent (Thermo Fisher 

Scientific, Cat # 1856210, Wilmington, Delaware, USA), RIPA cell lysis buffer (Thermo 

Fisher Scientific, Cat # 89900, Wilmington, Delaware, USA), oligonucleotide binding 

buffer (10nM Tris, 1mM EDTA, 50mM NaCl, pH 8.0), Pierce Biotechnology Lightshift 

Non-Radioactive Electrophoretic mobility shift assay (EMSA) kit (Fisher Scientific, Cat 

#PI-20148, Wilmington, Delaware, USA), 4X protein gel loading dye (Invitrogen, Cat # 

NP0008, Carlsbad, California, USA), premade polyacrylamide electrophoresis gels 

(Invitrogen, Cat # NP0322BOX or NP0321BOX, Carlsbad, California, USA), 1X 3-[N-

morpholino]-propanesulfonic acid sodium dodecyl sulfate (MOPS SDS) gel running 

buffer (Invitrogen, Cat # NP0001, Carlsbad, California, USA), nitrocellulose membrane 

(Thermo Fisher Scientific Inc., Cat # PI-77010, Wilmington, DE, USA), positively 

charged nylon membrane (Thermo Fisher Scientific, Cat# PI-77015, Wilmington, 

Delaware, USA), 1X western blot transfer buffer (Invitrogen, Cat # NP0006-1, Carlsbad, 

California, USA), Ponceau S solution (Sigma Aldrich, Cat # P7170-1L, St. Louis, 

Missouri, USA), Supersignal West Pico (Thermo Fisher Scientific, Cat # PI89880, 

Wilmington DE, USA), Plus Western Detection Reagent (GE Healthcare Life Sciences, 

Cat # RPN2132, Piscataway, New Jersey, USA), 40% molecular grade 

paraformaldehyde (Electron Microscopy Sciences, Cat # 15715-S, Hatfield, 

Pennsylvania, USA), versene solution (Lonza BioWhittaker, Cat # 17-711E, 
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Walkersville, Maryland, USA), ChIP dilution buffer (Millipore, Cat # 17-408, Billerica, 

Massachusetts, USA), 5X PCR buffer (New England Biolabs, Cat # F120S, Ipswich, 

Massachusetts, USA), dNTPs (New England Biolabs, Cat # N0447S, Ipswich, 

Massachusetts, USA), ethidium bromide (Promega Corp., Cat #H5041, Madison, 

Wisconsin, USA), 6X blue/orange agarose gel loading dye (Promega Corp., Cat # 

G1881, Madison, Wisconsin, USA). 

Drugs 

(-) U50,488H [ (trans) - 3, 4 - Dichloro – N – methyl – N - [ 2 - (1 - pyrrolidinyl) -

cyclohexyl] benzeneacetamide] (Tocris Bioscience, Cat # 0495, Ellisville, Missouri, 

USA), nor-binaltorphimine (nor-BNI) (Tocris Bioscience, Cat # 0347, Ellisville, Missouri, 

USA), (D-Ala2,N-Me-Phe4,glycinol5)-Enkephalin (DAMGO) (Bachem, Cat # H-2535, 

Torrance California, USA), D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr (CTAP) (Tocris 

Bioscience, Cat# 1560, Ellisville, Missouri, USA), STAT3 Inhibitor III WP1066 (EMD 

Biosciences, Cat # 573097, La Jolla, California, USA), STAT3 Inhibitor V Stattic (EMD 

Biosciences, Cat # 573099, La Jolla, California, USA), STAT3 Inhibitor VI S31-201 

(EMD Biosciences, Cat # 573102, La Jolla, California, USA), STAT3 Inhibitor Peptide 

(EMD Biosciences, Cat # 573096, La Jolla, California, USA). 

Isolation and Purification of Peripheral Blood Mono nuclear Cells (PBMCs) 

All blood was drawn from consenting healthy HIV negative, opioid free volunteer 

donors by a trained phlebotomist after proper informed consent documents were 

completed (As required and approved by the Temple University School of Medicine 

Institutional Review Board).  PBMCs were purified from fresh whole human blood 
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collected into sterile 50mL centrifuge tubes containing 12.5mL of acid citrate dextrose 

solution (Sigma-Aldrich, Cat # C3821, St. Louis, Missouri, USA) via venipuncture.  

Following blood collection, 25mL of anti-coagulated blood was carefully layered onto 

20mL of Ficoll-Paque Plus (GE Healthcare, Cat # 17-1440-03, Piscataway, New Jersey, 

USA) and centrifuged for 40 minutes at 1,300 rpm at room temperature.  The plasma 

was discarded using a glass pastuer pipette and the PBMC cell layer was harvested via 

10mL serological pipette and transferred to a new 50mL centrifuge tube.  For every 

20mL of isolated cells, 30mL of sterile 1X PBS without Ca2+/Mg2+ (Mediatech Inc., Cat # 

21-040-CV, Manassas, Virginia, USA) was added and mixed by inversion.  Cells were 

centrifuged for 25 minutes at 1,300 rpm at room temperature, supernatant was then 

discarded and the cell pellet was resuspended in 50mL sterile 1X PBS without 

Ca2+/Mg2+ to further wash the cells.  Cells were then centrifuged for 15 minutes at 1,300 

rpm at 4°C, supernatant was then discarded and the cell pellet was resuspended in 

20mL of 1X red blood cell lysis solution (hypotonic lysis buffer) per 1-5 x 108 cells and 

incubated on ice for 10 minutes.  The supernatant containing lysed red blood cells was 

discarded and the cells were centrifuged for 15 minutes at 1,300 rpm at 4°C.  Cell 

pellets were resuspended in 50mL sterile 1X PBS without Ca2+/Mg2+ and counted via 

hemocytometer using trypan blue dye for evaluation of cell viability.  The cells were 

centrifuged for 15 minutes at 1,300 rpm at 4°C, and t hen resuspended in R10 medium 

(RPMI, 10% fetal bovine serum (FBS), L-glutamine, and penicillin-streptomycin) to give 

a final concentration of 10 million PBMCs per mL.  Cells were seeded into 6-well plates 
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using R10 medium at a concentration of 106 PBMCs per well with a total volume of 5mL 

per well. 
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Figure 15: Illustration of Ficoll-Paque Plus Layeri ng of Whole Blood 
 
Whole human blood diluted with anti-coagulant is layered onto Ficoll-Paque Plus and 
centrifuged at 1,300 rpm for 40 minutes. The result is a layer of plasma, white blood 
cells (PBMCs), Ficoll-Paque Plus, and red blood cells (From top to bottom of tube). 
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Cell Culture 

PBMCs were cultured in RPMI 1640 medium (Mediatech Inc., Cat # 10-040-CV, 

Manassas, Virginia, USA) containing 10% fetal bovine serum (Hyclone Inc., Lot # 

ARB25787, Logan, Utah, USA) 2mM L-glutamine (Mediatech Inc., Cat # 25-005-CI, 

Manassas, Virginia, USA), and 1X penicillin streptomycin solution (Mediatech Inc., Cat # 

30-002-CI, Manassas, Virginia, USA).  PBMCs were seeded at 1 x 107 cells in a volume 

of 5mL RPMI complete medium in individual wells of a 6-well plate.  Human CHME-3 

Microglial Cells (A generous gift from Dr. Kamel Khalili, Department of Neuroscience, 

Temple University School of Medicine; Originally obtained from Professor Marc Tardieu, 

Université Paris Sud, France) were culture in DMEM medium (Mediatech Inc. Cat# 50-

013-PC, Manassas, Virginia, USA), 10% fetal bovine serum (Hyclone Inc., Lot # 

ARB25787, Logan, Utah, USA), 2mM L-glutamine, and 1X penicillin streptomycin 

solution.  Murine 300.19 pre-B cells were co-transfected with pcDNA3-Neo-hKOR-FLAG 

and SRα-Puro-hCXCR4, under G418 sulfate or puromycin selection, respectively.  Cells 

were sorted into single cell double positive (KOR+ and CXCR4+) populations and clonal 

populations were developed.  300.19 pre-B hKOR-FLAG+ hCXCR4+ were cultured in 

RPMI 1640 (Mediatech Inc., Cat # 10-040-CV, Manassas, Virginia, USA) supplemented 

with 10% FBS (Hyclone Inc., Lot # AQC23410, Logan, Utah, USA), 2mM L-glutamine 

(Mediatech Inc., Cat # 25-005-CI, Manassas, Virginia, USA), 1X MEM non-essential 

amino acids (Mediatech Inc., Cat # GSM-4002, Manassas, Virginia, USA), 1mM sodium 

pyruvate (Mediatech Inc., Cat # 25-000-CI, Manassas, Virginia, USA), 1µL/mL 2-

mercaptoethanol (Life Technologies, Cat # 21985-023, Carlsbad, California, USA), 1% 
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Gentamicin (Life Technologies, Cat # 15750-060, Carlsbad, California, USA), 1.5µg/mL 

puromycin (Mediatech Inc., Cat # 61-385-RA, Manassas, Virginia, USA), and 1mg/mL 

G418 sulfate (Mediatech Inc., Cat # 61-234-RG, Manassas, Virginia, USA). 
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Antibodies 

Table 8: Antibodies Utilized for Western Blot, Flow Cytometry, EMSA, and ChIP 

Antibody Company Catalog # Application Dilution 
Rabbit Polyclonal hCXCR4 ProSci Inc. 1012 Western 

Blot 
1:1200 

Rabbit Polyclonal hCCR5 ProSci Inc. 1112 Western 
Blot 

1:1500 

Mouse Monoclonal hHistone H3 Millipore Inc. 05-499 Western 
Blot 

1:1000 

Rabbit Polyclonal hIRF1 Cell Signaling Technologies 4966 Western 
Blot 

1:1000 

Rabbit Polyclonal hIRF1 Santa Cruz Biotechnology 
Inc. 

SC497 Western 
Blot 

1:200 

Mouse Monoclonal hIRF1 Santa Cruz Biotechnology 
Inc. 

SC74530 ChIP/EMSA 20µL 

Rabbit Polyclonal hIRF2 Cell Signaling Technologies 4943 Western 
Blot 

1:1000 

Rabbit Polyclonal hIRF2 Santa Cruz Biotechnology 
Inc. 

SC498X ChIP/EMSA 4µL 

Rabbit Monoclonal hPhospho-IRF3 
(Ser396) 

Cell Signaling Technologies 4947 Western 
Blot 

1:1000 

Rabbit Polyclonal hIRF3 Santa Cruz Biotechnology 
Inc. 

SC9082 Western 
Blot 
ChIP/EMSA 

1:1500 
20µL 

Goat Polyclonal hIRF4 Santa Cruz Biotechnology 
Inc. 

SC6059 Western 
Blot 
EMSA 

1:400 

Mouse Monoclonal hIRF5 Santa Cruz Biotechnology 
Inc. 

SC56714 Western 
Blot 
EMSA 

1:400 

Rabbit Polyclonal hIRF7 Santa Cruz Biotechnology 
Inc. 

SC9083 Western 
Blot 
EMSA 

1:250 

Goat Polyclonal hIRF8 Santa Cruz Biotechnology 
Inc. 

SC6058 Western 
Blot 
EMSA 

1:400 

Rabbit Polyclonal hPhospho-STAT1 
(Tyr701) 

Cell Signaling Technologies 9171 Western 
Blot 

1:1000 

Rabbit Polyclonal hPhospho-STAT2 
(Tyr690) 

Cell Signaling Technologies 4441 Western 
Blot 

1:1000 

Rabbit Polyclonal hPhospho-STAT3 
(Tyr705) 

Cell Signaling Technologies 9145 Western 
Blot 
ChIP 

1:1000 

Rabbit Polyclonal hPhospho-STAT3 
(Ser727) 

Cell Signaling Technologies 9134 Western 
Blot 

1:1000 

Rabbit Polyclonal hPhospho-STAT5 
(Tyr694) 

Cell Signaling Technologies 9359 Western 
Blot 

1:1000 

Rabbit Polyclonal hPhospho-STAT6 Cell Signaling Technologies 9361 Western 1:1000 
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(Tyr641) Blot 
Rabbit Polyclonal hSTAT1 Cell Signaling Technologies 9172 Western 

Blot 
1:750 

Rabbit Polyclonal hSTAT3 Cell Signaling Technologies 9132 Western 
Blot 
ChIP 

1:750 

Rabbit Polyclonal hSTAT5 Cell Signaling Technologies 9363 Western 
Blot 

1:750 

Rabbit Polyclonal hSTAT6 Cell Signaling Technologies 9362 Western 
Blot 

1:750 

Goat Polyclonal hPhospho-JAK1 
(Tyr1022/1023) 

Santa Cruz Biotechnology 
Inc. 

SC16773 Western 
Blot 

1:200 

Rabbit Monoclonal hPhospho-JAK2 
(Tyr1007/1008) 

Cell Signaling Technologies 3776 Western 
Blot 

1:1000 

Goat Polyclonal hPhospho-JAK3 
(Try980) 

Santa Cruz Biotechnology 
Inc. 

SC16567 Western 
Blot 

1:200 

Rabbit Polyclonal hJAK1 Cell Signaling Technologies 3332 Western 
Blot 

1:1000 

Rabbit Monoclonal hJAK2 Cell Signaling Technologies 3230 Western 
Blot 

1:1000 

Rabbit Polyclonal hJAK3 Cell Signaling Technologies 3775 Western 
Blot 

1:1000 

Anti-Rabbit IgG HRP Conjugated Cell Signaling Technologies 7074 Western 
Blot 

1:2500 

Anti- Mouse IgG HRP Conjugated Cell Signaling Technologies 7076 Western 
Blot 

1:2500 

Anti-Rabbit IgG HRP Conjugated Santa Cruz Biotechnology 
Inc. 

SC2030 Western 
Blot 

1:2500 

Anti-Goat IgG HRP Conjugated Santa Cruz Biotechnology 
Inc. 

SC2033 Western 
Blot 

1:2500 

Mouse Monoclonal hCXCR4 APC 
Conjugated 

BD Biosciences 555976 Flow 
Cytometry 

10µL 

Mouse Monoclonal hCXCR4 PE 
Conjugated 

BD Biosciences 557145 Flow 
Cytometry 

10µL 

Mouse Monoclonal hCCR5 APC 
Conjugated 

BD Biosciences 556903 Flow 
Cytometry 

10µL 

Mouse Monoclonal hCCR5 PE 
Conjugated 

BD Biosciences 556042 Flow 
Cytometry 

10µL 

Mouse Monoclonal Anti-FLAG 
BioM2 

Sigma Aldrich F9291 Flow 
Cytometry 

1µL 

Streptavidin-PE Conjugated BD Biosciences 554061 Flow 
Cytometry 

0.5µL 

Mouse IgG2a Kappa APC 
Conjugated Isotype Control 

BD Biosciences 555576 Flow 
Cytometry 

10µL 

Mouse IgG2a Kappa PE 
Conjugated Isotype Control 

BD Biosciences 556653 Flow 
Cytometry 

10µL 
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Flow Cytometry 

For suspension cells, cells were removed with medium and transfered to a 15mL 

conical tube, and spun at 1,300 rpm for 5 minutes at 4°C.  Medium was discarded (or 

saved if supernatant was required for further analysis) and add 5mL ice cold 1X PBS to 

resuspend cell pellet.  Spin at 1,300 rpm for 5 minutes at 4°C and remove PBS, and 

washed in ice cold 1X PBS wash again and the cells were counted.  For adherent cells, 

medium was removed (or saved if supernatant was required for further analysis) and 

5mL of ice cold 1X PBS was added to the plates.  Culture dishes were rocked and PBS 

was removed.  To lift the cells, 1mL of versene was added and a cell scrapper was used 

to detach the cells from the plastic plate.  The cells were spun at 1,300 rpm for 5 

minutes at 4°C and supernatant was discarded.  The wash w as repeated two more 

times using ice cold 1X PBS.  The cells were counted using the hemocytometer and 

trypan blue dye (Life Technologies, Cat # 15250-061, Carlsbad, California, USA).  After 

pelleting approximately 1 million cells, the pellet was resuspended in 35µL of 100% goat 

serum (Sigma Aldrich, Cat # G9023-10ML, St. Louis, Missouri, USA) in a 1.5mL tube(s). 

The cells were incubated on ice for 30 minutes to effectively block prior to staining, then 

spun at 1,300 rpm for 5 minutes at 4°C.  Goat serum wa s removed and discarded, and 

primary antibody(s) or directly conjugated antibody(s) were added: 50µL of FACS Buffer 

(1X PBS with 1% bovine serum albumin) containing the amount found by titration to be 

adequate for staining 1 million cells. For example, the dual stain of hCCR5 and 

hCXCR4 was completed by adding 10µL of hCCR5-PE and 10µL of hCXCR4-APC to 

30µL FACS Buffer (BD Biosciences, Cat # 555993 (hCCR5-PE) 556903 (hCCR5-APC) 
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555974 (hCXCR4-PE) 555976 (hCXCR4-APC) 555574 (PE Mouse IgG2a’κ Isotype 

Control) 555576 (APC Mouse IgG2a’κ Isotype Control), San Jose, California, USA).  The 

cell pellet was resuspended using the primary antibody solution.  The cells were 

incubated on ice for 30-45 minutes (time was dependent on type of antibody used) and 

keep covered on ice to protect from light.  To wash the cells, 1mL FACS buffer was 

added and tube(s) were inverted several times. The cells were spun at 1,300 rpm for 5 

min at 4°C and supernatant was removed and discarded.  Pellet was resuspended with 

1mL FACS buffer, spun down, and removed.  This wash was repeated one additional 

time.  The secondary antibody (if required) was added following the rationale used 

above. The incubation on ice for 30-45 minutes using the secondary antibody diluted in 

FACS buffer solution was completed if required.  To wash the cells, 1mL FACS buffer 

was added to tube(s) and inverted several times. The cells were spun at 1,300 rpm for 5 

min at 4°C and supernatant was removed and discarded.  The cell pellet was 

resuspended in 1mL FACS buffer, spun down, and removed.  This wash was repeated 

one additional time.  After the final wash, the pellet was resuspended in 400µL of FACS 

buffer containing 2% para-formaldehyde (if fixing the cells) (Electron Microscopy 

Sciences, Cat # 15715-S, Hatfield, Pennsylvania, USA). To analyze cell viability, 7-

amino-actinomycin-D (BD Biosciences, Cat # 559925, San Jose, California, USA) was 

utilized.  When analysis was within 1-2 hrs, fixation was not required.  If a human cell 

line or human primary cells were used, CELLS WERE FIXED according to Temple 

University biosafety regulations.  Samples were transferred to FACS tubes and 
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analyzed on a BD Facs Calibur or BD Facs Aria (BD Biosciences, San Jose, California, 

USA). 

For receptor internalization and trafficking, cells were treated with SDF-1α 

(Peprotech Inc., Cat # 300-28A, Rocky Hill, New Jersey, USA) and/or U50,488H while 

kept at 37°C.  At the indicated time points, samples we re quickly transferred to ice and 

kept on ice during the entire flow cytometry staining protocol.  All spins were completed 

at 2°C to prevent trafficking of receptors.   

Intracellular Ca 2+ Flux Measurements 
 

Stably transfected 300.19 pre-B KOR-FLAG CXCR4  (K2) cells were 

resuspended in the Ca2+ assay buffer (Hanks balanced salt solution with Ca2+/Mg2+ 

(Mediatech Inc., Cat# 21-020-CM, Manassas, Virginia, USA), with 0.5% w/v BSA 

(Fisher Scientific, Cat# 502300142, Wilmington, Delaware, USA), and 10mM HEPES 

pH 7.3 (Mediatech Inc., Cat# 25-060-CI, Manassas, Virginia, USA)) at 107 cells/mL and 

loaded with 5µM Fura-2/AM (Life Technologies, Cat # F-1225, Carlsbad, California, 

USA) for 30 minutes at room temperature protected from light with periodic mixing to 

keep cells suspended. After the loading of Fura-2/AM, cells were washed three times 

with Ca2+ assay buffer, resuspended at a concentration of 107 cells/mL, and placed on 

ice for the duration of the experiment.  We have observed that under these conditions, 

the 300.19 cells leak their internal Fura-2/AM stores very slowly and remain viable for 

subsequent measurements without significant changes in performance for up to 2 

hours.  For each measurement, 2 million cells were injected into 900µL of Ca2+ assay 
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buffer and allowed to warm up to 37°C in the temper ature controlled spectrofluorometer 

cuvette holder.  In our system, this incubation was approximately 5 minutes.  All 

agonists, antagonists, and chemokines were injected through the injection port 

integrated into the spectrofluorometer above the cuvette.  Fura-2/AM emission was 

measured at 510 nm with alternating excitation at 340 nm and 380 nm.  The ratio 

between the emission recorded during excitation readings at 340nm and 380nm was 

used to generate the calcium mobilization graphs (Figure 16).  Cytosolic Ca2+ 

concentration calibration and calculation was done according to the method of 

Grynkiewicz (Grynkiewicz, Poenie, and Tsien, 1985).  Maximal Fura-2/AM ratio (Rmax) 

was determined by treating a labeled sample of cells with Triton X-100 (0.05% final 

concentration) (Sigma Aldrich, Cat# ,T8787, Saint Louis, Missouri, USA). Minimal Fura-

2/AM ratio (Rmin) was determined by adding 5mM EGTA (Sigma Aldrich, Cat# E0396, 

Saint Louis, Missouri, USA) after Triton X-100 lysis to chelate all free Ca2+.  All 

measurements were conducted on a Horiba Jobin-Yvon Fluoromax-3spectrofluorometer 

with data point acquisition every 0.2 seconds. 
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Figure 16: Excitation versus Emission Patterns for Fura-2AM 

This diagram shows the excitation wavelength for fura-2AM (Alternating 340nm and 
380nm). The emission wavelength is 510nm. To generate the difference between free 
fura-2AM and calcium bound fura-2AM, the measurement of 510nm emission between 
the alternating 340nm (calcium bound state) and 380nm (free fura-2AM) is used to 
create a ratio.  This ratio is therefore a measure of calcium levels within the cell. 
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Heat Shock Transformation of E. coli for Plasmid Propagation 

DH5α (F- φ80lacZ∆M15 ∆(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) 

phoA supE44 λ- thi-1 gyrA96 relA1), MAX efficiency chemically competent E. coli (Life 

Technologies Inc., Cat # 18258-012, Carlsbad, California, USA), or XL2 Blue (recA1 

endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZ∆M15 Tn10 (Tetr) Amy 

Camr]) Ultra-competent E. coli (Stratagene Inc., Cat # 200150, La Jolla, California, 

USA) were used to propagate plasmid constructs and perform molecular cloning 

procedures.  Competent cell aliquots of 50µL were allowed to thaw on ice, and were 

combined with 10ng of plasmid or 20ng of ligated plasmid product in a 1.5mL tube and 

incubated on ice for 30 minutes.  As a positive control, 500pg of pUC19 plasmid was 

used to transform the chemically competent E. coli and was a measure of 

transformation efficiency.  As a negative control, 5µL of LB medium was added in place 

of plasmid and served as a measure of E. coli antibiotic resistant colony growth.  

Following the 30 minute incubation on ice, cells were heat-shocked in a 42°C water bath 

for 45 seconds.  Immediately following the heat shock, cells were chilled on ice for at 

least 2 minutes.  Under flame, 950µL of Super Optimal Broth (SOC) medium was added 

to each 1.5mL tube (Life Technologies, Cat# 15544-034, Carlsbad, California, USA).  

Tubes were transferred to a 37°C bacterial shaking incub ator set at 230 rpm for 1 hour.  

Following the recovery growth, cells were plated on LB/KAN (30µg/mL Kanamycin) 

(Sigma Aldrich, Cat# K3763, Saint Louis, Missouri, USA), or LB/AMP (100µg/mL 

Ampicillin) (Sigma Aldrich, Cat# A2804, Saint Louis, Missouri, USA) plates, and 

incubated overnight at 37°C with the agar plates inve rted. 
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Plasmid DNA Purification from E. coli 
 

Individual colonies of transformed bacteria were picked from “selective” plates 

(White colonies from XGAL screening) and inoculated into 5mL starter liquid cultures in 

LB/AMP or LB/KAN medium.  The starter cultures were incubated overnight at 37°C in a 

bacterial shaking incubator (set at 230 rpm).  Plasmid DNA for analytical digestion was 

isolated directly from the 5mL starter culture by taking a 1.5mL aliquot of the saturated 

culture and following the Qiagen Mini, Midi, or Maxi Plasmid Purification Kits (Qiagen 

Inc., Cat # 12125, 12145, 12163, Hilden, Germany) following the manufacturer’s 

protocol.  For Midi and Maxi purification of plasmid, 100mL and 250mL cultures, 

respectively, were grown to confluence and used in entirety.  Eluted plasmid DNA was 

stored at -20°C in a non-frost-free freezer for furth er cloning or mammalian cell 

transfection.  Glycerol archival storage of bacterial clones was completed with every 

plasmid generated.  In short, 750µL of saturated culture was combined with 250µL of 

autoclave-sterilized 70% glycerol, mixed by short vortex, and flash frozen in a dry ice 

ethanol bath.  Glycerol archives were stored at -80°C f or future use. 

Transfection of Mammalian Cells 

Transient and stable transfections were completed using Lipofectamine 2000 

(Life Technologies, Cat #11668-019, Carlsbad, California, USA).  The day prior to 

transfection, cells were plated in 6-well plates at 5 x 105 (Adherent) or 3 x 106 

(Suspension) cells in 2.5mL medium lacking antibiotics.  The following day, transfection 

complexes were prepared following the protocol for Lipofectamine 2000 (Life 

Technologies, Cat#11668-019, Carlsbad, California, USA).  DNA plasmid(s) (4µg) were 
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diluted in 250µL Opti-MEM Medium (Life Technologies, Cat #31985-062, Carlsbad, 

California, USA) and mixed gently.  Lipofectamine 2000 was mixed gently and 10µL of 

Lipofectamine 2000 was mixed with 250µL Opti-MEM medium and allowed to incubate 

at room temperature for 5 minutes.  The 250µL of DNA/Opti-MEM was then mixed with 

250µL of Lipofectamine/Opti-MEM, mixed gently, and complexes were allowed to form 

during a 20 minute room temperature incubation.  After the incubation period, 500µL of 

the complexes were added to each well of the 6-well plate drop wise.  The plates were 

incubated overnight at 37°C and the next morning, me dium was changed to remove the 

lipo-complexes.  Transfectants were either used immediately for transient transfection 

experiments or set up for antibiotic selection for stable transfectants. 
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Luciferase Vector Constructs 

pGL4.14 – CCR5 Full Length Promoter (2.7kb) Vector Map 

 

 

CCR5 Promoter Insert (Full Length) 

                          Kpn I              Kpn I                 Xho I 

 

              5’  (-2784)                  (+1)  3’  
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CCR5 Promoter (Full Length) Sequence

GCAGCTGTTTAAAGACAAAAAGGCCCCAAAAAGGAGGGATGGCACGAAACACCCTCCAATATGGGCATGGAGTC
TAGAGTGACAAAGTGATCAAAAGTTCATTTCCTATGGGGTGTCCGAATGTACTTAATAATAAAAAGAGAACAAGA
GCCATGCAAACTGAGAGGGACAAAGTAGAAAGAGTAGCAGACACCAAGCAACTAAGTCACAGCATGATAAGCTG
CTAGCTTGTTGTCATTATTGTATCCAGAACAACATTTCATTTAAATGCTGAAGAATTTCCCATGGGTCCCCACTTTC
TTGTGAATCCTTGGGCTGAACCCCCCTGTCCTGAGTGGTTACTAGAACACACCTCTGGACCAGAAACACAAAAG
TGGAGTAACGCACACTGCAAAGCTGTGCTTCCTTGTTTCAGCCTGTGAATCCTCACCTTGTTTCCCATCTAGCCT
ATATTTTTCAAACTAACTTGGCCATAGAATCATGTAGTATTTAGGGTGGAAGCTGCCCCAGGTCTAGCACGTCATT
TAACAGATGAGGAAATGGAAGCTTGGGCAGTGGAAGTATCTTGCCGAGGTCACACAGCAAGTCAGCAGCACAG
CGTGTGTGACTCCGAGCCTGCTCCGCTAGCCCACATTGCCCTCTGGGGGTGAGTATGTCTTCACATCCTCCAAT
ACCCTAATGACAGACAAACAGAACATGGCAAAGCCTCAGCTCTGCATGGTGAAAGTAAGAACCAGCAATTGCCA
CAAACAGAAATACAGTGTTGGTCCGGCAGCCTCCGGGGGTTCTGCACAAGTGGATTACCAGTGAATACAAGGCT
ATCTATCTTTCGAAAAACCAAAGTTGTATTTATGCTATCTATTTTCTATAAAATTTTATATTAATTTATTTGTTACCTA
TTTTTGAACTCTTTCAAAAGCACACTTTATATTTCCCTGCTTAAACAGTCCCCCGAGGGTGGGTGCCCAAAAGGC
TCTACACTTGTTATCATTCCCTCTCCACCACAGGCATATTGAGTAAGTTTGTATTTGGGTTTTTTTAAAACCTCCAC
TCTACAGTTAAGAAAACTAAGGCACAGAGCTTCAATAATTTGGTCAGAGCCAAGTAGCAGTAATGAAGCTGGAGG
TTAAACCCAGCAGCATGACTGCAGTTCTTAATCAATGCCTTTTGAATTGCACATATGGGATGAACTAGAACATTTT
CTCGATGATTCGCTGTCCTTGTTATGATTATGTTACTGAGCTCTGTTGTAGCACAGACATATGTCCCTATATGGGG
CGGGGGTGGGGGTGTCTTGATCGCTGGGCTATTTCTATACTGTTCTGGCTTTTCCCAAGCAGTCATTTCTTTCTA
TTCTCCAAGCACCAGCAATTAGCTTTACCTTTTCAGCTTCTAGTTTGCTGAAACTAATCTGCTATAGACAGAGACT
CCGGTGAACCAATTTTATTAGGATTTGATCAAATAAACTCTCTCTGACAAAGGACTGCTGAAAGAGTAACTAAGAG
TTTGATGTTTACTGAGTGCATAGTATGTGCTAGATGCTGGCCGTGGATGCCTCATAGAATCCTCCCAACAACTCA
TGAAATGACTACTGTCATTCAGCCCAATACCCAGACGAGAAAGCTGAGGGTAAGACAGGTTTCAAGCTTGGCAG
TCTGACTACAGAGGCCACTGGCTTAGCCCCTGGGTTAGTCTGCCTCTGTAGGATTGGGGGCACGTAATTTTGCT
GTTTGGGGTCTCATTTGCCTTCTTAGAGATCACAAGCCAAAGCTTTTTATTCTAGAGCCAAGGTCACGGAAGCCC
AGAGGGCATCTTGTGGCTCGGGAGTAGCTCTCTGCTGTCTTCTCAGCTCTGCTGACAATACTTGAGATTTTCAGA
TGTCACCAACCGCCAAGAGAGCTTGATATGACTGTATATAGTATAGTCATAAAGAACCTGAACTTGACCATATACT
TATGTCATGTGGAAAATTTCTCATAGCTTCAGATAGATTATATCTGGAGTGAAGAATCCTGCCACCTATGTATCTG
GCATAGTGTGAGTCCTCATAAATGCTTACTGGTTTGAAGGGCAACAAAATAGTGAACAGAGTGAAAATCCCCACT
AAGATCCTGGGTCCAGAAAAAGATGGGAAACCTGTTTAGCTCACCCGTGAGCCCATAGTTAAAACTCTTTAGACA
ACAGGTTGTTTCCGTTTACAGAGAACAATAATATTGGGTGGTGAGCATCTGTGTGGGGGTTGGGGTGGGATAGG
GGATACGGGGAGAGTGGAGAAAAAGGGGACACAGGGTTAATGTGAAGTCCAGGATCCCCCTCTACATTTAAAGT
TGGTTTAAGTTGGCTTTAATTAATAGCAACTCTTAAGATAATCAGAATTTTCTTAACCTTTTAGCCTTACTGTTGAA
AAGCCCTGTGATCTTGTACAAATCATTTGCTTCTTGGATAGTAATTTCTTTTACTAAAATGTGGGCTTTTGACTAGA
TGAATGTAAATGTTCTTCTAGCTCTGATATCCTTTATTCTTTATATTTTCTAACAGATTCTGTGTAGTGGGATGAGC
AGAGAACAAAAACAAAATAATCCAGTGAGAAAAGCCCGTAAATAAACCTTCAGACCAGAGATCTATTCTCTAGCTT
ATTTTAAGCTCAACTTAAAAAGAAGAACTGTTCTCTGATTCTTTTCGCCTTCAATACACTTAATGATTTAACTCCAC
CCTCCTTCAAAAGAAACAGCATTTCCTACTTTTATACTGTCTATATGATTGATTTGCACAGCTCATCTGGCCA 

Figure 17: pGL4.14 CCR5 Full Length Promoter 

The vector map of pGL4.14 is shown above (Promega Corp, Cat# E6691, Madison, 
Wisconsin, USA).  Using the NEB Webcutter (New England Biolabs, Ipswich, 
Massachusetts, USA), the restriction digestion sites within the CCR5 promoter are 
mapped.  The sequence of the promoter is displayed in entirely.  The promoter was 
cloned between Kpn I and Xho I restriction digestion sites. 
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pGL4.14 – CXCR4 Full Length Promoter (2.8kb) Vector  Map 

 
            CXCR4 Promoter Insert (Full Length) 

                           Kpn I                     Xho I 

 

          5’ (-2859)                         (+46) 3’ 
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CXCR4 Full-Length Promoter Sequence 

ACATACATGAAGGAGGCCTTCTGATTCCCTTTTTGTCATACAATTTGTTGGCTTTTTTATGAATATGAAAATGATTC
ATGTCTATTACAGAAAATCTGGAAAGCATAGAAAAACCCCAGGAAGAAAGCAAAAATCAAATATAATTCTGCACCA
AGGAAAACGCCTATAAACATTTTGGTTTTCCTCCCTATATTTTCCAAATGCATATTTTAACATAACTGAGATCACAC
TATATACACAATTCTGAATCCTGCCTTTTGCACTTAATGTTTCATAAGTATTTCCCCATGTCACTAAAAATTCTTCC
AAATAACATTCACGATGTCCATATGGAATTTCAGATGTGGATGAACCAAAATCTTGTCAACTATTCCACTAACAGT
GGTTATTTAGGGATGTTCAGACATTTCACTATTTAAAAAAAAATGTTTCCACAAATACCTTTGTGGCATAAGTTTTT
ATGAGTGGAGTTACTGTTCTGAAGTTCCTGCTGAATAGAAAATGCTTTCCAGTGAGGCTGTCCCAAGCCACATTC
CCATCAGTGACAAGCGAGAGACAGCTGGTCTTTTCAAATCCGGAGACCAAATATTATCTTTGAAAAAAAATGGAT
TTTTGCCTAATTTGGTAGTCACCAAATAGCATCTCATTGTTCTTTTAATTATCTGCTTCCTTTTAGTAGAGATCCCT
AAAAAGATCTGAAAGGAGTCTTCAGATAAAGGAAGGAGCTTTCTTTTGTCTGTCTACAATCAACAAATATTTATTAT
GCAAACCATTTTGCTCCGAGTTTTCTCCTCTTTCCCTTTTTGGACAGATTTGGGAGATCTCACCTTTCAGGTTTTA
GACATCGTGCAGGGAGGAGTTTTGAGGTAGGGTGCAGCTTACGGTCCAGGATAAAACATACTGATTCTGCCACT
ACCAGGCTTTGTGAAAAGCAAGTCATGAAAACGCTCTGAAATTCTAGACCTTCAGTAGATAGGATCTACCGTGTC
TATAAAAATATGAAGATCCTTTTCTGCCACTACCAGGCTTTGTGAAAAGCAAGTCATGAAAACGCTCTGAAATTCT
AGACCTTCAGTAGATAGGATCTACCGTGTCTATAAAAATATGAAGATCCTTAAGTTTTATTAAAGATTCGAAAAAA
GTAAAAGTGTTTTTACGGTTTTATTTTCATTTTTATTTCTTACCGTTATCGTTTATTATAAAGGATATTATAAAGGAT
ACAGATGAAGAGATACGTAATGCAAGGCCTGTGAGAAGGGGCGTGGAGCTTCCGAAACCTCTTCCAGCCACCA
CCCTCCAAGAACCTGGAGTTTCTTTTTTTTTTTTTAATTCTACAAATGTAATATTAGAATTGATTTTATCTGGCCATT
AGTGTGTGTCCTAACTCGTTCGTTTCTGAGAGTCCCATCTCCCGGCCCGGGATATCATCTTTCCTGTGTCAGTGA
AAGTGCAGAGTAGATGAGAACCTTTAACCACCAACATTAGGGAGGGGTCCCAGACAAAGGGGGTAAGTCATGCT
CTGTAGAGAAAAGGTTCCCTGCCTCCGAACTACCTCTGGAACACTCCAGTAAATGTTTCCTCTTTTGATATAGAAA
AGAGGGATCGTGTGTAGAGTGCAGTCTGGGCAATCCCTCTCCTCGGGACCATTTCGGGGTAGGGGCCTCTGGG
GTCCGTGTCGCGACGCACGCGCCTCGGTCCCAGCTATCTCCGCAGCGGGCCACCCCGCCTGCGGACGCAGTT
TCTCGGCCCCGCCCCACACTCGCTCCCCCGCCCCACCCAGTCTCCGCGCCGGAGGGAAGTGGCGCGAGGGG
GAAAGCACTGTCTGCGCGCCCACTGCAAACCTCAGCCAGTCTGAGATCGCTTTAAACGTCTGACCCCCACCCCC
ACTCCGCCCCGCCCAGTTCTTCAACCTAATTTCTGATTCGTGCCAAAGCTTGTCCTCTGCTCAAAATCGTGGAAG
ACGCCGAGTATGGGGACCGAAGACCTGGGTTCAAGCCCGGCTTGGAATCCCTGCCCATCCCTGGCATTTCATCT
CTCCGGGCTTATTTGCTGGTTTCTCCGAATGCGGGCCTTGTCTGGTTCACGCTGGATCCCCAACGCCTAGAACA
GTGCGTGGCACGCAGTTCGTCCTTCTATAAATATCGGACTAAATGCATCTCTGTGATGGTAATACCCACACGGTG
TTGTGAGAATGAATGAGTGATTCTGTGCAAGTTCCTAGTGATCTGTTACAAAAAGTACTGGTCGCTAAATTACTCT
TATAATAAAGCATACTTTTAGGATAATAAAGCACTATTCGCGAATTGGTTACCGCTATTATGAAATTACTGAGCAAT
ACATATCTACATCTGATCAGTCTCCAGAATTATGCCAAATCCTACCTTCTTCTGAAAGTATCTCCTAATTATCTGCA
CCTGACCCTAGTGATGCTGTGAATGTGCAAGTATAGCTACATCCTCCGAAGGAAAGGATCTTTACTCCTTTTACC
TCCTGAATGGGCTGCGTCTGCTGAAAGCGCGGGGGAATGGGCGGTTGGAAGCTTGGCCCTACTTCCAGCATTG
CCGCCTACTGGTTGGGTTACTCCAGCAAGTCACTCCCCTTCCCTGGGCCTCAGTGTCTCTACTGTAGCATTCCC
AGGTCTGGAATTCCATCCACTTTAGCAAGGATGGACGCGCCACAGAGAGACGCGTTCCTAGCCCGCGCTTCCC
ACCTGTCTTCAGGCGCATCCCGCTTCCCTCAAACTTAGGAAATGCCTCTGGGAGGTCCTGTCCGGCTCCGGACT
CACTACCGACCACCCGCAAACAGCAGGGTCCCCTGGGCTTCCCAAGCCGCGCACCTCTCCGCCCCGCCCCTG
CGCCCTCCTTCCTCGCGTCTGCCCCTCTCCCCCACCCCGCCTTCTCCCTCCCCGCCCCAGCGGCGCATGCGCC
GCGCTCGGAGCGTGTTTTTATAAAAGTCCGGCCGCGGCCAGAAACTTCAGTTTGTTGGCTGCGGCAGCAGGTA
GCAAAGTGACG 

 

 

Figure 18: pGL4.14 CXCR4 Full Length Promoter 

The vector map of pGL4.14 is shown above (Promega Corp, Cat# E6691, Madison, 
Wisconsin, USA).  Using the NEB Webcutter (New England Biolabs, Ipswich, 
Massachusetts, USA), the restriction digestion sites within the CXCR4 promoter are 
mapped.  The sequence of the promoter is displayed in entirely.  The promoter was 
cloned between Kpn I and Xho I restriction digestion sites. 
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Bioinformatic Analysis of Promoter Sequences 

 To determine the location of possible transcription factor binding sites, two 

independent transcription factor predictive databases were utilized.  Sequences of the 

CCR5 and CXCR4 promoter were obtained from Ensembl (http://www.ensembl.org) 

using the human sequence database (full sequences provided in luciferase vector 

construct section).  The threshold of the databases was set at 80 to 85%.  Analysis was 

completed using the University of Pennsylvania’s Transcription Element Search System 

(http://www.cbil.upenn.edu/cgi-bin/tess/tess) or the Computational Biology Research 

Center’s Transcription Factor Search (http://www.cbrc.jp/research/db/TFSEARCH.html).  

Results from these databases were utilized for the generation of primer sets for 

chromatin immunoprecipitation assays and other promoter analysis techniques. 

Luciferase Reporter Assays 

Transfected cells were transferred to 96-well flat bottom plates and either 

untreated, treated with U50,488H at the indicated dose, or treated with control 

compounds for verification of functional promoter activity.  Cell lysis was accomplished 

using 1X cell culture lysis buffer, which was prepared from a 5X stock solution 

(Promega Corp., Cat #E1500, Madison Wisconsin, USA).  Medium was removed and 

cells were washed three times with 200µL of ice-cold 1X PBS and aspirated after each 

wash.  To lyse the cells, 20µL of 1X cell culture lysis reagent was added to each well 

and plate was allowed to rock at room temperature for 2 hours.  After two hours, the 

plate was transferred to a -80°C freezer for 10 minu tes and then transferred back to a 

rocking platform for an additional hour of lysis.  The lysates were transferred to 500µL 
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tubes and centrifuged at 10,000 rpm for 5 minutes at 4°C to pellet cellular debris.  The 

supernatant was transferred to glass tubes compatible with the luminometer.  The 

luciferase assay reagent was prepared fresh for each experiment and discarded 

following reading all samples.  To prepare active luciferase assay reagent, 10mL of 

luciferase assay buffer was mixed with the luciferase assay substrate.  For the 

luciferase reaction, 100µL of active luciferase assay reagent was added to each tube 

containing 20µL of lysate just prior to reading the luminescence level on the 

luminometer (Zylux Single Tube Luminometer, Cat # FB12, Huntsville, Alabama, USA).  

To account for variations in cell number, lysates were tested for protein concentration 

following luciferase assay.  Using a simple Bradford assay, protein values were 

obtained and used to standardize the luciferase readings to the approximate number of 

cells present in each well of the 96-well plate.  Each sample was calculated based on 

six replicates to reduce sample error. 

Agarose Gel Electrophoresis 

To verify integrity and concentration of PCR products and vectors, DNA and RNA 

was subjected to agarose gel electrophoresis.  Gels were prepared by combining 

agarose (1-2%) with 1X TAE (40mM Tris-acetate, 1mM EDTA pH 8.0) in a flask and 

microwaving the mixture for 2-3 minutes at high power.  The solution was cooled slightly 

and 500 ng/mL ethidium bromide (Promega Corp., Cat #H5041, Madison, Wisconsin, 

USA) was added and swirled to distribute evenly.  The solution was then poured into a 

gel casting tray with comb(s) and allowed to polymerize at room temperature for 30-45 

minutes.  DNA samples to be analyzed were mixed with 6X blue/orange loading dye 
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(Promega Corp., Cat # G1881, Madison, Wisconsin, USA) and loaded into the 

polymerized gel.  Electrophoresis was carried out at 90-110 volts for 30-75 minutes and 

documented using a Kodak Gel Logic 200 gel imaging station and analyzed using 

Kodak molecular imaging software (Eastman Kodak Company, Rochester, New York, 

USA).  Molecular DNA ladders were also included to verify correct size and migration 

(New England Biolabs, Cat #N0468S or N0467S, Ipswich, Massachusetts, USA). 

RNA Isolation 

Total RNA was prepared using TriZOL Reagent (Life Technologies, Cat # 15596-

026, Carlsbad, California, USA) from 1.0 x 107 cells.  For adherent cells, medium was 

removed, and cells were washed twice with 1X ice cold PBS, and 1mL of TriZOL RNA 

isolation reagent was then added directly to the culture dish.  For suspension cells, cells 

were transferred to a 15mL conical tube from the culture dishes and pelleted by 

spinning at 1,300 rpm for 10 minutes at 4°C.  The pel let was washed twice with ice cold 

1X PBS after which the pellet was resuspended in 1mL TriZOL reagent.  The 1mL 

TriZOL reagent was transferred to an RNase-Free 1.5mL tube and incubated for 5 

minutes at room temperature.  For phase separation, 100µL of molecular biology grade 

RNase-Free 1-bromo-3-chloropropane (BCP) (Molecular Research Center Inc., Cat # 

BP151, Cincinnati, Ohio, USA) was added to each 1mL of TriZOL reagent. Samples 

were vortexed for 15 seconds then allowed to incubate at room temperature for 5 

minutes.  Tubes were spun at 12,000 rpm for 15 minutes at 4°C.  The clear upper 

aqueous layer was transferred to a new RNase-Free 1.5mL tube and 500µL of 

molecular biology grade RNase-Free 2-propanol (Acros Organics, Cat # 67-63-0, New 
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Jersey, USA) was added and inverted to mix.  Tubes were allowed to incubate at room 

temperature for 10 minutes, and then centrifuged at 12,000 rpm for 10 minutes at 4°C.  

The supernatant was carefully removed using a 25-gauage needle taking care not to 

disrupt the pellet of RNA.  To wash the pellet, 1mL of 75% molecular biology grade 

RNase-Free ethanol (Shelton Scientific IBI, Cat # 64-56-1, Peosta, Iowa, USA) was 

added to the 1.5mL tube and a brief vortex was used to disperse the pellet.  Tubes were 

spun at 8,500 rpm for 5 minutes at 4°C to pellet the  RNA.  Again, using a 25 gauge 

needle, the supernatant was removed carefully without disrupting the RNA pellet.  

Pellets were allowed to dry for 5 minutes at room temperature, and then resuspended in 

20µL molecular biology grade RNase-Free water (Life Technologies, Cat # AM9937, 

Carlsbad, California, USA).  RNA quality was verified by agarose gel electrophoresis 

and nanodrop spectrophotometer measurement.  Total RNA was then treated with 

DNase I to remove any contaminating genomic DNA (Life Technologies, Cat # 18068-

015, Carlsbad, California, USA).  In an RNase-Free 1.5mL tube, 5µg total RNA, 2µL of 

10X reaction buffer, 2µL of DNase I, were combined and brought to a final volume of 

20µL using RNase-Free water (Life Technologies, Cat # AM9937, Carlsbad, California, 

USA).  Tubes were incubated at room temperature for 15 minutes and 2µL of 25mM 

EDTA was then added to each tube.  The reaction was terminated by heating at 65°C 

for 10 minutes and RNA was stored at -80°C. 

cDNA Synthesis 

To transcribe the total RNA into cDNA for real-time analysis, the Superscript III 

Kit was used (Life Technologies, Cat # 18080-400, Carlsbad, California, USA).  The 



 

90 
 

following were combined in a 0.2mL RNase-Free tube: 5µg DNase treated total RNA, 

1µL of 50µM Oligo-dT primer, 1µL of annealing buffer, and brought to a final volume of 

8µL using molecular grade RNase-free water (Life Technologies, Cat # AM9937, 

Carlsbad, California, USA).  The tubes were placed in a thermocycler preheated at 65°C 

and incubated for 5 minutes, followed by incubation on ice for at least 2 minutes.  Tubes 

were spun, and the following was then added: 10µL 2X first-strand reaction mix and 2µL 

Superscript III RNaseOUT enzyme mix.  After a brief vortex and centrifugation, the 

samples were placed into a preheated thermocycler set at 50°C for 1 hour.  The 

reaction was terminated at 85°C for 5 minutes and tube s were then placed on ice.  

Concentrations of cDNA product were measured using the nanodrop spectrophotometer 

set on ssDNA and samples were adjusted to a standard concentration of 50ng/µL to 

adjust for differences in cDNA synthesis.  cDNA was stored at -20°C until analysis by 

real-time PCR. 

Real-Time PCR 

To measure the concentration of target and reference cDNA, real-time PCR was 

completed using a Roche LightCycler 1.5 3-channel instrument and Roche LightCycler 

software 4.0 (Roche Applied Science, Indianapolis, Indiana, USA).  Samples were setup 

in capillaries (Roche Applied Science, Cat # 04929292001, Indianapolis, Indiana, USA) 

by adding the following: 24µL of SYBR Green primer master mix [10.5µL molecular 

grade water (Life Technologies, Cat # AM9937, Carlsbad, California, USA), 12.5µL 2X 

SYBR Green reaction mix (SA Biosciences, Cat # PA-010, Frederick, Maryland, USA), 

1µL 10µM forward/reverse primer mix (See primer table below for sequences of 
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designed primers, (Life Technologies, Custom Designed Primers, Carlsbad, California, 

USA) or SA Biosciences designed primers (SA Biosciences, Cat # PPH00621A for 

hCXCR4, Frederick, Maryland, USA))] and 1µL of cDNA template (50ng).  Negative 

controls were included with every run (1µL of molecular grade water (Life Technologies, 

Cat # AM9937, Carlsbad, California, USA)) and the positive control consists of the 

respective PCR amplicon cloned into pGEM-T T/A vector (Promega, Cat # A3600, 

Madison, Wisconsin, USA) so the concentration could be accurately determined.  

Standard curves were generated using the following concentrations (100ng/mL, 

10ng/mL, 1ng/mL, 100pg/mL, 10pg/mL, and 1pg/mL) and a single concentration of the 

standard curve was used as the positive control for every PCR run as suggested by 

technical support staff at Roche Applied Science USA.  Capillary tubes were spun down 

at 3,000 rpm for 5 seconds using the capillary adapters and then loaded into the real-

time carousel.  All samples were run in duplicate and the concentration was determined 

by averaging the two duplicates and plotting them against the standard curve (using Ct 

values).  Target concentrations were then divided by the reference concentrations 

(Internal housekeeping gene: β-Actin) to give the standardized ratio reported in all data.  

Samples were subjected to agarose gel electrophoresis to confirm single band products 

of correct molecular weight as well as by analysis of melting curves.   
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Table 9: Primer Sets Utilized for Real-Time PCR Anal ysis 

Primer 
Name 

Forward Primer (5’ ���� 3’) Reverse Primer (5’ ���� 3’) Product 
Size 

hβ-Actin  TGGCATCCACGAAACTACCT  GGAGCAATGATCTTGATCTTCA  180bp 
hCXCR4 Purchased from SA Biosciences Purchased from SA Biosciences 150bp 
hCCR5 AAACCTTCACACCCGAGATG  CATGAGCTGTGTTATCACTCAAA  176bp 
hIRF1 GGTCACACTTGGCTGTTGAG  TGGTGGATATGGTGCAGAGA  60bp 
hIRF2 AGGCAAACAGTACCTCAGCAA  TTGTTGGAAGTGACGAAGGA  81bp 
hIFNγ CGGGATTCAGGACAACCAT  TCGCCAGTAGCTAAAACAGG  91bp 
hκOR Purchased from SA Biosciences Purchased from SA Biosciences 181bp 
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Calculation of mRNA Transcript Half-Life 

To determine the approximate half-life of mRNA transcripts, PBMCs were treated 

with U50,488H for 24 hours and compared to control untreated PBMCs.  Following this 

period, cells were treated with 10ng/mL Actinomycin-D (Sigma Aldrich, Cat # A9415, 

Saint Louis, Missouri, USA) to inhibit further RNA transcription.  Cells were harvested at 

sequential time points over six hours to monitor transcript decay.  Isolation of RNA from 

the cells was accomplished using TriZOL and samples were then treated with DNase I 

to remove contaminating genomic DNA.  Following reverse transcription cDNA 

synthesis, transcript levels were quantified using real-time PCR analysis.  Decay rates 

were compared to published accounts of transcript half-life to determine if U50,488H 

alters the half-life of the mRNA transcripts. 

Small Interfering RNA (siRNA) Gene Targeting Knockd own 

To knock-down gene expression of the interferon regulatory factors (IRFs), 

siRNA stable knock-down microglial cell lines were established using the pSilencer 4.1-

CMV Hygro vector which expresses siRNA sequences via a CMV promoter.  The 

hairpin siRNA sequences were cloned into pSilencer 4.1 CMV by first preparing 1µg/µL 

solution of each oligonucleotide.  The hairpin siRNA temple oligonucleotides were 

annealed by combining 2µL of the sense (1µg/µL) and 2µL of the antisense (1µg/µL) 

oligonucleotide with 46µL of 1X DNA Annealing Solution (Life Technologies Inc., Cat # 

AM5777, Carlsbad, California, USA).  The mixture was heated to 90°C for 3 minutes 

then cooled to 37°C and incubated 1 hour at 37°C.  Th e annealed hairpin siRNA 

template insert was ligated into pSilencer 4.1-CMV Hygro vector using 5U of T4 DNA 
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ligase (Fermentas Inc., Cat # EL0015, Glen Burnie, Maryland, USA).  Ligated vectors 

were amplified by transforming XL2 Blue ultra-competent E. coli cells (Stratagene Inc., 

Cat # 200150, La Jolla, California, USA) and selecting for positive clones as screened 

by restriction enzyme digestion (Hind III and Bam HI).  Positive clones were sequenced 

to verify that the siRNA sequence was unchanged.  Using the Qiagen Maxi Prep 

Plasmid Purification Kit (Qiagen Inc., Cat # 12163, Hilden, Germany), large quantities of 

transfection grade DNA plasmid was purified.  The human microglial cell line CHME-3 

was transfected with pSilencer 4.1-CMV Hygro IRF1 or IRF2 using Lipofectamine 2000 

(Life Technologies Inc., Cat # 11668-019, Carlsbad, California, USA) in 6-well plates 

following manufacturer’s instructions.  Selection was completed one week following 

transfection and continued for three weeks.  Wells showing cell growth were then 

selected using a limiting dilution to achieve single cell populations in a 96-well flat 

bottom plate.  Clones that continued to grow under Hygromycin B selection were screen 

by western blot to determine protein concentration compared to parental cells.  Clones 

showing the maximal knock-down were utilized for further studies.  Transient 

transfection studies were completed using different siRNA sequences for the same 

genes to verify results of the stable knock-down clones (Life Technologies, Cat # 

AM16708-IRF1, AM16708-IRF2, 4390849, 4390843, Carlsbad, California, USA).  
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Table 10: siRNA Sequences 

siRNA  Forward 5’ ���� 3’ Reverse 5’ ���� 3’ 
IRF1 GATCCCCAAGAACCAGAGAAAAGATT

TTCAAGAGAAATCTTTTCTCTGGTTCT
TGGA 

AGCTTCCAAGAACCAGAGAAAAGATTT
CTCTTGAAAATCTTTTCTCTGGTTCTTG
GG 

IRF2 GATCCCTCTTTAGAAACTGGGCAATT
TTCAAGAGAAATTGCCCAGTTTCTAA
AGAGA 

AGCTTCTCTTTAGAAACTGGGCAATTT
CTCTTGAAAATTGCCCAGTTTCTAAAG
AGG 

Scrambled  GATCCTGTTGGAGACTTCGGCAATTT
TTCAAGAGAAAATTGCCGAAGTCTCC
AACAA 

AGCTTTGTTGGAGACTTCGGCAATTTT
CTCTTGAAAAATTGCCGAAGTCTCCAA
CAG 

IRF1* GCGAAAAUUGCACUAAAUGTT CAUUUAGUGCAAUUUUCGCTT 
IRF2* GGGAAAAAGCCUUGACAAUTT AUUGUCAAGGCUUUUUCCCTT 
Positive 
Control* 

Sequence Information Not Provided Sequence Information Not Provided 

Negative 
Control* 

Sequence Information Not Provided Sequence Information Not Provided 

*Purchased from Life Technologies (Transient Transfection) 
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Figure 19: pSilencer 4.1-CMV Hygro Vector (Life Tec hnologies, Carlsbad, 
California) 

The siRNA expression vector consists of a CMV promoter that generates the siRNA 
product continuously. A mammalian selectable marker, Hygromycin, was integrated into 
this vector for the generation of stable knock-down cell lines. 
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Preparation of Whole-Cell Protein Lysates 

To prepare whole cell lysates, the Panomics Procarta Transcription Factor Whole 

Cell Lysis Kit was used (Panomics, Cat # PC5501, Fremont, California, USA).  Working 

reagent was prepared by mixing via inversion, using ice cold 250µL lysis buffer 1, 2.5µL 

DTT, and 2.5µL protease inhibitor cocktail for each sample.  Approximately 1 x 107 cells 

were harvested by pipetting (PBMCs) and pelleted by spinning at 1300 rpm at 4°C for 

10 minutes in 15mL tubes.  Human microglial CHME-3 cultures were left in the 6-well 

culture plates, medium removed, and washed three times with ice cold 1X PBS.  PBMC 

pellets were washed three times with 10mL ice cold 1X PBS to remove any remaining 

medium and supernatant was discarded.  Pellets were then resuspended in 250µL of 

working lysis buffer 1 and transferred from 15mL conical tube to 1.5mL tubes (Microglia, 

250µL was added to each well).  Tubes were then placed on a rotating wheel in a 4°C 

cold room and allowed to rotate for 10 minutes at 30 rpm (Or for microglia, a rocking 

platform set at same speed).  Following the 10 minutes, 25µL of lysis buffer 2 was 

added to the tubes/plates.  Rocking was continued for 2 hours at 4°C.  To separate 

soluble protein from cellular debris and insoluble protein, 1.5mL tubes were centrifuged 

at 14,000 rpm for 5 minutes at 4°C.  Supernatant was transferred to a new 1.5mL tube 

and stored at -80°C.  Protein concentration was determi ned by Bradford Assay utilizing 

a standard curve from BSA (Thermo Fisher Scientific, Cat # 1856210, Wilmington, 

Delaware, USA) 

Whole cell lysis was also accomplished using the RIPA lysis buffer (Thermo 

Fisher Scientific, Cat # 89900, Wilmington, Delaware, USA).  To prepare working RIPA 
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lysis reagent, 1mL of RIPA buffer was mixed with 10µL of protease inhibitor cocktail 

(Thermo Fisher Scientific, Cat # 1858566, Wilmington, Delaware, USA) and 10µL of 

phosphatase inhibitor cocktail (Thermo Fisher Scientific, Cat # 78420, Wilmington, 

Delaware, USA). Adherent cells in 6-well plates were kept on ice while medium was 

removed and cells were washed three times with 2mL ice cold 1X PBS.  PBS was 

removed and discarded following each wash and 200µL of working RIPA lysis buffer 

was added to each well of the 6-well plate.  Plates were rocked in a cold room for 10 

minutes to allow for cells to lift from the tissue culture plate.  Following the 10 minute 

incubation, lysate was transferred from the plate to a 1.5mL tube containing 50µL of 

fresh working RIPA lysis buffer.  Tubes were placed in the cold room on a rotating 

wheel for 1 hour to allow complete cell membrane and nuclear membrane lysis.  For 

cells in suspension, cells and medium were centrifuged at 1,300 rpm for 10 minutes at 

4°C.  Medium was discarded and tubes were kept on ice wh ile 5mL of ice cold 1X PBS 

was added to resuspend and wash the cells.  Cells were centrifuged and PBS was 

discarded.  This wash was repeated two more times to ensure all traces of medium 

were removed.  The cell pellet was resuspended in 200µL of working RIPA buffer, 

transferred to a 1.5mL tube, and placed on rotating wheel in cold room for 10 minutes.  

Following 10 minute incubation, 50µL of fresh working RIPA buffer was added to each 

tube and tubes were returned to the cold room rotating wheel for an additional 1 hour.  

Following 1 hour incubation, 1.5mL tubes were centrifuged at 14,000 rpm for 10 minutes 

at 4°C to remove insoluble proteins and cellular debri s.  Supernatant was transferred to 

a new 1.5mL tube and kept on ice to prevent protein degradation.  To quantify the 
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concentration of protein, a Bradford assay was performed, using a BSA standard curve.  

Protein lysates were stored at -80°C to preserve protei n and prevent degradation. 

Preparation of Nuclear and Cytoplasmic Protein Lysa tes 

To prepare nuclear and cytoplasmic cell lysates, the Panomics Nuclear 

Extraction Kit (Panomics, Cat # AY2002, Fremont, California, USA) was used.  Working 

reagent A was prepared by mixing: 250µL Buffer A, 2.5µL DTT, 2.5µL Protease 

Inhibitor, 2.5µL phosphates inhibitor I, and 2.5µL phosphates inhibitor II.  Approximately 

5 x 107 cells were harvested by pipetting (PBMCs) and pelleted by spinning at 1300 rpm 

at 4°C for 10 minutes in 15mL tubes.  Microglial cultur es were left in the culture plates, 

medium removed, and washed three times with ice cold 1X PBS.  PBMC pellets were 

washed three times with 10mL ice cold 1X PBS to remove any remaining medium and 

the supernatant was discarded.  Pellets were then resuspended in 250µL of working 

buffer A and transferred from 15mL conical tube to 1.5mL tubes (Microglia, 250µL was 

added to each well).  Tubes were then placed on a rotating wheel in 4°C cold room and 

allowed to rotate for 10 minutes at 30 rpm (or for microglia, a rocking platform set at the 

same speed).  Those samples not transferred to 1.5mL tubes were transferred and all 

tubes were centrifuged at 14,000 rpm for 5 minutes at 4°C.  The supernatant was 

collected in a new 1.5mL tube and set aside for protein quantification (This was the 

cytoplasmic fraction).  The pelleted nuclei were resuspended in working buffer B (150µL 

Buffer B, 1.5µL DTT, 1.5µL Protease Inhibitor, 1.5µL phosphates inhibitor I, and 1.5µL 

phosphates inhibitor II) and allowed to rotate at 30 rpm on the rotary wheel for 2 hours 

at 4°C.  To separate soluble protein from nuclear debr is and insoluble protein, 1.5mL 
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tubes were centrifuged at 14,000 rpm for 5 minutes at 4°C.  Supernatant was 

transferred to a new 1.5mL tube and stored at -80°C (This was the nuclear fraction).  

Protein concentration was determined by Bradford Assay utilizing a standard curve from 

BSA (Thermo Fisher Scientific, Cat # 1856210, Wilmington, Delaware, USA). 

Transcription Factor Binding Assay 

To analyze changes in transcription factor binding, the TranSignal Protein/DNA 

Array Kit was used (Panomics Inc., Cat # MA1210, Fremont, California, USA).  The 

nuclear extract was prepared as described under preparation of protein lysates using 

Nuclear Extraction Kit (Panomics Inc., Cat # AY2002, Fremont, California, USA).  Array 

membranes were prepared for use by transferring the membrane (Spotted oligo side 

up) into hybridization tubes and adding 25mL of 1X pre-treatment buffer I.  Tubes were 

placed into the hybridization oven (pre-heated to 45°C) and allowed to rotate for 5 

minutes at medium rotary speed.  The solution was decanted and 25mL of 1X pre-

treatment buffer II was added and allowed to rotate for 10 minutes at 45°C.  The 

solution was decanted and 25mL of milli-Q deionized water was added to rinse the 

membrane by swirling the hybridization tubes for 30 seconds.  The milli-Q water rinse 

was repeated two additional times and supernatant was decanted after each wash.  

Following this, 5mL of 42°C pre-warmed hybridization  buffer was added to each tube 

and tubes were placed into a hybridization oven set at 42°C and allowed to rotate on 

medium rotary speed overnight (approximately 16 hours).  To prepare the labeled probe 

mix for each sample, the following were combined in a 0.5mL tube: 10µg nuclear 

extract, 10µL TranSignal Probe Mix, and brought to a final volume of 20µL using 
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molecular biology grade water (Life Technologies, Cat # AM9937, Carlsbad, California, 

USA).  Samples were mixed thoroughly by pipetting, and were then incubated for 30 

minutes at 15°C using a thermocycler.  To isolate the tr anscription factor bound probes, 

a spin column was washed using 500µL chilled 1X column incubation buffer and 

centrifuged at 10,000 rpm for 30 seconds at 4°C.  20µL  of 1X column incubation buffer 

was added to the transcription factor probe mix and this entire mixture was loaded onto 

the center of the spin column carefully.  The column was incubated for 30 minutes on 

ice to allow for binding of transcription factor complexes.  The column was centrifuged 

at 7,000 rpm for 30 seconds at 4°C and the effluent w as discarded.  The column was 

placed in a fresh collection tube and 600µL of 1X column wash buffer was added to the 

column.  The column was incubated on ice for 10 minutes, and then centrifuged at 

7,000 rpm for 30 seconds at 4°C, and the effluent wa s discarded.  The column was 

washed again by adding 600µL of 1X column wash buffer and spinning at 7,000 rpm for 

30 seconds at 4°C.  This wash was repeated three additio nal times.  Following the last 

wash, residual wash buffer was removed by emptying the collection column completely, 

and then spinning the column in an empty collection tube at 10,000 rpm for 30 seconds 

at 4°C.  To elute the DNA oligonucleotide from the co lumn, 60µL of 1X column elution 

buffer was added to the center of the spin column and allowed to incubate at room 

temperature for 5 minutes.  The spin column was placed in a new 1.5mL tube and 

centrifuged at 10,000 rpm for 1 minute at room temperature.  The eluted labeled probe 

was kept on ice for future steps or stored at 4°C overnig ht.  To hybridize the labeled 

eluted probe to the membrane, the probe was first denatured by heating it to 95°C in the 
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thermocycler, then quickly chilling it in ice for 2 minutes.  The denatured labeled probe 

was then completely added to the hybridization tubes containing the hybridization buffer 

and allowed to hybridize to the membrane overnight at 42°C rotating at medium speed.  

To wash the membranes and remove non-specific binding, 50mL of pre-warmed 

hybridization wash buffer I was added and incubated in the hybridization oven for 20 

minutes at 42°C rotating.  Wash buffer was decanted and  the wash was repeated again.  

After the second decanting, 50mL of pre-warmed hybridization wash buffer II was added 

and incubated for 20 minutes at 42°C rotating.  Wash b uffer was decanted and the 

wash was repeated.  To detect the bound probe, the membrane was transferred from 

the hybridization bottles to a clean pipet-tip container lid containing 20mL of 1X blocking 

buffer.  The membranes were placed on a rocking platform set on medium speed and 

blocked at room temperature for 15 minutes.  The streptavidin-HRP conjugate was 

added by removing 5mL of blocking buffer from the membrane and adding 20µL of 

stock streptavidin-HRP conjugate, mixing gently and adding back to the container 

holding the membrane taking care NOT to pour directly on the membrane.  This would 

result in uneven developing of the membrane.  Membranes were allowed to continue 

shaking at room temperature for 15 minutes.  The streptavidin solution was decanted 

and membranes were washed three times at room temperature with 20mL of 1X wash 

buffer for 8 minutes.  To prepare the membrane for detection, 20mL of 1X detection 

buffer was added and allowed to rock for 5 minutes at room temperature.  Membranes 

were transferred to clear overhead transparency film and overlaid with 2.5mL of working 

substrate solution (250µL solution I + 250µL solution II, brief vortex, + 2mL solution III, 
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mixed thoroughly) and the top layer of the transparency film was added to allow for 

even detection of labeled probe.  Membranes were incubated at room temperature for 5 

minutes, and excess buffer was then removed and the ‘sandwich’ was mounted in a 

chemilluminent cassette.  Using a dark room, development was accomplished by 

exposing the membrane for various time exposures of 30 seconds to 5 minutes were 

obtained using Hyperfilm ECL (GE Healthcare Life Sciences, Cat # 28-9068-38, 

Piscataway, New Jersey, USA).  To obtain semi-quantitative results from the arrays, film 

images of the arrays at matching exposure times were scanned and loaded into Adobe 

Photoshop CS (Adobe Systems Inc., San Jose, California, USA) and analyzed for pixel 

number per array spot and mean intensity per array spot to find differences that were at 

least 2 fold (increase or decrease) between untreated and treated with U50,488H. 
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Figure 20: Diagram of TranSignal Protein/DNA Array Protocol 

A mixture of biotin-labeled probes was incubated with nuclear extract from untreated 
and treated cells. Using a spin column, protein bound biotin-probes were retained while 
free probe was washed away. The bound probes were washed from the column and 
hybridized on the transcription factor array. 
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Figure 21: Schematic Diagram of the TranSignal Prot ein/DNA Array I (Panomics 
Inc.) 

The layout of the transcription factor array. Each spot is represented in duplicate (top 
row) and then diluted 1:10 in duplicate (lower row). The transcription factors tested on 
this array are labeled accordingly. 
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Electrophoretic Mobility Shift Assay (EMSA) 

Initial design of probes was accomplished by ordering 5’ biotin oligonucleotides 

that correspond to the binding sequence of interest such as IRF-E or ISRE.  Probes 

were designed as forward and reverse sequences with additional 4 or 5 nucleotides on 

the 5’ end in order to generate a 5’ overhang.  The 5’ overhang is critical for the proper 

detection of the 5’ biotin label.  Probes identical to the labeled probes were ordered 

without the biotin label and serve as a control for competition experiments.  In addition, 

a mutant sequence was created to serve as an additional control for specificity of the 

experimental oligonucleotide sequences.  Primers must be column- or HPLC-purified 

and ordered at a 50nM scale (Life Technologies, Custom Order, Carlsbad, California, 

USA).  Unless previously tested, it is best to order antibodies to the transcription factor 

of interest that were validated for use in immunoprecipitation assays.  Resuspend 

oligonucleotide probes using oligonucleotide binding buffer (10nM tris, 1mM EDTA, 

50mM NaCl, pH 8.0) to a concentration of 100µM and this serves as the stock vials.  In 

another tube, 1µM working stocks of each probe were made and complementary 

sequences were annealed in a 1:1 molar ratio again using the oligonucleotide binding 

buffer.  In a thin-walled PCR tube, 90µL of oligonucleotide binding buffer was combined 

with 10µL of the 1µM working solution of complementary oligonucleotide probes.  

Reaction was mixed well and placed into a thermocycler programmed with the following 

protocol [Lid temperature 105°C, Step 1: 95°C for 5 minutes, Step 2: 95°C for 1 minute 

(40 cycles, decrease temperature by 1°C per cycle), Step 3: 55°C for 30 minutes, Step 

4: 55°C for 1 minute (20 cycles, decrease temperature b y 1°C per cycle), Step 5: 4°C 
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permanent hold].  Probes were stored at -20°C and pro tected against freeze-thaw 

cycles in order to preserve the integrity of the probes.  Nuclear extracts were prepared 

as described under preparation of nuclear extracts and prior to setting up EMSA binding 

reactions, the 6% DNA retardation gel wells were rinsed using 0.5X TBE buffer and the 

gel was pre-run for 1-2 hours at 100 volts on ice to remove any contaminates.  Wells 

were rinsed again prior to loading EMSA binding reactions.  To setup the EMSA binding 

reaction, each reaction contained 20mM HEPES pH 7.6, 30mM KCl, 1mM DTT, 1mM 

EDTA, 1mM ammonium sulfate, 0.2% Tween-20, 5ug nuclear extract, and antibody to 

the transcription factor of interest (Amount varies).  The reaction volume was 20µL 

which was brought to final volume with nuclease-free ultrapure water.  Reactions were 

incubated at room temperature for 10 minutes.  Probes were added (Labeled and 

unlabeled depending on reaction) and tubes were incubated at 15°C for 30 minutes 

using a thermocycler.  Tubes were removed from 15°C and  allowed to incubate at room 

temperature for 10 minutes.  Samples were mixed with 15µL of EMSA Loading Dye to 

each sample and loaded into the pre-run 6% polyacrylamide DNA retardation gel in 

0.5X TBE running buffer.  Gel was run for 3 hours to overnight at 30-50V on ice to 

maintain 4°C.  The gel was then transferred to a po sitive nylon membrane.  The nylon 

was soaked in 0.5X TBE for 10 minutes and sponges and nylon were rinsed with dH2O 

several times.  The transfer cassette was assembled as follows: negative 

electrode/bottom, three transfer sponges, two Whatman filter paper pieces, DNA 

retardation gel (wells removed), positive charged nylon membrane, two Whatman filter 

paper pieces, three transfer sponges, positive electrode/top.  Transfer was completed at 
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100 volts (300mA) for 45 minutes on ice.  Nylon membrane was cross-linked using UV 

cross-linker.  DNA side up on a paper towel, the nylon membrane was exposed to 

120mJ/cm2 for 60 seconds.  Detection was completed using the Pierce Biotechnology 

Lightshift EMSA detection kit (Fisher Scientific, Cat #PI-20148, Wilmington, Delaware, 

USA).  To detect the biotin probes on the nylon membrane, 10-15mL of blocking buffer 

was added to the membrane in a square dish and incubated at room temperature for 20 

minutes on a rocking platform.  The streptavidin-HRP conjugate solution was prepared 

by taking 15mL of blocking buffer and adding 50µL of stock streptavidin-HRP conjugate 

(Stock concentration 1mg/mL).  The blocking buffer was replaced with the working 

streptavidin-HRP conjugate solution and incubated at room temperature for 20 minutes 

on a rocking platform.  The working streptavidin-HRP conjugate buffer was removed 

and the nylon membrane was washed four times with 15mL 1X wash buffer for 5 

minutes each wash on a rocking platform.  After removal of the last wash, 15mL of 

substrate equilibration buffer was added and incubated for 5 minutes at room 

temperature on a rocking platform.  The development solution was prepared by mixing 

luminal/enhancer solution and stable peroxide solution in a 1:1 ratio.  Each nylon 

membrane requires 4mL of working development solution to be properly developed.  

The nylon membrane was mounted in plastic wrap and developed using 

autoradiography cassette and film. 

Polyacrylamide Gel Electrophoresis (PAGE) 

Protein lysates were thawed on ice slowly following removal from the -80°C 

freezer.  In order to load the protein sample on the polyacrylamide gel, the protein (25-



 

109 
 

50µg) was added to a 1.5mL tube containing 4X protein loading dye (Invitrogen, Cat # 

NP0008, Carlsbad, California, USA) and ddH2O for a final concentration of 1X protein 

loading dye.  Tubes were placed into a boiling rack and submerged in a boiling water 

bath for 5 minutes.  Tubes were quickly transferred to ice and allowed to cool before 

spinning in quick spin centrifuge to remove condensation at top of tube.  The XCell 

SureLock Mini-Cell (Invitrogen, Cat # EI0001, Carlsbad, California, USA) was 

assembled by placing the electrophoresis buffer core into the lower buffer chamber and 

inserting the gel tension wedge.  All components were toughly rinsed using ddH2O 

including the premade gels (Invitrogen, Cat # NP0322BOX or NP0321BOX, Carlsbad, 

California, USA) and buffer dam (if required).  The comb was removed from the gels 

along with removal of the white tape seal.  Wells were rinsed using 1X MOPS SDS gel 

running buffer (Invitrogen, Cat # NP0001, Carlsbad, California, USA) 3 times to remove 

any contaminants.  Gels were sealed by locking the gel tension wedge and the buffer 

core was filled to its capacity using 1X MOPS SDS gel running buffer.  The lower buffer 

chamber was filled using 1X MOPS SDS gel running buffer just until the bottom of the 

gel cassette was covered.  Samples were loaded into the wells using a P-20 pipette and 

gel loading tips.  Rainbow protein ladder (Biorad, Cat # 161-0375, Hercules, California, 

USA) or (Fermentas, Cat # SM1841, Glen Burnie, Maryland, USA) was added to the 

gels to monitor gel running and successful transfer.  Gels were electrophoresed at 150V 

for 1.5-2.5 hours depending on the protein being detected.  To prevent over-heating and 

protein sample degradation, the gel boxes were surrounded with ice during the running 

process.   
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Western Blot Analysis  

Following electrophoresis, the gel cassettes were disassembled using the gel 

knife and the wells and lower edge were removed from the gel to give an even 

thickness.  The gel was transferred to 2mm thick blotting paper and covered with 

nitrocellulose membrane (Thermo Fisher Scientific Inc., Cat # 77010, Wilmington, DE, 

USA) and another layer of blotting paper to create a transfer sandwich.  Transfer 

sponges were soaked in 1X transfer buffer (Invitrogen, Cat # NP0006-1, Carlsbad, 

California, USA) containing methanol and added in front of and in behind of the 

gel/nitrocellulose sandwich.  The transfer sandwich was placed into the blot module for 

the XCell (Invitrogen, Cat # EI9051, Carlsbad, California, USA) and into the lower buffer 

tank with gel tension wedge (All of which have been toughly rinsed with ddH2O).  The 

blot module was filled to capacity with 1X transfer buffer and the exterior lower buffer 

chamber was filled with ddH2O.  To prevent overheating during the transfer process, the 

gel tanks were packed with ice and run at 35 volts for 3 hours.  Following transfer, the 

blot assembly was disassembled and the nitrocellulose was stained with Ponceau S 

solution (Sigma Aldrich, Cat # P7170-1L, St. Louis, Missouri, USA) to ensure even 

transfer of protein from the gel to the nitrocellulose membrane.  To remove the dye, the 

membrane was rinsed several times in ddH2O and 1X TBST buffer.  The membrane 

was blocked using 5% milk or 5% BSA in 1X TBST and rocked at room temperature for 

1 hour.  Following blocking, the membrane was transferred to primary antibody solution 

containing the desired antibody to detect the protein of interest.  Incubation was 

conducted at room temperature for 1 hour or overnight at 4°C both with gently rocking.  
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Following primary antibody incubation, the membrane was washed 4 times in 15mL 1X 

TBST, 5 minutes each time rocking at room temperature.  The secondary antibody was 

added and incubated for 1 hour with gentle rocking at room temperature.  Following 

secondary antibody incubation, the membrane was washed 4 times in 15mL 1X TBST, 

for 5 minutes while rocking at room temperature.  Detection was completed using either 

Supersignal West Pico (Thermo Fisher Scientific, Cat # PI89880, Wilmington DE, USA) 

or ECL Plus Western Detection Reagent (GE Healthcare Life Sciences, Cat # 

RPN2132, Piscataway, New Jersey, USA) by incubating at room temperature for 5 

minutes.  Membranes were sealed in plastic wrap and taped into autoradiography 

cassettes for detection by autoradiography film (GE Healthcare Life Sciences, Cat # 28-

9068-38, Piscataway, New Jersey, USA). 

Preparation of Protein-Bound Chromatin 

Human microglial cells (CHME-3) were grown in 150mm x 20mm cell culture 

dishes (Denville Scientific Inc., Cat # T6059, South Plainfield, New Jersey, USA) to 90% 

confluence in 25mL D10 media (DMEM with 10% FBS, 2mM L-Glutamine, and 1X 

penicillin-streptomycin).  Cells were treated with indicated dose of U50,488H for 

designated time period and untreated controls were treated with comparable volume of 

DMEM.  Following treatment period, proteins were cross-linked to chromatin by adding 

694µL of 40% molecular grade paraformaldehyde (Electron Microscopy Sciences, Cat # 

15715-S, Hatfield, Pennsylvania, USA) directly into the cell media for each dish.  Cell 

culture dishes were swirled to evenly distribute the paraformaldehyde, and the dish was 

then allowed to sit at 25°C at room temperature for 10 minutes.  To quench unreacted 
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formaldehyde, 2.5mL of 10X glycine was added to each dish, swirled to distribute 

evenly, and then allowed to sit at 25°C bench top for  5 minutes.  Dishes were then 

placed on ice and media containing formaldehyde and glycine was aspirated and 

discarded.  To wash cells, 20mL of ice cold 1X PBS was added to each dish and swirled 

then aspirated and discarded.  This wash step was repeated two additional times.  To 

remove cells from culture dish, cells were treated for 10 minutes with 10mL of versene 

solution (Lonza BioWhittaker, Cat # 17-711E, Walkersville, Maryland, USA) at 25°C 

bench top.  Cells were then scrapped using a disposable cell scrapper and transferred 

to a 15mL conical tube and pelleted via centrifugation by spinning at 1,300 rpm at 4°C 

for 10 minutes.  Cell yield for each 150mm x 20mm plate should be roughly 4 x 107 

cells.  Supernatant was removed and discarded.  Cell pellet was flash frozen in a liquid 

nitrogen bath and stored at -80°C for subsequent nuclei  preparation.  To prepare nuclei, 

the cell pellet was thawed on ice and pellet was resuspended in 200µL of EZ-Zyme lysis 

buffer containing 2µL of protease inhibitor cocktail II transferring from the 15mL conical 

tube to a 1.5mL eppendorf tube (Millipore, Cat # 17-375, Billerica, Massachusetts, USA) 

and incubate 30 minutes on ice.  Snap-freeze cells by placing in liquid nitrogen until 

completely frozen then thawing in a 37°C water bath until just thawed.  Repeat the 

snap-freeze twice.  After the final thaw step, incubate on ice for 5 minutes.  Pellet the 

nuclei by spinning the 1.5mL tubes at 5,000 rpm in tabletop refrigerated 4°C centrifuge 

for 10 minutes.  Remove and discard supernatant.  Resuspend pelleted nuclei in 400µL 

of pre-warmed (37°C) EZ-Zyme enzymatic cocktail containi ng 400µL EZ-Zyme digestion 

buffer, 4µL of protease inhibitor cocktail II and 2.5µL  EZ-Zyme enzymatic cocktail 
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(Millipore, Cat # 17-375, Billerica, Massachusetts, USA) and incubate at 37°C for 10 

minutes.  Throughout this incubation, the samples should be continually mixed to 

prevent nuclei from settling at the bottom of the tube.  Following this incubation, 

samples were put on ice and 400µL of EZ-Zyme Stop Buffer was added and allowed to 

incubate for an additional 10 minutes.  To remove insoluble material, tubes were spun in 

a refrigerated tabletop centrifuge for 15 minutes at 4°C at 14,000 rpm.  To verify 

digestion of chromatin, 20µL of chromatin with 4µL Orange G loading buffer was loaded 

on a 2% agarose gel and run with 100bp DNA ladder.  Successful digestion results in 

abundant mononucleosomes (approximately 175bp) and minimal dinucleosomes 

(approximately 350bp).  The resulting supernatant containing sheared chromatin was 

stored at -80°C in 100µL aliquots until ready to setu p immunoprecipitation reactions.  

Chromatin concentration was determined using a nanodrop spectrophotometer 

(Thermo-Fisher Scientific Inc., Wilmington, Delaware, USA) and was consistently 

150ng/µL.   

Chromatin Immunoprecipitation (ChIP) Assay 

Chromatin was diluted 1:20 in ChIP dilution buffer (Millipore, Cat # 17-408, 

Billerica, Massachusetts, USA) and 50µL of the dilution was placed in 1.5mL eppendorf 

tubes.  The following were added to the chromatin in order: 450µL of ChIP dilution 

buffer containing 2.25µL protease inhibitor cocktail II (5µL was removed after this buffer 

was added and serves as the 1% input control for equal loading between reactions), 

10µL of fully suspended Protein A magnetic beads (ideal for binding rabbit derived 

antibodies), and a variable amount of primary antibody (Millipore, Cat # 17-408, 
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Billerica, Massachusetts, USA).  For the positive control (anti-Acetyl Histone H3), 5µg of 

antibody was used and for the negative control (normal rabbit IgG), 5µg of antibody was 

added to the immunoprecipitation (Millipore, Cat # 17-408, Billerica, Massachusetts, 

USA).  Other antibodies utilized include 20µL IRF1 primary antibody (Santa Cruz 

Biotechnology, Cat # sc-497 and sc-74530, Santa Cruz, California, USA), 4µL IRF2 

primary antibody (Santa Cruz Biotechnology, Cat # sc-498X, Santa Cruz, California, 

USA), and 20µL IRF3 primary antibody (Santa Cruz Biotechnology, Cat # sc-9082, 

Santa Cruz, California, USA).  The immunoprecipitation reactions were placed on a 

rotating wheel in a 4°C temperature controlled room overnight at a speed of 30 rpm.  

Samples were placed into the magnetic separator (Millipore Cat # 20-400, Billerica, 

Massachusetts, USA) to pellet the magnetic beads.  Supernatant was removed 

completely and discarded.  To wash the magnetic beads, the following ice cold buffers 

were added in the volume of 500µL, allowed to mix using a rotating wheel in a 4°C room 

for 5 minutes, and supernatants were completely removed and discarded using the 

magnetic separator to pellet the beads: First wash: low salt immune complex buffer, 

second wash: high salt immune complex buffer, third wash: lithium chloride immune 

complex buffer, and final wash: Tris-EDTA buffer (Millipore, Cat # 17-408, Billerica, 

Massachusetts, USA).  After the final wash, ChIP elution buffer (100µL of ChIP elution 

buffer with 1µL of proteinase K) was added to each tube and tubes were placed into 

adapter racks in the hybridization oven and rotated at 62°C for 2 hours in order to break 

the crosslink.  Following the protein digestion, tubes were placed into thermocycler set 

at 95°C for 10 minutes to inactivate the proteinase K  enzyme.  Samples were cooled to 
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room temperature and beads were separated from supernatant using the magnetic 

separator.  Supernatant was transferred to new 1.5mL tubes.  To purify the chromatin 

that was pulled down with the immunoprecipitation, a DNA purification column was used 

(Qiagen Inc., Cat # 28204, Hilden, Germany).  First, 300µL of Qiagen buffer ‘ERC’ was 

added to the 100µL of chromatin/enzyme mixture in order to allow binding of double 

stranded DNA molecules in the range of 70bp to over 4kb in size while also removing 

enzymes, salts, and small contaminating DNA molecules less than 40bp in size after 

passing through the DNA binding column.  The entire 400µL was loaded on a MiniElute 

DNA column and spun at 15,000 rpm for 1 minute at room temperature.  After this, the 

eluate was transferred back into the MiniElute column and spun again using the same 

conditions.  This allows for increased DNA binding to the column matrix.  The eluate 

was discarded and 750µL of wash buffer PE was added to the column and spun at 

15,000 rpm for 1 minute at room temperature.  The wash buffer eluate was discarded 

and the column was spun again at 15,000 rpm for 1.5 minutes at room temperature to 

remove any remaining wash buffer.  Following this, the column was transferred to a 

1.5mL tube (cap removed) and 20µL of buffer EB (10mM Tris HCl, pH 8.5) was added 

directly above the column matrix.  The column was incubated at room temperature for 5 

minutes to allow the matrix to become saturated.  Tubes were spun at 15,000 rpm for 

1.5 minutes at room temperature to elute the PCR grade DNA.  DNA was transferred to 

0.5mL tubes for storage at -20°C and subsequent PCR a mplification.   
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PCR Analysis of Chromatin Immunoprecipitation (ChIP ) Assay 

For PCR amplification, each reaction was setup following this template: 15.6µL 

PCR grade H2O (Life Technologies, Cat # AM9937, Carlsbad, California, USA), 5µL 5X 

PCR buffer (New England Biolabs, Cat # F120S, Ipswich, Massachusetts, USA), 1µL 

dNTPs (New England Biolabs, Cat # N0447S, Ipswich, Massachusetts, USA), 2µL 

primers (10µM forward and reverse, see table below), 0.4µL of Phire Hot Start Taq 

Polymerase (New England Biolabs, Cat # F120S, Ipswich, Massachusetts, USA), and 

1µL template DNA.  The thermocycler conditions for all primer sets were as follows: 

98°C for 1 minute, 40 cycles of (98°C for 30 seconds, 60° C for 45 seconds, 72°C for 55 

seconds), 72°C for 10 minutes, and HOLD at 4°C.  Sample s were then mixed with 5µL 

of 10X Orange G loading dye and electrophoresed in a 2% agarose 1X TAE gel 

containing ethidium bromide for 60 minutes at 100 volts.  The gel was imaged using a 

KODAK gel documentation station using ultraviolet light and stored electronically. 
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Table 11: Primer Sets Utilized for ChIP Analysis 

Primer 
Name 

Forward Primer (5’ ���� 3’) Reverse Primer (5’ ���� 3’) Product 
Size 

GAPDH TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA 166bp 
TESS1 TCGGAGCGTGTTTTTATAAAAGTC ATCCCCTCCATGGTAACCGCTGGT 130bp 
TESS2 GCCGGGTTAACTGGATCAGTGGCG CCATTCTGGGCTTCAAGCAACTTGT 310bp 
TFS1 CCCACCTCCGGCCGGGTTAACTGG GGCATTTTCCTGGGTGGAGAAGGT 130bp 
TFS2 TATACCCCAAGCACCGAAGGGCCT

T 
GGGAGAAGGGAGGATCACGGGGG
G 

180bp 

IRF2-P TCTCAAAAGGAATGGCTTGG ATGGACATTGGAGACCAGGA 246bp 
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Statistical Analysis 

The data were expressed as the mean and standard error.  Statistical analysis of 

the difference between groups was assessed with an analysis of variance (ANOVA) 

followed by Tukey's test. P≤0.05 was taken as the significant level of difference. 
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CHAPTER 3 

 

RESULTS 

 

A. Early Events in the Opioid-Induced Regulation of Chemokine Receptors: 
Regulation of Protein Function 

 

Cross-Talk and Downregulation of Chemokine Receptor  Protein Expression 

 

 Our lab has been interested in the regulation of chemokine and opoioid receptor 

function following receptor activation by its respective agonist.  We have determined 

that chemokine and opioid receptors can participate in a cross-talk pathway with one 

another and this pathway was able to alter receptor function.  Cross-talk or 

desensitization occurred between MOR and CCR5 in previous studies and we were 

interested in studying the relationship between KOR and CXCR4.  Therefore, we 

evaluated the cross-desensitization ability between KOR � CXCR4 and CXCR4 � 

KOR. 

 

Generation of 300.19 Pre-B Cells Stabily Expressing  Human KOR and CXCR4  

 

We initially studied the cross-talk between KOR and CXCR4 using chemotaxis 

assays which measured a cells ability to migrate toward a known chemotactic ligand.  

Previous studies from our lab and others demonstrated that chemotaxis assays were 

effective in the measure of receptor inactivation or desensitization.  Since the 
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chemotactic response was a process that requires a complex set of biochemical 

activities, including changes in adhesion molecule activity, cytoskeletal re-organization, 

and a number of other events, we wished to examine an early (proximal) event in the 

function of these receptors.  We chose to determine the receptor-induced calcium 

mobilization for this purpose, because this was a relatively sensitive measure of 

receptor function.  In order to carry out these studies, we believed it was necessary to 

create 300.19 murine pre-B cells stably-transfected with human KOR and CXCR4 

(designated 300.19.K2) because these receptors induce a relatively strong calcium 

response in this cell line and were highly expressed.  To generate a population of cells 

highly expressing both KOR and CXCR4, we used fluorescence-activated cell sorting to 

sort the transfected cells, and isolate a purified double-positive population.  Flow 

cytometry analysis (Figure 22) of the 300.19.K2 cells confirms that both CXCR4 and 

KOR were expressed by virtually all of these cells.  
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Figure 22. 300.19.K2 cells express both human KOR a nd human CXCR4. 
300.19.K2 cells were either unstained, or stained for the expression of human CXCR4 
or human KOR (using anti-Flag monoclonal antibody), and the expression of these 
proteins was determined by flow cytometry. The profile of cells stained with an isotype 
control antibody did not differ from the unstained control cells (data not shown). The 
data were presented as the % of maximum fluorescent intensity for each population of 
cells. 
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Bi-directional Cross-Desensitization Between the Ka ppa Opioid Receptor (KOR) 

and CXCR4 

To measure cross-desensitization, we utilized calcium mobilization assays.  

These assays measure the release of calcium from internal stores and have been used 

to monitor early signaling events following activation of GPCRs.  If a receptor was 

desensitized, calcium mobilization would be suppressed or blocked depending on the 

degree of desensitization.  To follow the movement of calcium, fura-2 AM was used 

since it could bind specifically to calcium and be read using a spectrofluorometer.  

When fura-2 AM is bound to calcium, it is excited by 340 nm wavelength, but in the 

unbound state fura-2 AM is excited by 380 nm.  To determine if calcium was bound to 

fura-2 AM, we used a spectrofluorometer set to alternate 340 nm and 380 nm excitation 

every 0.1 seconds and we collected a ratio between the 340 nm and 380 nm readings.  

The 300.19.K2 cells, loaded with fura-2 AM, were stimulated with either the designated 

concentration of U50,488H or CXCL12, and following the first treatment to initiate cross-

desensitization, cells were then restimulated with either CXCL12 or U50,488H.  The 

magnitude of the calcium flux was calculated and compared to the control response to 

U50,488H alone or CXCL12 alone (Figure 23).  Cells pre-treated with 1 µM U50,488H 

exhibited a very poor calcium response to subsequent CXCL12 administration, when 

compared to the calcium response to CXCL12 without the U50 pre-treatment (Figure 

23A).  This effect was dose-dependent in that pre-treatment with lower U50,488H 

concentrations exerted weaker inhibitory effect on the CXCL12-induced calcium 
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response (Figure 23B and 23C). These results demonstrate that activation of KOR 

leads to desensitization of the calcium response activity of CXCR4.   

Experiments were also carried out to test the effect of pretreatment with CXCL12 

on the calcium response of 300.19.K2 cells to U50,488H.  The results (Figure 23D) 

show that pretreatment with CXCL12 fails to alter the calcium response induced by 

subsequent U50,488H at a relatively high dose (1µM).  However, the CXCL12 pre-

treatment exerted a much more substantial inhibitory effect on the response to lower 

doses of U50,488H (i.e., 100nM [Figure 23E] and 10nM [Figure 23F]). These results 

indicate that activation of CXCR4 leads to desensitization of the calcium response 

activity of KOR. A summary analysis of the bi-directional calcium mobilization data 

(Figure 23G) demonstrates the dose-dependent inhibitory effect of U50,488H on the 

CXCL12-induced calcium response. As the concentration of U50,488H pre-treatment 

dose increases, the inhibition of CXCR4 activity becomes more apparent. Conversely, 

the inhibition of KOR activity was most apparent at low doses of U50,488H, but was 

less apparent as the dose of the opioid increases (Figure 23H). 
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Figure 23. Bi-directional cross-desensitization of t he calcium mobilization 
response of 300.19.K2 cells. 
(A–C). 300.19.K2 cells were either untreated (red tracing) or pre-stimulated (black 
tracing) with either 1 µM U50,488H (A), 100nM U50,488H (B), or 10nM U50,488H (C) 
followed by stimulation after 120 sec with 100ng/ml CXCL12 was determined 120 sec 
later. (D–F). 300.19.K2 cells were either untreated (red tracing) or pre-treated (black 
tracing) with 100ng/ml CXCL12 followed by stimulation after 120 sec with U50,488H at 
1µM (D), or 100nM (E), or 10nM (F). (G). Data from panels A-C were presented as the 
maximal calcium mobilization versus baseline for the response to 100ng/ml CXCL12 
alone (●) or the 100ng/ml CXCL12 response of cells pre-treated with the designated 
concentrations of U50,488H (○). (H). Data from panels D-E were presented as the 
maximal calcium mobilization versus baseline for the response to the designated 
U50,488H concentrations of non-pre-treated cells (●) or cells pre-treated with 100ng/ml 
CXCL12 (○). In each case the calcium mobilization was measured by labeling cells with 
fura-2 AM and measuring the calcium response using a spectrofluorometer with 
oscillating excitation at 340nm and 380nm with the detector set at 510nm. Data were 
representative of 3 experiments. 
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Receptor Internalization was Not Responsible for the  Cross-Desensitization 

Between KOR and CXCR4  

 

We next considered the possibility that receptor internalization was responsible 

for bi-direction heterologous desensitization between CXCR4 and KOR.  We used flow 

cytometry analysis to measure surface receptor levels following treatment of the 

300.19.K2 cells.  Cells were treated with either CXCL12 (100ng/ml) or U50,488H (1µM), 

and the expression of KOR (Figure 24A) and CXCR4 (Figure 24B) was determined over 

a period of 60 min.  Our results show that treatment with CXCL12 induces a reduction of 

KOR expression at 60 min which was approximately 15% (Figure 24A).  This reduction 

in surface expression was unlikely to provide the basis for the reduced responsiveness 

of these cells to U50,488H following the CXCL12 pre-treatment.  The control treatment 

in which the 300.19.K2 cells were treated with U50,488H exhibits a reduction in KOR 

surface expression which reached approximately 30% by 60 min.  Conversely, our 

results (Figure 24B) show that treatment of the 300.19.K2 cells with U50,488H induced 

a decrease in CXCR4 expression of approximately 18% by 30 min, and approximately 

30% by 60 min.  Here again, this reduction in surface CXCR4 expression was unlikely 

to account for the magnitude of the cross-inhibition of CXCR4 function described above 

for both chemotactic activity and calcium responses.  The control treatment, in which 

the cells were treated with CXCL12, show a much greater decrease in surface receptor 

expression, in which the receptor levels drop by over 50% by 60 min (Figure 24B). 



 

127 
 

These results confirm that receptor internalization was unlikely to account for the 

heterologous desensitization between KOR and CXCR4. 
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Figure 24. Analysis of internalization of CXCR4 and  KOR during cross-
desensitization. 
(A) Analysis of surface expression of KOR at the designated times of untreated 
300.19.K2 cells, or cells treated with either 1µM U50,488H or 100ng/ml CXCL12. KOR 
expression was determined by staining with anti-Flag monoclonal antibody and flow 
cytometry, and were expressed as the geometric mean of the stained cells. (B) Analysis 
of surface expression of CXCR4 at the designated times of untreated 300.19.K2 cells, 
or cells treated with either 1µM U50,488H or 100ng/ml CXCL12. CXCR4 expression 
was determined by flow cytometry and were expressed as the geometric mean of 
stained cells. (* = P < 0.05 for comparison with the control group.) 
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KOR Activation Results in Decreased Protein Express ion of CCR5 and 

CXCR4 

 

 The bi-directional cross-talk between KOR and CXCR4 resulted in altered 

function of both receptors within seconds of receptor activation.  The long term effects 

of KOR activation on chemokine receptor expression was also the focus of our 

research.  Following KOR activation, effects on chemokine receptor expression have 

been observed up to 72 hours later.  Primary human PBMCs were cultured in R10 

medium and then treated with 10nM or 100pM U50,488H for 72 hours.  Following 

treatment, total protein was isolated using the Panomics whole cell lysis kit.  Decreased 

protein expression of the major HIV-1 co-receptors, CCR5 and CXCR4, was found by 

western blot analysis (Figure 25).  To ensure even loading, GAPDH was used as a 

loading control for the protein blots.  In comparison to the untreated control, CCR5 and 

CXCR4 protein levels were dramatically reduced following U50,488H treatment. 
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Figure 25. U50,488H Treatment of Human PBMCs Downre gulates CCR5 and 
CXCR4 Protein Expression. 
Human PBMCs were treated with 10nM or 100pM U50,488H for 72 hours and protein 
was isolated using the Panomics whole cell lysis kit.  Lysates were run on 4-12% bis-tris 
polyacrylamide gels and transferred to nitrocellulose membrane.  Membranes were 
probed for CCR5, CXCR4 and GAPDH proteins and developed using autoradiography 
film. Films were scanned into Adobe Photoshop for analysis. 
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B. Early Events in the Opioid-Induced Regulation of Chemokine Receptors: 
Regulation of Gene Expression 

 

Molecular Mechanism of KOR-Mediated Chemokine Recep tor Gene Expression 

 

KOR Activation Results in Decreased CCR5 and CXCR4 mRNA Levels  

 

 The mechanism responsible for decreased CCR5 and CXCR4 protein levels 

following U50,488H treatment for 72 hours was unknown.  To determine if the regulation 

occurs at the translation or transcriptional level, we studied CCR5 and CXCR4 mRNA 

levels following U50,488H treatment.  Initial studies indicated that U50,488H can 

significantly reduce CCR5 and CXCR4 mRNA levels as measured by real-time PCR 

using primary human PBMCs.  In order to determine the optimal time point in KOR-

mediated reduction in CCR5 and CXCR4 mRNA levels, PBMCs were treated with 1µM 

or 10nM U50,488H for 4 to 72 hours (Figure 26).  Total RNA was isolated from 

untreated and treated PBMCs using TriZol and then treated with DNase I to remove 

contaminating genomic DNA that may interfere with the sensitivity of transcript 

quantification.  DNase I treated total RNA was then transcribed to cDNA using 

Superscript III reverse transcriptase and diluted to a concentration of 50ng/µL to 

account for variations in efficiency in cDNA synthesis.  The cDNA concentration was 

directly proportional to the mRNA concentration.  Reactions were setup using SYBR 

green master mix, gene specific primers, and cDNA template and transcript 

quantification was obtained by real-time PCR.  Significant decreases in CCR5 and 



 

132 
 

CXCR4 mRNA were found as early as 18 hours and continued to be significantly 

reduced compared to the untreated control at the 36 hour time point.  We determined 

the optimal time point for CCR5 and CXCR4 mRNA repression by U50,488H was 24 

hours (Figure 26).  All data was standardized to an internal housekeeping gene, human 

β-actin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

133 
 

 

 

 

 

 
 
 
 
Figure 26. U50,488H Treatment Results in Decreased CCR5 and CXCR4 mRNA 
Expression. 
Human PBMCs were treated with 1µM or 10nM U50,488H for indicated time points. 
Total RNA was isolated by TriZol, treated with DNase I, and transcribed to cDNA using 
Superscript III. CCR5 and CXCR4 mRNA transcript levels were measured using real-
time PCR analysis. To standardize the values of mRNA, an internal housekeeping gene 
(human β-actin) was utilized. The data are an average of three separate donors. 



 

134 
 

Pharmacological Dose Response and Antagonist Studie s of KOR-Mediated 

Transcriptional Regulation of CCR5 and CXCR4 mRNA  

 

 We have shown that U50,488H treatment of human PBMCs results in a reduction 

of CCR5 and CXCR4 mRNA and protein levels, but this does not conclusively prove 

that the effect was mediated via the KOR receptor.  To verify that these effects were the 

result of KOR activation, the KOR specific antagonist, nor-BNI was used to block 

U50,488H binding to the KOR receptor.  In addition, pharmacological studies use a 

dose-response curve of the drug being tested to reinforce the drug specificity.  RT2-PCR 

analysis was carried out following U50,488H treatment of PBMCs for 24 hours.  Results 

showed that U50,488H significantly decreased both CCR5 and CXCR4 mRNA levels 

and the inhibition was dose-dependent (Figure 27).  With a 30 minute pre-treatment of 

10nM nor-BNI, U50,488H treatment for 24 hours at several doses did not alter CCR5 or 

CXCR4 mRNA levels (Figure 27).  The nor-BNI treatment alone did not alter the 

expression of CCR5 or CXCR4 compared to the untreated control.  This indicates that 

10nM U50,488H was the optimal dose for treatment of human PBMCs.  In addition, nor-

BNI effectively blocks the U50,488H reduction of CCR5 and CXCR4 mRNA, which 

verifies a KOR-specific mechanism. 
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Figure 27. U50,488H Treatment of PBMCs was Dose-dep endent and Negated by 
nor-BNI. 
Human PBMCs were treated with U50,488H at the indicated doses for 24 hours, which 
was found to be the optimal time point, and CCR5 and CXCR4 mRNA level were 
quantified by real-time PCR relative to the human internal housekeeping gene, β-actin. 
For nor-BNI treated samples, PBMCs were pre-treated with 10nM nor-BNI for 30 
minutes prior to U50,488H treatment. The data are an average of three independent 
donors.  
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Alteration of CCR5 and CXCR4 Transcript Stability b y U50,488H Treatment  

 

 Changes in mRNA transcript levels could involve several mechanisms beyond 

regulation of transcript production.  Studies have documented that mRNA half-life can 

be altered following changes in cellular physiology or activation of certain signaling 

cascades.  Therefore it was vital to evaluate if U50,488H treatment could change the 

half-life of CCR5 and CXCR4 mRNA transcripts.  PBMCs were treated with 1µM 

U50,488H for 24 hours then 10ng/mL Actinomycin D was added to inhibit RNA 

transcription.  At indicated time points, total RNA was collected, and RT2-PCR for CCR5 

and CXCR4 transcripts was carried out.  For CCR5, we found that untreated PBMCs 

had a half-life of 92 minutes and with U50,488H treatment, half-life was slightly reduced 

to 85 minutes (Figure 28 A,B).  The difference of 7 minutes in transcript stability does 

not explain the substantial decrease in transcript levels following U50,488H treatment.  

In addition, our results show that CXCR4 had a half-life of 74 minutes in untreated cells 

and 77 minutes in U50,488H treated PBMCs (Figure 28 C,D).  This reflects an increase 

of 3 minutes in transcript stability following U50,488H treatment and would not account 

for the decrease reported above. 
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Figure 28. CCR5 and CXCR4 mRNA Transcript Stability  was Not Responsible for 
KOR-mediate Downregulation. 
A) CCR5 mRNA stability without U50,488H treatment, B) CCR5 mRNA stability with 
1µM U50,488H treatment, C) CXCR4 mRNA stability without U50,488H treatment, and 
D) CXCR4 mRNA stability with 1µM U50,488H treatment. CCR5 and CXCR4 mRNA 
transcript stability was analyzed following 24 hour treatment with 1µM U50,488H.  
Actinomycin D (10ng/mL) was added to each sample at indicated time points and 
mRNA was harvested for analysis. Concentration of CCR5 and CXCR4 mRNA was 
determined by real-time PCR analysis.  Concentrations were plotted on log scale and 
relative to the starting transcript number (i.e. 100%). Using the half-life macro from the 
MIT Physics department, average half-life was determined. The data are an average of 
three independent donors.  
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Molecular Dissection of the CCR5 and CXCR4 Promoter s 

 

Bioinformatic Analysis of the CCR5 and CXCR4 Promot er Using Predictive 

Transcription Factor Binding Databases  

 

 To better understand the regulation of CCR5 and CXCR4, we used bioinformatic 

techniques to dissect the promoter of each gene.  Promoter sequences for human 

CCR5 and human CXCR4 were obtained from the Ensembl database.  The sequences 

were input into either the transcription element search system (TESS) designed by the 

University of Pennsylvania Department of Computational Biology and Bioinformatics or 

transcription factor search (TFSearch) designed by the Computational Biology 

Research Center of the Japanese National Institute of Advanced Industrial Science and 

Technology.  Standard stringency settings were used except a change of the default 

threshold where there is 80% to 85% sequence homology.  This increased the 

stringency of each database and provided the most relevant transcription factor 

elements.  Although all elements were not displayed, the most relevant elements to this 

work were provided in Figure 29 (CCR5) and Figure 30 (CXCR4) and positioned as 

close to scale as possible.  The transcription factor elements are predictions of possible 

regulatory sites of these genes and may or may not be involved in the transcriptional 

regulation of CCR5 or CXCR4. 



 

139 
 

 

Figure 29. CCR5 Genomic Arrangement and Regulatory Elements Determined by 
Bioinformatic Analysis. 
Adapted from Guignard et al. 1998, the genomic arrangement of the human CCR5 gene 
is composed of three exons (red untranslated regions (UTRs) and green open reading 
frame (ORF)) and two introns (white).  CCR5 is constitutively active and has an A/T rich 
promoter region. The promoter region was expanded to illustrate the regulatory 
elements. The promoter elements were mapped as close to scale as they would appear 
in the actual promoter region. An A/G polymorphism in the promoter of CCR5 has been 
documented to dramatically reduce the transcription rate of CCR5. The Brn-2 and CdxA 
transcription factor binding sites could be involved in developmental processes. Mzf1 is 
a zinc finger transcription factor involved in cell proliferation and tumorigenesis. AML1 
regulates myleoid differentiation-associated genes and AP-1 transcription factors 
contribute to basal gene expression. NF-kB is implicated in regulation of a number of 
cellular genes involved in immune, inflammatory, and anti-apoptotic responses. ISRE or 
interferon-stimulated response element can bind IRF proteins as does the IRFE. 
CTF/NF1 is a family of transcription factors that contribute to constitutive and cell-type 
specific gene expression. The promoter accession number was AF031236 and has 
been analyzed using TFSearch and TESS at a threshold of 85%.  
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Figure 30. CXCR4 Genomic Arrangement and Regulatory  Elements Determined by 
Bioinformatic Analysis. 
Adapted from Caruz et al. 1998, the genomic arrangement of the human CXCR4 gene 
is composed of two exons (red untranslated regions (UTRs) and green open reading 
frame (ORF)) and a single intron (white).  CXCR4 is constitutively active. The promoter 
region was expanded to illustrate the regulatory elements. The promoter elements were 
mapped as close to scale as they would appear in the actual promoter region. Lyf1 or 
lymphoid related transcription factor is involved in development as is HoxD. C-ets2 is a 
proto-oncogenic transcription factor and MAZ is a zinc finger transcription factor that 
activates expression of tissue-specific genes and represses expression of the c-myc 
proto-oncogene. Sp1 is a sequence specific transcription factor that recognizes 
GGGGCGGGGC and closely related sequences, which are often referred to as GC 
boxes and AP2 is essential for neuronal development.  The IRFE is responsible for 
binding IRF proteins. The promoter accession number was U81003 and has been 
analyzed using TFSearch and TESS at a threshold of 85%.  
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KOR-Mediated Changes in Transcription Factor Bindin g Activity 

 
KOR Activation Results in Increased Binding of Inte rferon Related Transcriptional 

Regulators  

 
 Our findings that KOR could regulate CCR5 and CXCR4 at the transcriptional 

level were intriguing.  Previous studies of KOR activation have not reported transcription 

regulation of other genes following U50,488H treatment.  The mechanism responsible 

for the KOR-mediated reduction in CCR5 and CXCR4 mRNA has remained unknown.  

To screen alterations in binding activity of several transcription factors following KOR 

activation, we used a Panomics transcription factor binding array analysis.  The 

transcription factor binding array was able to measure the binding activity of 54 different 

transcription factors in a single array.  We utilized this as a screening assay to 

determine possible transcriptional regulators of the KOR-mediated gene regulation.  

Human PBMCs were treated with the indicated doses of U50,488H for 45 minutes, 4 

hours, or 24 hours.  Nuclear lysates were then prepared using the Panomics nuclear 

lysis kit, which produces high quality nuclear lysates that were used in a transcription 

factor binding array.  Changes between the untreated control array and the U50,488H 

treated array were determined using Adobe Photoshop.  Changes greater than 2 fold, 

determined by pixel number and signal intensity per spot, were deemed significant.  We 

found that increased IRF family binding occurred following U50,488H treatment on the 

IRF and IRSE elements and was significantly higher than the untreated control array.  In 

addition, increased STAT family binding was evident in U50,488H treated nuclear 
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extracts in comparison to the untreated control.  The data from these arrays indicate the 

possible involvement of IRF and STAT transcription factors in the KOR-mediated 

transcriptional regulation of CCR5 and CXCR4.  Additional data from these arrays are 

included in the appendix. 
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Figure 31. Interferon Regulatory Factor Element (IR F-E) and Interferon Stimulated 
Response Element (ISRE) Exhibit Increased IRF Prote in Binding Following KOR 
Activation. 
Untreated and U50,488H treated nuclear lysates were prepared from human PBMCs at 
the indicated time points. This experiment was completed using independent donors for 
each time point. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop. 
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Figure 32. STAT Elements Exhibit Increased Transcri ption Factor Binding 
Following KOR Activation by U50,488H. 
Untreated and U50,488H treated nuclear lysates were prepared from human PBMCs at 
indicated time points. This experiment was completed using independent donors for 
each time point. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop. 
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KOR Activation Results in Changes in IRF1 and IRF2 Expression 

 
IRF1 and IRF2 Transcription Regulation by KOR  

 
 The transcription factor binding array analysis demonstrated an increase in IRFE 

binding following U50,488H treatment.  To verify if increased levels of IRF family 

members occur at the transcriptional level, we used real-time RT-PCR to monitor IRF1 

and IRF2 mRNA expression following 10nM or 100pM U50,488H treatment in human 

PBMCs (Figure 33).  Since the optimal effect of U50,488H on the reduction of CCR5 

and CXCR4 mRNA occurs at 24 hours, we analyzed the effect of U50,488H on IRF1 

and IRF2 over a time course starting at 2 hours extending to 12 hours.  IRF1 exhibited a 

significant increase above the untreated level from 4 hours to 8 hours for the higher 

dose of 10nM and 4 hours for the lower dose of 100pM U50,488H (Figure 33).  The 

peak increase of IRF1 occurred at 4 hours for both doses following U50,488H treatment 

(Figure 33).  IRF2 showed a significant increase from 2 hours to 12 hours of U50,488H 

treatment.  The peak increase in IRF2 mRNA occurred at 2 hours for both the lower 

dose of 100pM and higher dose of 10nM U50,488H (Figure 33).  Together, these results 

suggest that U50,488H induces an initial increase in IRF2 mRNA expression that was 

followed by increased IRF1 expression.  The increase in binding activity of IRFs (Figure 

31) may be attributed to the increase in IRF1 and IRF2 gene expression shown here. 
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Figure 33. IRF1 and IRF2 mRNA Expression was Increa sed Following KOR 
Activation by U50,488H. 
PBMCs were treated with U50,488H (10nM or 100pM) and mRNA was isolated at 
indicated time points. IRF1 and IRF2 expression levels were quantified by real-time 
PCR analysis. To standardize the values of mRNA, an internal housekeeping gene 
(human β-actin) was utilized. The data are an average of three independent donors.  
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KOR-Mediated Modulation of IRF1 and IRF2 Protein Ex pression  

 

 Changes in the transcription rate of IRF1 and IRF2 were not conclusive proof that 

there was a change in the protein expression so we investigated the effect of U50,488H 

treatment on IRF1 and IRF2 protein levels by western blot analysis.  Primary human 

PBMCs were treated with 10nM U50,488H for 30 minutes to 6 hours (as indicated) and 

protein was prepared using the Panomics whole cell lysis kit.  The results show that at 

both 4 and 6 hours, IRF1 protein was increased significantly above the untreated control 

(Figure 34).  IRF2 increased significantly in as little as 30 minutes and was still elevated 

above the untreated control at 6 hours (Figure 34).  The increase in protein levels 

coincides with the elevated levels of mRNA in terms of the timing of IRF activity, and 

IRF2 was induced prior to IRF1 when PBMCs were treated with U50,488H.  The 

increased IRF binding to the IRFE in the transcription factor array may be the result of 

novel IRF protein synthesis as demonstrated in this experiment.  To verify even loading, 

the internal housekeeping gene GAPDH was included.  Additional data demonstrating 

the trafficking of IRF1 and IRF2 are included in the appendix. 
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Figure 34. IRF1 and IRF2 Expression was Increased F ollowing U50,488H 
Treatment. 
Human PBMCs were treated with 10nM U50,488H for the indicated time periods and 
then protein was isolated for analysis by western blot. To verify even loading, the 
GAPDH loading control was included. Blots were representative of three independent 
experiments.  
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JAK and STAT Activation by KOR 

 
Phosphorylation of JAK2 Following KOR Activation  

 

 The transcription factor binding array demonstrated an increase in the binding 

activity of several STAT members following U50,488H treatment.  It has been well 

documented that JAKs and STATs can regulate the expression of IRF proteins.  We 

wanted to understand the biochemical basis for KOR-mediated IRF1 and IRF2 

induction.  Using primary human PBMCs, we found that JAK2 was phosphorylated on 

tyrosine residue(s) 1007 and 1008 within 5 minutes following 10nM U50,488H treatment 

(Figure 35).  The increase in phospho-JAK2 was apparent at 5 minutes and 10 minutes 

but then subsided by 15 minutes.  Total JAK2 protein levels were tested and showed 

that new protein synthesis was not responsible for the increased level of phospho-JAK2 

(Figure 35).  This suggests that following KOR activation, JAK2 becomes 

phosphorylated and JAK2 may then activate members of the STAT family. 
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Figure 35. JAK2 was Phosphorylated on Tyrosine Resi due(s) 1007/1008 Following 
U50,488H Treatment. 
Human PBMCs were treated with 10nM U50,488H for the indicated time periods and 
then total cell lysates were prepared for western blot analysis. The phospho-JAK2 
antibody was specific for phosphorylation at tyrosine residue(s) 1007 and 1008 whereas 
the JAK2 antibody detects total JAK2 levels. To guarantee even loading, the GAPDH 
loading control was included. Blots were representative of three independent 
experiments.  
 



 

151 
 

STAT3 was Phosphorylated Following KOR Activation  

 

 JAK2 is known to mediate the phosphorylation of STAT3 and the data from the 

transcription factor binding array described above demonstrated a significant increase in 

STAT3 binding activity following U50,488H treatment.  Because of this, we performed 

western blot analysis with human PBMCs treated with U50,488H to determine protein 

levels of phospho-STAT3 and total STAT3.  STAT3 can be phosphorylated on tyrosine 

residue 705 or serine residue 727 in order to acquire full activity.  Using a time course 

from 5 minutes to 60 minutes, we evaluated the effects of U50,488H on the 

phosphorylation status of STAT3 at these two well reported activation sites.  STAT3 

was phosphorylated on tyrosine 705 at 5 minutes and significantly at 10 minutes 

following U50,488H treatment, compared to the untreated control (Figure 36).  Serine 

727 showed an increase in phosphorylation with 15 minutes of U50,488H treatment 

although it was not comparable to the phosphorylation of tyrosine 705 (Figure 36).  

Total STAT3 protein levels were determined and showed that new protein synthesis 

was not responsible for the increased level of phospho-STAT3 (Figure 36).  These data 

reinforce the transcription factor array data, and JAK2 data, which may indicate a role 

for STAT3 in the induction of IRF expression. 
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Figure 36. STAT3 was Phosphorylated on Tyrosine 705  and Serine 727 Following 
U50,488H Treatment. 
Human PBMCs were treated with 10nM U50,488H for the indicated time periods and 
then total cell lysates were prepared for western blot analysis. The phospho-STAT3 
antibodies were specific for phosphorylation at tyrosine residue 705 or serine residue 
727 whereas the STAT3 antibody detects total STAT3 levels. To assess even loading, 
the GAPDH loading control was included. Blots are representative of three independent 
experiments.  
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Chemical and Peptide Inhibitors of JAK2 and STAT3 B lock Downstream Effects of 

KOR Activation  

 

 To understand the role that STAT3 activation has on KOR-mediated regulation of 

chemokine receptor expression, we studied the effect of chemical and peptide inhibitors 

of STAT3.  If STAT3 was vital for the KOR decrease in CXCR4 expression, the use of 

an inhibitor should negate the mechanism.  STATTIC is an inhibitor of STAT3 that binds 

to the SH2 domain of STAT3 and prevents upstream kinases, such as JAK2, from 

associating with and phosphorylating STAT3.  This keeps STAT3 in an inactive state 

thereby preventing downstream functions of this protein.  WP1066 is a second STAT3 

inhibitor which targets JAK2, an upstream kinase of STAT3.  WP1066 binds to the 

activation domain of JAK2 preventing phosphorylation of JAK2.  To determine if these 

inhibitors can block STAT3 phosphorylation at tyrosine 705 following U50,488H 

treatment, we tested human PBMCs pretreated for 30 minutes with 20µM STATTIC or 

10µM WP1066.  After the pretreatment, cells were either left untreated as controls, or 

treated with 10nM U50,488H for 10 minutes which was the time point that demonstrated 

the most significant increase in phospho-STAT3 at residue 705.  Lysates were prepared 

using the Panomics whole cell lysis kit and 50µg of lysate was used for western blot 

analysis.  STATTIC and WP1066 completely blocked all detectable STAT3 phospho-

tyrosine 705, while U50,488H was able to elicit a significant increase in phosphorylation 

at the same residue (Figure 37).  Phosphorylation on serine residue 727 of STAT3 

remained unchanged, indicating that new phosphorylation of P-STAT3 727 did not 
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occur (Figure 37).  Total STAT3 protein levels were tested and show that new protein 

synthesis was not responsible for the increase level of phospho-STAT3 (Figure 37).   
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Figure 37. STAT3 Inhibitors Block the U50,488H Medi ated Phosphorylation of 
STAT3 Tyrosine Residue 705. 
Human PBMCs were pre-treated with 20µM STATTIC or 10µM WP1066 to inhibit 
STAT3 phosphorylation or JAK2 phosphorylation, respectively. After the 30 minutes the 
cells were treated with 10nM U50,488H for 10 minutes. The phospho-STAT3 antibodies 
were specific for phosphorylation on tyrosine residue 705 or Serine 727 whereas the 
STAT3 antibody detects total STAT3 levels. To assess even loading, the GAPDH 
loading control was included. Blots are representative of three independent 
experiments. 
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 Since STATTIC and WP1066 effectively block STAT3 phosphorylation, we 

wanted to determine the effect of these inhibitors to block the U50,488H-mediated 

reduction in CXCR4 mRNA expression.  Using human PBMCs, we pretreated the cells 

for 30 minutes with 20µM STATTIC or 10µM WP1066 and then treated the cells with 

10nM U50,488H for 24 hours.  Transcript levels were quantified by real-time RT-PCR 

using the internal housekeeping gene β-actin to standardize the samples.  The results 

show that U50,488H induced a significant decrease in CXCR4 transcript levels (Figure 

38).  With the STATTIC pretreatment, overall CXCR4 transcript expression was 

decreased, but with U50,488H treatment there was a significant increase in CXCR4 

transcripts (Figure 38).  Although this does not reflect true inhibition, it may be explained 

by the fact that STAT3 regulates IRF4, a positive regulator of CXCR4 expression.  

STATTIC blocks the U50,488H-mediated reduction in CXCR4 transcript levels.  

WP1066 pretreatment also reduced the total number of CXCR4 transcripts, but with 

U50,488H treatment, there was not a significant decrease in CXCR4 (Figure 38).  This 

indicated that inhibiting STAT3 activity could block KOR-mediated transcriptional 

regulation of CXCR4.   

We repeated these experiments in a human microglial cell line termed CHME-3 

and found that these results could be reproduced in this cell line model.  We detected 

STAT3 phosphorylation at residue 705 following U50,488H treatment (Figure 39) using 

the same experimental parameters described above.  The inhibitors STATTIC and 

WP1066, used at the same concentrations, effectively blocked the U50,488H-mediated 

decrease in CXCR4 mRNA (Figure 40).  These data suggest that STAT3 plays a vital 
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role in the KOR-mediated reduction of CXCR4 expression.  Together, these data 

suggest a conserved regulatory mechanism between cells of the immune system and 

central nervous system. 
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Figure 38. STAT3 and JAK2 Inhibitors Block the U50, 488H Mediated Reduction in 
CXCR4 mRNA Expression. 
Human PBMCs were pre-treated with 20µM STATTIC or 10µM WP1066 for 30 minutes 
then treated with 10nM U50,488H for 24 hours. CXCR4 transcript expression were 
quantified using real-time PCR analysis. To standardize the values of mRNA, an 
internal housekeeping gene (human β-actin) was utilized. The data are an average of 
three independent donors.  
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Figure 39. STAT3 was Phosphorylated on Tyrosine 705  and Serine 727 Following 
U50,488H Treatment in the Microglial Cell Line CHME -3. 
The human microglial cell line CHME-3 was treated with 10nM U50,488H for the 
indicated time points and then total cell lysates were prepared for western blot analysis. 
Levels of STAT3 phospho-tyrosine 705, phospho-serine 727, and total STAT3 were 
determined. Blots are representative of three independent experiments.  
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Figure 40. STAT3 and JAK2 Inhibitors Block the U50, 488H Mediated Reduction in 
CXCR4 mRNA Expression in Microglial Cell Line CHME- 3. 
The human microglial cell line CHME-3 was pre-treated with 20µM STATTIC or 10µM 
WP1066 for 30 minutes then treated with 10nM U50,488H for 24 hours. CXCR4 
transcript levels were quantified using real-time PCR analysis. To standardize the 
values of mRNA, an internal housekeeping gene (human β-actin) was utilized. The data 
are an average of three independent experiments.  
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 In an effort to verify these results, we also utilized a highly specific cell-

permeable STAT3 inhibitor peptide that binds to the SH2 domain of STAT3 and 

selectively prevents phosphorylation, dimerization, and DNA binding.  In addition, we 

used the chemical inhibitor, S3I-201, which binds to the SH2 domain and has been 

reported to block STAT3-dependent gene transcription.  We initially tested these 

compounds to determine if they could effectively block the U50,488H-mediated increase 

in IRF1 and IRF2 protein.  The human microglial cell line CHME-3 was pretreated for 30 

minutes with 500µM STAT3 inhibitor peptide or 100µM S3I-201 for 30 minutes and then 

treated with 10nM U50,488H for 4 hours.  The S3I-201 inhibitor alone increased IRF1 

protein expression, which may be due to the fact that STAT1 & STAT3 positively 

regulate IRF1 and this inhibitor may disrupt the natural balance of STAT1 & STAT3.  

The results show that both of the STAT3 inhibitors blocked the U50,488H-induced 

increase in IRF1 and IRF2 protein levels (Figure 41).  The microglial cell line CHME-3 

was pretreated with 500µM STAT3 inhibitor peptide or 100µM S3I-201 and then treated 

with 10nM U50,488H for 24 hours prior to analysis of CXCR4 mRNA levels.  Although 

U50,488H treatment significantly reduced CXCR4 mRNA in comparison to the 

untreated control, no significant change was found in the STAT3 inhibitor peptide- or 

S3I-201-pretreated samples with U50,488H addition (Figure 42).  This indicates that 

inhibiting STAT3 activity can effectively block the KOR-mediated elevation in IRF1 and 

IRF2 protein and reduction in CXCR4 mRNA.  It appears that STAT3 is an 

indispensable partner in this regulatory pathway, and may link activation of the KOR 

receptor with regulation of chemokine receptor expression. 
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Figure 41. STAT3 Inhibitors Block KOR-Mediated Incr ease in IRF1 and IRF2 
Expression. 
The human microglial cell line CHME-3 was pre-treated for 30 minutes with 500µM 
STAT3 inhibitor peptide or 100µM S3I-201 and then treated with 10nM U50,488H for 4 
hours. Protein was isolated for analysis by western blot using the RIPA lysis buffer. 
Blots are representative of three independent experiments.  
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Figure 42. STAT3 Peptide and Chemical Inhibitors Bl ock KOR-Mediated CXCR4 
Downregulation. 
The human microglial cell line CHME-3 was pre-treated with 500µM STAT3 Inhibitor 
Peptide or 100µM S3I-201 for 30 minutes then treated with 10nM U50,488H for 24 
hours. CXCR4 transcript levels were quantified using real-time PCR analysis. To 
standardize the values of mRNA, an internal housekeeping gene (human β-actin) was 
utilized. The data are an average of three independent experiments.  
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Small Interfering RNA-Mediated IRF1 and IRF2 Knock- Down Cell Lines 

 
Generation of Knock-Down Cell Line Clones  

 
 In order to study the signal transduction pathway of KOR-mediated 

transcriptional regulation of CXCR4, we chose to assess the impact of IRF1 and IRF2 

inhibition since our results suggest they could be involved.  Unfortunately, chemical 

inhibitors do not exist for the IRF family and the most common method of disrupting IRF 

function is through the use of small interfering RNA (siRNA) knock-down of specific IRF 

genes.  To obtain optimally reproducible results, we chose to use an siRNA knock-down 

system where a plasmid expressing gene specific siRNA molecules (using a CMV 

promoter) was stabily transfected into the human microglial cell line CHME-3 using 

Lipofectamine 2000.  Using published reports, we determined effective siRNA 

sequences that could be used to successfully reduce IRF1 and IRF2 expression levels.  

Two clones (#3 and #6) showed significant reduction in IRF1 protein expression in the 

human microglial cell line CHME-3 by western blot analysis (Figure 43).  For the IRF2 

knock-down, clone #17 was found to have a significant reduction in IRF2 protein 

compared to the parental cell line (Figure 43).  To isolate single cell clones of the knock-

down cell lines, we performed selection by hygromycin B followed by a limiting dilution.  

All of the knock-down clones were cultured in the presence of 50µg hygromycin B to 

promote knock-down of IRF1 or IRF2.  Western blot images for IRF1 and IRF2 protein 

expression in the knock-down cell lines demonstrate successful creation of knock-down 

clones (Figure 43).   
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Figure 43. Generation of IRF1 and IRF2 siRNA Knock- Down Microglial Cell Lines. 
The human microglial cell line CHME-3 was transfected with pSilencer-4.1-Hygromycin 
vectors containing siRNA sequences for IRF1 or IRF2.  After selection by 50µg/mL 
hygromycin B, limiting dilutions were used to generate single cell clones that were 
grown to confluence and tested for knock-down of IRF1 or IRF2. Protein was isolated 
for analysis by western blot using the RIPA lysis buffer. The designation ‘P’ represents 
parental and the numbers indicate knock-down clone numbers that were analyzed for 
IRF expression levels. Blots are representative of three independent experiments.  
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Knock-Down of IRF1 and IRF2 Effects on KOR-Mediated  CXCR4 Downregulation  

 

 With successful creation of IRF1 and IRF2 knock-down cell lines, we studied the 

effect of reduced IRF1 and IRF2 levels on KOR-mediated transcriptional regulation of 

CXCR4.  Parental cells demonstrated that 10nM U50,488H can significantly reduce 

CXCR4 mRNA after 24 hours of treatment (Figure 44).  The IRF1 knock-down clones 

#3 cell line demonstrated a significant drop in CXCR4 mRNA following U50,488H 

treatment, albeit not as dramatic as the parental cell line (Figure 44).  This suggests 

IRF1 was not required for the KOR-mediated reduction in CXCR4 mRNA.  Interestingly, 

IRF2 knock-down clone #17 did not show a significant change in CXCR4 mRNA with 

10nM U50,488H treatment (Figure 44).  This reinforces the involvement of IRF2 in this 

molecular mechanism.  The results show that although IRF1 may be involved in this 

regulatory mechanism, it was not apparently required, whereas IRF2 was critical for the 

KOR-mediated downregulation of CXCR4. 
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Figure 44. IRF2 Knock-Down Microglial Cell Line Blo cked KOR-Mediated CXCR4 
Down-regulation.  
Human parental, IRF1 knock-down, or IRF2 knock-down microglial cells (CHME-3) were 
treated with 10nM U50,488H for 24 hours. CXCR4 transcript levels were quantified 
using real-time PCR analysis. To standardize the values of mRNA, an internal 
housekeeping gene (human β-actin) was utilized. The data are an average of three 
independent experiments.  
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CXCR4 and IRF2 In Vivo Promoter-Protein Association s 

 
Chromatin Immunoprecipitation Analysis of STAT3 Bin ding within the In Vivo 

IRF2 Promoter  

 
 Since STATs have been documented to activate IRF proteins, we wanted to 

determine if STAT3 can bind to the IRF2 promoter following U50,488H treatment.  To 

determine if STAT3 could bind the IRF2 promoter, we used bioinformatic techniques to 

analyze the IRF2 promoter.  The sequence of the IRF2 promoter was obtained from the 

Ensembl database and was uploaded into the TESS and TFSearch databases for 

predictive transcription factor element analysis.  The results of the analysis demonstrate 

the presence of several STAT binding sites within the IRF2 promoter (Figure 45).  The 

human microglial cell line CHME-3 was treated with 10nM U50,488H for 2 hours and 

then fixed to cross-link transcription factors to the chromatin.  Chromatin was extracted 

and processed using the Millipore chromatin preparation kit and used for chromatin 

immunoprecipitation (ChIP).  Chromatin was pulled-down using a total STAT3 antibody 

and a phospho-STAT3 (tyrosine 705) antibody and associated DNA was amplified using 

primers specific for the IRF2 promoter (Figure 46).  Negative (normal rabbit IgG) and 

positive (anti-acetyl Histone H3) controls were included to verify that the ChIP assay 

was working properly.  Comparing the untreated control to 10nM U50,488H treatment, 

we found that there was not a significant difference in STAT3 or phospho-STAT3 

binding as detected by conventional PCR analysis.  These data indicate the presence of 
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active STAT3 on the promoter of IRF2 which could possibly contribute to transcriptional 

regulation. 
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Figure 45. IRF2 Genomic Arrangement and STAT Regula tory Elements 
Determined by Bioinformatic Analysis. 
The genomic arrangement of the human IRF2 gene is composed of nine exons (red 
untranslated regions (UTRs) and green open reading frame (ORF)) and eight introns 
(white). The promoter region is expanded to illustrate the regulatory elements. The 
promoter elements were mapped as close to scale as they would appear in the actual 
promoter region. The predicted STAT binding elements are displayed in green. The 
amplicon region for the primer set used for chromatin immunoprecipitation was 
indicated by the dashed lines. The promoter accession number was ENST00000393593 
and has been analyzed using TESS (Elements projecting upward) and TFSearch 
(Elements projecting downward) at a threshold of 80%.  Elements overlapping between 
database searches are generally promising targets for ChIP analysis. 
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Figure 46. STAT3 and P-STAT3 Associate with the Hum an IRF2 Promoter 
Following U50,488H Treatment. 
The human microglial cell line CHME-3 was treated with 10nM U50,488H for 2 hours 
and cells were fixed to cross link proteins to the chromatin.  Chromatin was prepared 
using the Millipore Chromatin preparation kit and chromatin immunopreciptation 
experiments using STAT3 or P-STAT3 Tyrosine 705 antibodies to pull-down chromatin 
regions that were bound by STAT3 or P-STAT3. As a control for non-specific binding 
and even input, normal rabbit IgG and human aceytl histone H3 antibodies were 
utilized, respectively. Chromatin was purified and analyzed using primers for indicated 
regions of the IRF2 promoter. Experiments are representative of three independent 
experiments.  
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Chromatin Immunoprecipitation Analysis of IRF2 Bind ing within the In Vivo 

CXCR4 Promoter  

 

 To physically link IRF2 to the CXCR4 promoter, we used chromatin 

immunoprecipitation to establish an in vivo relationship.  To determine if IRF2 could bind 

the CXCR4 promoter, we used bioinformatic techniques to analyze the CXCR4 

promoter.  The sequence of the CXCR4 promoter was obtained from the Ensembl 

database and was uploaded into the TESS and TFSearch databases for predictive 

transcription factor element analysis.  The results of the analysis demonstrate the 

presence of several STAT and IRF binding sites within the CXCR4 promoter (Figure 

47).  The human microglial cell line CHME-3 was treated with 10nM U50,488H for 18 

hours and then fixed to cross-link transcription factors to the chromatin.  Chromatin was 

extracted and processed using the Millipore chromatin preparation kit and used for 

ChIP.  Chromatin was pulled-down using IRF1 and IRF2 antibodies and associated 

DNA was amplified using primers specific for the CXCR4 promoter (Figure 48).  

Negative (normal rabbit IgG) and positive (anti-acetyl Histone H3) controls were 

included to demonstrate the ChIP assay was working properly.  Comparing the 

untreated control to 10nM U50,488H treatment, we found that there was a significant 

increase in IRF1 and IRF2 binding as detected by conventional PCR analysis.  These 

data indicate the presence of IRF1 and IRF2 binding to the promoter of CXCR4.  Our 

previous findings demonstrate IRF2 is critical for the KOR-mediated regulation of 

CXCR4 expression and we expected to find IRF2 associated with the CXCR4 promoter.  
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IRF1 binding to the CXCR4 promoter was demonstrated using ChIP, but our previous 

data suggest that it is not essential for the KOR-mediated transcriptional regulation of 

CXCR4. 
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Figure 47. CXCR4 Genomic Arrangement and IRF/STAT R egulatory Elements 
Determined by Bioinformatic Analysis. 
Adapted from Caruz et al. 1998, the genomic arrangement of the human CXCR4 gene 
is composed of two exons (red untranslated regions (UTRs) and green open reading 
frame (ORF)) and a single intron (white). The promoter region was expanded to 
illustrate the regulatory elements. The promoter elements were mapped as close to 
scale as they would appear in the actual promoter region. The predicted STAT and IRF 
binding elements were displayed in green and red, respectively. The amplicon region for 
each primer set used for chromatin immunoprecipitation were indicated by the dashed 
lines. The promoter accession number was U81003 and has been analyzed using 
TESS (Elements projecting upward) and TFSearch (Elements projecting downward) at 
a threshold of 80%.  Elements overlapping between database searches are generally 
promising targets for ChIP analysis. 
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Figure 48. IRF1 and IRF2 Associate with the Human C XCR4 Promoter Following 
U50,488H Treatment. 
The human microglial cell line CHME-3 was treated with 10nM U50,488H for 18 hours 
and cells were fixed to cross link proteins to the chromatin.  Chromatin was prepared 
using the Millipore Chromatin preparation kit and chromatin immunopreciptation 
experiments using IRF1 or IRF2 antibodies to pull-down chromatin regions that were 
bound by IRF1 or IRF2. As a control for non-specific binding and even input, normal 
rabbit IgG and human aceytl histone H3 antibodies were utilized, respectively. 
Chromatin was purified and analyzed using primers for indicated regions of the CXCR4 
promoter. Experiments are representative of three independent experiments. 
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CHAPTER 4 

DISCUSSION 

 

Studies of the µ-opioid receptor have revealed that following activation, pro-

inflammatory cytokines and chemokines are up-regulated (Wetzel et al., 2000).  In 

contrast, KOR activation generally results in an anti-inflammatory response (Rogers and 

Peterson, 2003).  The opposing roles between the κ and µ-opioid receptors indicated 

that although they share greater than 70% amino acid sequence homology, they are 

able to elicit very different responses.  Since several µ-opioids are currently in clinical 

use and κ-opioids have very promising therapeutic potential, we focused on defining the 

molecular mechanism of action for the opioid-mediated regulation of the immune 

system. 

Initial studies from our laboratory focused on the positive regulation of chemokine 

receptors by MOR.  DAMGO administration to primary human PBMCs resulted in 

increased expression of CCR5 and CXCR4 and also increased HIV-1 infectivity (Steele 

et al., 2003).  However, preliminary experiments by Amber Steele in our laboratory 

suggested that KOR activation had the opposite effect on chemokine receptor 

expression.  Defining the opposing roles in receptor function between MOR and KOR 

has been of interest to our lab and others.  These studies were aimed at understanding 

the molecular mechanism of KOR-mediated regulation of chemokine receptor function 

and expression, which was unknown until this time.   
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We report results here which show that the functional activity of the chemokine 

receptor, CXCR4, is regulated by cross-talk with KOR.  This result was apparent using 

either primary neutrophils, or stably-transfected cell lines.  This finding was somewhat 

surprising given previous findings from our laboratory, and others, which showed that 

both MOR and DOR were able to cross-desensitize CCR1, CCR2, CCR5, CXCR1, 

CXCR2, but not CXCR4 (Grimm et al., 1998; Szabo et al., 2003; Zhang et al., 2004).  

This set of results illustrated the selective nature of heterologous desensitization of 

GPCRs was consistent with the notion that a hierarchy among GPCRs existed with 

respect to the strength of cross-desensitization, and appeared to be inversely correlated 

with sensitivity to the heterologous desensitization (Ali et al., 1999).  Given that KOR, 

but not MOR or DOR, could cross-desensitize CXCR4, it would appear that CXCR4 was 

a relatively strong-desensitizer, but was difficult to be cross-desensitized (Steele et al., 

2002).  The degree of inhibition of CXCR4 functional activity, at the level of chemotaxis, 

was found to be only partial, and would be consistent with the notion that CXCR4 was 

relatively resistant to cross-desensitization.  However, it should be noted that CXCR4 

has been shown to be susceptible to cross-desensitization by both the high-affinity 

formyl peptide receptor (FPR) and the formyl peptide receptor-like 1 (FPRL-1) receptor 

in studies with human monocyte-derived macrophages, CD4+ T cells, as well as stably-

transfected cell lines (Deng et al., 1999; Li et al., 2001).  Furthermore, CXCL8 induces 

cross-desensitization of both CCR5 and CXCR4, and the cross-talk in this case was 

mediated selectively by CXCR1 but not CXCR2 (Richardson et al., 2003),  And finally, 

bi-directional heterologous desensitization between CCR5 and CXCR4 has also been 
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observed in human T cells, and leads to the inhibition of cellular signaling, cellular 

adhesion, and chemotaxis driven by these receptors (Hecht et al., 2003). 

 Our results were the first to show that CXCR4 was able to cross-desensitize 

KOR, and this effect was apparent at the level of chemotaxis, the calcium mobilization 

response (Figure 23), and in vivo, at the level of analgesia.  These results are not 

entirely unexpected since our previous studies demonstrated that both MOR and DOR 

are desensitized by CXCR4, and these effects were also apparent both in vitro and in 

vivo (Szabo et al., 2002).  Given the well documented observation that CXCR4 was 

widely expressed by neurons in the brain, and that KOR was abundantly expressed in 

the periaqueductal grey of the midbrain, there would appear to be ample opportunity for 

these receptors to interact on neurons at this anatomical site.  The juxtaposition of these 

receptors in the brain has significant implications for potential cross-regulation between 

these receptors given the well established expression of the endogenous ligands for 

these receptors in this tissue.  For example, CXCL12 was produced in the adult and 

developing brain, and was abundant in the cortex, hypothalamus, and hippocampus 

(Tham et al., 2001), and prominently by granule neurons of both the dentate gyrus and 

entorhinal cortex (Tran et al., 2007; Tran and Miller, 2003).  Conversely, the 

endogenous KOR agonist, dynorphin, was expressed most abundantly in the brain in 

the nucleus acccumbens and caudate nucleus, but also at relatively high levels in the 

amygdale and hypothalamus.  
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 The cross-desensitization of CXCR4 by KOR was accompanied by the 

internalization of approximately 40% of the target receptor from the cell surface (Figure 

24).  This result was consistent with data showing that FPR-induced cross-desensitizion 

of CXCR4 was accompanied by significant internalization in monocytes (Deng et al., 

1999).  In contrast, administration of CXCL12 itself induced internalization of over 60% 

of the CXCR4 from the surface (Figure 24), a finding which was in agreement with the 

degree of internalization induced by homologous desensitization of this receptor 

(Richardson et al., 2003).  The internalization of CXCR4 by KOR was almost certainly a 

part of the mechanism of down-regulation of the functional activity of this receptor.  

However, the KOR-induced reduction in surface expression of CXCR4 was unlikely to 

account for all of the loss of CXCR4 function, since the calcium mobilization response to 

CXCL12 was almost entirely lost following activation of KOR with as little as 100 nM 

U50,488H.  This would suggest that a substantial portion of the CXCR4 which remains 

on the cell surface has lost functional activity.  These results also suggest that the 

activation of KOR targets CXCR4 in two distinct ways; i.e., first, through the activation of 

an undefined internalization pathway, and second, through a process in which target 

receptor was retained on the outer membrane but in a dysfunctional state.   

 In contrast to the results just described, the cross-desensitization of KOR by 

CXCR4 was not accompanied by detectable internalization.  Control experiments in 

which cells were treated with U50,488H, show that approximately 30% of the receptors 

were internalized by this homologous desensitization process (Figure 24), a result which 

was very consistent with published results (Li et al., 2003).  While the chemotaxis 
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results suggest that activation of CXCR4 induces a very high degree of desensitization 

of KOR, the calcium mobilization analysis showed that the loss of KOR function was 

most apparent at lower doses of U50,488H.  This suggests that the degree of cross-

desensitization of KOR was “partial,” and would be in agreement with our hypothesis 

that KOR was a receptor which was actually relatively resistant to cross-desensitization.  

However, our in vivo studies demonstrate that KOR activity in the brain was 

substantially down-regulated following activation of CXCR4.  Perhaps most importantly, 

we would suggest that the loss of functional activity of KOR in response to a 10nM 

concentration of U50,488H was more meaningful since this was more likely to represent 

a physiological concentration.    

 The cross-desensitization of KOR by CXCR4 would be expected to occur in 

conditions where the levels of expression of either CXCL12 or CXCR4 occur.  Both 

CXCL12 and CXCR4 were upregulated in certain inflammatory states, including 

rheumatoid arthritis and allergic airway disease (Buckley et al., 2000; Gonzalo et al., 

2000; Nanki et al., 2000).  Transforming growth factor-β1 (TGFβ1) was a potent inducer 

of CXCR4, and IL-1 was an effective inducer of both CXCR4 and CXCL12 (Buckley et 

al., 2000; Eddleston et al., 2002).  Moreover, we have previously shown that MOR 

agonists induce the expression of CXCR4 by both monocytes and T cells (Steele et al., 

2003), suggesting the possibility of a circuit in which the expression of MOR peptides 

may induce CXCR4, and in turn, promote cross-desensitization of KOR.  However, it 

was most likely that inflammatory states in which CXCL12 and/or CXCR4 were up-

regulated were most likely to favor the cross-desensitization of KOR.  The 
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desensitization of KOR would increase the sensitivity to pain, and contribute to the 

association of pain with the inflammatory response.   

We believe that our results have several important implications for developmental 

and homeostatic processes in the brain.  Targeted disruption in mice of either CXCL12 

or CXCR4 was lethal at a relatively late stage of embryogenesis, and these animals 

display a number of developmental defects which affect cardiovascular, gastrointestinal, 

central nervous system, and hematopoietic systems (Ma et al., 1998; Zou et al., 1998).  

In contrast, KOR has been found to be important in analgesia and temperament or 

dysphoria (Dykstra et al., 1987; Pfeiffer et al., 1986b).  Additionally, KOR has a role in 

temperature management in vivo (Adler et al., 1993).  The observation that both 

CXCL12- and CXCR4-deficient mice exhibit essentially identical phenotypes has been 

considered evidence that the sole receptor for CXCL12 was CXCR4, and conversely, 

that CXCR4 was only activated by this chemokine.  However, recent reports show that 

both CXCR2 and CXCR4 were functional receptors for the cytokine macrophage 

migration inhibitory factor (Bernhagen et al., 2007), and conversely the orphan GPCR 

designated RDC1 (now tentatively designated CXCR7) was an alternative receptor for 

CXCL12 (Balabanian et al., 2005a).  Nevertheless, there appears to be little doubt that 

the primary receptor and ligand pair is CXCR4 and CXCL12.   

In animals deficient in either gene, the development of the cerebellum, 

hippocampal dentate gyrus, cortex, and dorsal root ganglia were all substantially 

abnormal, and trafficking and proliferation of oligodendrocyte progenitors were 
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significantly depressed (Bagri et al., 2002; Dziembowska et al., 2005; Stumm et al., 

2003; Zou et al., 1998). During the first two post-natal weeks the cerebellar granule 

precursor cells proliferate, and then migrate to form the internal granule cell layer 

composed of mature granule neurons. This process was dependent on the Purkinje 

neuron secreted protein Sonic hedgehog, and requires the participation of CXCL12 and 

CXCR4 (Klein et al., 2001).  The expression of KOR by neurons in this region provides 

the opportunity for cross-regulation with CXCR4 during this process.  Those conditions 

which lead to elevated dynorphin expression would be expected to have the potential to 

down-regulate the proliferation and migration of the granule cells during this critical step.  

While current evidence suggests that dynorphin expression was constitutive in the 

nervous system, there was evidence that preprodynorphin mRNA expression was 

inducible through cAMP responsive elements in the preprodynorphin promoter 

(Messersmith et al., 1994).  Although prodynorphin was produced primarily in the CNS, 

it has also been reported to be expressed in cells of the immune system (Cabot et al., 

2001; Hassan et al., 1992; Ichinose et al., 1995; Przewlocki et al., 1992).  There was 

evidence of inflammatory responses in the periphery that were accompanied by an 

accumulation of dynorphin at both the inflammatory site and in the spinal cord (Hassan 

et al., 1992; Ruda et al., 1988),  and interleukin 1 induces the production of dynorphin at 

sites of inflammation (Schafer et al., 1994).  Neuroinflammatory conditions would create 

an environment in which elevated dynorphin would be capable of exerting greater cross-

desensitization of CXCR4, potentially disrupting normal neuronal development. 
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 Preliminary studies by Steele et al. (Unpublished Data, Amber Steele, Doctoral 

Dissertation) showed decreased surface expression of CCR5 and CXCR4 by flow 

cytometry analysis in primary human CD3+ blasts following 72 hour treatment with 

U50,488H.  Using primary human PBMCs, a decrease in total protein for CCR5 and 

CXCR4 was detected by western blot analysis (Figure 25) following 72 hour treatment 

with U50,488H.  We evaluated mRNA levels for CCR5 and CXCR4 to determine if the 

KOR acts at the transcriptional or translational level of regulation.  Both CCR5 and 

CXCR4 mRNA was decreased by 12 hours, and this persisted for 36 hours following 

U50,488H treatment of primary human PBMCs (Figure 26).  The time between a 

significant drop in mRNA (24 hours) and decreased protein (72 hours) was rather long, 

but could be explained by the long half-life of the mRNA transcript and protein of CCR5 

and CXCR4.  Using an antagonist for the KOR receptor, nor-BNI, we blocked the effects 

of U50,488H and determined the reduction in CCR5 and CXCR4 was mediated directly 

through the KOR.  Taken together, we determined that the U50,488H-mediated 

decrease in CCR5 and CXCR4 occurred at the transcriptional level and was KOR-

specific. 

 Changes in mRNA expression could occur at the level of transcriptional rate or at 

the level of transcript stability.  To determine if U50,488H altered the mRNA transcript 

stability of CCR5 or CXCR4, we measured transcript half-life in the presence or 

absence of U50,488H.  For CCR5, we found untreated PBMCs had a half-life of 92 

minutes while U50,488H treated PBMCs had a half-life of 85 minutes (Figure 28).  This 

reflected a 7 minute decrease in CCR5 transcript stability, which we did not believe 
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accounted for the substantial decrease in CCR5 mRNA.  A published account of the 

mRNA transcript half-life for CCR5 was 165 minutes in primary human monocytes 

(Sozzani et al., 1998).  The difference in CCR5 transcript stability from PBMCs to 

monocytes was attributed to the difference between cell types.  For CXCR4, the mRNA 

half-life in untreated PBMCs was 74 minutes and increased by 3 minutes in U50,488H 

treated cells (Figure 28).  The mRNA half-life in CD34+ hematopoietic cells was 60 

minutes according to a study by Zhang et al. (Zhang et al., 2007).  Changes in transcript 

stability did not account for the dramatic decrease in mRNA levels for CCR5 or CXCR4 

following activation of KOR. 

We are not aware of literature that provides any information regarding the 

regulation of transcription factors following KOR activation.  To determine which 

transcription factors had altered binding capacity when PBMCs were treated with 

U50,488H, we utilized a transcription factor binding array that measured 54 different 

transcription factors simultaneously.  We found significant changes in the binding on 

IRF, ISR and STAT elements following U50,488H treatment at various time points 

(Figure 31 and 32).  These binding elements were of interest because they were found 

by bioinformatic analysis to be present within both the CCR5 and CXCR4 promoters 

(Figure 29 and 30).  The promoter genomic arrangement was obtained from initial 

studies of the regulation of CCR5 and CXCR4 (Caruz et al., 1998; Guignard et al., 

1998).  IRF and STAT transcriptional regulators have been described in the regulation 

of immune system modulators such as ILs and chemokines (Johnson et al., 2008; Liu et 

al., 2005; Oshima et al., 2004; Tamura et al., 2008).  The suggestion that KOR can 
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regulate the activity of IRF and STAT transcription factors was not surprising since we 

have found KOR activation regulates the expression of chemokines and chemokine 

receptors. 

The transcription factor binding array was utilized as a screening assay that 

provided us with possible targets involved in the signaling pathway initiated by KOR 

activation.  To confirm our findings, we analyzed the mRNA and protein expression for 

the entire IRF family.  Significant changes were found in IRF1 and IRF2  mRNA and 

protein at 4 hours and 2 hours, respectively, in U50,488H treated PBMCs (Figures 33 

and 34).  IRF1 and IRF2 bind to a similar DNA consensus sequence, 

GAGAAGTGAAAG, with similar affinity (Paun and Pitha, 2007).  Thus, the increased 

binding at the IRFE on the transcription factor array could have been the result of IRF1, 

IRF2, or both.  The increase in IRF2 expression occurs prior to the increase in IRF1.  

The effects of IRF2 persist longer than for IRF1 since the half-life of IRF2 is 16 times 

longer than that of IRF1 (Wang et al., 2007).  Even though the increase in IRF1 

expression was substantial, it decreased rapidly while IRF2 expression levels were 

sustained for several hours.  The increased half-life and extended expression suggest 

that IRF2 plays a significant role in the mechanism of CXCR4 regulation. 

IRF transcriptional regulators have been reported to be regulated by JAK and 

STAT kinases (Paun and Pitha, 2007).  To determine if JAKs or STATs were involved in 

this signaling cascade, we tested U50,488H treated PBMC lysates for protein 

expression of phospho-JAK and total JAK.  Consistently, U50,488H treated PBMCs had 
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increased phospho-JAK2 at tyrosine residue(s) 1007/1008 within 5 minutes of treatment 

compared to the untreated control  and total JAK2 protein expression (Figure 35).  JAK2 

has been shown to activate STAT3 in several different cell types (Williams, 2000).  

Therefore, we analyzed STAT3 activity in U50,488H treated PBMCs.  We found STAT3 

was phosphorylated on tyrosine 705 following U50,488H treatment with a maximal 

effect at 10 minutes (Figure 36).  Although not as robust, phosphorylation was also 

increased following U50,488H treatment on STAT3 serine residue 727.  Total STAT3 

levels and the loading control remained unchanged with treatment.  These findings were 

in agreement with studies of DOR and MOR where opioid receptor activation resulted in 

increased phospho-JAK and phospho-STAT activity (Lo and Wong, 2004; Mazarakou 

and Georgoussi, 2005; Yuen et al., 2004).  Our data were the first to demonstrate that 

KOR activation resulted in JAK and STAT activation and JAK/STAT could be the 

upstream signaling proteins that activate the IRFs. 

To understand the importance of JAK/STAT signaling in the KOR-mediated 

regulation of CCR5 and CXCR4 expression, we utilized chemical and peptide inhibitors 

of JAK2 and STAT3.  To inhibit STAT3 activity, we utilized STATTIC, S3I-201, and a 

STAT3 inhibitor peptide.  Pretreatment with these compounds effectively blocked the 

KOR-mediated decrease in CXCR4 mRNA (Figure 38, 40, and 42).  JAK2 activity can 

be blocked by WP1066, and pretreatment using this inhibitor also blocked KOR-

mediated regulation of CXCR4 (Figure 38 and 40).  These data suggested that STAT3 

and JAK2 were critical members in the mechanism of KOR regulation of CXCR4 
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expression and this mechanism was conserved between human PBMCs and human 

microglia. 

We have found that KOR rapidly regulates the function of CXCR4 via 

heterologous desensitization, and KOR activation also down-regulates the expression of 

CCR5 and CXCR4 18 to 36 hours post-treatment.  Initial studies of KOR-mediated 

regulation of CCR5 and CXCR4 were conducted in primary human PBMCs.  Donor to 

donor variability was apparent in certain individuals in terms of the expression level of 

CCR5, CXCR4, IRFs, and JAKs.  This was unavoidable, but the trends of the effect of 

KOR activation remained solid.  For molecular manipulation to better define the 

mechanism, we chose to utilize a human microglial cell line designated CHME-3.  This 

cell line was established by transfection of primary human embryonic microglia with a 

plasmid containing the cDNA encoding for the SV40 large T-antigen (Janabi et al., 

1995).  To characterize these cells, several known markers of microglia were measured.  

CD68/Ki-M7, CD68/EBM11, CD11b/OKM1, 25F9 (a tissue macrophage marker), and 

anti-Fc receptors were utilized as a measure of the presence of microglial markers and 

the staining was consistent with those observed with primary microglia (Janabi et al., 

1995).  The transformed microglia also had the macrophage characteristics of 

adherence, phagocytosis, and expressed several macrophage antigens (Janabi et al., 

1995).  Although differences exist between PBMCs and microglia cells, we were able to 

replicate our findings and found that the molecular mechanism was conserved between 

the two cell populations.  With this cell line, we were able to study the promoter in vitro 

using luciferase assays, the effect of siRNA knock-down of IRF1 and IRF2, and the in 
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vivo promoter-transcription factor associations.  The fact that this molecular mechanism 

was conserved from cells of the immune system to cells of the CNS suggests that other 

cell types may also be able to signal the down-regulation of CXCR4 following KOR 

activation. 

Data from PBMCs were repeated in microglia cells and we determined that this 

cell line could also be used to study the signaling between KOR-activation and CXCR4 

expression.  Inhibitors did not exist for the IRF family members so we generated IRF1 

and IRF2 knock-down cell lines to determine their role in the KOR-induced signaling 

mechanism (Figure 43).  Morphologically and phenotypically, the knock-down cell lines 

resembled the parental microglia cells.  The IRF2 knock-down cell line did not exhibit 

the KOR-mediated decrease in CXCR4 mRNA that was found in the parental microglia 

cells (Figure 44).  The IRF1 knock-down cell line did not respond as dramatically as the 

parental cell line, but CXCR4 mRNA levels were reduced compared to the control 

(Figure 44).  This suggested that IRF1 may play a minor role in this mechanism but 

IRF2 was a more critical mediator of the signaling cascade from KOR to CXCR4 

expression. 

ChIP assays were utilized to study the transcription factors and proteins bound to 

the in vivo promoters of IRF2 and CXCR4.  To determine how IRF2 expression was 

induced, we analyzed the in vivo promoter of IRF2 in the CHME-3 microglial cells.  

Bioinformatic analysis determined that several STAT binding sites existed on the IRF2 

promoter (Figure 45).  Phosphorylated STAT3 was found to be associated with the IRF2 
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promoter suggesting that the increased phospho-STAT3 tyrosine 705 following 

U50,488H treatment binds to the IRF2 promoter and initiated an increase in IRF2 

expression (Figure 46).  The CXCR4 promoter possesses several STAT and IRF 

elements according to our bioinformatic analysis (Figure 47).  ChIP analysis of the in 

vivo CXCR4 promoter in untreated microglia showed very little IRF1 or IRF2 binding 

(Figure 48).  When microglia were treated with U50,488H, IRF1 and IRF2 were strongly 

associated with the CXCR4 promoter (Figure 48).  This demonstrated that IRF2 could 

actively bind the CXCR4 promoter following U50,488H treatment and IRF2 may be 

responsible for the KOR-mediated reduction in CXCR4 expression.  The observation of 

IRF4 as a positive regulator of CXCR4 expression has been reported (Johnson et al., 

2008).  Our data corroborates that IRFs can regulate the CXCR4 promoter, but 

demonstrates negative regulation by IRF2.  This was not surprising since several genes 

regulated by IRFs can be positively regulated by one member of the IRF family and 

negatively by another member of the same family (Lin et al., 1999; Lu et al., 2002b; 

Paun et al., 2008; Paun and Pitha, 2007). 

The mechanism that we describe here may also be involved in the KOR-

mediated decrease in CCR5 expression.  We did not fully explore the mechanism of 

KOR regulation of CCR5 expression but it would be interesting to discover if CCR5 was 

regulated in the same manner as CXCR4 by KOR.  The promoter of CCR5 contains 

several STAT, IRF, and ISRE elements where transcription factors could associate.  

Given what we learned regarding the KOR regulation of CXCR4, it seems plausible that 

STATs and/or IRFs could regulate CCR5.  Studies have shown that IRFs can regulate 
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CCL5 expression (Lin et al., 1999; Liu et al., 2005; Melchjorsen and Paludan, 2003) and 

direct IRF regulation of CCR5 expression has been hypothesized (Kuipers et al., 2008), 

but not substantiated.  Evidence from the study of MOR regulation of CCR5 and CXCR4 

has shown that MOR-mediated increase in CXCR4 expression was TGF-β dependent 

whereas the increase in CCR5 expression was TGF-β independent (Happel et al., 

2008).  Since differences exist in the regulation of CCR5 and CXCR4 by MOR, we 

cannot be sure of the molecular mechanism of KOR-mediated CCR5 expression.  Given 

what we know from the study of regulation of chemokine receptor expression by MOR, 

the regulatory mechanism of KOR-mediated expression of chemokine receptors may be 

more complex than we hypothesized. 

Studies of the involvement of IFN-γ in this mechanism were inconclusive.  Our 

data suggests that the IRFs were activated by STATs that were directly activated by 

KOR.  Timing of the JAK and STAT activation was within 5 minutes of KOR activation 

by U50,488H.  If KOR was triggering IFN production and IFN was responsible for the 

activation of JAK and STAT, a longer delay would be evident.  In addition, our data 

show that this mechanism occurs in human microglial cells, a cell line found to produce 

no measurable IFN-γ mRNA or protein.  Therefore, we believe that IFN-γ does not play 

a critical role in this pathway.  Interestingly, studies have shown that IFN-γ can 

negatively regulate CCR5 and CXCR4 expression (Creery et al., 2004; Shirazi and 

Pitha, 1998).  Additional studies determined that IFN-γ negatively regulates CCR5 and 

CXCR4 expression at the post-transcriptional level (Creery et al., 2004).  Because of 

this, we measured the half-life of CCR5 and CXCR4 mRNA in untreated and U50,488H 
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treated PBMCs.  We determined that changes in mRNA half-life did not account for the 

dramatic decrease in CCR5 and CXCR4 expression.  The molecular mechanism that 

we described was novel because it occurs at the transcriptional level and did not require 

the presence of IFN-γ. 

JAK and STAT activation by opioid receptors has been reported previously for 

DOR and MOR (Lo and Wong, 2004; Mazarakou and Georgoussi, 2005; Wu et al., 

2003; Yuen et al., 2004), but not KOR.  Our data was the first to report KOR activation 

of JAK and STAT proteins.  In the classical JAK and STAT pathway, JAK is bound to 

the IFN-γ receptor in an inactive state.  When the receptor is activated by the binding of 

IFN-γ, the receptor undergoes a conformational change and JAKs are able to trans-

phosphorylate one another.  The JAKs also phosphorylate the receptor, giving a binding 

site for SH2 domain proteins such as STATs, and also phosphorylate STATs.  Although 

we did not fully characterize the ability of JAK and/or STAT to dock to KOR, studies of 

MOR and DOR suggest the possible presence of a JAK binding sequence within opioid 

receptors (Klingmuller et al., 1996; Mazarakou and Georgoussi, 2005; McWhinney et 

al., 1998).  Additional studies would address the biochemical relationship between KOR 

and activation of JAK and STAT. 

Opioid receptors are predominantly Gαi/Gαo coupled-GPCRs.  A study where 

constitutively active Gαi/Gαo G-proteins were over-expressed in NIH-3T3 cells 

demonstrated phosphorylation of STAT3 at tyrosine residue 705 and serine residue 727 

(Ram et al., 2000).  This reinforces our hypothesis that G-proteins associated with KOR 
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could directly activate JAK/STATs.  Src has also been implicated as a mediator of 

opioid receptor activation of STATs (Kam et al., 2003).  Although we cannot be sure that 

Src was not involved in the signaling pathway described here, timing suggests that 

JAK/STATs were directly activated by KOR.  The ability of KOR to activate STAT3 could 

have vast implications beyond this study.  For example, STAT3 regulates the 

expression of genes involved in cellular proliferation and differentiation, as well as 

hematopoiesis (Coffer et al., 2000).  While STAT3 can be activated by cytokine 

receptors such as IL-5, IL-6 and IFNs, our data demonstrate that KOR can also activate 

STAT3.  This adds additional evidence of the ability of opioid receptors to modulate the 

function of the immune system.  Moreover, since STATs are also expressed in the brain 

(De-Fraja et al., 1998), opioid receptors may modulate transcription in the nervous 

system beyond what was previously known.  The finding that KOR can activate 

JAK2/STAT3 further illustrated the dynamic interaction of opioids with the immune and 

nervous systems. 

The cross-desensitization of CXCR4 by KOR may provide a valuable generalized 

homeostatic function based on lessons learned from the Syndrome of Warts, 

Hypogammaglobulinemia, recurrent respiratory bacterial Infections, and Myelokathexis 

(WHIM syndrome).  WHIM Syndrome is an autosomal dominant inherited disorder in 

which the carboxyl-terminal region of CXCR4 was deleted either by a frameshift 

mutation, or by nonsense mutations (Gulino et al., 2004; Hernandez et al., 2003).  The 

mutant CXCR4 expressed in these patients exhibits a spectrum of altered functional 

activities consistent with an elevated state of activation.  This includes a failure of WHIM 
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leukocytes to exhibit CXCR4 desensitization, enhanced chemotaxis in response to 

CXCL12, an increase in actin polymerization, and reduced CXCL12-induced 

internalization (Balabanian et al., 2005b; Gulino et al., 2004; Kawai et al., 2005).  WHIM 

patients exhibit a severe chronic neutropenia, retention of neutrophils in the bone 

marrow (myelokathexis), T cell lymphopenia, and disseminated human papillomavirus-

induced warts (Hernandez et al., 2003).  The cross-desensitization of CXCR4 by KOR, 

perhaps collectively with other GPCRs, may provide a natural down-regulatory signal 

which would prevent the WHIM-like disease of over-active CXCR4.  This issue will 

require greater understanding of the cross-talk between CXCR4 and KOR under more 

diverse physiological conditions. 

Our laboratory has been working on the characterization of opioid-mediated 

regulation of chemokines and chemokine receptors for several years.  We have found 

opposing roles between MOR and KOR, which have also been described by several 

other laboratories.  Initial studies of MOR activation by morphine demonstrated an 

increased HIV-1 infectivity in PBMCs and fetal brain cells (Peterson et al., 1990; 

Peterson et al., 1994).  Our laboratory further defined the mechanism of MOR-mediated 

increase in HIV-1 infectivity by showing that MOR activation results in increased mRNA 

and protein for both CCR5 and CXCR4, the major HIV-1 co-receptors (Mahajan et al., 

2005; Steele et al., 2003).  These data were in agreement with observations in the clinic 

where increased HIV infectivity has been documented in abusers of heroin (Donahoe 

and Vlahov, 1998).  More recently, we have determined that the MOR-mediated 

increase in CXCR4 expression was TGF-β-dependent while CCR5 expression was 
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TGF-β-independent (Happel et al., 2008).  Our lab currently has ongoing studies of the 

opioid-mediated effects on HIV-1 cell entry and infection of immune and neuronal cells. 

 In contrast to the effects of MOR activation, KOR activation results in decreased 

HIV-1 infectivity in human CD4+ T-lymphocytes (Peterson et al., 2001).  Our studies 

have found that KOR activation results in a decrease in CCR5 and CXCR4 mRNA and 

protein levels (Finley et al., 2008).  This may be responsible for the decreased HIV 

infectivity observed by Peterson et al. (Peterson et al., 2001).  It is our objective to 

characterize the mechanism responsible for the KOR-mediated regulation of chemokine 

receptor expression and compare how this differs from the MOR-mediated mechanism 

of regulation. 

The implications of the effects of U50,488H in terms of HIV-1 infection are quite 

intriguing.  CCR5 and CXCR4 are the major HIV-1 co-receptors and are utilized by R5 

(M-tropic) and X4 (T-tropic) HIV viral strains, respectively.  Since U50,488H decreased 

expression of both of these receptors in human cells, U50,488H could potentially be a 

viable drug for clinical trials.  Studies have shown that HIV-1 infectivity was decreased 

when CD4+ T-cells were treated with U50,488H (Peterson et al., 2001; Sheng et al., 

2003).  The mechanism of drug action was unknown at the time of these studies, but we 

have demonstrated that U50,488H effectively reduces CCR5 and CXCR4 expression 

and this was likely to be the reason that decreased HIV-1 infectivity was observed.  

Before U50,488H can be used in the clinic, patient safety concerns need to be 

addressed.  The administration of U50,488H may result in possible side-effects that 
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include dysphoria and prolonged depression with the rare possibility of suicidal 

tendencies.  These effects were the result of U50,488H action on the CNS due to the 

fact that U50,488H can cross the blood-brain barrier.  KOR agonists that act only in the 

periphery are of strong interest since they do not have these serious side-effects.  

Peripheral acting KOR agonists have been studied and can effectively activate KOR, 

but additional studies would need to be completed to determine if KOR-mediated 

negative regulation of CCR5 and CXCR4 remains intact.  Despite these issues, several 

KOR agonists have been developed for clinical trials and the use of KOR agonists for 

HIV-1 infection would be an exciting prospect. 

Our data indicate that the KOR-mediate regulation of CXCR4 occurs at two 

regulatory levels.  Initial activation of KOR by U50,488H results in decreased CXCR4 

function due to rapid heterologous desensitization.  During this process, the CXCR4 

receptor is present on the cell surface, but in an inactive state.  The long term effects of 

KOR activation have been shown to result in the decreased transcriptional and protein 

expression of CXCR4.  This two-fold mechanism would allow the down-regulation of 

CXCR4 by U50,488H to continue for up to a few days, but re-administration of 

U50,488H would be required to maintain the decrease in CXCR4 expression and 

function. 

Recent studies have shown that CXCR4 was critical in the metastasis of certain 

types of cancer (Balkwill, 2004b; Zlotnik, 2008).  Transformed cells were shown to 

utilize the chemotactic ability of CXCR4 to direct cells to distant points of metastasis.  
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Studies which employed siRNA to down-regulate CXCR4 levels have shown that breast 

cancer cell metastasis can be substantially reduced (Liang et al., 2005).  U50,488H 

could be used as a therapeutic tool to prevent CXCR4-mediated tumor cell metastasis.  

Since KOR expression is primarily limited to the CNS and immune cells, KOR agonist 

therapy would be limited to cancers of the brain and blood.  However, having this tool 

available in the clinic could dramatically reduce metastasis of cancer when coupled to 

surgery, chemotherapy, or radiation.  Additional studies would need to be completed to 

measure the success rate of KOR-mediated regulation of CXCR4 in cancer. 

The involvement of CXCR4 in development has been a continually growing field 

of scientific research.  Developmental studies established that CXCR4 and its ligand 

CXCL12 were critical for vascular development (Floege et al., 2009).  CXCR4 was also 

important for hematopoietic stem cell homing to the bone marrow and subsequent 

quiescence (Kucia et al., 2005).  The CXCR4/CXCL12 chemoattractant relationship was 

responsible for keeping the hematopoietic stem cells within the bone marrow and 

avoiding circulation in the bloodstream.  In hematopoietic stem cell transplantation, 

peripheral blood stem cell mobilization was required to obtain successful distribution of 

the stem cells to the bone marrow, but CXCR4 blocks the systemic distribution and 

directs the stem cells to the nearest bone marrow site (Mines et al., 2009).  Studies 

using AMD3100, a macrocyclic compound that can function as a competitive inhibitor of 

CXCL12 binding to CXCR4, have demonstrated that blocking CXCR4 can be a 

therapeutic option for the successful transplantation of hematopoietic stem cells since 

CXCR4 is not able to direct the stem cells to the nearest bone marrow site (Fricker, 
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2008).  Given the data presented in this thesis, activating KOR could be a therapeutic 

option for the successful down-regulation of CXCR4 to allow for the mobilization of 

hematopoietic stem cells.  Additional studies would be needed to evaluate if KOR 

activation disrupts the success of systemic stem cell mobilization, but with both CXCR4 

and KOR being expressed in whole blood, it would be an interesting avenue to explore. 

In vivo studies would need to be conducted to evaluate if disrupting CXCR4 

expression can alter normal immune cell development and homeostasis in other areas 

of the body.  Since CXCR4 knock-out mice were embryonically lethal, completely 

blocking CXCR4 function in development would likely have catastrophic implications.  

Clinical trials of compounds that block CXCR4 activity in adults have been successful in 

initial phase 1 experimentation in the blocking of cancer cell proliferation, migration, and 

establishment of distant sites of metastasis (Huang et al., 2009).  For HIV infection, 

clinical trials have been successful for CCR5-mediated entry inhibitors and were 

approved for use in the clinic, but CXCR4-mediated entry inhibitors have only passed 

phase 1 and 2 trials.  The CXCR4 inhibitor ADM3100 had resulted in severe side effects 

such as heart and artery damage in laboratory animals.  Therefore, careful surveillance 

of clinical trial subjects was imperative for the safety of the volunteers undergoing 

CXCR4 inhibitor treatment.  Since KOR acts indirectly and locally on CCR5 and 

CXCR4, it may be a safer alternative for the reduction of CCR5 and CXCR4 function.  

The successful use of KOR agonists in therapy will be dependent on the resolution of 

patient safety issues. 
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We propose a molecular model describing the KOR-mediated transcriptional 

regulation of CXCR4 (Figure 49).  After U50,488H binding and activation of the KOR 

receptor, JAK2 is activated via phosphorylation of tyrosine residue(s) 1007/1008.  The 

mechanism of JAK2 activation has not been determined, but a putative JAK binding 

domain exists within the C-terminus of the opioid receptors (Lo and Wong, 2004; 

Mazarakou and Georgoussi, 2005; Wu et al., 2003; Yu et al., 2007; Yuen et al., 2004).  

Phosphorylated JAK2 then phosphorylate STAT3 at tyrosine residue 705 and phospho-

STAT3 is able to homodimerize and translocate to the nucleus and regulate 

transcription of STAT3 target genes.  The promoter of IRF2 contains several STAT 

binding sites and studies have shown that IRFs can be induced by STATs (Darnell, Jr. 

et al., 1994; Paun and Pitha, 2007).  We have shown that phospho-STAT3 was bound 

to the IRF2 promoter and we believe STAT3 could trigger increased expression of IRF2.  

The association of phospho-STAT3 to the IRF2 promoter was unchanged with 

U50,488H treatment.  This could be the result of other transcription factors forming a 

complex on the promoter of IRF2 or another STAT element could be responsible for the 

increase in IRF2 expression following KOR activation.  Increased mRNA and protein 

levels of IRF2 have been detected in addition to increased binding activity at the IRF 

element in transcription factor binding arrays.  ChIP analysis has shown that a 

substantial increase in IRF2 binding on IRF elements of the CXCR4 promoter following 

U50,488H treatment.  Collectively, we believe the molecular mechanism of KOR-

mediated transcription involved KOR � JAK2 � STAT3 � IRF2 � CXCR4 (Figure 49). 
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Figure 49. Proposed Mechanism of KOR-Mediated Regul ation of the Chemokine 
Receptor CXCR4. 

We propose that U50,488H activated KOR can trigger phosphorylation of JAK2 on 
tyrosine residue(s) 1007/1008.  JAK2 can then phosphorylate STAT3 at tyrosine residue 
705, allowing for the formation of an active STAT3 homodimer that was able to 
translocate to the nucleus.  The promoter of IRF2 was shown to bind active STAT3 and 
we believe this was responsible for the increase mRNA and protein expression of IRF2.  
IRF2 then binds to an IRF element within the promoter of CXCR4 and negatively 
regulates the mRNA and protein expression of CXCR4.  JAK2, STAT3, and IRF2 were 
essential for the KOR-mediated transcriptional regulation of CXCR4. 
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Conclusions 

1. KOR and CXCR4 participate in bi-directional heterologous desensitization at the 

protein level following receptor activation 

2. KOR activation results in decreased CCR5 and CXCR4 mRNA and protein 

expression 

3. KOR-mediated regulation of CCR5 and CXCR4 is dose dependent and blocked 

by nor-BNI 

4. Altered mRNA half-life of CCR5 and CXCR4 is not responsible for decreased 

expression following U50,488H treatment 

5. Bioinformatic analysis of the promoters of CCR5 and CXCR4 determined that 

IRF, STAT, and IRSE elements are present 

6. Transcription factor binding assays determine that U50,488H treatment increase 

the binding of at IRF, ISRE, and STAT elements 

7. IRF2, followed by IRF1, mRNA and protein levels are significantly increased 

following U50,488H treatment 

8. JAK2 is phosphorylated at tyrosine residue(s) 1007/1008 with U50,488H 

treatment and a JAK2 inhibitor can block this effect 

9. STAT3 is phosphorylated at tyrosine residue 705 and serine residue 727 

following KOR activation and STAT3 inhibitors can block this effect 

10. IRF2 knock-down cells demonstrate that IRF2 is required for the KOR-mediated 

decrease in CXCR4 expression 
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11. Phospho-STAT3 is constitutively present on the promoter of IRF2, and IRF2 is 

induced to bind to the promoter of CXCR4 following U50,488H treatment 

12. A molecular model of the KOR-mediated regulation of CXCR4 expression is 

presented 
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Figure 50. Amino Acid Alignment of Conserved Residu es Between MOR, KOR and 
CCR5. 
Protein amino acid sequences were obtained from Ensemble for MOR, KOR and CCR5. 
Sequences were analyzed using TCOFFEE to align the sequences for the best overall 
score for the match. The color scale at the top of the diagram was used to judge the 
conserved nature of each amino acid.  This alignment demonstrates the conservation of 
the residues between CCR5 and the opioid receptors.  
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Figure 51. Interferon Real-Time PCR Array Demonstra tes Changes in Several IFN 
Changes Following KOR Activation. 
Human PBMCs were treated with 10nM U50,488H for 2 hours and total RNA was then 
isolated using TriZol. RNA was Dnase treated and converted to cDNA using superscript 
reverse transcriptase.  The SABiosciences Interferon RT Array was used to test 84 
gene closely related to IFN signaling. The CSF3 Receptor binds a ligand produced by a 
number of immune cells, initiates proliferation and differentiation of precursor cells in 
bone marrow into mature granulocytes. IFN Alpha 2 is involved in innate immune 
responses against viral infection. IL-28A is a cytokine that is closely related to the IL-10 
and Type I IFN pathways. IFN Epsilon is involved in brain functions although little is 
known about this IFN. ISG15 is an IFN stimulated gene that is tightly regulated by the 
innate immune response and may have involvement with JAK/STAT pathway. 
Transcript levels were quantified using real-time PCR analysis. To standardize the 
values of mRNA, an internal housekeeping gene (human β-actin) was utilized. The data 
are an average of four independent donors.  
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Figure 52. In Vitro Promoter Constructs for CCR5 an d CXCR4 were 
Downregulated by U50,488H Treatment. 
Luciferase reporter assays were completed using human microglial cells (CHME-3) 
transiently transfected with pGL4.14-CCR5 or pGL4.14-CXCR4.  Cells were cultured 24 
hours following transfection and then treated with indicated doses of U50,488H for 24 
hours.  Sample readings were completed in triplicate and standardized to the protein 
concentration for each sample in order to account for slight variations in cell number.  
Results presented were representative of three independent experiments. Statistical 
analysis (*, P < 0.05, **, P < 0.01, ***, P < 0.001) 
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Figure 53. IFN γ mRNA Expression was Increased Following KOR Activa tion by 
U50,488H. 
PBMCs were treated with U50,488H (10nM or 100pM) and mRNA was isolated at 
indicated time points. IFNγ expression levels were quantified by real-time PCR analysis. 
To standardize the values of mRNA, an internal housekeeping gene (human β-actin) 
was utilized. The data are an average of three independent donors.  
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Figure 54. IRF1 and IRF2 Traffic to the Nucleus Fol lowing U50,488H Treatment. 
Human PBMCs were treated with 1µM U50,488H for 4 hours and then protein was 
isolated for analysis by western blot. Nuclear and cytoplasmic protein fractions were 
obtained using the Panomics nuclear lysis kit. Blots are representative of three 
independent experiments.  
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Figure 55. Transcription Factor Binding Assays Reve al Increase in Transcription 
Factor Binding Following U50,488H Treatment. 
Untreated and 1µM U50,488H treated (24 hour) nuclear lysates were prepared from 
human PBMCs. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop.  
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Figure 56. Transcription Factor Binding Assays Reve al Increase in Transcription 
Factor Binding Following U50,488H Treatment. 
Untreated and 10nM U50,488H treated (24 hour) nuclear lysates were prepared from 
human PBMCs. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop.  
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Figure 57. Transcription Factor Binding Assays Reve al Increase in Transcription 
Factor Binding Following U50,488H Treatment. 
Untreated and 1µM U50,488H treated (4 hour) nuclear lysates were prepared from 
human PBMCs. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop.  
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Figure 58. Transcription Factor Binding Assays Reve al Increase in Transcription 
Factor Binding Following U50,488H Treatment. 
Untreated and 1µM U50,488H treated (45 minutes) nuclear lysates were prepared from 
human PBMCs. Transcription factor binding activity was measured using the Panomics 
Transcription Factor Binding Array I. Significant changes in activity were determined by 
two-fold or greater changes in pixel number and signal intensity per array spot as 
determined by Adobe Photoshop. 
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Figure 59. Phospho-STAT and Total STAT Following U5 0,488H Treatment. 
Human PBMCs were treated with 10nM U50,488H for the indicated time period and 
then total cell lysates were prepared for western blot analysis. The phospho-STAT 
antibodies were specific for phosphorylation on tyrosine or serine residues whereas the 
STAT antibody detects total STAT levels. To guarantee even loading, the GAPDH 
loading control was included. Blots were representative of three independent 
experiments.  
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